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Preface

The 1998 International Computational Accelerator Physics Conference, ICAP’98, was held
September 14-18, 1998, at the Monterey Convention Center in Monterey, California. The meeting
continued the tradition of four earlier Computational Accelerator Physics conferences, held in La
Jolla, California (1988), Los Alamos, New Mexico (1990), Pleasanton, California (1993), and
Williamsburg, Virginia (1996). ICAP’98 was organized by the Stanford Linear Accelerator Center
(SLAC), Los Alamos National Laboratory (LANL), and the National Energy Research Scientific
Computing Center (NERSC), and received support from the U.S. Department of Energy. 

The aim of this conference series is to discuss recent advances in Computational Accelerator
Physics and their applications to solving important problems related to present and future
accelerators. The ICAP’98 program included plenary sessions on modeling challenges in next-
generation accelerators, state-of-the art methods in computational accelerator physics, and a view
of what high-end computing would be like in the 21st century. There were also focused sessions on
accelerator design and control, modeling high intensity beam phenomena, electromagnetic
modeling, advanced algorithms, software environments and libraries, visualization and graphic
interfaces, modeling advanced accelerator concepts, modeling the beam-beam interaction,
computing wakefields, and combined particle/field simulations. In addition to these oral sessions
there was a poster session and a vendor display.  Prior to the start of the technical program, a half-
day tutorial on High Performance Computing was hosted by NERSC. 

The ICAP series recognizes that computing and, in particular, advanced computing, is playing
an increasingly important role in the successful design and development of major accelerator
facilities, and in research and development leading to advances in accelerator technology.  We
expect that this new emphasis on high-end computing will continue in future ICAP conferences. 

As the conference co-chairs, we would like to extend our appreciation to all the participants.
We would also like to thank those persons who helped organize and execute the meeting, including
members of the advisory and program committees, the conference administrator, Ms. Eleanor
Mitchell and her staff, and those responsible for the conference computing facilities.  Finally, we owe
special thanks to Sharon West and Thomas Knight for the publication of the conference proceedings.

Kwok Ko and Robert Ryne
ICAP’98 Co-Chairs



Committees

Advisory

P. Colestock (FNAL)
A. Dragt (U. of Maryland)
W. Herrmannsfeldt (SLAC)
I. Hoffmann (GSI)
T. Kitchens (U.S. DOE)
S. Myers (CERN)
G. Peters (U.S. DOE)
R. Ruth (SLAC)
H. Simon (NERSC)
Y. Yamazaki (KEK)

Program 

K. Ko (Co-chair, SLAC)
R. Ryne (Co-chair, LANL)
Y. Chin (KEK)
A. Friedman (LLNL)
G. Gillespie (Gillespie Assoc.)
J. Irwin (SLAC)
T. Katsouleas (USC)
J. Lagniel (LNS)
J. Petillo (SAIC)
J. van Zeijts (TJNAF)

Conference

E. Mitchell (Administrator, SLAC)
J. Irwin (SLAC)
K. Ko (SLAC)
R. Ryne (LANL)
V. Srinivas (SLAC)
IJ. Alessi (BNL)
N. Angert (GSI)
B. Aune (CEA, DSM/DAPNIA)
G. Dutto (TRIUMF)



EXPERIENCE WITH THE CLASSIC LIBRARY IN MAD VERSION 9

F. Christoph Iselin∗

CERN, SL/AP group, CH-1211 Geneva, Switzerland

Abstract

The CLASSIC library is aC++ class library which pro-
vides services for building portable accelerator models and
algorithms for their analysis. This paper describes the moti-
vations behind the CLASSIC library and its main features.
It shows how this library can be used in a large accelera-
tor design program like the new version 9 of MAD writ-
ten inC++. The possibilities are illustrated by presenting
some new developments in MAD version 9, like sophisti-
cated matching features with simultaneous matching of two
rings.

The major part of the CLASSIC library is now imple-
mented. Its source code and some preliminary documenta-
tion are available from the author.

1 INTRODUCTION

The complete design of an accelerator usually requires
many different problems to be solved, and to do so, sev-
eral programs to be run in succession. This implies that
accelerator description data must to be sent back and forth
between programs, which is complex and error prone due
to unnecessary differences in input formats. Data exchange
could be avoided if one could pull an algorithm out of one
program and plug it into another. However, most of the
time this is impossible, since the internal data structures
vary wildly between programs.

The format problem was partially solved in 1984, when
a “Standard Input Language” was proposed. Nevertheless
the data structure problem remained with all problems it
causes. To alleviate this problems John Irwin (SLAC) pro-
posed the development of aC++ class library called CLAS-
SIC (Class Library for Accelerator System SImulation and
Control). The project was started during a workshop held
in summer 1995 at SLAC as an international collaboration.

Section 2 summarises the history of the CLASSIC
project. Section 3 describes the features and use of the
CLASSIC library, and Section 4 outlines a few new fea-
tures in MAD which became possible thanks to the CLAS-
SIC library.

2 HISTORY OF CLASSIC

The CLASSIC library was initially started by a large col-
laboration. Many persons promised to participate, but
many of them have not been able to keep their promises
due to other commitments. The most important contribu-
tions were made by (in alphabetical order)

∗email:chris.iselin@cern.ch

Scott Berg (SLAC/CERN/Indiana University),

Yunhai Cai (SLAC),

Alex Dragt (University of Maryland),

James Holt (FNAL),

John Irwin (SLAC),

Christoph Iselin (CERN),

Leo Michelotti (FNAL),

Nicolas Walker (DESY),

Yiton Yan (SLAC),

Johannes van Zeijts (TJNAF).

During the years 1995 and 1996 these persons met in sev-
eral workshops to define a structure for the CLASSIC class
library. The result was first presented in 1996 [2]. Since
then most of the library has been implemented, and is now
available from the author.

3 DESCRIPTION OF CLASSIC

3.1 Terminology

Throughout this description the following terms are used:

Component: A single object occurring in an accelerator,
like a magnet or a drift space.

Beam line: A sequence of accelerator elements. Beam
lines can be nested to any depth.

Element: Anything that can occur in an accelerator. This
can be a single component, or an arbitrary sequence
of components.

3.2 Structure of CLASSIC

The CLASSIC library consists of several groups of classes
called class categories. Each class category provides the
user with a logically distinct service. 14 class categories
are now completed:

AbsBeamline: This category contains a set of abstract
classes which define the interface of single compo-
nents, like drift spaces, magnets, electrostatic ele-
ments, RF cavities, etc. The implementations can be
found in the categoryBeamlineCore.



BeamlineCore: This category contains the classes provid-
ing concrete representations of components. The in-
stance objects of these classes contain all data needed
for performing computations on these components.
This category could easily be replaced by another
one which provides a different representation. For
example, a representation might implement a direct
interface to a data base. The separation between
AbstractBeamline andBeamlineCoremakes
it possible to decouple algorithms completely from
component classes.

ComponentWrappers: Each “Wrapper” component in-
herits its interface from the corresponding abstract el-
ement. It uses the “Decorator” pattern [3] to attach
field changes, like random field imperfections and/or
field scaling to a component.

Beamlines: The template classes in this category represent
the structure of beam lines. Some of them also allow
to store arbitrary data in all positions in a structure.
In particular they provide mechanisms for attaching
misalignments to any element (be it a component of a
beam line). They also permit to build tables such as
tables of optical functions or of survey data.

BeamlineGeometry: This category contains representa-
tions for all different geometries which may occur in
a component or in a beam line. Each element (compo-
nent or beam line) contains a geometry object, which
defines the design orbit of the accelerator. Classes
exist which model geometries comprising Cartesian
coordinates (straight geometry), mid-plane geometry
(sector bend like), and many more.

Fields: This category includes all magnetic and electric
field types which can exist in components (dipole,
multipole, RF field, etc.).

Construction: This category implements the “Factory”
pattern [3]. AElementFactory object can con-
struct components and beam lines. It can be called
directly by the user, but it is also used in the language
parser for constructing components.

Channels: A Channel implements the “Proxy” pat-
tern [3]. It controls access to arbitrary attributes of
components, and may be used in a matching process to
provide uniform access to all matching variables and
constraints.

Algorithms: The Algorithm classes implement the
“Visitor” pattern [3]. A “Visitor” can be thought of as
an algorithm object which walks through a beam line
and applies itself to each component in turn. Presently
Algorithms includes aSurveyor, which com-
putes the global geometry, and several mapper algo-
rithms which accumulate linear or non-linear transfer
maps using various algorithms.Algorithms also

contains a few special integrators which can be at-
tached to a component or beam line.

Algebra: Here one finds templates for abstract data types
like Vector, Matrix, Tps (Truncated Power Se-
ries),Vps (Vector Power Series), and maps, all with
variable dimensions. Their template parameter selects
the data type from which they are built (int, float,
double, or evenTps.). There are also methods
for finding fixed points and non-resonant normal form
analysis. Further algorithms shall be added in future.

MemoryManagement: A pair of classes implementing
reference-counted shared objects.

Parser: This category contains a simple parser for the
Standard Input Language (SIL) [1]. It constructs an
accelerator structure from a SIL input file. For this
purpose it uses the classElementFactory from
class categoryConstruction.

Physics: The classPhysics defines a name space defin-
ing mathematical and physical constants.

Utilities: This category contains a random generator as de-
scribed by Knuth [5] and a collection of exception ob-
jects. The exception objects are used throughout the
other categories to handle errors.

3.3 Use of CLASSIC

First, an accelerator structure must be built using the parser
included with the library, or by defining accelerator com-
ponents asC++ objects and combining them by executing
aC++ program. The resulting structure may contain beam
lines and sub-lines nested to arbitrary depth. Within the
structure the magnetic and electric fields are represented by
classes all derived from a single base class. This permits to
treat them all uniformly. The geometry of each accelerator
element is described by its contained geometry object.

Next, the user may generate random or systematic mis-
alignment errors for selected elements (components or
whole beam lines). Selected components can have field
modifiers (random or systematic errors, or scaling) at-
tached.

Special integrators can be defined for any element.
When it makes sense for a given algorithm, such an in-
tegrator replaces the normal function of the algorithm. An
integrator could e. g. use a precomputed map for a complex
component or for a complete beam line. Another integrator
example automatically splits a component into several thin
lenses.

Once the structure is built, the user can apply an algo-
rithm, aC++ object which encapsulates the physics com-
putations to be done. An algorithm can perform any com-
putation on the beam line, such as tabulation of lattice func-
tions. An algorithm is sent to a beam line as a “Visitor”
pattern [3]. Both the beam line representation and the algo-
rithm are implemented by abstract classes. This efficiently



hides the implementation details and greatly reduces cou-
pling between classes.

Matching of an accelerator structure is made simple by
Channel objects. Once defined, these allow uniform di-
rect access to arbitrary attributes of components. By build-
ing an array of channels for access to the variable param-
eters, and another array of channels for access to the con-
strained values, the matching process becomes a simple al-
gebraic problem, like

// Define an algorithm object.
Mapper visitor(...);
Vector<Channel>variables;
Vector<Channel>constraints;
// Fill in the channels for
// variables and constraints.
...
// Assign new values to the variables.
variables = ...;
// Compute the new constraints.
visitor.execute();
// Extract the new constraint values.
... = constraints;

This example is by no means complete, but it should give
the flavour of the method.

3.4 State of CLASSIC

Since CLASSIC was presented in 1996 as a project [2], the
major parts of the library have been completed. The library
has been used successfully in a new version of the MAD
program, and many minor changes were made to make its
use easier. The library compiles cleanly with the latest ver-
sion of theegcs compiler (1.1b). It does however not yet
compile with a purely standard-conforming compiler, since
for the namespace features have been omitted. This point
will be corrected soon. The CLASSIC source code is avail-
able from the author [6] under the same conditions as the
CERN program library.

Even though the majority of the library is now complete,
some important algorithms, as well as the planned interface
to the control system are still missing. Development goes
onto fill these gaps.

For the time being the documentation usesdoc++-like
comments [4]. The resulting documentation is available on
the world-wide web [7].

3.5 Timing Benchmarks

Most of the CPU time is usually spent for handling trun-
cated power series. Benchmarks have shown that for mod-
erately high orders (about 6) the methods of CLASSIC are
comparable in CPU time usage to Berz’s FORTRAN rou-
tines [8].

For linear maps it turns out that a large fraction of the
CPU time is used for memory allocation and deallocation,
but studies are under way to overcome this problem. A

linear algebra package and a differential algebra package
with fixed dimensions will possibly be added for speed.

3.6 Future Plans

In near future, many more algorithms will be defined and
added to the library. Some of these will be lifted from
MAD, once they are sufficiently tested.

Normal form analysis is now only possible in the non-
resonant case. The resonant case will be added shortly.

The CLASSIC structure is now more or less frozen. The
documentation can thus be rewritten in a more digestible
form. It will include a user’s guide and a reference manual.

4 ADVANCED FEATURES IN MAD

The CLASSIC library made it possible to implement sev-
eral advanced features in the newC++ version of MAD.
These features are mainly aimed at the design of a collider
with two separate rings with two-in-one magnets like the
LHC machine, for which many particular problems arise.

• The machine has a global coordinate system, whose
arc lengths coincides for both rings, even though one
of the beam runs in opposite direction towards de-
creasings.

• Many components in an interaction region are com-
mon to both rings. Obviously for physical consistency
their order must agree for both rings. This suggests
that they are defined by the same sequence definition.
The common parts are however traversed in opposite
sense by the two beams. This changes the sign of the
magnetic forces.

• The layout of the two rings are strongly coupled to
each other due to the two-in-one design of the mag-
nets.

• The twin-bore magnets cause strong correlations be-
tween the field imperfection in either aperture.

• The small apertures and the lack of space impose very
tight matching conditions.

• For the LHC machine, the two rings must fit the ex-
isting LEP tunnel. Many present-day accelerators are
constrained by similar types of constraints.

• When matching parts of the machine, e. g. interaction
regions or arc cells, all algorithms should see con-
sistent imperfections whenever the same accelerator
components are seen in different operations using dif-
ferent ranges of the machine.

• Interaction regions must be adjusted to match arc cells
at either end, the most efficient method requires back-
ward tracking of lattice functions in the downstream
cells. This implies sign changes in the algorithms,
which are different from those induced by a beam run-
ning in backward direction.



• In order to fulfil all constraints in an optimal way, it
is desirable to match both rings in the same time, to-
gether with their geometric layout.

4.1 Optical Tables

For efficient matching MAD-9 implements the concept
of tables. Their interaction with other objects is shown
schematically in Fig. 1. These tables can be used for match-
ing as described below.

Generator

Beam

Use

Line or Sequence

Use Command

Use Object

Table Object

Output

Error Command

Table Command

Match Command

List Command

Table

List

Error

Match

Generator

Module

Generator

Module

Figure 1: Schematic view of the Interaction between Ob-
jects in MAD

The use generator creates a use object; this is a fully in-
stantiated copy of the input beam line, where all compo-
nents are made unique. The use object also has an attached
beam, defining the particles running through the line and
their reference energy. The error generator generates mis-
alignment and multipole field errors as desired and attaches
them to the use object. The table generator pulls out a flat
representation of a selected range of the use object and fills
the attached data slots with data such as lattice functions
or survey data. The match module interacts with one or
more table objects and adjusts their parameters to obey the
matching constraints. Finally the list module extracts a for-
mated listing from the table object.

At the time of writing the following tables are available:

• Periodic linear lattice functions.

• Linear lattice functions with initial values.

• Geometric layout.

A table containing the transfer maps accumulated from its
beginning to the current position is being implemented.

4.2 Matching

In a matching process all global variables and all object
attributes can be made variable.

Matching constraints can be arbitrary expressions con-
taining:

• Object attributes (e. g. the field strength in a magnet),

• Global Variables (e. g. the global reference momen-
tum),

• Summary values from a table (e. g. the machine tune),

• Entries from tables (e. g. theβx value in a selected
position),

• Vectors built from the above (e. g. the r.m.s. value of
dispersion over a selected range in a table).

Very general matching constraints can be constructed. Sev-
eral tables can be used in the same matching process.
By default they are all recomputed whenever a parameter
changes, such as to keep all constraints up to date. If a ta-
ble is known to remain constant, it can be declared as static.
It is then not recomputed to save CPU time.

4.3 Status of MAD-9

A beta test version is completed. It is being used to test the
early stages of LHC version 6. Its features include:

• Input of the machine structure in a much more flexible
way than in MAD version 8.

• Definition of misalignments and/or field imperfec-
tions. The program now accepts all order of multi-
poles, even for elements which are by definition single
multipoles.

• Computation of linear lattice functions.

• Computation of geometric layout.

• Computation of arbitrary order maps with normal
form analysis. So far only the non-resonant case can
be handled.

• Matching of lattice functions or layout.

• Simultaneous matching of lattice functions and lay-
out.

• Simple tracking of particles.

• Interaction with the DOOM data base [10].



4.4 Future Plans for MAD

Plans for near future include:

• The beam line structures of CLASSIC are set up such
as to make it easy to run through a beam line in ei-
ther direction. TheVisitor pattern encapsulates the
complete state of an algorithm. This makes it easy to
keep track of the proper sign changes for all four in-
teresting cases:

1. Run beam forward and track in the same direc-
tion.

2. Run beam backward and track in the same direc-
tion.

3. Run beam forward and track in the opposite di-
rection.

4. Run beam backward and track in the opposite
direction.

The case (1) is complete, the three other cases are be-
ing implemented.

• Beams running in reverse direction through a lattice.

• Tracking of particles or lattice functions in the same
direction or in the direction opposite to the beam.

• Tables of accumulated maps.

• The documentation [11] must be completed.

5 CONCLUSION

It has been shown that the CLASSIC library design is vi-
able, and that it provides the flexibility needed for imple-
menting very sophisticated features in an accelerator de-
sign program. Some research is still needed to make the
library more efficient, and more algorithms should be im-
plemented based on CLASSIC. The control system inter-
face, as well as a data base interface should be defined and
written. For the latter the CORBA specification might be
helpful.
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Abstract

An object-oriented class library of accelerator design and
simulation is designed and implemented in a simple and
modular fashion. All physics of single-particle dynamics is
implemented based on the Hamiltonian in the local frame
of the component. Symplectic integrators are used to ap-
proximate the integration of the Hamiltonian. A differen-
tial algebra class is introduced to extract a Taylor map up to
arbitrary order. Analysis of optics is done in the same way
both for the linear and non-linear cases. Recently, Monte
Carlo simulation of synchrotron radiation has been added
into the library. The code was used to design the lattices of
the PEP-II and now is used for the commissioning. Some
examples of how to use the library will be given.

1 INTRODUCTION

There were many accelerator design and simulation codes
used for designing lattices for the PEP-II[1] largely due to
the complexity of the design. It has been always a dream
during the design stage to have one code that can han-
dle everything correctly: purposely off-aligned quadrupole
inside a solenoid detector, two beams inside a common
quadrupole and non-linear chromatic effects with coupling.
It is clear that a code with object-oriented design and im-
plementation is the most natural and powerful approach to
handle even more complicated modeling efforts during the
commissioning and operation of the machines.

We started to design and implement LEGO three years
ago to generate an environment to simulate single charge
particle dynamics as a primary goal. The first requirement
for the design was that all physics calculation directly re-
lated to particles shall be handled in a local coordinate sys-
tem mounted on the accelerator components. The second
requirement was to use differential algebra methods to gen-
erate maps and analyze beam dynamics whenever appropri-
ated.

We also wanted any applications developed in this envi-
ronment to be applied to real accelerators in the same way
as a simulated machine. Finally, we tried very hard to make
our design as simple and modular as possible.

�Work supported by the Department of Energy under Contract No.
DE-AC03-76SF00515.

2 SINGLE PARTICLE DYNAMICS

2.1 Hamiltonian

Let's consider a sector bending magnet combined with
multipole fields. The Hamiltonian that describes single par-
ticle dynamics in a curved coordinate system with curva-
ture h can be expressed as[2]

H = �(1+hx)
q
(1 + �)2 � P 2

x
� P 2

y
+hx+

1

2
h2x2�

e

p0
As

(1)
where � = (p� p0)=p0 , Px and Py are momenta nor-

malized by the design momentum p0. The designed path
length, s, is used as the independent variable. For simplic-
ity, we assume that the electron is an ultra-relativistic parti-
cle and the difference between the path length and time of
flight is ignored. Our canonical coordinates are

~z =

0
BBBBB@

x

Px
y

Py
�

�

1
CCCCCA
: (2)

Please note that we use � as the fifth component because
in many situations we will treat it as a static variable. We
also assume that the bending angle matches the curvature h.
As is the longitudinal component of vector potential which
can be written as multipole expansion

As = �Re(
X
n=1

1

n
(bn + ian)(x+ iy)n); (3)

where bn and an are normal and skew components of
multipoles respectively. In our convention, b3 is a normal
sextupole. The magnetic field can be computed from the
vector potential using ~B = r� ~A. The result is

By + iBx =

X
n=1

(bn + ian)(x+ iy)n�1: (4)

When a machine is large (x << 1=h) and the energy of
the electron is high (Px << 1; Py << 1), we can simplify
the Hamiltonian in Eq. 1 by expanding the square root and
keeping only the quadratic part. The simplified Hamilto-
nian is

H =
1
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x
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y

(1 + �)
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1

2
h2x2 �

e

p0
As; (5)



where a constant of�1 has been dropped since it will not
affect any dynamics. This Hamiltonian describes most el-
ements in a storage accelerator since by selecting different
parameters, it can describe a drift, dipole, quadrupole or
sextupole. It also contains a dispersion, �hx�, and weak
focusing, (1=2)h2x2, generated by the bending magnet.

2.2 Symplectic Integrator

The simplified Hamiltonian cannot be solved in its general
forms without further approximation because of its non-
linearity. We choose symplectic integrators as the tech-
nique to solve it approximately. One of the advantages of
the symplectic integrator is that symplecticity is preserved
in the process of its integration. This property is very im-
portant when the long-term stability of particles is the is-
sue of concern. Another advantage is that one can easily
obtain a transfer map to an arbitrary order by integrating a
truncated power series[3] through the element that contains
very high-order multipoles.

The idea of symplectic integrator is very simple. It is
based on the observation that although the Hamiltonian as
a whole can not be solved, but if we separate it into two
parts[4]

H = H0 +H1; (6)

where

H0 =
1

2
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x
+ P 2

y

(1 + �)
; (7)

and

H1 = �(1 + hx)� +
1

2
h2x2 �

e

p0
As; (8)

then each of them can be solved exactly. H0 is a “drift”
since it depends only on the momentum and H1 is a “kick”
that depends only the coordinates.

To see how these exact solvable solutions can be used to
approximate the integration of the whole Hamiltonian we
write the integration process as a Lie operator[5]

~zout = e�s:H:~zin; (9)

where : H : f = fH; fgpoisson denotes the Lie operation
on a function f using the Poisson bracket.

It can be shown by applying the Cambell-Bake-Hausdorf
theorem that

e:�lH:
= e:�

l
2
H0:e:�lH1:e:�

l
2
H0: +O(l3): (10)

The result can be seen as simply placing the integrated
kick at the middle of the drift. It does not depend on the
specific form of H0 or H1. This integrator is called second-
order symplectic integrator since its residual is third order
in the length of the integration.

In fact, we can make a fourth-order integrator[6, 7] by
using three kicks and four drifts symmetrically as given by

e:�lH:
= e:�c1lH0:e:�d1lH1:e:�c2lH0:e:�d2lH1:

e:�c2lH0:e:�d1lH1:e:�c1lH0: +O(l5);(11)

where l is the length of integration and
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Please note there are two negative drifts and one nega-
tive kick used in the formula. In most cases, if the informa-
tion of where and how the kicks occurred in the physical
space is not needed, it is an excellent approximation. It
is often used for strong quadrupoles in interaction regions
where strong focusing is required. Also 2c1+2c2 = 1 and
2d1 + d2 = 1 ensure that the total path length and inte-
grated magnetic strength are kept the same as in the total
Hamiltonian.

This process can be continued to construct higher order
symplectic integrators[8]. In practice, we slice evenly a
magnet into a few segments and then for each segment we
select a proper symplectic integrator.

2.3 Solvable Solutions

To make this paper self-contained, we list the solutions of
some useful integrators explicitly. It is trivial to solve the
Hamiltonian equation of a drift. The change of phase vector
~z after the drift described by the Lie operator e:�lH0: is

�~z =
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The solution of a kick is also well known. The change of
phase vector after passing e:�lH1: is

�~z =

0
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0
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0

lbx
0
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1
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where~b = (e=p0) ~B is the normalized magnetic fields.

3 CORE LIBRARY

The library includes 30,000 lines of C++ codes. All impor-
tant features have been implemented and tested. The main
features in the core includes:

� geometry and survey,



� symplectic integrator,
� synchrotron radiation,
� linear optics,
� element by element tracking,
� non-linear map extraction to arbitrary order,
� non-linear map analysis.

It consists of several inter related modules: They are the
parser, beamline, processor, integrator and patch. These
modules are designed to be used most effectively as parts
of a library. However, they can be used independently as
well. For example, a beamline can be constructed directly
without using the parser module.

Parser
Expression
Line
Attribute

Beamline
Element

Cell

  Processor

Apply

Build

Use
Integrator

Kick                  Propagator

Use                 Use
DespotProc
TraceTwissProc
PrintTwissProc

Use

Patch

Figure 1: Main Lego Modules

The parser module is for decoding lattice input files. The
main function of this module is to read a given input lattice
file into tables of parameters, element attributes and sym-
bolic beamlines upon which the beamline with a tree struc-
ture for LEGO is built. The module is used to parse many
common input formats used in the accelerator community,
for instance the MAD input. We will discuss some other
formats later in the section on interfaces.

The beamline module is the core of the library. It de-
fines many components commonly used in accelerators and
holds places for the integrators and patches required for
physics calculation. It also provides the interface and hook
for processors to access elements and travel through the
tree-structured beamline sequentially. Together with the
processor, they form a visitor pattern[9]. This creates a
separation between the beamline and its operations. This
is a very desirable feature of a library because additional
operations on the beamline can be added using a processor
without recompiling the core library.

The processor module is the key of the library. A proces-
sor uses the hooks provided by the beamline to manipulate
the data of elements and beamline. Most data processing
performed on elements, integrators or patches is handled by
processors. Applications often use processors to interface
with the beamline. One of the most important processors
in the module sets up the DESPOT integrators for track-
ing. Actually, we can replace the engine of the computa-
tion simply by sending another processor to set up another

type of integrators, for example TEAPOT. Linear and non-
linear analysis procedures are unaffected by the swapping
of integrators.

The integrator module defines the physics of the beam-
transport. An integrator is introduced for the integration of
the local Hamiltonian through the body of element includ-
ing fringe field if needed. The physics of the integrators is
outlined in the previous section. Since there are many ways
to approximate the integration, the choice of what kind of
integrators to use for a given type of element is left for
users. In the module, we provide a few processors to set
up a consistent set of integrators for instance, DESPOT or
TEAPOT. The integrator makes it possible to separate the
description of physical components and how they are used
in the calculation of physics. This feature is considered to
be one of the major achievements of the library.

global in-plane                                global out-plane

local in-plane                               local out-plane

Integrator

patch                                                           patch

Figure 2: Lego Concept

The patch module handles element or beamline mis-
alignment. Typically, there are two patches for each mis-
aligned component. One is for the entry right before en-
tering the element and another for the exit. Similar to the
integrator, the choice of patches are made by users. For
instance, a proper selection of the patch allowed us to han-
dle purposely off-aligned quadrupoles inside the solenoid
detector.

In additional to these closely related modules, there are
many independent modules in the library, such as differen-
tial algebra, matrix, vector, geometry, fitting and map mod-
ules.

4 APPLICATIONS

Building upon the core library, we have written many use-
ful application classes. They are commonly used to eval-
uate the performance of the machines when many aberra-
tions are present. The main applications are:
� generating alignment and magnetic errors,
� global coupling, tune and chromaticity control,
� three-bumps orbit correction,
� simultaneously correcting orbit and dispersion,
� dynamic aperture search,
� beam-based alignment and optical diagnostics.



Among them, the simplest procedures adjust tunes with
two families of quadrupoles and chromaticities with sex-
tupoles. To make a global coupling correction, we imple-
mented a scheme of four families of skew quadrupoles to
zero out the four coupled elements in an one-turn matrix.

For control of the closed orbit, we have implemented the
widely used three-bump method. Recently, we added a
more powerful scheme of correcting orbit and dispersion
simultaneously using orbit steering correctors based on
eigen-vector decomposition and the MICADO method[10].

Finally, for the commissioning of the high energy
ring(HER), we wrote a beam-based alignment package
to determine misalignments of quadrupoles and offsets of
beam position monitors. The method of analysis is to fit
the beam trajectories for several quadrupole configurations
differing by a large percentage in strength while treating
the circular accelerator as a single-passage beamline.

All the application packages have been simulated for the
PEP-II lattice under various conditions. We will show how
they are applied to the commissioning of the PEP-II in a
later section.

5 INTERFACES

In order to use the applications effectively, we wrote many
interfaces to the control system of PEP-II and other exist-
ing programs. First, in the parser module, we have imple-
mented two builders for decoding MAD input decks and
skeleton decks used in the control system. We are defining
our own standard input format to accommodate the new
types of element allowed in LEGO.

SLC Control Sytem

Configration         BPM Config       Steer Config

  LEGO

Skeleton Deck

LGPS Config

Figure 3: Interface to the control system

Furthermore, we have added the feature of loading con-
figurations and beam position monitor files from the con-
trol system to the LEGO beamline so that we can build an
off-line model easily in the control room and then apply
the application programs to the accelerators. This feature
is proven very useful during the commissioning.

6 VALIDATIONS

There are many ways to validate a computer program.
Common approaches are to compare it to a well known
program or an exact analytical solution. For this library, the
most numeric tests are performed against its predecessors:

DESPOT and TRACY. The results of the testing are always
at the machine precision of the computers when common
procedures are applied.

As a design and simulation tool for accelerators, the ul-
timate validation is against the experimental measurements
in the existing machines. During the commissioning of the
HER, we made many measurements of the lattices. Af-
ter a year of commissioning, the recent measurements, in-
cluding dynamic aperture, are very close to the predictions
made by the simulations using this library.

6.1 Measurement of Dispersion

Last January, the dispersions of the ring were measured and
compared with the simulations. The result of the compar-
ison is shown in Fig. 4. The simulation was carried out
as the same way as how the measurement is performed,
namely measuring the difference orbit with two different
settings of RF frequencies.
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Figure 4: Horizontal dispersion measurement for the HER
with -1 kHz change of the RF frequency, the square sym-
bols present the measurement data and solid line for the
simulation

6.2 Dynamic Aperture Measurement

Last a few years, we routinely perform the dynamic aper-
ture calculation to model the performance of the designed
lattices, to specify alignment and magnetic tolerances, and
to monitor the field quality of the magnets.

Typically, after alignment and magnetic errors based on
the estimations or measurements are introduced into the
ideal lattices, we then perform many procedures listed in
the section of applications, such as correcting orbit, disper-
sion, and coupling.

At the end of the correction procedures, the dynamic
aperture is determined by tracking the electrons for 1024
turns with 10�E synchrotron oscillations. A dynamic aper-
ture plot at the injection point is shown on Fig. 5 with the
solenoid field of the detector turned off.

At the end of the last July run, we measured the horizon-
tal dynamic aperture by measuring the transverse quantum
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lifetime after blowing up the horizontal beam size by a fac-
tor of two, utilizing the large dependency of the damping
partition with respect to the RF frequency[11].
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Figure 6: The measurement of the dynamic aperture for the
HER

From Fig. 6, we can see that the beam lifetime drops
about a factor of two at�3:0 kHz shift of the RF frequency.
If we assume that the drop is due to the quantum lifetime
of the beam, we conclude that the the dynamic aperture
is about 5-6 sigma of the enlarged beam. The dynamic
aperture with the nominal beam size is estimated from the
change of the damping partition due to the change of the
frequency. The detailed analysis shows that the dynamic
aperture is 13 sigma. That is very close the predicted value
shown in Fig. 5 in the horizontal plane.

7 SUMMARY

We have created an object-oriented environment for sim-
ulating accelerators. It becomes a very efficient tool box
to develop new applications both for simulation and opera-
tion of accelerators. In this approach, we have achieved five
important design specifications. Four of them are related to
the modularity of design. They are:
� separation between input language and physical de-

scription of element,
� separation between description of element and compu-

tational usage of element,
� separation between beamline and its operations,
� separation between analysis of physics and underlining

method of transport.
These separations make LEGO very flexible to use and

adaptable to challenging design and simulation conditions,
like the interaction region of the PEP-II.

The last achievement is the common interface both for
simulated machines and real accelerator for all applica-
tions.
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Abstract

The Accelerator Description eXchange Format (ADXF)
is in response to the Iselin-Keil-Talman letter[1], which
calls for a new accelerator description standard aimed to
provide connectivity between a variety of beam-dynamics
programs and heterogeneous data sources. ADXF repre-
sents a flat and complete description of the current accel-
erator state. It has been designed as the additional in-
dependent fully-instantiated layer to existing design data
structures, in particular the Standard Input Format (SIF).
Though the ADXF preserves all SIF element types its open
model provides a mechanism for introducing elements with
arbitrary attributes. The proposed specification is based
on the Extensible Markup Language (XML), an industrial
standard for processing Web documents and application-
neutral data.

1 PREFACE

Basing vertical domain applications on top of framework’s
reusable components and universal infrastructure is a reli-
able and effective approach in software development. How-
ever, a variety of different views and implementations of
accelerator models prevent the direct integration of di-
verse accelerator programs and comparison of their out-
put results. There is an actual need for a common for-
mat to exchange accelerator data between heterogeneous
tools and data stores. In 1985 D.Carey and C.Iselin defined
a Standard Input Format (SIF[2]) which significantly fa-
cilitated the combined usage and developement of several
accelerator programs. The SIF implementation has been
based on the MAD parser and has provided a description
of the design model. Changes in computer and acceler-
ator technologies determine new requirements (and solu-
tions) for exchange mechanisms. In January 1998, C.Iselin,
E.Keil, and R.Talman issued a letter[1], which called for a
new Accelerator Description Standard(ADS) aimed to pro-
vide connectivity between a variety of beam dynamics pro-
grams and heterogeneous sources. The proposed Accel-
erator Description eXchange Format is a response to this
letter. ADXF represent a flat, complete and independent
description of the current accelerator state. The concepts
described in this proposal are based on the Standard In-
put Format (SIF[2])), Standard Machine Format (SMF[3]),
Standard eXchange Format (SXF[4])) and experience with
actual accelerator applications, such as LHC[5], RHIC[6],
CESR[7], FNAL Main Injector, and others.

2 RESPONSE TO ADS REQUIREMENTS

This section presents a list of the Iselin-Keil-Talman ADS
requirements and their implementation in the ADXF spec-
ification.

2.1 Backward compatibility with the Standard Input For-
mat

“It should generalize (but not replace) SIF in ways that
experience has dictated appropriate.”
“ADS should mimic SIF where possible, retaining basic
accelerator objects and their attributes”

The Standard Input Format focuses on the design ac-
celerator description and defines two of its components:
element and beam line. ADXF offers an additional
independent layer that deals with the operational fully-
instantiated accelerator representation. The relationship
between SIF and ADXF structures is provided by the
references embedded in the ADXF objects. The ADXF
format is based on the integration of the MAD sequence[2]
and SMF element buckets[3]. The specification preserves
all SIF element types and provides the mechanism for
introducing new ones. SIF element attributes have been
normalized and grouped in “orthogonal” buckets. The total
list of ADXF element types and attributes are presented in
Table 1 and Table 2.

“Other feature that have been suggested include: ...
nested line preservation from underlying SIF design.”

ADXF represents the accelerator by the flattened tree
of accelerator nodes, elements and sequences. Sequences
can be nested to an arbitrary depth and may have references
to the corresponding design beam lines.

“Minimal completeness. All elements that can influ-
ence single particle motion (in their idealized operation)
and only those elements are contained.”

The proposed submission contains only SIF elements
(see Table 1). However, its open model allows description
of arbitrary element types (e.g. muon collider ionization
cooling). This ADXF approach is determined by the
actual accelerator problems, such as CESR superimposed
solenoid and quadrupole elements, LHC and CESR
parasitic beam-beam effects, and others.



2.2 Extensions of the Standard Input Format.

“Flexibility. Examples are: freedom (but not encour-
agement) to introduce additional elements or additional
attributes to existing elements in a standard (for other
purposes ignorable) way.”

Extensibility has been the main criterion of the ADXF
design and its implementation approach. The proposed
specification allows accelerator description to be ex-
tended in two ways: introduction of new element types
(e.g. a RHIC helical dipole or a CESR wiggler) and inclu-
sion of new element buckets common for all element types.

“Full-instantiation. Every ring element has its own
parameters and may have its own name (laboratory-wide,
for example).”

It is provided.

“ ... support for shared lines (such as two rings) “

Each SXF accelerator node, sequence or element, has
a unique identifier within the particular accelerator name
space, but it may be shared unambiguously by different
accelerators (e.g. in interaction regions, injection and
extraction systems, and others)

“... provision for definition of “families” of elements”

These families have been initially introduced in the
Framework of Unified Accelerator Libraries as communi-
cation objects, adjusters and detectors, transported between
the accelerator model and correction algorithms. Their
specification will be defined after a working prototype of
this system has been developed and alternative approaches
analysed.

2.3 Consistency across different accelerator phase mod-
els.

“It should serve from the early phases of conceptual
design, through the engineering design and analysis, to the
operation of the accelerator.”

The present ADXF version includes only the flat op-
erational view of the accelerator; however it provides a
mechanism for its integration with the existing site-specific
design hierarchical models. This approach stems from the
desire to make this format neutral to different conceptual
models and adaptable to arbitrary data stores. ADXF
can be considered as an additional independent layer to
existing design data structures. The interface between
the ADXF flat accelerator description and local design
models is site-specific and therefore is not a part of this
specification.

2.4 Separation of the accelerator physics algorithms and
approaches.

“Containing only element and lattice description and no
beam dynamics, it is to be usable without prejudice by any
physical method.”

It is provided.

2.5 Separation of technology issues.

“Multiple-realization, in forms optimized for efficient
computation (independent of particular computer lan-
guage), ease of modification, network transmission,
database management, and human editing.”

The ADXF conceptual model is described in the modern
object-oriented Unified Modeling Language (UML)
accepted as an industrial standard by the Object Manage-
ment Group and other organizations. Expressing ADXF
semantics in UML will guarantee multiple-realizations.

2.6 Compliance with computer standards.

“It should respect modern computer science standards,
especially concerning database management and accessi-
bility over networks.”

The ADXF format is based on the Extensible Markup Lan-
guage (XML[8]), an industrial standard for processing Web
documents and application-neutral data. Its connectivity
with disparate data stores (such as ODBMS, RDBMS,
file systems, and others) can be implemented using the
effective mapping techniques[9] or XML supporting tools.

3 ADXF OBJECT MODEL

An accelerator description is a complex system that com-
bines elements with heterogeneous attributes in nested hi-
erarchical structures. The complexity of this organization
prompts a variety of different views and implementations
of accelerator models. The ADXF is intended to provide
a uniform format of accelerator description and interoper-
ability across diverse accelerator applications. This goal
determines the major design principles of the ADXF object
model. It must be flat, concrete, and extendible.

In most accelerator programs, an accelerator element
shares attributes with different elements. These attributes
can be inherited from its design prototype and may be
stored in global repositories. The choice of an optimal or-
ganization is a trade-off between many factors, such as ap-
plication requirements, software environment, and others.
To facilitate mapping diverse accelerator representations
into the ADXF format, the ADXF element is described by
the flat collection of all (inherited, global, and local) ele-
ment attributes. The connectivity with application-specific
hierarchical structures is provided by optional references
embedded in the accelerator elements. It makes the ADXF
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Figure 1: The ADXF object model.

format neutral to different conceptual models and adaptable
to arbitrary data stores.

Despite a variety of different element types, accelera-
tor elements have to be organized and processed polymor-
phically in uniform collections. There are two major ap-
proaches for modeling reusable interfaces: inheritance and
prototyping. Inheritance is the most natural way of allow-
ing users to change code in object-oriented programming.
An architecture based on inheritance has well-defined or-
ganization and data types. However, inheritance results in
statically binding related components. The prototype is a
generic class that is able to dynamically produce objects
with different structure and behavior according to their em-
bedded metadata. This approach is based on the pow-
erful Reflection pattern[10] and used in many operation
systems and horizontal frameworks, for example, ActiveX
Automation, CORBA Dynamic Invocation Interface (DII),
and others. For the ADXF object model, an intermediate
approach has been chosen. All accelerator element types
have a uniform two-level structure: a dynamic open col-
lection of statically defined buckets with orthogonal fine-
grained sets of element attributes. Some buckets belong to
particular element types, others can be included in all ele-
ments. This approach facilitates selection and classification
of well-defined concrete data types. On the other hand, it
provides a consistent extendible mechanism for describing
and integrating new accelerator elements and effects. Fig. 1
shows the ADXF object model. Semantics, structure, and
the XML declaration of its elements are described in the
following sections.

3.1 Accelerator

The accelerator represents a current accelerator state. It
is defined as the root in a hierarchical tree of accelerator
nodes, elements and sequences of elements:

<!ELEMENT accelerator
( sequence | %adxf.element; )* >

The accelerator state has several attributes:

id an accelerator name. The id identi-
fies the accelerator instance and de-
termines the naming context for all
its accelerator objects.

version a version of the current accelerator
configuration.

timestamp a date and a time of the current ac-
celerator configuration.

design a reference to the design prototype.

In the XML DTD format, these attributes are declared as
follows:

<!ATTLIST accelerator
id CDATA #REQUIRED
version CDATA #REQUIRED
timestamp CDATA #REQUIRED
design CDATA #IMPLIED>

Definition of accelerator parameters in the ADXF file is
illustrated by the next example:

<accelerator
id = "lhc"
design = "lhc"
version = "5.0" timestamp =
"Mon, 18 Aug 1998 09:27:55">

...
</accelerator>

3.2 Accelerator Node

There are two types of accelerator nodes: sequence and
element. They have three common attributes:

id a name of the accelerator node.
design a reference to the design prototype. Be-

cause the ADXF accelerator description
is complete and independent from exter-
nal sources this link does not affect node
parameters and provides only the rela-
tionship with site-specific accelerator de-
sign models.

at a longitudinal position of the node entry
to the start of the parent sequence. If at is
missing, the node is assumed to be butted
up against the previous accelerator node.

According to the Composite design pattern[11], sequence
and element have to be derived from the common class.
Since the present XML specification[8] does not support
any inheritance mechanism, these attributes have been
combined in a sharable XML entity:

<!ENTITY % adxf.node.attributes
"id CDATA #REQUIRED
design CDATA #IMPLIED
at CDATA #IMPLIED">



3.3 Sequence

Sequence is a composite node in an accelerator hierarchical
tree. Then its structure repeats the accelerator model, a list
of accelerator elements and subsequences:

<!ELEMENT sequence
( sequence | %adxf.element;)*>

<!ATTLIST sequence
%adxf.node.attributes; >

In contradistinction to the accelerator semantics, each se-
quence has a parent, and it does not define a separate nam-
ing context for its children.

3.4 Accelerator Element

Element represents a minimal identified accelerator en-
tity. There are many different element types (such as
quadrupole, solenoid, etc.). In the object-oriented approach
(see Fig. 1), all element types have to be implemented by
individual classes derived from the common ancestor Ele-
ment. It allows one to describe the sequence of heteroge-
neous elements via a homogeneous collection of Element
instances. However, the present XML specification does
not support any inheritance mechanism and requires the
explicit inclusion of all accelerator types in the accelerator
declaration. To satisfy the XML constraints and to provide
the ADXF extensions, all element types have been divided
into core and extra categories:

<!ENTITY % adxf.element
"(%adxf.coreElement; |

%adxf.extraElement;)">

The adxf.coreElement category contains a list of element
types defined in the standardized ADXF DTD file. At this
time, it comprises SIF elements[2]:

<!ENTITY % adxf.coreElement
"(marker |

drift |
sbend |
rbend |
... )">

Extra elements can be added later in project-specific ADXF
extensions. For example, the Wiggler declaration can be
included in the local XML document as:

<!DOCTYPE accelerator [
<!ENTITY % adxf.extraElement

"wiggler" >
<!ENTITY % adxf.core SYSTEM

"adxf.dtd">
%adxf.core;
...

]>

According to the SMF analysis patterns, all element data
are naturally represented via orthogonal buckets of element
attributes (such as multipole, aperture, rotation and others).
All buckets have a common ancestor and can be stored in a
single homogeneous container. As it has mentioned before,
the present XML specification does not support any inher-
itance mechanism. Then the element attributes have been
divided into three parts: frame, ′′element type′′.body, and
other buckets sharable by all element types. The frame rep-
resents the element geometry. The ′′element type′′.body
bucket can be composed from a mixture of existing and
new attributes relevant to the particular element type and
recognizable by the corresponding integrators (trackers).
The proposed model is able to describe most element types.
However, there is a category of accelerator applications us-
ing composite elements with superimposed characteristics,
such as the intrinsic beam-beam effects, IR quadrupoles in-
stalled in the detector solenoid region, and others. To ad-
dress these tasks, each element type supports addition of an
array of element insertions:

<!ELEMENT insertions %adxf.element;* >
...
<!ATTLIST quadrupole

%adxf.node.attributes;>
<!ELEMENT quadrupole (

frame?,
quadrupole.body?,
%adxf.buckets;,
insertions?) >

The following example illustrates the definition of
quadrupole data in the ADXF-compliant document:

<quadrupole id = "quad2">
...
<insertions>

<multipole id = "entry" at = "0.0">
</multipole>
<multipole id = "exit" at = "0.1">
</multipole>

</insertions>
</quadrupole>

3.5 Bucket of Element Attributes

The element bucket encapsulates the minimal set of at-
tributes relevant to the single effect or element feature (such
the magnetic field, aperture, etc.). In the ADXF specifi-
cation, these attributes are explicitly defined in the XML
attribute-list constructs. For example, the frame bucket is
declared as:

<!ELEMENT frame EMPTY>
<!ATTLIST frame

l CDATA #IMPLIED
hangle CDATA #IMPLIED
vangle CDATA #IMPLIED
n CDATA #IMPLIED>



where l, hangle, vangle, and n are the frame attributes.
There are two categories of element buckets. Members

of the first category, body buckets, belong to a particular
element type; other buckets can be shared by all elements.
Table 1 and Table 2 present the ADXF proposed classifica-
tion of type-specific and common element attributes, spec-
tively.

The ADXF specification provides a consistent mecha-
nism for integrating new element types. The same ap-
poach has been employed for writing new common buck-
ets. These buckets have been split also into core and �extra
collections:

<!ENTITY % adxf.bucket
"(%adxf.coreBucket; |

%adxf.extraBucket;)">

The adxft.coreBucket collection contains a list of standard-
ized element buckets defined in the ADXF DTD file:

<!ENTITY % adxf.coreBucket
"align | rotation | ... ">

The extra buckets can be added later in project-specific
ADXF extensions.
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Element
Type

Body
At-
tributes

Comments

marker -
drift -
sbend knl array of normal multipole

components
rbend ktl array of skew multipole com-

ponents
e1 rotation angle for the en-

trance pole face
e2 rotation angle for the exit

pole face
quadrupole knl array of normal multipole

components
sextupole ktl array of skew multipole com-

ponents
octupole
multipole
kicker
hkicker
vkicker
solenoid ksl solenoid integrated strength
rf cavity volt array of RF voltage harmon-

ics
lag array of phase lags
harmon array of harmonic numbers

elseparator volt voltage
hmonitor -
vmonitor
monitor
ecollimator -
rcollimator

Table 1: Element body attributes

Bucket
Type

Attributes Comments

frame l magnetic length along the de-
sign orbit

hangle horizontal bend angle
vangle vertical bend angle
n splitting number

align x offset in the x-direction
y offset in the y-direction
z offset in the z-direction

rotation phi rotation around the x-axis
theta rotation around the y-axis
psi rotation around the s-axis

aperture shape aperture shape
x horizontal half-aperture
y vertical half-aperture

Table 2: Common buckets and their attributes.
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Abstract

An interactive GUI and a flexible programmability are
equally important for accelerator modeling and simulation
studies. However, it is not a trivial task to provide both of
them. We discuss the use of Matlab and O-Matrix that is
one of the Matlab-like environments on Windows, to
obtain a reasonable solution by presenting examples at the
ALS.

1  INTERACTIVE GUI AND PROGRAMMABILITY

1.1  Needs for Programmability

A modern GUI does not always provide flexible
programmability for users. This becomes apparent in the
case of an accelerator control system that has adopted a
modern interactive GUI environment. If the specifications
for such a system can cover all the needs of its future
users, the software developers would be able to pre-
program the required functionality with the support of a
GUI. However, it is not realistic to assume such a
scenario. Users will find missing functions at the last
moment. Therefore, it is essential for an interactive GUI
environment to provide some kind of  programmability or
extendibility to users.

In case of accelerator modeling and simulation  studies, a
GUI environment is not so popular as for a control system
but it rises the same issue.  As flexible programmability
often becomes more important than a modern GUI, the
GUI must cooperate with it.

Since user’s algorithms are described by using a kind of
language, a modeling program must parse and execute
them. There are basically three ways to solve it:

1. Embed a language processing capability in it.
2. Export its application program interface (API).
3. Adopt an existing programmable environment.

The first case is usually realized by providing its own
scripting language that is usually a small interpreter. The
second case is common for a large scale environment like
a machine control system. On the other hand, the third is
suitable for a small system like a modeling program.

1.2  Experience at ALS

In the ALS[1] design phase, we took the first case to
create a simulation program with full programmability.
We wrote Tracy[2] by using the Pascal S compiler[3]
itself as a framework to access physics library functions
but without any graphics capabilities.

During the ALS commissioning phase, we wrote
TracyV[4] to simulate the existing ALS storage ring in a
modern GUI environment but without programmability.
we do not feel too much inconvenience as it is to operate
a well-defined virtual machine. At the same time, a C++
class library Goemon[5] was developed and used where a
new logic is required.

When the commissioning is completed, Matlab[6] was
adopted and has been in heavy use for the ALS machine
controls and studies[7]. As its C-like interpreter is suitable
for matrix calculations, it carries out orbit control quite
effectively. Stimulated by the successful use of Matlab,
we started using it for accelerator modeling and
simulation studies as described in this paper.

2  MATLAB AS A MODELING ENVIRONMENT

2.1  Matlab as an Environment

Matlab is widely used on various platforms mainly for
numerical calculations. It is an environment with a C-like
interpreter that is suitable for matrix calculations with a
rich set of library routines that cover mathematics,
statistics, optimization and graphics. It also supports
external routines that are written in C/C++ by users.
Therefore, a user can use Matlab as an environment to
manipulate the user’s routines.

2.2  Matlab for Accelerator Modeling and Simulation

Accelerator optics and orbit calculations are mostly done
by matrix and vector manipulations, therefore Matlab fits
the needs effectively with various library functions. In
addition to it, Matlab makes a lattice definition simple and
flexible by providing the list data type, which releases us
from writing a lattice parser and allows us to handle the
lattice configuration dynamically.



TracyML[8] is our first effort of writing an accelerator
modeling code using the standard 4x5 matrix formalism
entirely in Matlab. Lattice configurations, optics and orbit
calculations, and various kinds of fitting and optimization
calculations can be flexibly mixed in Matlab programs.
Here is an example of defining a beam line in TracyML:

    D1=drift(’D1 ’, 0.2);
    D2=drift(’D2 ’, 0.1);
    QF=quad (’QF ’, 0.3, 2.12);
    QD=quad (’QD ’, 0.1,-2.25);
    B =bend (’BEND’,0.86,3.0,1.5,1.5,0.0);
    LINE1 =[ D1 QF D2 ];
    LINE2 =[ D2 QD D1 ];
    CELL  =[ LINE1 B LINE2];

As this example shows, the Matlab list structure is
appropriate to describe the lattice configuration. A
version 5 of Matlab supports user-defined data types and
some of the object-oriented features. TracyML uses the
Matlab record structure to simplify the support of beam
line elements such as magnets. It has been found to be
convenient for fitting and optimizing calculations. On the
other hand, as it is entirely written in Matlab, the
execution speed is not adequate for numerical-intensive
tasks like particle tracking.  Fig. 1 shows an example of
TracyML.

Fig.1  TracyML

2.3  Matlab External Calls

When the execution speed becomes a bottleneck in
Matlab, we must start using external library calls that are
supported by dynamic link libraries (DLL) on Windows.
In case of accelerator modeling and simulation, there are
two possibilities for the location that holds the virtual
machine:

1. Keep the virtual machine in the Matlab layer and use
external calls at a low level.
2. Keep the virtual machine in the external DLL layer
and use external calls to manipulate it.

As our objective is to speed up the particle tracking speed,
we must take the case 2, which leads to the use of a C++
class library Goemon as its external library.

The problem is that Matlab on Windows requires a
separate DLL for each individual external call and each
DLL carries its own  memory space that is inadequate to
share the virtual machine object. Possible solutions are,
for example:

1. Use one generic external call and dispatch it to
multiple Matlab calls.
2. Use one common DLL to interface DLLs for external
calls to an external library.
3. Use an other Matlab-like environment that does not
carry this kind of problem.

We are in a process of using case 2. At the same time, we
found another environment (case 3), O-Matrix[9], and
created TracyM[10] to access Goemon library from its
Matlab-like environment, as described in the next chapter.

In case of the accelerator controls, we do not have to
share the variables in the DLL layer because:

1. The operational context is held in the Matlab layer.
2. The real machine is common to all the external calls.

Therefore, Matlab does not have this kind of problem.

3  O-MATRIX AS A MODELING ENVIRONMENT

3.1  O-Matrix as an Environment

O-Matrix is a Matlab-like environment available on
Windows that allows one DLL to provide multiple
external calls.  We can effectively wrap multiple C/C++
library routines for use from the environment. Therefore,
if we are to hold the context in an external layer for faster
execution speed, O-Matrix becomes more suitable than
Matlab. On the other hand, one of the demerits of using
O-Matrix will be the loss of the data structures that are
available in Matlab 5, which leads us to do more in a DLL
layer.

3.2  TracyM

TracyM is an attempt to obtain both modern GUI
environment and programmability for accelerator design,
simulation and modeling studies. It is built on top of O-
Matrix by using the C++ class library Goemon in a DLL
that serves as a physics library.  The merits of TracyM
over Tracy ML are:

1. Faster execution speed as all the CPU-intensive
calculations are done in the DLL.
2. Better C++ Compatibility as it wraps the Goemon
C++ class library.



In addition to these merits, it becomes easier to create
external GUI tools as described in the next chapter. Here
is an example of TracyM calculating the ALS booster ring
properties.

  clear
  include TracyM.mat # link to DLL
  initTracy
### Define Lattice ####
  SYM=marker("")
  LBF=drift("LBF",0.496875)
  LBD=drift("LBD",0.546875)
  LB =drift("LB ",1.05)
#** Bending **
  BU =bend("BU",0.525,7.5,7.5,0.0, 0.0)
  BD =bend("BD",0.525,7.5,0.0,7.5, 0.0)
  BB =[BU,BD]
#** Quadrupole **
  F2 =quad("F2",0.15, 2.7682214)
  D2 =quad("D2",0.10,-2.5401249)
#** Construct One Superperiod **
  DBF =[D2, LBD , BB , LBF , F2]
  FBD =[F2, LBF , BB , LBD , D2]
  FLD =[F2, LBF , LB,  LBD , D2]
  DLF =[D2, LBD , LB,  LBF , F2]
  BL1 =[SYM,DBF,FBD,DBF,FLD,DLF,FBD,DBF,FBD]
#** Create a Ring **
  ring(BL1,4)

  setQforTune(F2,D2)
  getTwiss(1)

  PrintTwiss
# plot Twiss functions
  ginit
  x=getVec(0)   # S
  y=getVec(10)  # BetaH
  gplot(x,y)
  y=getVec(14)  # BetaV
  gplot(x,y)

  calcIntegral # synchrotron integrals

  for n=1 to 30 begin
     E = n*50*1.0e6
     emt=calcEmittance(E)
     taux=DampingTimeH(emt)
     Emit0=Emittance(emt)
     print n*50, taux, Emit0
  end

  terminateTracy

Fig.2 is the result of this program.

Fig.2  TracyM,   Example (1)

Another example is of the dynamic aperture calculation of
the ALS storage ring shown in Fig.3. Here is a routine to
calculate the dynamic aperture.

for j=-20 to 20 begin
   for i=-30 to 30 begin
     x=i/1000.0
     y=j/1000.0
     n=quickTurns(512,0.10,x,y)
     print i,j,n
     if n>=512 then begin
        gplot(i,j,"square")
     end
   end
 end

By using the external routine (quickTurns) we can keep
the native speed where numerical calculation becomes
intensive.

Fig.3  TracyM,  Example (2)

4  MATLAB-LIKE ENVIRONMENT AND
STANDARD GUI

4.1  A Matlab-LIKE ENVIRONMENT AND GUI

We have shown the examples of TracyML and TracyM
with some graphics displays, but none of them can claim
that it has a GUI. It is true that Matlab and O-Matrix do
support creation of a GUI with buttons and menus, but we
feel more comfortable to have dedicated GUI applications
that are natively compiled for interactive use. In the case
of accelerator modeling and control, it is possible to
prepare a standard set of GUI for common use, such as
displaying Twiss functions and closed orbits. For these
items, users should not be forced to create event-driven
routines every time they need them.

4.2  TracyM and its External Tools

From such an aspect, TracyM is accompanied by several
external programs that provide standard displays with



GUI. Fig.4 shows two of such programs, Table View and
Graph View, displaying the current status of the virtual
machine of TracyM by communicating with TracyM
through Win32 shared memory.

Fig.4   TracyM and External Tools

Another external tool is Command View that manipulates
a standard set of knobs of the virtual machine using GUI.
In this case, TracyM becomes a server for Command
Panel and communicating with it through a Win32 pipe.
Although this scheme is still in a development phase, we
do see some possibility of creating a GUI application
without sacrificing a flexible programmability. In this
scheme, the role of TracyM is to create a virtual machine
for use from external GUI tools.

5  CONCLUSION

A Matlab-like environment such as O-Matrix can serve as
a programmable environment for C/C++ libraries that are
specialized in various fields. Matlab 5 with user-definable
data structure works efficiently for accelerator control,
modeling and simulations. Lattice definition becomes
simple and dynamic by using the list structure. When the
execution speed is required, O-Matrix becomes effective
because of its external calling scheme. If we can identify a
standard set of displays, separate programs dedicated to
them may become advantageous.
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Abstract

A simple real-time beam tuning program has been devel-
oped for use at the KEK B-Factory injector linac. The
program features the ability to adjust an arbitrary combi-
nation of parameters (e.g. magnet currents and RF phases)
in order to optimize an arbitrary combination of monitor
values (e.g. the ratio of a downstream beam current to gun
current). Based on the downhill-simplex method[2][?], it
requires no knowledge of beamline details. An additional
”persistence” parameter is used to adjust the treatment of
pulse-to-pulse variations of monitor values while mapping
the parameter-space terrain, and controls the peak-holding
performance in the presence of both statistical fluctuations
and long-term drift. Preliminary results from the commis-
sioning of the KEKB injector linac and plans for the future
are discussed.

1 INTRODUCTION

The KEKB injector linac went through the first phase of
commissioning from October 1997 to June 1998, following
extensive upgrades to the prior facility.[1] During this time
several techniques for tuning the beam were employed,
such as the introduction of local bumps, energy feedback
via klystron phase tuning (using orbital radius in the arc
section as a diagnostic), and automatic orbit smoothing
with the use of BPMs. These techniques were very success-
ful in achieving the target beam currents. In addition to the
above techniques, daily fluctuations in the machine state
and the rise of non-linear behavior at higher target currents
suggested that a non-model-based optimization tool might
prove useful. As a result, a beam feedback tool based on
the downhill simplex method was developed.

2 SOFTWARE

2.1 Environment

Figure 1 shows the software environment in use at KEKB,
including the linac and the beam transport line between
the linac and the KEKB storage rings. The SAD-
script environment[4] uses a Mathematica-like syntax with
object-oriented extensions and provides easy access to all
monitor and control records in the EPICS machine-state
database, in addition to the beam optics and tracking func-
tions of SAD. The user interface, shown in Figure 2, is built
from a GUI toolkit based on Tcl/Tk.[5] During the Spring
commissioning some linac components were accessed via
stand-alone commands, though from Fall 1998 all instru-
mentation controls are based on EPICS, using a uniform
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Spring 1998 Fall 1998 Plan
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Beam Position
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Figure 1: Beam Feedback Software Environment

method of access to monitors and controls and simple ex-
tensibility to beam-transport and KEKB ring components.

2.2 Downhill Simplex Method

The Downhill Simplex optimization method is well known
in the scientific community, being extensively discussed in
Reference [2]. Given a function F of N parameters, an
“amoeba” (simplex) with N+1 “ feet” measures the height
of the N-dimensional terrain, and attempts to walk down
the slope in search of the bottom of a valley. When the
amoeba seems to be near a minimum, it will resize to con-
tract around the suspected minimum. It can also perform
other operations depending on the terrain.

The method is quite general, and can find a minimum of



Figure 2: Optimization Tool Control Panel

an arbitrary function in N-dimensions without knowledge
of derivatives or any other information about the function.
This makes it applicable to cases where the functional de-
pendence on the input parameters is difficult to calculate
but relatively constant, making it a good choice as a beam
fine-tuning tool. The method was applied to the minimiza-
tion of vertical emittance during operation of the Tristan
ring at KEK.[3] A drawback is that while the downhill-
simplex algorithm expects F to be arbitrary, it does not ex-
pect its value at one point in parameter space to fluctuate
from measurement to measurement. Our solution to this
problem is the introduction of a parameter called “persis-
tence.”

2.3 Persistence

There were two goals for the program. One was to fine-tune
a beam that had already been tuned using other methods, to
correct for non-linear or non-calculable effects remaining.
For this purpose, the program is largely operating like a hu-
man operator with faster reaction time. The second goal is
to maintain a good machine state, continuously adjusting
for drifts in machine performance over longer-term inter-
vals.

As mentioned, the simplex consists at any one time of
a list of measured values for N+1 locations (feet) in pa-
rameter space. Based on the heights of these feet in the
terrain, it will attempt to feel out new and better locations
and relocate the least-optimally located feet to better posi-
tions. In principle, the most reliable measurement for each
foot would be the result of averaging over many pulses.
For our initial experiments, we used a 10-pulse average at
each location. (Such averaged measurements are available
in the EPICS database, along with single-shot measure-
ments.) When the amoeba is near a suspected optimum,
it will contract around in size around the most optimally
placed foot, and continue. At this point, before the con-
traction, the value of the optimizing function is remeasured
at the current optimal location. The value F at that loca-
tion is then assigned a weighted average of the old and new
values:

F = [PFold + (1 − P )Fnew],

where 0 ≤ P ≤ 1 is the persistence. A persistence of 0
means that the algorithm retains no memory of old values,
and 1 means that it never remeasures the optimum location
twice as long as another foot does not find a better loca-
tion. The simplex is then resorted to verify that the opti-
mum is still the optimum, or reassign the optimum to a dif-
ferent foot if necessary. This periodic remeasurement only
at suspected optima, instead for example of remeasuring all
feet, is a time-saving compromise. Also, since each remea-
surement of the optimizing function at a point in parameter
space requires physically changing the machine parameters
to the corresponding state in order to make the measure-
ment, this procedure avoids putting the machine into states
that are already believed sub-optimal.

2.4 Performance

The performance of the algorithm was tested during the
commissioning of the 3.5 GeV positron line. Electrons
were accelerated to 1.5 GeV in the first two sectors (“A,”
“B” ) of the linac, then pass through a 180 deg arc section,
and are accelerated to 3.7 GeV by the end of the next two
sectors (“C,” “ 1” ), at which point a target is inserted when
the linac is in positron mode. The positrons from the tar-
get are then accelerated to 3.5 geV in the remaining 4 sec-
tors (“2” -“5” ) for transport to the KEKB low-energy stor-
age ring.

For the case of positron production, the quantity being
optimized was the ratio of the beam current downstream
of the positron target to the beam current just after the
gun. The parameters being varied were one pair of x and y
steering magnets just after the gun, another pair after the
buncher section, and another pair just at the entrance to
the arc section, in order to minimize emittance growth due
to transverse wake effects on the beam from injection and
beam pipe misalignments. In addition, the RF phases of the
first two sectors were varied to minimize the energy spread.
The energy acceptance of the arc section is ±1.5%

The results were encouraging, with the highest positron
current being recorded for the commissioning period at sev-
eral percent over previous performance. Typically most of
the improvement was seen within the first 50 iterations.
The persistence setting was found useful in keeping the
machine near an optimum – a persistence of zero led to
drift away from optimal settings even after the optimum
had been found, and a persistence of one tended to result
in the simplex becoming hung up on a false peak due to
fluctuations. Figure 3 shows the optimization curve for a
persistence setting of 0.5, which shows good peak-holding
performance. The speed of the algorithm largely depends
on the rates at which the machine state can be changed and
the monitor values can be read.

3 SUMMARY

A real-time beam optimization tool has been developed for
the KEKB injector linac. Performance was found to be
enhanced by the introduction of a persistence parameter.
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Figure 3: Example Optimization Curve for persistence=
0.5, showing the value of the ratio of the current down-
stream of the positron target to that just after the gun, as a
function of iteration.
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Figure 4: Diagnostic plot of parameter value history during
an optimization run. In this example the parameter is the
first steering magnet, which stabilizes at a new level by the
70th iteration.

Further testing and extension of applicability to the beam
transport line and KEKB rings is underway.
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Abstract

The Self-Describing Data Sets (SDDS) toolkit comprises
about 70 generally-applicable programs sharing a common
data protocol. At the Advanced Photon Source (APS),
SDDS performs the vast majority of operational data col-
lection and processing, most data display functions, and
many control functions. In addition, a number of accel-
erator simulation codes use SDDS for all postprocessing
and data display. This has three principle advantages: First,
simulation codes need not provide customized postprocess-
ing tools, thus simplifying development and maintenance.
Second, users can enhance code capabilities without chang-
ing the code itself, by adding SDDS-based pre- and post-
processing. Third, multiple codes can be used together
more easily, by employing SDDS for data transfer and
adaptation. Given its broad applicability, the SDDS file
protocol is surprisingly simple, making it quite easy for
simulations to generate SDDS-compliant data. This pa-
per discusses the philosophy behind SDDS, contrasting it
with some recent trends, and outlines the capabilities of the
toolkit. The paper also gives examples of using SDDS for
accelerator simulation.

1 INTRODUCTION

In recent years, we have seen a great increase in the num-
ber of accelerator simulation codes. Each code developer
faces the same hurdles of developing a user interface and
providing tools for the user to view and analyze code out-
put. Many lack the time or expertise to create sophisticated
interfaces and postprocessing, and so provide difficult in-
terfaces and little in the way of postprocessing.

In the midst of this, there is no movement toward com-
mon standards that permit simulation codes to be used to-
gether and share postprocessors. The lack of such a devel-
opment reinforces the rate of growth, because users often
find it easier to write a new code than to work with one or
more existing ones.

Simulation codes still rely on an inordinate amount of
user interaction and manual work. The time spent by the
user to prepare and analyze data from a simulation may
exceed the running time by orders of magnitude. A root
cause of this is the lack of generally-applicable, powerful
postprocessing tools.

In this paper, I describe a system that solves these prob-
lems. I will start by discussing common problems with
simulation codes. Following this, I describe the structure
and advantages of the Self-Describing Data Sets (SDDS)
system, which is based on modular tools, self-describing

�Work supported by U.S. Department of Energy, Office of Basic En-
ergy Sciences, under Contract No. W-31-109-ENG-38.

data, and scripts.

2 COMMON SIMULATION CODE PROBLEMS

Data Storage: One of the root problems with simulation
codes is the wide variation in data storage methods. Much
of the output from most codes is user-readable text or
graphics. Such output is inherently difficult or impossible
to subject to automatic processing, which forces the user
to manually transcribe or translate data into another for-
mat. Ironically, by providing “user-friendly” text or graph-
ics, the code developer can actually make the sophisticated
user’s job much harder.

Some code developers recognize these problems and
provide data files intended for automatic processing. How-
ever, in many cases, these are for use with a dedicated
postprocessor that provides simple, single-purpose graph-
ics and perhaps simple analysis. The user may not be able
to count on these files remaining the same between code
revisions. Other code developers take the approach of mak-
ing data files for a specific commerical data analysis or
viewing product. Rarely does more than one code use the
same approach, let alone use the same data protocol.

Finally, most data files are “fragile,” in that format
changes will break programs that use the protocol. For ex-
ample, a code may output a table of numbers that is in-
tended for automatic processing. A user or the developer
may create another code that reads the output of the first.
When, however, a new column of numbers is added to the
output of the first code, the second code is no longer func-
tional. This creates an unwillingness to upgrade, a multi-
plication of versions of the same code, and an inability to
use codes cooperatively.

Postprocessing Support: The time and effort a user
spends postprocessing data from a simulation is generally
proportional to the number of simulation runs performed.
This is largely due to the lack of analysis software that ac-
cepts the output of simulation codes directly. This is often
true of codes that provide a GUI, since the user of such
an interface is expected to guide program actions with the
mouse.

The analysis provided by the typical simulation code is
often limited and not customizable. The user cannot ask
for new computations to be performed upon the code’s ex-
isting output data. Graphical output is also generally very
specific and predefined. If the user wants something differ-
ent, he must try to transfer the simulation output to another
program.

In a way, this is only sensible. For each developer of each
simulation to provide sophisticated graphics and postpro-
cessing for each simulation code would entail an enormous
amount of extra work. Hence, it is likely that this state of



affairs will continue unless another approach is found.
User Programmability: Few codes allow the user to go

beyond the “Prepare, Run, Read” or “Click, Run, Look”
simulation cycle. For example, there is usually no way to
automatically prepare a series of input data sets for a sim-
ulation code, followed by automatic collation of the results
of the group of runs. This is available with the custom pro-
gramming environments that some codes provide, but it is
unreasonable to expect every code to have such an environ-
ment.

What is needed is the ability to treat each simulation
code as a computational module that can be embedded
within another process (e.g., another program or script).
For this to work, the root problem of data storage chaos
must first be addressed.

3 A SOLUTION

An ideal situation would be the following: 1. All simula-
tion output should be ready-made for machine manipula-
tion and computation. 2. A common set of powerful data
processing and display tools should be used for all acceler-
ator simulation codes. 3. The output of any code should be
readily used as input to another. 4. It should be possible to
enhance and automate the use of a code without changing
the code itself.

A system that provides these advantages is available and
has been in use at the APS since 1994. The Self-Describing
Data Sets [1, 2] system is based on a relatively simple self-
describing file protocol. A toolkit is available that com-
prises about 70 general-purpose programs that use this pro-
tocol. There is an additional toolkit of about 20 control-
system programs [3, 4].

SDDS has enjoyed wide application at APS, beginning
with commissioning of the APS injector and continuing
through commissioning of the APS storage ring. It pro-
vides computational muscle for most of the high-level ap-
plications in use today on the APS controls system, includ-
ing control, display, and analysis. It is used for almost all
experimental data collection and analysis for machine stud-
ies. It is also used for much of the accelerator simulation
done at APS. In this paper, I will address only the last of
these applications.

4 SELF-DESCRIBING DATA AND THE SDDS
PROTOCOL

The concept of “self-describing data” may be unfamiliar,
but it is quite simple. Basically, self-describing data is
identified and accessed by name only, in contrast with tra-
ditional data formats where data is accessed by position
(e.g., column number). Positional access methods make
for “fragile” data files by requiring one code to “know” the
detailed organization of data from another code.

With self-describing files, the code uses the name of the
data to request the data values using a subroutine call. The
details of where the data is in the file are encoded in the

self-describing file protocol and intepreted by the subrou-
tines that manage such files. As long as the name of the
data and the self-describing file protocol are not changed,
this system is robust and the data will always be readable
no matter what additional data is put in the file.

There are other advantages to using self-describing files.
With self-describing files, programs can be generic and op-
erate on named data; for example, a graphics program can
plot data in general, rather than just beta functions or just
phase space diagrams. Self-describing files may also in-
clude “meta-data,” such as units, and data type. Using such
meta-data makes for more robust programs. For example,
codes can check units and data type of data before using it.

An SDDS file consists of three parts: a single line that
identifies the file as an SDDS file; an ASCII header consist-
ing of namelist-like entries that define the structure of the
data; and zero or more instances of the structure defined
by the header. The data itself may be in binary or ASCII
format, as declared by the header. The structure defined
by the header may contain scalar values, columns forming
a table, and arbitrarily dimensioned arrays. The user can
access the elements of the structure individually. There are
no inherent limits on the number of elements, the length of
the tables, or the number of dimensions or size of arrays.
Any element may have one of six data types: single- or
double-precision float-point, short or long integer, charac-
ter, or character string.

A familiar example of an SDDS file would be a table of
Twiss parameters with corresponding values for the tunes,
chromaticities, etc. After four years of experience with
SDDS, we’ve found that the vast majority of our data fits
this simple model in a natural fashion.

5 PROGRAM TOOLKITS

A “toolkit” is a group of programs that can operate on the
same type of entity. Such programs can perform the same
type of action on numerous entities of the same type. Ide-
ally, any program’s output is usable as input to any other
program, so that programs can be used in sequence to pro-
cess data. This is the chief advantage of such a toolkit. An-
other advantage is decentralized expansion, since anyone
can independently create a tool that operates on the same
entities. Such additions cannot break existing tools or the
applications that use them, in stark contrast to the common
situation where a change to one program requires changes
to other programs.

The SDDS toolkit [5] is a group of about 70 programs
that operate on SDDS files. There are three types of SDDS
programs: those that read and write SDDS files, called the
“core toolkit”; those that read SDDS files and create non-
SDDS data (e.g., text or graphics); and those that read non-
SDDS data (e.g., CSV files) and create SDDS data.

Capabilities of the individual programs are many, in-
cluding graphics, equation evaluation, statistics, histogram-
ming, fitting, interpolation, integration, differentiation, sig-
nal processing, smoothing, peakfinding, matrix operations,



and creation of text printouts. Since most programs both
read and write SDDS data, many operations can be used
sequentially on the same data set. The user can thus create
a processing chain that suits his particular needs using the
SDDS toolkit programs as modules.

For example, one might want to simply plot some data
(using the SDDS program sddsplot). However, one
might want to FFT the data and plot to FFTs (sddsfft,
sddsplot). Or one might want to FFT the data, smooth
the FFTs, find the amplitudes of the peaks, histogram the
amplitudes, then plot the histograms (sddsfft, sddss-
mooth, sddspeakfind, sddshist, sddsplot).
The possible combinations are literally inexhaustible.

Note that creating human-readable output is only a small
part of the SDDS toolkit. Graphics and text printouts, while
important, should not drive the structure of a simulation
code or determine the format of its output. Using SDDS,
the simulation developer doesn’t need to worry about what
kind of graphics or printouts a user might want. SDDS
allows the user to produce the graphics and printouts he
wants.

To give some more explicit examples, suppose that one
has an SDDS data file (data.sdds, say) containing turn-
by-turn particle coordinates from a tracking simulation.
Suppose that the data is in a table, with columns called x,
px, y, and py giving the transverse phase space coordi-
nates, a column called Turn giving the turn number, and a
column called delta giving the fractional momentum off-
set. (Space does not permit showing the plots from these
examples. Examples of plotting output, all directly from
the SDDS toolkit and unaltered, are shown in the Figures
in following sections.)
� Plot the horizontal phase space:
sddsplot -column=x,px -graph=dot \
data.sdds

� Take the FFTs of the horizontal and vertical motion. Plot
these together using variable line types on a log scale:
sddsfft -column=Turn,x,y \
-window=hanning data.sdds data.fft \

sddsplot -column=f,FFT* \
-graph=line,vary -mode=y=log data.fft

Note that the FFTs of x and y are automatically named
FFTx and FFTy. Most of the core toolkit functions this
way, providing predictable new names based on the names
of the data being being processed. In some cases, the user
must supply a new name or a template for new names.
� Suppose now that the file data.sdds contains multiple
pages, with each page corresponding to a separate particle
with a different initial momentum offset. The following se-
quence will give plots of x and y tune vs momentum:
sddsprocess data.sdds -pipe=out \
-process=delta,first,delta0 \
| sddsfft -column=Turn,x,y -pipe \
| sddsprocess -pipe \
-process=FFTx,max,xTune,posi,func=f \
-process=FFTy,max,yTune,posi,func=f \
| sddscollapse -pipe=in data.result

sddsplot -column=delta0,?Tune \
-separate data.result

While this example looks a little cryptic at first, it is eas-
ily understood and is much more terse than doing the same
thing in a programming language. First, sddsprocess
is used to create a parameter (delta0) containing the
first value of the column delta. Second, the x and y
values are FFT’d using Turn as the independent variable.
Third, sddsprocess is used to find the position of
the maxima in FFTx and FFTy, viewed as a function of
f (the frequency from the FFT); the resulting parameters
are called xTune and yTune. Fourth, sddscollapse
is used to “throw away” the tabular data and collapse the
parameter data across pages to create a new table, contain-
ing columns delta0, xTune, and yTune. Finally, the
result is plotted.

In order to coordinate toolkit programs and create high-
level applications, we often employ a script programming
language. SDDS simplifies the development of data pro-
cessing, while the script language provides an easy inter-
face to the data processing algorithm. Using SDDS is much
easier than using a programming language for data process-
ing because the user need not worry about loops, variables,
and all the other overhead of programming. SDDS hides
all of this from the user and lets the user think in terms of
the operations he needs to perform.

6 SIMULATION CODES AND SDDS

There are a number of codes that are completely or par-
tially reliant on SDDS for data storage and processing.
Among the “fully-compliant” codes are: elegant [6], a
general-purpose accelerator simulation code; shower [7],
an EGS4 wrapper for electron-gamma shower simulation;
and spiffe [6], a fully-electromagnetic PIC code for rf
gun simulation. These codes use SDDS for all output and
most input. (For input, we use standard format for the
accelerator lattice and each code has a custom command-
based main input stream.)

As an illustration of the flexibility of SDDS, the code
elegant uses SDDS for all data except the lattice file
and command input. Data include: particle input and out-
put for tracking; turn-by-turn particle data and statistics;
FFTs of particle motion; beam moments, transport matrix,
and Twiss parameters vs position; coordinates of lost parti-
cles; amplification factors; orbits, corrector strengths, and
statistics; magnet strength output after tune or chromatic-
ity correction; output of internally-generated error values;
input of data for any element parameter; input of kicker
waveforms; input of impedances and wake functions.

The three codes noted above have been used cooper-
atively, a task made much easier by the use of SDDS
files. For example, elegant can be readily used to
track the output of spiffe or shower. shower can
be wedged between two elegant runs to create a sim-
ulation of beam transport and shower creation follwed by
tracking of shower particles. While elegant knows the



names of the data in spiffe particle data output and can
read it directly, elegant doesn’t know anything about
shower files (which don’t use accelerator-type coordi-
nates). Instead an SDDS-based script is used to pro-
duce elegant-convention 6-D particle data files from
shower-convention files. This illustrates how the SDDS
toolkit can be used to glue together two disparate programs
that use SDDS files but differ in their mathematical conven-
tion for describing results. A number of real-world projects
have made use of this technique. These include rf gun
design and transport line optimization [8] and multilayer
positron target design [9].

It isn’t necessary for a code to be fully SDDS-compliant
in order to reap some of the advantages of SDDS. Sev-
eral existing accelerator codes (including ABCI [10] and
TDA3D [11]) have been modified to create SDDS ASCII
files [12]. This is quite easy and gives any code so modified
instant access to sophisticated postprocessing and graphics.

For some codes (MAD [13] and MAFIA [14, 15]), we
have special-purpose output conversion tools available to
convert the code’s output into SDDS. For other codes
(ACCSIM [16], RACETRACK [17], and GINGER [18])
we can convert to SDDS by prepending an SDDS header to
the output data [12].

7 EXAMPLES

7.1 Enhancing a Code Using SDDS

The code elegant performs 6-D canonical tracking of
particles, but is unable to compute tune as a function of mo-
mentum. It is straightforward to add this capability with-
out modifying elegant. The items in parentheses are the
names of the SDDS toolkit programs used in each step. The
reader may notice a similarity with an example provided
above.

1. Prepare input particle coordinates having a range of
�P=P values and small x and y starting values
(sddssequence, sddsprocess).

2. Run elegant to track each particle in succession.
3. FFT the turn-by-turn x and y coordinates of each par-

ticle (sddsfft).
4. Associate each pair of FFTs with the �P=P value

(sddsxref).
5. Find the position of the peaks of each FFT, i.e., the

tunes (sddsprocess).
6. Plot the result (sddsplot). Figure 1 shows the plot

as it is produced by sddsplot.

Based on this, another script was developed to perform
chromaticity correction from the results of tracking. Such
sequences can be placed into scripts and used easily on dif-
ferent lattices. These examples show clearly how one can
enhance a simulation without modifying it or having any
knowledge of the source code. This is true of any code that
allows fully automated postprocessing of data and prepara-
tion of input. One of the great strengths of SDDS is that it
provides this capability for any compliant code.

Figure 1: elegant tracking data postprocessed using
SDDS

7.2 Scalable Simulation and Postprocessing

Often in the design stage of an accelerator, one runs sim-
ulations with random perturbations of magnet positions,
strengths, and other parameters. Typically only 10 or 20
simulations are done, because it is very time-intensive to
set up, run, and review the results of a single simulation.
With SDDS, this impediment is removed, because all anal-
ysis can be done with an SDDS-based script. Once a script
is written to postprocess the results of a single run, it is eas-
ily adapted to postprocess the results of an arbitrary number
of runs.

For example, I simulated 1000 randomized configura-
tions of the APS Positron Accumulator Ring [19] with
alignment and strength errors, plus orbit, tune, and chro-
maticity correction. This was done by simulating 50 ran-
domized configurations on each of 20 workstations. Each
workstation performed 50 simulations and produced a set
of SDDS files. These results were collated, processed, and
displayed using a script employing the SDDS toolkit. Two
examples of the results of this script are shown in Figures 2
and 3. (These plots are produced with sddsplot and are
shown exactly as produced by that program.)

Using 1000 randomized configurations gives distribu-
tions of machine properties that simply aren’t available
with the small number of seeds used in most work. The
use of SDDS to support quality simulations like this is not
confined to any specific program, but is possible with any
program that writes SDDS data (or for which an automatic
conversion method exists from native data to SDDS data).
In contrast to the typical situation, the amount of human ef-
fort involved with the SDDS-based approach is completely
independent of the number of random seeds used. Fur-
ther, the relatively small effort invested in the script pays
off whenever simulation of another machine or lattice is
needed.

7.3 Top-Up Safety Tracking [20]

Top-up operation, wherein beam is injected into a syn-
chrotron light source storage ring with shutters open and
beam available to users, is a high-priority goal at the APS.
One issue with top-up operation is whether, due to a full or



Figure 2: Beta functions from 1000 random machine sim-
ulations processed using SDDS

Figure 3: Orbit correction results from 1000 random ma-
chine simulations processed using SDDS

partial dipole short, injected beam could be extracted down
a photon beamline while maintaining stored beam. If so,
then the safety protocol planned by APS to protect users
from direct injected beam would be inadequate.

Space does not permit going into the tracking studies in
great detail. The approach was to simulate the existence
of stored beam and the extraction of injected beam under
the same conditions. The goal is to show that not only are
the two incompatible, but that there is a gap (expressed in
fractional strength error of a dipole) between the conditions
that allow one and the conditions that allow the other. The
simulations must include scenarios that cover multiple lat-
tices, multiple tunes, and failures of other, nearby magnets
in the most unfavorable way.

The location of apertures in each ring sector is part of
the input for this endeavor. Each aperture configuration
requires about 570 runs of elegant to evaluate the fail-
ure scenarios we devised. Frequently, one simulation is set
up using the results of a prior one (e.g., an injected beam
simulation uses the results of a stored-beam simulation that
employed orbit correction to find a worst-case dipole kick
from a supposed quadrupole short). A single script is used
to submit the jobs, which are grouped in directories by sce-
nario type. Each scenario directory has an individual script
that prepares and submits jobs. Using 20 workstations, it
takes two to three days to run a configuration.

A single script postprocesses the data. This script in fact
runs a series of scenario-specific scripts. No manual col-

lation or analysis is required. The results of the 570-odd
simulations are reduced to a single number (the safety gap)
plus an SDDS file containing summary data for each sce-
nario. If a particular scenario needs to be investigated, the
scenario-specific script can be used to make plots.

When faced with such a complex project, many would
begin by developing a new simulation code. However, the
SDDS-based approach allowed us to use an existing code
and complete the simulations in a far more timely fashion.
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Abstract

We discuss the application of both multiparticle
simulation techniques and analytical models known as
particle-core models to the problem of understanding
beam halo in high-power proton linacs. We emphasize the
importance of multiparticle simulation including the
space-charge forces as an essential tool for the description
of the beam dynamics in a modern high-intensity proton
linac. In addition, we have found that to understand the
physics of beam halo,  it has been necessary to supplement
the simulations with a model known as the particle-core
model.

1. INTRODUCTION

Within the past ten years, high-power proton linacs
have been developed for several applications including
neutron spallation sources, tritium production, and nuclear
waste transmutation. The most challenging design
parameters are those associated with the Accelerator for
Production of Tritium (APT) linac [1]. APT is a CW
proton linac with a final energy in the 1-GeV range. The
average beam current is 100 mA, resulting in a final
average beam power in the 100-MW range. Although the
beam-physics regime is not very different than that for the
LANSCE linac, which operates at Los Alamos, APT has
an average current and beam power, which are a factor of
100 greater than for LANSCE. Consequently, designing
for low beam loss to avoid radioactivation of the
accelerator becomes a high priority to ensure that hands-
on maintenance can be carried out, and that availability of
the machine will remain high. To limit the average beam
loss to the same absolute levels as have been achieved at
LANSCE, the beam-dynamics design requirement for
APT is to limit the beam loss to less than 10-5 total or an
average loss per unit length of less than 10-8/m for
energies greater than 100 MeV. To accomplish this we
must understand the causes and characteristics of the beam
halo, since particles in the halo are those that may be lost
on the accelerator walls.

2. MULTIPARTICLE SIMULATION

Multiparticle simulations are necessary for two
important reasons. First, simulations are needed to
describe the beam dynamics that depend on the nonlinear
and time-dependent space-charge force, which is related to
the evolving particle distribution. Second, simulations are
needed to describe the effects of random linac errors or
imperfections, which are treated using a Monte Carlo
approach.

There is no consensus at present on a precise
definition of the beam halo. Generally, the term halo
describes the outer low-density edge of the beam in phase
space that surrounds a dense central core. Typically, the
halo particles are those that lie outside the phase-space
boundary of an ellipse with the same shape as the rms
emittance and an area of about 8 to 10 εrms, where εrms is the
rms emittance.

As a result of work done during the past few years,
the main cause of beam-halo formation in high intensity
proton-linac beams has been identified as arising from the
space-charge forces that act in mismatched beams. In
particular, this halo mechanism is the result of the
coupling of collective oscillations to the motion of single
particles. Because of the focusing provided in the three
orthogonal directions, mismatch of the rms beam sizes
generally excites some admixture of three collective
envelope modes of the bunched beam, causing oscillations
in the rms beam sizes. These envelope modes are shown
in Fig. 1. Two modes have radial transverse oscillations
where the transverse rms projections xrms and yrms move in
phase; the longitudinal rms projection zrms is either in
phase with the transverse motion for a high-frequency or
breathing mode, or out of phase for a low-frequency
mode. The third envelope mode is the quadrupole mode,
in which xrms and yrms are out of phase, and for this mode
there is no longitudinal motion.

The focusing forces also produce oscillations of the
individual particles, known as transverse or betatron
oscillations, and longitudinal or synchrotron oscillations.
When the oscillation frequency of a particle is half the
frequency of one of the collective envelope modes, that
particle can exchange energy with the mode through
parametric resonance. The halo is formed mainly from
those particles that are driven to large amplitudes through
resonance with one or more of the envelope modes. Of the
three envelope modes, the high and low frequency modes
have already been identified as important for APT.

In the parameter regime of APT, the plasma
parameter, or number of particles in a Debye sphere is
much greater than unity, about 106. In this regime the
multiparticle Coulomb effect is accurately described by an
average force, called the space-charge force, which is
derivable from a potential that satisfies Poisson’s
equation. Discrete particle effects represent small
fluctuations relative to the space-charge force, and are
generally neglected. The space-charge force is calculated
in computer codes by using the particle-in-cell (PIC)
method, which is essentially a numerical method for
solving the coupled Vlasov-Poisson equations that
describe the simultaneous evolution of both the particle
distribution and the space-charge fields. Before solving



Poisson’s equation for a given time step, the charge
distribution is transferred to a mesh using the particle
distribution and including some form of smoothing to
reduce numerical errors that are equivalent to artificial
discrete-particle collisions.
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FIG. 1.   Envelope modes of a mismatched bunched beam.

     The simulation codes that are used for proton linacs
typically use axial position as an independent variable,
rather than time. For each particle in the bunch, the six
phase-space variables, three position and three momentum
coordinates, are tracked through the linac. Each time the
space-charge subroutine is called, the particle coordinates
must be transformed to positions corresponding to a fixed
time, and then the particles are Lorentz transformed into
the center-of-momentum frame of the bunch. A mesh is
superimposed over the bunch and the particle charges are
distributed among the mesh cells using an area weighting
method that takes into account the position of each particle
within its cell to determine the relative fraction of the
particle charge that is assigned to each cell. This method
provides the smoothing that was discussed earlier. Once
the charge distribution has been determined,  the electric
field components are obtained on each grid point by
numerical solution of Poisson’s equation. The field
components at the location of each particle are then
obtained by interpolation of the field components from
their values at the grid points. Two different PIC codes
have been used, SCHEFF [2], a 2D r-z code, which uses
an approximate correction for the effect of an elliptical
transverse cross section, and a fully 3D PIC code called
3DPIC [3]. The 3DPIC code treats the 3D effects more
accurately than SCHEFF, and up to 107 particles have
been run in simulations on the CRAY T3E parallel
computer. These two PIC codes have been compared for
the APT linac design. Using 105 particles and with no
random linac errors, excellent agreement has been
obtained for all rms quantities and also for the maximum
particle displacements. The SCHEFF routine has been
benchmarked against the experimental measurements of
rms beam properties at the LANSE proton linac; excellent
agreement to within about 15% was observed [4].

The extent and the magnitude of beam halo in the
linac is dependent on the machine errors or imperfections
that produce mismatch. The simulation code uses the
Monte Carlo approach to select errors within known
tolerances. Many computer-simulation runs are required

from which the results may be combined to obtain
probabilistic predictions for the expected beam
distribution. For APT, we believe that linac errors could
lead to effective mismatches in the range of 20% to 30%.
The linac errors include misalignments and energy errors
in the injected beam, RFQ higher multipoles and image-
charge forces, quadrupole imperfections such as
displacement, tilt, rotation, fringe fields, and higher
multipoles, and cavity imperfections including phase and
amplitude errors and tilts for the cavity fields. Fig. 2
shows the transverse beam size versus energy for APT for
20 runs with 100,000 particles for each run with different
random errors. Shown are the aperture radius, the xrms

beam projection and the maximum displacement.

FIG. 2.   Transverse rms size and maximum displacement
versus energy along the APT linac for 20 simulation runs with
different random linac errors and 105 particles per run. The
aperture radius is shown for comparison, and the blue curve just
below the 20 curves of maximum displacement is the maximum
displacement when no random errors are present.

      High performance parallel computing is becoming an
important tool for linacs like APT for two reasons. First,
the requirement that the total beam loss above 100 MeV
must be limited to 10-5 implies that to see losses at this
level, simulation runs with greater than 105 particles per
run are needed.  Runs with 107 particles per run and
greater will be helpful for obtaining even better statistical
precision in the halo. Also, the use of parallel computing
allows us to use the 3D PIC space-charge calculation,
which is important to ensure that physics associated with
3D effects is not missed. Running 107 particles through the
APT linac after the RFQ with the 3DPIC code, using 128
processors on a 64Χ64Χ128 grid, takes about 5.5 hours on
the CRAY T3E computer. Fig. 3 shows the phase-space
plots at the end of the APT linac for a 107 particle run on
the CRAY T3E, including random linac errors.

3. PARTICLE-CORE MODEL

Computer simulation is an important tool but should not
become a substitute for understanding the physics.
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FIG. 3.   Final longitudinal phase space plot (phase versus
energy relative to the synchronous phase and energy) for a 107-
particle multiparticle simulation of the APT linac beam,
including random linac errors, using the CRAY T3E parallel
computer. 105 particles are included in the plot.

Models are important for providing additional
understanding and insight. The particle-core model of
beam-halo formation provides a framework for
understanding the results of simulation, and provides
scaling formulas that lead to guidelines for accelerator
design. In this model the collective behavior is represented
by the motion of the core. There are several particle-core
models that have been constructed with different core
geometries, including a 2-D continuous cylindrical beam
[5,6], a spherical bunch, and a spheroidal bunch [7,8]. The
latter model is the most representative model for a beam
bunch in a linac. However, in this paper I discuss some
results for the simpler case of a spherical bunch. In the
spherical-bunch model, the beam core is represented by a
uniform-density sphere in a uniform-focusing channel; the
core experiences a linear external focusing force, as well
as the defocusing effects from emittance plus the space-
charge force. A mismatch of the initial core size is
introduced  that is symmetric in all three planes. This
mismatch excites the radial breathing mode of the core.
First, to understand the transverse particle dynamics, we
study the motion of test particles that pass through the axis
as they interact with the nonlinear space-charge field of
the oscillating core and the applied linear external
focusing force.
     In the sphere model, the equation for the core motion is
the envelope equation,

0
)4(

23

2
2
02

2

=−−+
RR

Rk
ds

Rd rms κε
, (1)

where s is the axial coordinate, R is the core radius, the
focusing force is represented by k0 which is also the
wavenumber or phase advance per unit length of particle
oscillations at zero current, εrms is the rms unnormalized
emittance, and  
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where q, m, and βc are the charge, mass, and axial
velocity of the particles, respectively, γ is the relativistic
Lorentz factor, N is the number of particles per bunch, c is
the speed of light, and ε0 is the permeability of free space.
For a matched beam, the core radius is constant, denoted
by R = R0. The motion of test particles that pass through
the axis is governed by

The net focusing force, including the space-charge term
for a particle that always remains within the core, is
represented by the wavenumber k, given by
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breathing-mode wavenumber ck  can be expressed as
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For the matched case, the core radius is constant, and
there is no net change in the energy of a particle averaged
over a complete period of the particle motion. For the
mismatched case,  the core radius oscillates, and particles
can either gain or loose energy with each transit through
the core. The particles experience a nonlinear space-
charge force when they are outside the core and from
Gauss’ law this force is independent of the instantaneous
size of the core. When the particles pass through the core,
they are decelerated by the space-charge force as they
approach the axis, and accelerated by the space-charge
force as they leave the axis. The net space-charge impulse
delivered to the beam is equal to the sum of a core-
entrance contribution plus a core-exit contribution. These
impulses may be either diminished or enhanced relative to
the matched case, depending on whether the core radius is
larger or smaller than the equilibrium value at the time the
particle passed through. For example, if a particle enters
the core when its radius is larger than the matched value,
and exits when its radius is smaller than the matched
value, a net energy impulse is delivered to the particle.
Gluckstern [6], studying a particle-core model for a
cylindrical beam,   has shown that the effect of the core on
the motion of the particles can be described by a nonlinear
parametric resonance. The particles resonate with the core
when the particle wavenumber ν is related to the core
breathing-mode wavenumber kc by kc = 2ν. Note that ν =
k for particles that always remain within the uniform core,
and ν > k for particles with amplitude larger than the core
radius, because of the reduced influence of the space-
charge force for larger amplitudes. For nonzero beam
current, one can show that the resonance condition
requires that ν > k, i.e. resonant particles must have
amplitudes larger than the core radius. Thus, the decrease
of the space-charge field with increasing displacement,
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experienced by particles that are outside the core,
produces an increase of the wavenumber ν with amplitude
so that the kc = 2ν resonant condition cannot be
maintained as the amplitude increases; this effect limits
the resonant amplitude growth. It is convenient to define
two parameters, a space-charge tune-depression ratio
η =k/k0, and a mismatch parameter µ =Ri/R0, where Ri is
the initial core radius.

 Fig. 4 shows displacement versus axial distance for a
particle driven by the resonance. The characteristics of the
model are also displayed in the stroboscopic plot in Fig. 5,
where a maximum amplitude is shown as the maximum
displacement of the outer separatrix for particles in the
resonance regions that are located between the inner and
outer separatrices. By solving the equations of the sphere
model numerically, we can determine the maximum
amplitude for the resonantly driven particles. Fig. 6 shows
a comparison of the maximum amplitudes from
multiparticle simulations for an initial spherical Gaussian
bunch with the maximum amplitudes obtained from the
particle-core model. The agreement is good; the points
from the simulation closely follow the general shape of the
curves from the model and lie only slightly higher.
Empirically we find that the maximum amplitude of the
resonant particles satisfies an approximate formula

x x A Brmsmax ln( )= + µ� � (4)

where A and B are constants,
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 is the normalized rms emittance. These results
from the sphere particle-core model provide the following
guidelines for minimizing beam halo: good beam
matching, small initial emittance, small number of
particles per bunch (achieved for a given average current
by choosing high bunch frequency), large k0 (strong
focusing), and large β and γ (halo amplitudes are reduced
at high energy).
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FIG. 4   Transverse displacement versus axial distance showing
parametric resonance in the sphere particle-core model for a test
particle with initial displacement of unity and initial divergence
of zero. The envelope of the uniform-density spherical core is
shown oscillating at about twice the frequency of the resonant
test particle.

FIG. 5. Stroboscopic transverse phase-space plot for the sphere
particle-core model for µ=1.5 and η = 0.5, showing the core
region, the regions of parametric resonance, and the maximum
displacement of the resonantly excited particles.

The sphere model presented here treats all three degrees of
freedom the same. This model can be modified to account
for nonlinear RF focusing in the longitudinal direction. If
we assume that the core motion is approximately
unaffected by the nonlinear focusing and that only the
large amplitude test particles are affected, we can change
the equation of motion for the test particles to
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FIG. 6.  Comparison of the maximum displacement from
multiparticle simulations with the sphere particle-core model.
The simulations are for initial spherical Gaussian bunches
truncated at 3σ and 4σ, µ=1.5, and η = 0.5 and 0.9.

This change has a significant effect on the dynamics, by
weakening the longitudinal focusing and reducing the
particle frequencies for the large amplitude particles. The
resulting stroboscopic plot for parameters near the APT
parameter regime is shown in Fig. 7, for the parameter
choices µ=1.5, η=0.5, φs=-30 deg, and φ0=6.67 deg,
where φs and φ0 =2πR0/βλ are the synchronous phase and
the phase half width of the bunch, respectively.

FIG. 7  Stroboscopic longitudinal phase-space plot of energy
versus phase relative to the synchronous particle for the sphere
particle-core model with a nonlinear rf force applied to the test
particles and for parameters µ=1.5, η = 0.5, φ

s
 =-30 deg and φ0

= 6.67 deg.

While the sphere particle-core model exhibits many of the
important features of the physics, it neglects some
important effects which can only be treated properly by
assuming a more realistic shape for the core geometry.
Improvement is obtained by assuming a spheroidal core
shape with radial and axial motion, where typically

zrms>xrms=yrms. This core geometry allows us to account for
the presence of both the high and the low frequency
modes. The spheroid model is being studied by both
University of Maryland [7] and the Lawrence Livermore
National Laboratory [8]. For the APT linac it is found that
the high frequency mode primarily affects the transverse
halo dynamics while the low frequency mode primarily
affects the longitudinal halo dynamics.

4. CONCLUSION

Although multiparticle simulation is needed for a
detailed description the beam halo, the particle-core model
has been an indispensable complimentary tool. Combining
these two methods has lead to a useful picture of the
underlying physics of beam halo. Systematic studies using
both simulation and the particle-core models describe the
physics over the parameter regime of importance for high-
power proton linacs.
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High current proton accelerators are nowadays planned
for various applications that make use of a large flux of
spallation neutrons. The INFN has initiated a study on the
conceptual and technical feasibility of a (greater than)
40 MW CW linac for nuclear waste transmutation and
energy production.
A safe and reliable operation of these high current
machines will require proper control of the beam losses.
Accurate simulations codes are needed to assess that the
beam losses are maintained to a safe level. As a part of
the INFN program, an “ad hoc” code development
activity has started, using recent programming techniques
and numerical algorithms. The code in development
deals, for now, with the proton beam dynamics in the high
energy part of the proposed machine, composed by
superconducting RF (elliptical) cavities placed between
the long drifts of a quadrupole doublet array. The cavities
are treated using an on-axis field distribution, either
provided in analytical form or as tabular data.
Space charge is evaluated with a fast Poisson solver, that
uses a 3D multigrid algorithm. V Cycle or full multigrid
algorithms appear to be promising in terms of speed and
memory requirements, and can be readily modified for
parallel computers. Checks with standard direct point-to-
point calculations have been performed.
A major effort has been put in using a modular approach
for the data and program design. The code conforms to
the F90 syntax and, where possible, makes use of safe
programming criteria (controlled scoping of variables
through MODULEs and PRIVATE/PUBLIC qualifiers,
explicit procedure INTERFACES with INTENT
declaration, dynamic allocation of all the data structure
for the beam line, the particles and the space charge
meshes). Preliminary results of this ongoing work will be
presented in this contribution.

���
��	����������������
�

The code has been developed for the simulation of high
current beams in a proton linac with superconducting RF
cavities. The chosen independent coordinate is time,
expressed in terms of the phase �

5)
ω=φ , where 

5)
ω  is

(2π) the frequency of the radiofrequency (RF) field.
Particle coordinates and momenta are updated in phase
steps. If a particle crosses during a timestep two adjacent
element boundaries, a substep is performed up to the
element end and then the timestep is continued in the

following element. Coordinates at the element output are
stored in buffers and written to disk in case phase space
plots at given positions in the beamline are desired.

Space charge kicks are applied in phase steps multiple
of the particle tracking steps. The space charge kick on
each particle can be evaluated either using a direct (point
to point) method (with the use of a “screening radius” to
prevent the Coulomb divergence of macro particles lying
at close distance) or using a fast 3D Poisson solver in the
beam frame, based on a multigrid algorithm[1].
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The linac beamline is made of quadrupole, drift space and
RF cavity elements. For quadrupoles and drift spaces
analytical maps are applied for the evolution during the
timestep, whereas in the RF cavities a direct integration of
the equations of motion in the space-time dependent
cavity electric field is performed.

The RF cavity field is described throught an analytical
expression of the on-axis longitudinal field of an “ideal β
cavity”, as follows:

( ) ( )
F
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ωϕ+ω= sinsin2,

where 
DFF
�  is the cavity accelerating field, 

F
β  the cavity

synchronous velocity and 
F

ϕ  the cavity phase. Thus the

energy gain for the synchronous particle with 
F

β=β  is

��
DFF

, where 2
F5)

�� βλ= is the active cavity length

and � the number of cells. An iterative preprocessor
algorithm (before the actual tracking takes place) sets the
cavity phases along the beamline to the desired value for
the synchronous phase, defined for the reference particle
at the cavity center.

A second order expansion for the off-axis electric and
magnetic fields is used. A future extension allowing to
use longitudinal electric field maps provided by a cavity
eigenfield solver as SUPERFISH[2] is planned.

A special beamline element, providing a uniform
focussing channel in the three planes, has also been
included in order to check analytical predictions and to
test the space charge solver numerical properties with
different beam aspect ratios (as discussed in Ref. [3]).
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The three dimensional space charge calculation is
performed solving the Poisson equation in the rest frame
of the synchronous particle (the reference particle). The



electrostatic field in the rest frame is then transformed to
the electric and magnetic fields in the laboratory frame,
where the space charge kick is applied to the individual
particles. The charge distribution on the numerical grid is
evaluated in the rest frame using a cloud in cell (CIC)
charge assignment scheme, and field interpolation on the
particle positions from the grid values uses a trilinear
interpolation scheme, for consistency[4].

The Poisson equation for the electrostatic potential is
solved on a square mesh, typically consisting of
33x33x33 or 65x65x65 points (extending to at least 6
rms), using a fast multigrid solver.

Multigrid methods are the fastest iterative methods for
the solution of elliptic problems and are based on two
main components:
1 ��������
 ����������
 ��������� (as the weighted

Jacobi or the Gauss-Seidel)
2 the discretization of the model problem
on �
������
��
������
 ����
 ������ (obtained, for example, by step
doubling).
The multigrid scheme makes use of the smoothing

properties of relaxation schemes: the high frequencies
(relative to the grid step) of the error decay by orders of
magnitude in the first few iteration of the relaxation
operator. However, relaxation is very ineffective for the
smooth components of the error (again, the smoothness is
to be intended relatively to the grid step).

In a multigrid scheme, relaxation is performed for a
few cycles (1-4, typically), to nearly eliminate the fast
oscillating errors. After that, only smooth error are left
and the estimate of the solution is “restricted” to a coarser
level, where a portion of these error components are no
longer smooth, due to the step doubling. This process is
iterated down the grid levels until reaching the elemental
grid consisting of 3x3x3 gridpoints (and only one
unknown), which can be directly solved. The approximate
solutions at each grid level are used then to form a better
estimate for the solution on the finer level, through a
proper “prolongation” operator. The procedure is then
iterated all over the grid hierarchy until the desired
convergence is reached. This cycling strategy is known as
the V-cycle multigrid scheme and is pictorially illustrated
in Figure 1. The V-cycle scheme has a favorable scaling
with respect to the grid size, since the number of cycles
required in order to converge to a specified residual norm
is independent on the dimensions of the finest grid.

The multigrid has been implements in the code using
trilinear averaging (known as full-weighting) of the 27
neighboring nodes for the ����������� operator and
trilinear interpolation as the ������������
 operator. The
smoothing operator is the  ����!������ algorithm.

Other cycling schemes are possible and were
implemented in the code, like the Full Multigrid
algorithm[1], but the V cycle allow a simple acceleration
mechanism: when using the potential map computed at
the previous space charge evaluation the number of

iterations required to converge to the specified norm can
be reduced by 30%.

All the multigrid internal routines and data structures
are stored in a Fortran 90 Module with PRIVATE
attributes and a few PUBLIC interfaces.
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The space charge solver has been tested both with the
results from the direct point to point routine (which can be
used with a limited resolution due to the scaling of
execution time with the square of the particles number)
and with analytical tests. In Figure 2 we show the case of
the radial field of a uniformly charged sphere, with a
comparison between the analytical solution and the
numerical solution of the multigrid routine, interpolated
on the position of 10,000 test random positions in the 3D
space, in and around the sphere.

The V-Cycle MultiGrid Algorithm

17x17

9x9

5x5

3x3

�� ��

Direct Solver on the 3x3 problem

��

�� ��

��
��

��

��

��

��

��

Figure 1: A pictorial representation of the multigrid V-
cycling scheme. The S denotes the smoothing operator, R
and P denote the restriction and prolongation operators,
respectively.
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Figure 2: Radial field from a uniformly charged sphere
(solid line) and field from the multigrid solver
interpolated on the position of 10,000 test positions. The
grid extends from -0.5 to 0.5 in x, y, z, the sphere radius is
0.1 and 33x33x33 grid points have been used.



Obviously, the numerical solution cannot represent the
discontinuous derivative of the exact solution near the
sphere edge, due to the charge smoothing on the grid, but
is otherwise in excellent agreement with the analytical
solution and does not exhibit a directional dependence.

The CPU scaling of the space charge algorithm can be
seen from Figure 3, where the time needed for the space
charge evaluation (including the charge assignment and
the field interpolation) is plotted both with respect to the
number of grid points and to the number of particles.
Above 100,000 particle most of the execution time is
spent in the charge assignment/field interpolation steps,
and the space charge step timing is weakly dependent on
the finest grid size.

A further improvement for the treatment of the open
boundary conditions that allows to increase the mesh
resolutions at the beam core by using semi-analytical
boundary conditions is currently under test[5].

��������	���������������������

The code has been used to validate the linac design for the
superconducting linac of the TRASCO Project[6].
Simulations with up to 100,000 particles have been used
for beam dynamics calculations of a 25 mA proton beam
in the 100-1600 MeV superconducting accelerator. The
linac is split in three sections with five cell elliptical
cavities designed for a synchronous β of 0.5, 0.65 and
0.85, grouped in cryostats of 2,3 and 4 structures each.

The matched Twiss beam parameters and the
quadrupole and cavity matching parameters between the
sections have been determined with adiabatic smooth
matching routines that we have implemented in the linear
optics code TRACE-3D[7].

Figure 4 shows the rms beam envelopes along the
750 m of the linac beamline The two section transitions
can be clearly identified at approximately 100 and 250 m.

Figure 5 shows the horizontal beam size fractions along
the linac, normalized by the rms horizontal beam size (in
order to get rid of the envelope oscillations in the doublet
channel). The curves in the figure refer to the horizontal
position containing 90%, 99%, 99.9% and 100% of the
beam radius (divided by the horizontal rms beam size).
No distribution mismatch can be seen for the whole beam
in the first linac section (up to 96 m), where the beam size
fractions stay constant, whereas a mismatch in the tails of
the distribution is introduced in the transition from the
first to the second section. This mismatch is clearly seen
by the onset of betatron oscillation from the 99% of the
beam and above. The noisy pattern in the 100% curve is
due to a poor statistics of the few particles in the outer tail
(0.1% of the beam, i.e. only 100 simulation particles).

The simulation used 100,000 particles distributed
uniformly in the 6D phase space.

Similar plots can be shown for the other beam profiles
(the vertical and the longitudinal), with a distribution
mismatch arising from the section transitions.
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Figure 3: CPU time per space charge step ad a function of
the number of grid points (on the finest grid) and of the
number of particles. Times were measured on a 300 MHz
Pentium II 2-processor NT Workstation.
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Figure 4: The three rms beam envelopes in the TRASCO
linac, matching conditions were determined from
TRACE3-D.

Figure 5: Different horizontal beam ratio profiles along
the linac, corresponding to the position containing 90%,
99%, 99.9% and 100% of the beam, divided by the rms
value.



Figure 6 shows the beam emittances along the linac.
The figure shows the rms (bottom lines), 90%
(intermediate) and 100% (upper lines) beam emittances.
No appreciable rms emittance growth can be seen from
the plot (when shown in an expanded scale, the rms
emittance growth over the whole linac length is limited to
well below 10%). An increase of the total emittance at the
first transition between the sections can be seen from the
plot. This emittance growth at the distribution tails is
associated with the distribution mismatch induced by the
section transitions.

In Figure 7 the phase space plots at the end of the
linac are shown, for the corresponding matched case
shown in Figures 3 to 6. Evidences of the beam tails
formation in both the longitudinal and transverse planes
can be seen from the phase space plots. However, no clear
sign of beam filamentation or onset of resonances can be
seen from the figure.

Note that the characteristic “rectangular” phase space
distribution, corresponding to a moderately tune
depressed ( 6.0≈ν ) beam, can be seen from Figure 7.

In Figure 8 the same phase space plots at the linac
output, as in Figure 7, are shown, for a case where the
beam is mismatched in both the horizontal and
longitudinal phase spaces. The mismatch factor for this
case is 30% (both in the longitudinal and transverse
planes). Here, the onset of beam filamentation due to the
mismatch can be clearly seen, especially in the
longitudinal phase space plane. In this case the rms
longitudinal emittance is only 7% higher than the matched
case, but the evidence of a strong presence of particles in
the beam tails indicates a substantial increase of the total
beam emittance.

Simulations with smaller values of the mismatch
factors have been performed in order to assess the
induced emittance growth. Mismatch factors lower than

10% result in a negligible increase of the rms emittance
and a 20% increase of the total (100%) emittances[8].

������������

A dedicated tool for the simulation of high current beam
dynamics in a superconducting linac has been developed
in the framework of the TRASCO Project for a high
power linac for nuclear waste transmutation. The code is
being used to assist the validation of the linac design and
to verify the stringent requirements on beam losses that
could cause the linac activation.

A 3D space charge evaluation routine based on an
iterative multigrid scheme has been developed and
thoroughly tested. The space charge solver efficiency is
enough to allow simulations up to 1,000,000 macro
particles on a desktop workstation. A future improvement
of the code will use parallel processing directives in order
to decrease the time consuming space charge evaluation
procedures (i.e. the charge smoothing/field interpolation).

The reference design layout for the TRASCO linac
has been verified with simulations. No particle losses
(with a resolution of 1 to 100,000) have been found, and
the emittance growth is limited if the beam mismatch can
be controlled to 10%.

For further information on the code and its
distribution, please contact the Author[9].
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Figure 6: Beam emittances along the linac. Bottom lines
are the rms emittances, lines at the middle are the 90%
emittances, upper lines are the 100% beam emittances.
The longitudinal emittance (to be read on the right axis) is
the dashed line, the continuous lines are the horizontal
and vertical emittances.



Figure 7: Phase space plots at the linac end (1.7 GeV after 750 m of linac). Upper left: horizontal plane, Upper right:
vertical plane, Bottom left: longitudinal plane, Bottom right: transverse distribution. Units are m and rad for the
transverse planes and deg MeV for the longitudinal. Reference case for the “adiabatically matched” beam. The ellipses
shown in the phase space plots represent the rms emittance and 4 times the rms value.

Figure 8: Same case for Figure 7 at the linac output, but for an initially mismatched beam (with a longitudinal and
transverse mismatch factor of 30%).
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Abstract

The longitudinal instability in the long-wavelength range is
observed experimentally at GSI. Two different simulation
schemes (Particle-In-Cell and direct integration on a grid)
are employed to understand the long time evolution of the
instability.

1 INTRODUCTION

Above a certain threshold beam intensity the interaction
of a coasting charged particle beam with the electromag-
netic fields induced in ring environment can lead to self-
amplification of a initial current perturbation. This longitu-
dinal instability leads to a rapid blow-up of the longitudinal
momentum spread. Longitudinal instability appears to be
one of the main limiting factors in both longitudinal beam
quality of intense charged particle beams and the achieve-
ment of very short bunches in ring machines. For high-
energy beams in circular machines this phenomenon has
been studied extensively by means of analytic theory, ki-
netic simulation and experiment for many years [1, 2, 3].
Several studies focused on the ‘overshoot-phenomenon’,
the dependence of the final phase space blow up on the
initial momentum spread [4, 5]. In the framework of the
heavy ion fusion driver study [6], the high intensity up-
grade at GSI [7] and possible high current proton storage
and buncher rings for different applications new interest
arose in the effect of space charge on the longitudinal in-
stability. The evolution of the instability can be effected
crucially by the presence of space charge, this was first
pointed out by I. Hofmann [8] who showed by means of
kinetic simulations that the destructive effect of the lon-
gitudinal instability in the short-wavelength regime (‘mi-
crowave’ instability) on a space charge dominated beam is
suppressed. This stabilization was addressed to the cou-
pling between higher modes up the the cut-off frequency
c=b (b pipe radius,c speed of light) introduced by space
charge. Experimental efforts at GSI focused on the instabil-
ity in the long-wavelength range (wavelengths much longer
than the pipe diameter) caused by the resistive impedance
of the RF cavities in the Heavy Ion Storage Ring ESR and
Heavy Ion Synchrotron SIS. In the long-wavelength range
a broader spectrum of possible collective excitations can
be expected than in the short-wavelength range. In a recent
storage ring experiment at GSI with a space charge dom-
inated ion beam it was discovered that longitudinal insta-
bility leads to long living coherent structures on the beam
[10]. Obviously the instability excites a nonlinear wave
structure, similar to BGK-like (Bernstein-Green-Kruskal)
waves [11] caused by non-linear Landau damping [12] in

ideal plasmas.
Other experimental observations of the longitudinal in-

stability at GSI show the recurrence of the self-bunching
amplitudes and ‘spike’ like structures on the current pro-
file. In order to understand the phenomena observed, ki-
netic simulation codes, based on the Vlasov-Fokker-Planck
equation, were developed. The simulation of the long time
evolution initiated by the instability is complicated by the
presence of space charge. It is a well known fact that space
charge together with the noise inherent to typical Particle-
In-Cell (PIC) codes leads to artificial heating in these codes
[9]. Therefore a direct ‘noise-free’ integration method was
implemented, in addition to a usual PIC code, in order to
study the long time evolution of the observables.

2 KINETIC DESCRIPTION

Let _�0 = !0 be the angular frequency,v0 the velocity of the
synchronous particle and_�0+� _�, andv0 + vz the angular
frequency and velocity of a nonsynchronous particle in a
ring machine of the radiusR. The coordinates in a system
co-moving with the synchronous particle are

z = R��; vz = _z = R� _�: (1)

The kinetic description is based on the Vlasov equation
for the distribution functionf(z; vz; t) written in the frame
comoving with the beam

@f

@t
+ vz

@f

@z
�

q�

0m
Ez

@f

@vz
= 0; (2)

with the frequency slip factor� = 1=2t � 1=2, the
relativistic factor0 = 1=(1� �

2
0)
1=2, �0 = v0=c, the total

longitudinal electric fieldEz(z; t), the ion chargeq andm
the mass. The line density is given by

�L(z; t) = q

Z
1

�1

fdvz (3)

Perturbations on the beam current cause electric fields,
acting back on the beam. The coupling between the beam
and the ring environment is described in terms of the ring
impedanceZk(!)

Ez(!) = �

1

2�R
Zk(!)I(!) (4)

If we deal with coasting beams only, it is sufficient to
only account for the current amplitudesIn at harmonics
!n = n!0 of the revolution frequency!0

In = �0c

Z
L

0

�L(z; t) exp(inz=R)dz: (5)



Eq. 4 then simplifies to

Enz = �

1

2�R
ZnIn: (6)

We consider a narrow band impedance only, with an
eigenfrequency tuned exactly to a fixed harmonic number
h

Zcn = Rs�(h� n): (7)

The electric field induced in an rf cavity and acting back
on the beam is called the ‘beam loading’ field. The space
charge electric field acts in addition to the ‘beam loading’
field. Below the cut-off wavelength2�b (pipe radiusb) the
longitudinal electric space charge impedance is given by

Zsn = �

ingZ0

2�0
2
0

(8)

with Z0 = 377 
 and the factorg = 0:5 + 2 ln(b=a)

(beam radiusa). We can account for electron cooling
and intra-beam-scattering (IBS) by adding a Fokker-Planck
term to the RHS of the Vlasov equation (Eq. 2)

df
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@vz

�
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m
f
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2
f

@v2
z

; (9)

with the electron cooling forceFz and the diffusion co-
efficientD.

3 REVIEW OF THE LINEARIZED THEORY

It is convenient to introduce a scaled impedance according
to

V + iU =
2I0q

�mc2�200j�j�
2
(Re

�
Z

n

�
+ iIm

�
Z

n

�
) (10)

with the momentum spread� and the average currentI0.
For a beam with negligible momentum width orjU+iV j �
1 the coherent frequency shift�! = ! � n!0 of a mode
with harmonic numbern is [13]

�
�!

n�!

�2

= U � iV (11)

with �!=!0 = �0:5��. The instability growth rate fol-
lowing from Eq.11 is

Im(�!) = n�!
1

2
(
p
U2 + V 2

� U) (12)

For a space charge dominated beam we requirejUscj >

1. In all cases wherejU + iV j . 1 one must use the ap-
propriate velocity distribution function to evaluate the dis-
persion function for�! in order to determine the effect of
linear Landau damping on the instability. Landau damping
provides a region of stability for sufficiently smalljU+iV j.
The most conservative stability criterion is represented by
the Keil-Schnell circle (F of the order of unity) [13]

Figure 1: Stability curve for a Gaussian velocity distribution
together with the Keil-Schnell stability circle.A: ESR exper-
iment with a C6+ beam (�0 = 1:1 � 10�5, 340 MeV/u, 0.3
mA) interacting with one RF cavity (Rs=1300
) tuned to
n = 1.

jU + iV j =
2

3
F (13)

The threshold momentum spread following from the
Keil-Schnell criterion is

�
2
th,KS =

qI0

Fmc2�200j�j

����Zn
���� (14)

Fig. 1 shows the stability diagram for a Gaussian ve-
locity distribution together with the Keil-Schnell circle.
The operating point A in Fig. 1 corresponds to the ini-
tial beam parameters used in the ESR experiment [10].
There1:65 � 108 C6+ ions at 340 MeV/u were cooled to
� = 1:1� 10�5, interacting with one RF cavity (Rs=1300

) tuned close ton = 1. The space charge impedance is
Zsc = �i700 
.

4 NUMERICAL INTEGRATION SCHEMES

Linear theory can provide us with the initial rise time of
the instability. In order to make reliable predictions of in-
herently nonlinear experimental observables like the final
momentum spread and the self-bunching amplitudes we
have to go beyond linear theory and integrate the Vlasov-
Fokker-Planck equation, together with the self-consistent
electric fields numerically. Two different numerical inte-
gration schemes are employed, which are described in the
following.

4.1 Particle-In-Cell Method

Our PIC code is a general tool to study the longitudinal
dynamics of space charge dominated coasting or bunched



beams under the influence of the ring environment repre-
sented by a general impedanceZk(!) and arbitrary exter-
nal RF fields.

In the PIC scheme the beam is represented by a number
of macro-particles interacting via space charge and the ring
impedances. Due to the random character of this approach
the fluctuation level of the observables in time and space
often exceeds the fluctuation level of the real beam. The
fluctuation inherent to the PIC simulation can cause artifi-
cial heating, if the number of macro-particles per cell is too
low or the resolution of the grid is not sufficient. On the
other side we can take advantage of the simulation noise
and use the PIC code to predict the structure of the experi-
mentally observable Schottky noise spectrum.

PIC codes are well established in theoretical plasma
physics, where they are used routinely to study various non-
linear kinetic phenomena [9]. In one-dimensional applica-
tions one usually requires the grid spacing to resolve the
Debye length (�z . �D), otherwise numerical instabilities
cause substantial artificial heating [9]. In an ideal plasma
the phase velocity of electron plasma waves decreases for
lower wave lengths. Waves length of the order of the Debye
length correspond to phase velocities close to the thermal
electron speed and are strongly Landau damped. Therefore
the Debye length can be regarded as the lowest scale length
in a ideal plasma. For longitudinal space charge waves on a
beam in a conducting pipe below the cut-off frequency the
coherent frequency shift depends linearly on the harmonic
number (Eq. 11). Therefore the phase velocity is indepen-
dent on the wave length and all wave lengths down to2�b

need to be resolved, in order to avoid unphysical heating.
For the time step one has to choose�t < �z=vmax, with
vmax being the maximum velocity to be resolved.

In our code macro-particles are loaded randomly in
(x; y; z) phase space. For the purpose of purely longitu-
dinal studies it is usually sufficient to evolve the longitu-
dinal particle coordinates only and leave the transverse co-
ordinates unchanged. The particle pusher is divided into
several steps. First the position of each particle in space is
updated:

r
t+�t=2

� r
t��t=2 = v

t�t (15)

The updated positions are interpolated on a grid in order
to form the charge density�(r; z). The space charge field
Es(r; z) is calculated from the charge density and Pois-
son’s equation assuming cylindrical symmetry

"0rE
t+�t=2
s

= �
t+�t=2 (16)

The beam current in the frequency domainI(!) is cal-
culated from the time domain by using the time history of
previous current values. We can then use the general form
(4) to obtain the beam loading field in the frequency do-
main

Ebz(!) = �

1

2�R
Zk(!)I(!) (17)

In the code external fields can be added at this point
to perform various bunch manipulations. The total elec-
tric field, including the focusing fields, defined on the grid
E
t+�t=2 must be interpolated back to the particle positions

to update the longitudinal and the transverse velocities
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Here we added an electron cooling forceF(v) and intra-
beam scattering following [14].Dx;y;x are the diffusion
constants andR1;2;3 are random numbers.

The simulation noise inherent to the PIC scheme has the
undesired effect that it artificially heats the beam. On the
other side we can take advantage of this simulation noise to
predict the Schottky noise spectrum, which is an important
experimental observable.

4.2 Direct ‘Noise-Free’ Integration on a Grid

A more elegant, but also more elaborate way to solve the
Vlasov-Fokker-Planck equation is the direct integration on
a grid in longitudinal phase space(z; vz). This approach is
‘noise-free’, if we disregard the computer noise for the mo-
ment. The direct integration has the advantage of equally
good resolution everywhere on the grid, whereas in the
PIC code it can happen that there are not enough macro-
particles in a certain phase space region to resolve a kinetic
phenomena (see for example [15]).

In our integration scheme the full time step is split in
several steps. First the Vlasov part is evolved by means of
the well know time splitting scheme described in [16]. Let
�t be the simulation time step, then the splitting scheme
for the Vlasov part is:
Step 1.

f
�(z; vz; t+�t) = f(z � vz�t=2; vz; t) (20)

Step 2.

f
��(z; vz; t+�t) = f

�(z; vz +
q�

0m
E
��t; t+�t)

Step 3.

f(z; vz; t+�t) = f
��(z � vz�t=2; vz; t)

The interpolation is done by means of cubic splines. The
space charge field and the beam loading field are updated
using the fast Fourier transformed��

L
(z) and Eq. 6
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In the case of the Vlasov equation, that means in the
‘collision-free’ case,f(z; vz; t + �t) is the final distribu-
tion function. For the Vlasov-Fokker-Planck equation we
still have correctf for the friction and diffusion terms. Let
f
t

j
be the distribution function resulting from the Vlasov

step at a grid pointvzj = j�v along the velocity axis. The
final distribution functionf t+�t

j
is calculated by using the

time implicit scheme. This completes the time step.

f
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j
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5 SIMULATION OF THE LONGITUDINAL
INSTABILITY

The instability growth time and the long time evolution of
the self-bunching amplitudes were measured in a experi-
ment in the ESR [10]. After the cooling of the beam the
eigenfrequency of the RF cavity was tuned near to the rev-
olution frequency, resulting in an operation point close to
A in Fig. 1. The beam current signal from a longitudi-
nal beam monitor was sampled with a high resolution and
stored over 1 s. The instability growth times as a function
of the cavity detuning as well as the self-bunching profiles
up to the first wave steepening phase were found in good
agreement with PIC simulation results [10].

Our recent work focuses on the collective dynamics gov-
erning the long time evolution of the instability. The main
tool is the Vlasov-Fokker-Planck simulation described ear-
lier. First we reconsider the ESR experiment. In the sim-
ulation we start from the operating point A in Fig. 1, as-
suming a initial Maxwellian distribution function. The grid
size chosen isNz � Nv = 512 � 200. In the simulation
we ignore the residual RF voltage present in the experi-
ment. Therefore the instability rise time will be slightly
lower than in the experiment. The cooling time chosen is
400 ms, which is much longer than the instability rise time.
The initial equilibrium momentum spread together with the
cooling time gives us the equilibrium IBS diffusion coeffi-
cient.

Fig. 2 shows the time evolution of the line density and
the velocity distribution. In agreement with the experimen-
tal observations the simulation shows a remaining coherent
signal on the beam. The velocity distribution does not con-
verge to a stationary function either, but shows remaining
fluctuations of the characteristic ‘foot’ towards lower ve-
locities.

The simulation enables us to look into the details of
the distribution function in the longitudinal phase space.
In Fig. 3 snap shots of the distribution function to-
gether with the line density and the velocity distribution
are shown. The instability first saturates by trapping parti-
cles in the self-excited potential. The resulting hole struc-
ture has a life time of about100 ms, before it starts to
smooth out due to intra-beam scattering. The excited hole

Figure 2: Time evolution of the line density and velocity
distribution obtained from the Vlasov-Fokker-Planck simu-
lation of a C6+ beam in the ESR interacting with one RF
cavity at n=1.

structure can be regarded as a quasi-stationary, traveling
Bernstein-Greene-Kruskal (BGK) [11] wave, well known
from plasma physics. Due to the presence of the resis-
tivity a pure stationary BGK solution cannot be reached,
even in the absence of IBS. The ‘holes’ cause local cur-
rent perturbations that continue interacting with the resis-
tive impedance. After the first saturation stage a new ‘hole’
in the distribution function develops (see Fig. 3).

From a simulation theory standpoint it is interesting to
compare the direct integration result with the correspond-
ing result from the PIC simulation, usingN � Nz � Nv

macro-particles. The evolution of the averaged velocity
distribution is nearly the same in both codes. Nevertheless,
the PIC simulation shows the subsequent formation of hole
structures, accompanied by small scale ‘bubbles’ (see Fig.
4), that cannot be observed in the Vlasov-Fokker-Planck
simulation and in the experiment. Additionally it is diffi-
cult to distinguish between the effects of artificial diffusion
and ‘real’ intra-beam-scattering in the PIC simulation.

6 SUMMARY

The longitudinal instability below transition and in the
long-wavelength range was studied by means of two differ-
ent kinetic simulation schemes. The results can be related
to recent experimental observations in the SIS and ESR at



Figure 3: Contour plot of the distribution function together
with the corresponding line density and velocity distribution
obtained from the Vlasov-Fokker-Planck simulation of a C6+

beam in the ESR interacting with one RF cavity at n=1.

Figure 4: The distribution function together with the corre-
sponding line density and velocity distribution obtained from
the PIC simulation of a C6+ beam in the ESR interacting with
one RF cavity at n=1.

GSI shown a remaining coherent signal on the beam. It was
pointed out that for a space charge dominated beam the
long time evolution of the longitudinal instability is gov-
erned by hole structures in the distribution function. These
‘holes’ show up as long-living coherent structures on the
beam current and pronounced peaks in the Schottky spec-
trum. It was mentioned that for space charge dominated
beams the more elaborate direct ‘noise-free’ integration
scheme becomes more appropriate than the PIC scheme.
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ANALYTIC MODEL OF HALO FORMATION

R.L. Gluckstern
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Abstract

An analytical model for halo formation has been con-
structed based on a beam in a focusing channel which is
“breathing” due to a mismatch with the channel. For a 2-D
KV beam, an integral of motion can be obtained assum-
ing the dominance of the parametric resonance (breathing
mode frequency is twice the frequency of individual par-
ticles within the beam). These results correspond to the
“peanut diagram” in particle phase space in all respects.
The model is then extended to other 2-D distributions, as
well as 3-D distributions involving both longitudinal and
transverse breathing modes. Numerical simulations are
then used to determine the behavior of the longitudinal and
transverse halos which occur, and their dependence on the
initial phase space distribution, the bunch charge and shape,
and the amplitude of the mismatch.

1 INTRODUCTION

The need for high current in a variety of new accelera-
tor applications has focused a great deal of attention on
understanding the phenomenon of halo formation in ion
beams, which can cause excessive radiation of the acceler-
ator. This understanding requires both an analytical model
which explains available observations as well as computer
simulations to verify both the assumptions of the model and
its predictions. Fortunately, the availability of high speed
computing, whose application to this problem is one of the
major foci of this conference, has allowed rapid progress in
the understanding of halo formation in high current linear
accelerators.

2 2-D MODEL

Early attention was devoted to the analytic study of 2-D
round beams in a continuous focusing channel. In partic-
ular, the KV distribution [1], a hyperspherical shell in the
4-D phase space with the self-consistent [2] distribution

f(H) = N�(H0 �H); (1)

where

H =
mv2

2
+
kr2

2
+ e�sc(r); (2)

had the useful features of a uniform charge density within
the beam, and uniform density in thex andy phase space
projections. HereH0 andN are constants,k is the constant
external focusing gradient, ande�sc(r) is the potential en-
ergy atr due to space charge.

Use of the equation for the beam envelope [3] permitted
the analytic description of a “breathing” beam, in which the

charge density oscillated between too tight and too loose
a match to the external focusing force. These oscillations
provided a periodic force to the ion motion, which was sim-
ple harmonic as long as the ions remained inside the beam.
But for ions which traveled beyond the beam boundary,
the oscillations were non-linear. In this case the ion’s non-
linear motion in the presence of a periodic force allowed it
to be trapped in the parametric resonance, where the breath-
ing frequency was twice the ion oscillation frequency. The
analytic model thus predicted the formatoin of a “halo” [4]
for certain combinations of mismatch and tune depression.
The numerical simulations using the “particle-core” model
confirmed the validity of the models, and pointed as well
to the existence of chaotic motion as the tune depression
became more severe [5]-[9].

Subsequent work focused on the possible mechanism for
particles escaping from the beam into the region of non-
linear oscillation [10]. In addition, numerical simulations
were run for other, more physical, self-consistent stationary
distributions of the form

f(r;v) = N(H0 �H)n (3)

with n = 0; 1 [11]. These simulations exhibited the same
halo structure and phase space patterns seen for the KV
distribution, but with somewhat different quantitative de-
pendence on mismatch and tune depression. The localiza-
tion of the halo radius to approximately the same value pre-
dicted by the KV distribution gave the linac designers con-
fidence that a beam pipe wall could be placed far enough
from the beam to avoid intercepting the halo particles.

3 3-D MODEL

Attention then shifted to short 3-D beam bunches of el-
lispoidal shape withc=a = length/width ratio in the range
2-4 [12, 13]. We continued our effort to study the self-
consistent phase space stationary distributions of the form

f(r;v) = N(H0 �H)n (4)

but this time, forn = �1=2, the differential equation for
the charge density was linear and could be solve analyti-
cally [13]. In addition, forc=a > 2, the “breathing” modes
could be approximately separated into transverse and lon-
gitudinal modes, each of which was capable of generating
a halo. Thus the picture was of a beam bunch which, when
mismatched accordingly, generated either a transverse or
a longitudinal halo, or both. The signature of the longi-
tudinal halo was the same as that of the transverse halo
(a “peanut diagram” in the phase space projection). The



transverse and longitudinal mismatch and tune depression
parameter space was extensively explored with numerical
simulations, as you will hear in subsequent talks. But a new
concern surfaced: Would the longitudinal halo permit the
loss of ions from the rf bucket? Unfortunately, the bucket
“walls” cannot be moved far away without increasing the
length and cost of the linac. You will also hear more about
these studies in a non-linear rf bucket in a subsequent talk.

Other issues involving halo formation were looked at,
including equipartitioned distributions which were rms
matched but not self-consistent [14]. As you will hear,
these involved a rapid initial phase space redistribution,
leading to a relatively small change in the parameters and
extent of the halo formation due to the mismatch. In ad-
dition, they also point to the presence of a transverse-
longitudinal coupling which allows either kind of halo to
develop from either a transverse or longitudinal mismatch
[14].

4 SUMMARY

Analytic models have been developed to study halo devel-
opment in both 2-D beams and 3-D beam bunches in a
linac. These models suggest that the most likely explana-
tion for the halos which have been observed and which are
likely to be seen in future high current linacs involves the
parametric resonance between the collective modes which
describe “breathing” and the motion of individual ions.
When these models are used in conjunction with multipar-
ticle simulations involving millions of particles, which are
now practical with supercomputers and parallel processing,
one can have great confidence in the predictions for halo
formation and emittance growth which are so crucial for the
designs of high current acceleration of short beam bunches.
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Abstract

We have constructed, analytically and numerically, a new
class of self-consistent 6-D phase space stationary distri-
butions. Stationary distributions allow us to study the halo
development mechanism without being obscured by beam
redistribution and its effect on halo formation. The beam is
then mismatched longitudinally and/or transversely, and we
explore the formation of longitudinal and transverse halos
in 3-D axisymmetric beam bunches. Of particular impor-
tance is the result that, due to the coupling between longi-
tudinal and transverse motion, a longitudinal or transverse
halo is observed for a mismatch less than 10% if the mis-
match in the other plane is large.

1 INTRODUCTION

The need for high current in a variety of new accelerator
applications has focused a great deal of attention on under-
standing the phenomenon of halo formation in ion beams,
which can cause excessive radioactivation of the accelera-
tor. Starting in about 1991, a variety of two-dimensional (2-
D) simulation studies [1, 2] have led to the conclusion that
halos are formed when a beam is mismatched to a focusing
channel, exciting some sort of collective oscillation(s) of
the beam which are in resonance with the non-linear oscil-
lation of individual ions.

Most of the simulations studies start with rms matched
beams which arenot stationary solutions of the Vlasov
equation (See for example [3].). As a result, the initial
beam undergoes some sort of redistribution in phase space,
masking the possible development of halos. Our effort
has been devoted to populating a stationary distribution in
phase space, in the hope that the halo development mech-
anism can be studied without being obscured by the “re-
laxation” of the beam in phase space. We have particularly
studied initial distributions which are stationary by virtue
of being a function only of the Hamiltonian [4, 5].

It is clear that a realistic treatment of halo formation
must take into account 3-D beam bunches and 6-D phase
space distributions. Recently, Barnard and Lund [6] per-
formed numerical studies with a 3-D beam bunch using the
particle-core model, drawing attention to the existence and
importance of a longitudinal halo for a spheroidal bunch.
However, all studies based on the particle-core model do
not address the question of whether halo formation is influ-
enced by the density redistribution which follows for a non-
stationary beam, even if it is rms matched [3]. In fact, halo

formation in 2-D due to the redistribution process in rms
matched beams was shown, for example, by Okamoto [7]
and Jameson [8]. We therefore continue our effort to study
the halo development mechanism in 3-D beam bunches in
the absence of the redistribution process. Such an approach
allows us to study the fundamental mechanism of halo for-
mation associated with the beam mismatch. To accomplish
this we have constructed, analytically and numerically, a
new class of stationary 6-D phase space distributions for
a spheroidal beam bunch. Our present analysis assumes
smoothed linear external transverse and longitudinal restor-
ing force gradients,kz , ky, kx. In general, the distribution
can be chosen to have an approximately ellipsoidal bound-
ary. However, for simplicity, we treat the azimuthally sym-
metric case(kx = ky) for which the beam bunch is ap-
proximately spheroidal. This is the focus of the present
investigation. More details can be found in [9].

2 STATIONARY 6-D PHASE SPACE
DISTRIBUTION

2.1 Distribution and charge density

We take for the azimuthally symmetric 6-D phase space
distribution

f(x;p) = N(H0 �H)�1=2 (1)

where

H = kxr
2=2 + kzz

2=2 + e�sc(x) +mv2=2: (2)

Herep = mv, r2 = x2 + y2, andkx, kz are the smoothed
transverse and longitudinal restoring force gradients. The
quantity�sc(x) is the electrostatic potential due to the
space charge of the bunch. The distribution is normalized
such that Z

dx

Z
dpf(x;p) = 1: (3)

The charge distribution corresponding to Eq. (1) is

�(x) = Q

Z
dpf(x;p)

= NQm3

Z
dv

�
G(x)� mv2

2

�
�1=2

; (4)

where

G(x) � H0 � kxr
2

2
� kzz

2

2
� e�sc(x): (5)



Performing the integral overdv � v2dvd
v in Eq. (4)
leads to

�(x) = QG(x)=

Z
dxG(x); (6)

where the normalization constant satisfies

2
p
2�2Nm3=2

Z
dxG(x) = 1: (7)

From Eq. (5) and Poisson’s equation, we write

r2G(x) = �ks � er2�sc = �ks + (e=�0)�(x); (8)

where
ks = 2kx + kz: (9)

Using Eq. (6), we obtain the partial differential equation
for G(x)

r2G(x) = �ks + �2G(x); (10)

where

�2 = (eQ=�0)=

Z
dxG(x): (11)

The solution of Eq. (10) for an axisymmetric, spheroidal
shaped bunch can most easily be written in the spherical
coordinatesR, � for which

z = R cos � ; r = R sin �; (12)

as
G(x) = (ks=�

2)g(x) (13)

where

g(x) = 1 +

1X
`=0

�`P2`(cos �)i2`(�R): (14)

HereP2`(cos �) are the even (fore-aft symmetric) Legendre
polynomials andi2`(�R) are the spherical Bessel functions
(regular at�R = 0) of imaginary argument.

Sinceg(x) is proportional to the charge density, the edge
of the bunch is defined as the borderg(x) = 0, closest to
the origin. We therefore choose the�`’s so that the surface
of the bunch reproduces, as closely as possible, the ellip-
soidal surface.

We also note thatmh _x2i = mh _y2i = mh _z2i = mhv2i=3
becauseH depends only onv2 andx. Thus our choice of
a stationary distribution of the formf(H) automatically
corresponds to equipartition (equal average kinetic energy
in the three spatial directions).

2.2 Numerical implementation

We have developed a 3-D particle-in-cell (PIC) code
HALO3D to test the analytic model described above, and
to explore halo formation [9]. The single-particle equations
of motion are integrated using a symplectic, split-operator
technique [10]. The space charge calculation uses area
weighting (“Cloud-in-Cell”) and implements open bound-
ary conditions with the Hockney convolution algorithm

1.6

1.5

1.4

1.3

1.2

1.1

1.0

z m
a

x/
(µ

c
)

0 .80.60.40.20.0
ηz

µ=1.4
c/a=3

1.6

1.5

1.4

1.3

1.2

1.1

1.0

z m
a

x/
(µ

c
)

0 .80.60.40.20.0
ηz

µ=1.3
c/a=3

1.6

1.5

1.4

1.3

1.2

1.1

1.0

z m
a

x/
(µ

c
)

0 .80.60.40.20.0
ηz

µ=1.2
c/a=3

Figure 1: Longitudinal halo extent for different mis-
matches.

[11]. The code runs on parallel computers, and in particu-
lar, the space charge calculation has been optimized for par-
allel platforms using the Ferrell-Bertschinger method [12].
Some details about the code can be found in [13]. Details
about effects of non-linear RF fields can be found in [14].

We initially populate the 6-D phase space according to
Eq. (1), and then mismatch thex; y; z coordinates by fac-
tors�x = �y = 1 + �a=a, �z = 1 + �c=c and the corre-
sponding momenta by1=�x = 1=�y, 1=�z, with a, c being
the minor and major semiaxes of our spheroidal bunch, re-
spectively.

3 ORBIT SIMULATIONS

3.1 Longitudinal halo

Due to the fact that longitudinal tune depression is always
less than the transverse one for elongated equipartitioned
bunches the longitudinal halo is our primary focus. An im-
portant quantity is the ratio of the halo radius to that of the
matched distribution. We performed a systematic study for
different c=a and mismatch factors in the range of inter-
est [15], by looking at the halo extent at the time when the
beam comes to a roughly saturated state after the develop-
ment of a halo. Our new result is the dependence of the
halo extent on tune depression shown in Fig. 1 forc=a = 3
and mismatch parameters� = 1:2; 1:3; 1:4 being the same
in all directionsx, y, z. One sees a significant increase in
halo extent for severe tune depressions. In addition the halo
extent clearly depends on the mismatch parameter. The
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Figure 2: Dependence of halo intensity on the mismatch
for c=a = 3, �x = 0:65, �z = 0:49 (with 32,768 particles
plotted). a)� = 1:1. b)� = 1:2. c)� = 1:3. d)� = 1:4.

approximately linear dependence of the halo extent on the
mismatch factor� indicates that a serious effort should be
made to match the beam to the channel as accurately as
possible. Similar investigation for otherc=a can be found
in [9].

Simulation results show that the halo intensity (roughly
defined as the fraction of particles outside the core in
phase space) depends primarily on the mismatch. Figure
2 presents the phase space diagram (with only 32,768 par-
ticles plotted) after the halos have stabilized, for�x =
0:65, �z = 0:49 (c=a = 3) with several mismatches
� = 1:1; 1:2; 1:3; 1:4. Severe mismatches lead to sev-
eral percent of the particles in the halo, which is clearly
outside acceptable limits. In Fig. 3 we present the
phase space diagram for different tune depressions�z =
0:87; 0:65; 0:49; 0:32 with � = 1:2 (c=a = 3) for which
the fraction of particles in the halo is about 0.5 %. No sig-
nificant dependence of halo intensity on the tune depression
is seen. However, for tune depression�z � 0:4 the clear
peanut diagram in the longitudinal phase space now has a
chaotic behavior.

One more important feature is how fast the halo devel-
ops. We first make the observation that for comparable mis-
matches the longitudinal halo develops much faster than the
transverse halo when the mismatches and/or tune depres-
sions are not severe. Such behavior simply occurs because
for fixed charge we have�z < �x for elongated equiparti-
tioned bunches. For severe mismatches and/or tune depres-
sions both the longitudinal and transverse halos develop
very quickly. A typical picture is shown in Fig. 4.

Of particular interest is the clear dependence on tune de-
pression. Specifically, for more severe tune depression the
halo starts to develop earlier as can be seen in Fig. 5 where
the development of the halo is shown forc=a = 3, � = 1:2
and different tune depressions.
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Figure 3: Dependence of halo intensity on tune depression
for c=a = 3, � = 1:2. a) �z = 0:87. b) �z = 0:65. c)
�z = 0:49. d) �z = 0:32.

Another important characteristic of the longitudinal halo
is its dependence on the mismatch when there is no mis-
match in the radial direction. The number of particles in the
halo drops dramatically with�z . In fact, we see no halo for
�z < 1:2 (< 20% longitudinal mismatch). Note that the
situation changes when the effect of coupling is significant.

3.2 Transverse halo

The transverse halo closely duplicates all the features ob-
served for non-linear stationary distributions in 2-D simu-
lations [16]. The agreement between 2-D and 3-D simu-
lations is very good. The only two significant differences
seen are related to the rate of halo development. In the
present 3-D simulations there is a clear dependence on the
tune depression which was not the case in the correspond-
ing 2-D simulations [16]. The second difference is that
the transverse halo in the 3-D simulations develops signif-
icantly faster than in 2-D for comparable mismatches and
tune depressions. More details can be found in [9].

3.3 Coupling effects

In performing 3-D simulations we encounter halo forma-
tion in a beam bunch, where we clearly see coupling be-
tween the longitudinal and transverse motion. It was al-
ready noted [9] that due to the coupling betweenr andz, a
transverse or longitudinal halo is observed even for a very
small mismatch (less than 10%) as long as there is a signif-
icant mismatch in the other plane. Further numerical inves-
tigation of this question showed that the effect of coupling
becomes extremely important for nearly spherical bunches
(c=a � 2) which is typical of the parameter range of in-
terest for the APT design [15]. For example, for the short
bunch withc=a = 2, with only a longitudinal initial mis-
match (�z = 1:5, �x = �y = 1:0), one finds particles
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Figure 4: Halo development for comparable mismatches
(c=a = 3, �x = 0:65, �z = 0:49). a)� = 1:1. b)� = 1:2.
c) � = 1:3. d)� = 1:4.

at large amplitude in both the longitudinal and transverse
directions, as can be seen in Fig. 6 for the 6-D station-
ary distribution. Of course, the intensity of particles in the
transverse halo is much smaller than it is when there is in
addition a transverse initial mismatch. (In our example in
Fig. 6, we have0:05 percent of the particles in the trans-
verse halo with zero transverse mismatch compared with
several percent in the longitudinal halo.) A similar effect
due to coupling was seen for the non-stationary distribu-
tions [17].

4 SUMMARY

Most of the previous studies were concerned with halos in
long beams. In the current work we address the question
of halo formation in a beam bunch which is of particular
interest for the Accelerator Production of Tritium project
where relatively short bunches are proposed [15].

We have constructed, analytically and numerically, a
new class of 6-D phase space stationary distributions for
an azimuthally symmetric beam bunch of arbitrary charge
in the shape of a prolate spheroid [9]. The stationary distri-
bution allows us to study the halo development mechanism
in 3-D beam bunches where no phase space redistribution
takes place. Our choice of parameters automatically as-
sures equipartition. In our calculations the beam remains
equipartitioned through the channel. We therefore study
the halo development in 3-D beams which are in thermal
equilibrium, without the redistribution introduced by any
equipartition process which may take place. Such an ap-
proach gives us an excellent chance to investigate the ma-
jor mechanism of halo formation associated purely with the
beam mismatch.

We then use a PIC code with smoothed linear external
focusing forces, in which the initial stationary distribution
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Figure 5: Dependence of the rate of halo development on
tune depressions forc=a = 3, � = 1:2. a) �x = 0:79,
�z = 0:65. b) �x = 0:65, �z = 0:49. c) �x = 0:53,
�z = 0:39. d) �x = 0:45, �z = 0:32.
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Figure 6: Coupling effect for the 6-D stationary distribution
with zero transverse mismatch�x = �y = 1:0, �z = 1:5
(c=a = 2, �x = 0:55, �z = 0:45) a) maximumx andz b)
r � pr diagram att = 800 for particles with the angular
momentumjLzj < 0:1 (with 25,000 particles plotted).

is mismatched in both the transverse and longitudinal direc-
tions, and find that both transverse and longitudinal halos
can develop, depending on the choice of tune depressions
and mismatches. We also found that the effect of coupling
between ther andz planes is very important in the halo de-
velopment mechanism and can lead to serious consequen-
cies, especially as the bunch shape becomes more spheri-
cal.

Our main conclusion is that the longitudinal halo is of
great importance because it develops earlier than the trans-
verse halo for elongated bunches with comparable longi-
tudinal and transverse mismatches, and because it occurs
even for mismatches of order 10%. In addition, the control
of the longitudinal halo could be challenging if the phase
width of a beam bunch in the RF bucket cannot be made
sufficiently small.

After we established the parameters which lead to halo
formation in 3-D beam bunches for the self-consistent 6-
D phase space stationary distribution [9], we explored rms



matched distributions which arenot self-consistent, to de-
termine the extent to which the relatively rapid redistribu-
tion of the 6-D phase space contributes to the formation of
halos [17, 18].
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New Methods in WARP
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Abstract

The WARP[1] code is being developed and applied to
simulate the creation and propagation of the high-current,
space-charge dominated beams that are required for heavy-
ion driven fusion energy (HIF). New methods and capa-
bilities have recently been introduced into WARP, a multi-
dimensional particle-in-cell code developed for the study of
space-charge dominated beams. We describe: (a) a 2D3V
“slice” model (WARPxy) with two novel capabilities: the
optional use of 3D applied fields (which can be calculated
using the WARP3d solver), and an “exact” treatment of
a bent beam pipe, via coordinate transformations; (b) a
multigrid fieldsolver which offers internal conductors in 2D
and 3D; (c) serial optimizations for cache-based machines
which yielded a 20-30% speedup; and (d) a Python inter-
face which has been developed to give the full power of a
scripting language user interface in both serial and parallel
computing environments.

1 INTRODUCTION

A heavy-ion induction accelerator is a promising candidate
for a driver for inertial confinement fusion power produc-
tion. In order to drive the target to ignition, a driver must
produce a beam with a high current (several kAs), moder-
ate energy (several GeVs), but very low emittance (several
�-mm-mrads). The beams are space-charge dominated and
behave like non-neutral plasmas. In order to achieve the
required emittance, a thorough understanding is needed of
the behavior of the beam and the effects of manipulations
and errors. We have developed WARP, a multi-dimensional
particle-in-cell/accelerator code, to study the physics of
such high-current, low emittance beams.

WARP has been designed and developed to be a flex-
ible simulation tool, allowing simulation of all sections
of a driver at various levels of detail and dimensionality.
Some of the recently implemented methods and capabili-
ties which enhance that flexibility are described here: new
physics models, computational techniques, and computer
science issues.

2 SLICE MODEL

A slice model is a transverse model of a beam, ignoring
some longitudinal effects, primarily longitudinal variations

�Word performed under the auspices of the U.S. D.O.E. by Lawrence
Livermore National Laboratory and Naval Research Laboratory un-
der contracts W-7405-ENG-48, DE-AI02-93ER40799, and DE-AI02-
94ER54232.

in the space-charge fields. The slice model can be under-
stood as a model of the behavior of the central portion of
the beam (where the beam is fairly uniform axially) ver-
sus time, or as the behavior of an infinitely long beam as a
function of distance. Slice simulations are not new, in fact
the first simulations of beams for heavy-ion fusion were
slice simulations, but the model implemented in WARPxy
contains several new important features.

The slice code WARPxy was originally adapted from,
and is closely coupled to, the WARP3d code, immediately
giving it the full power of problem specification and diag-
nostics of the three-dimensional code. An example is a rich
set of methods for specifying the fields of accelerator lat-
tice elements in WARP3d that was easily adapted to work
within the slice code. The close coupling allows much shar-
ing of coding which is common to the two models, such as
particle moments calculations and other diagnostics.

An important issue in beam dynamics is the presence of
an axial velocity spread, which can lead to an increase in
transverse emittance and directly affects the final spot size
on target. A scheme was adopted in the slice code to in-
clude the axial velocity spread as well as changes in the ax-
ial velocity, such as from acceleration gaps and from axial
force components of other lattice elements. Another issue
is the effect of bends on the beam. It is known that when a
beam with an axial velocity spread enters a bend, its emit-
tance will increase[2]. Bends are present in the driver de-
signs to guide the beams into the target chamber, and more
significantly, in driver designs based on recirculating accel-
erators. The same scheme adopted for the velocity spread
was adapted to include bends, where the time step size of
each particle is a function of its radial position.

The underlying integration method for advancing the
particles is the leap-frog method. In the slice model, the
step size has a constant physical length,�s, and so the
time step size is dependent on the axial velocity of the in-
dividual particles. When the axial velocity of the particles
changes, the time step-size must be adjusted. The algo-
rithm used in WARPxy is to iterate over the first two steps
of the split-leap frog time advance.

~vn+
1

2 = ~vn +
1

2

~Fn

m
�t (1)

~xn+1 = ~xn + ~vn+
1

2�t (2)

Here~x and~v are the position and velocity,~F is the force,
including electric and magnetic fields, andn is the time
level and the step size is�t. After this partial advance, the
time-step size is scaled by the amount of over- or under-



advance of the axial position,z.

�t0 = �t
�s

zn+1 � zn
(3)

The partial advance is then redone with the new time-step
size. Once the iteration converges and the correct time-step
size is obtained, the particle advance is completed.

~vn+1 = ~vn+
1

2 +
1

2

~Fn+1

m
�t0 (4)

Our experience is that the iteration converges very rapidly.
The code always iterates all of the particles a set number of
times, which can be controlled by the user.

When in a bend, the same iteration is done but with the
scaling of the time-step size also accounting for the rotation
of the slice frame around the bend. The scaling is done in
polar coordinates relative to the center of the bend.

�t0 = �t
��

�n+1 � �n
(5)

Here,�� = �s=rbend whererbend is the bend radius, and
�n is the axial position of the particle in the polar coor-
dinate system at time leveln. This iteration converges as
rapidly as with no bends.

The calculation of the beam self-fields must also include
the curvature of the bends. When the self-fields are cal-
culated by solving Poisson’s equation, the curvature terms
can be treated as source terms, iterating to reach conver-
gence. While alternative direct methods are available to
solver Poisson’s equation with the curvature terms, the it-
erative method was chosen since the same method is used
in WARP3d. Also, the speed of the field solution is not
critical since the two-dimensional simulation time tends to
be dominated by the time of the particle advance.

The algorithm has been thoroughly tested. Numerous
single particle tests have shown empirically that the method
is second order in�t, the same as the underlying leap-frog
advance. Full beam tests have also be carried out. Two tests
are described here.

As a test of the bending algorithm, a beam is propagated
through a straight lattice but with the coordinate system
of the simulation following s-bends. The s-bends deviate
from the beam centroid path by roughly the beam radius.
The simulated beam behaved as expected, reproducing the
correct envelope and showing no anomalous growth in the
emittance.

In another test, the behavior of a beam with an ax-
ial velocity spread as it entered a bend was examined.
The slice simulations were compared with both the three-
dimensional simulation and an analytic theory developed to
explain the emittance growth in a bend[2]. Good agreement
was found among all three. The slice simulations show os-
cillations in the emittance which agree in amplitude and
frequency with the WARP3d simulation and theory. The
simulations do show damping in the emittance oscillations
that is not included in the theory. The analytic theory does
give asymptotic limits on the emittance growth and these
agree with the simulation results.

3 MULTIGRID POISSON SOLVER

The WARP code uses an electrostatic model of the self-
field of the beams which requires solving Poisson’s equa-
tion to calculate the potential on a Cartesian mesh. The
code now has three primary Poisson solvers. The fastest is
an FFT based solver which does sine-sine-periodic FFT’s
to model an infinitely long conducting square pipe. Capac-
ity matrix methods can be used to include simple bound-
aries such as a round conducting pipe. With more complex
conductor geometry, however, the required matrix rapidly
becomes too large, and so an iterative method, successive
over-relaxation (SOR), was implemented for such cases.
The SOR method allows inclusion of arbitrarily complex
conductor geometry with much less penalty. Unfortunately
though, for the typical mesh sizes used, the SOR method is
roughly ten times slower than the FFT method without any
conductors, and becomes comparatively worse with larger
mesh sizes. In the three-dimensional simulations using the
SOR method, the total simulation time was dominated by
the Poisson solve. Because of the computational time re-
quired to generate large capacity matrices or to use the SOR
method, the grid resolution and propagation distance has
been limited when using complex conductor geometry.

A third method, the multigrid method[3], has recently
been implemented. It promises faster solution while hav-
ing a small penalty for complex conductor geometry. The
multigrid method for solving Poisson’s equation on a
Cartesian mesh was adapted to include internal conduc-
tors. The SOR solver is used to iteratively refine the error
on each of the coarse grid levels, allowing use of the same
techniques for applying internal conductors which were de-
veloped for the full SOR solver. The two techniques used
are forcing of the potential inside of the conductor to the
desired value each iteration, and a subgrid-scale resolution
method in which the finite difference form of Poisson’s
equation is modified for points within one grid cell out-
side the surface of the conductors to explicitly include the
location of the surface[4].

In order to achieve the rapid convergence of the multi-
grid method, the conducting boundary conditions must be
applied at all levels of coarseness. So, for each level, a list
of the grid points which are affected by a conductor is re-
quired. For the points inside of the conductor, this offers
no difficulty since only a simple check is needed to deter-
mine whether the points on the finest grid that are inside of
a conductor are on the coarse grid.

The subgrid-scale resolution technique, though, requires
additional data. On the coarse grid levels, there will be
points within one coarse grid cell of the conductor surface
that were more grid cells away on the finest grid. Those
points must be included. To generate this data, an algo-
rithm was developed that begins with the subgrid-scale data
for the finest grid and scans the grid at each of the coarse
levels to gather the data for the coarse levels. For each of
the points in the total list, the lowest coarseness level at
which a point is on a grid is saved. So, at each level of



coarseness, a point must pass two tests to determine if it is
near a conductor: the coarseness level at which the point is
on a grid must be less than or equal to the current coarse-
ness level, and the point must be within one grid cell of a
conductor.

The multigrid method has the same scaling of operation
count with the number of grid cells as the FFT. Timings,
see Table 1, show that the FFT is about three to four times
faster for all of the grid sizes examined. While the inclu-
sion of conductors does slow the solver down, the solve
times are still far below that of the original SOR method.
The increase in speed will allow simulations with higher
resolution and longer propagation distances than was prac-
tical with the original SOR solver.

Table 1. Timings of the field solvers on a single process
of a Cray J90. All times are in seconds. The numbers in
parenthesis are the number of iterations required to reach
the desired convergence.

Multigrid FFT SOR
64x64x64 1.6 (8) 0.41 4.7 (170)

128x128x128 10.6 (8) 2.9 74.0 (340)

ratio of timings 6.6 7.1 15.7
128/64

64x64x64 8.7 (14) - 17.4 (230)
with conductors

4 OPTIMIZATION TECHNIQUES

Since WARP3d is a three-dimensional code, the simula-
tion time can grow very large. Because of this, much ef-
fort has been put into optimizing the code. The optimiza-
tion can be done by using advanced computational methods
to reduce the total amount of computation needed, as with
the implementation of the multigrid solver described above,
or as with the use of higher-order integration methods[5].
The methods discussed here are methods for increasing the
speed at which a set amount of computation is done.

There are a number of simple optimizations that can be
done which reduce the time of computation on serial ma-
chines. For example: combine constants in loops and re-
move them completely from loops if possible; remove di-
vides from loops if possible, and if not possible, put the di-
vide as early as possible if the result will be used inside of
the loop; treat multidimensional arrays as one-dimensional
arrays; use “if” statements to avoid unnecessary work, even
inside of loops; and optimize the cache use. The last tech-
nique is described more fully.

Most modern day computers have non-uniform memory
access: many more CPU cycles are required to bring data
from the main memory to the cache, than from cache to the
register where the CPU can use the data. The difference
is as large as a factor of thirty! The goal, then, is to reuse
data as much as possible once it is in the cache. There are
three basic techniques. The first is to take advantage of
the fact that the data is brought into the cache in chunks.
Grouping data together in memory that is used together in

loops or making inner loops over the first indices of arrays
(in Fortran) accomplishes this. The second technique is to
maximize the number of mathematical operations for each
fetch/store from memory. Combining loops is a good way
to accomplish this. An implication of this is that the array
syntax of Fortran 90 will be bad for cache reuse since it
tends to break calculations into shorter loops. The third
method relies on knowing the cache line size, the size of
the chunk of data that is brought into the cache at once.
The arrays should be arranged in memory so that multiple
arrays used inside of the same loop do not push each other
out of the cache.

The 3-D FFT Poisson solver is used as an example of
where cache reuse can improve the execution time. The
FFT’s are organized as “gang” FFT’s - in the transforms
over each dimension, the inner loops in the transform are
over one of the other dimensions. For the transverse trans-
forms, the outer loop is over the third dimension, while the
first two dimensions switch roles between the transformed
and the ganged. In both cases, the data is well localized.
For the transform over the third dimension, though, the data
is not localized, there is a large stride in memory, and there
is little cache reuse. Timings of the code bear this out;
the transform over the third dimension runs several times
slower than the transforms over the first two (which are
roughly equal).

The way around the decreased performance is to tem-
porarily rearrange the data to localize it in memory for the
transform. The 3-D data is divided into slices along the
second dimension, each slice consisting of a plane of data
with the first dimension as one axis and the third dimension
as the other. Each slice is copied into a temporary array and
then transformed along the third dimension. This gives the
same locality as in the original transverse transform. After-
ward, the data is copied back. The resulting transform time
is reduced to be same as the time of the transverse trans-
form. One of the copies is “free” since the array was looped
over anyway to multiply it by a constant and so the penalty
is the one additional copy. The gain however is a factor of
several reduction in the transform time for that dimension.
The total gain over the full Poisson solve is typically a 30%
reduction in computation time.

5 PYTHON INTERFACE TO WARP

Our experience has shown that to realize the full power and
capability of a large code, a high-level, flexible, sophisti-
cated interface is required. A primary requirement of the
interface is full language support for user-programmable
code control that can be used interactively. An inter-
preted scripting language provides such an interface. An-
other required element is visualization - for pre- and post-
processing as well as for interactive use. In this section we
describe the work we have done to maintain such a script-
ing language interface in both the serial and parallel com-
puting environments.



5.1 Why use an interpreter interface?

An interpreter interface provides a much more flexible
means of inputting data and controlling a code than the
more traditional command-line arguments and namelist
style interface. It does this by allowing the use of high-
level language constructs and by giving access to the run-
time database and functionality of the code. This makes it
easier to design a system where the code developers create
a set a packages that users can combine and control to suit
theirs needs, rather than create a code where the develop-
ers build in a limited number of options that the users must
choose from.

An interpreter allows for more rapid code development.
Use of an interpreter removes the need for compile and load
steps, directly reducing development time. It also acts as a
built in debugger, giving full access to the data, but is more
powerful, allowing independent testing of code segments.
Once algorithms have been developed and tested, they can
be converted into compiled code if there is a problem with
speed.

The code size is reduced when an interpreter is used.
Most interpreters provide extensive services such as graph-
ics, memory management, and data dump and restart facili-
ties, for example. These are accessible from the interpreted
language and do not need to be referenced from the com-
piled portion of the code. Only the core routines and algo-
rithms need to built into the code, the rest can be written
at the interpreter level. Special features which have a one
time use or are required by certain users, for example, can
be kept out of the main code and written in the interpreted
language.

An interpreter can acts as “glue,” linking different codes
and packages together. The packages can have separate
variable name-spaces and can be developed separately by
different developers in different languages. The packages
are brought together at the interpreter level; all have the
same interface.

WARP was originally built with the Basis code devel-
opment/interpreter system that was developed at LLNL[6].
Basis has a number of advantages over other interpreters.
It has a built in mechanism for generating the interface be-
tween the compile code and the interpreter language. It also
has a number of other important features built in, such as
graphics, memory management, data dumps and restarts.
Also, the language is based on Fortran, making it easy to
use and convert into compiled Fortran. Another important
advantage is the modularity. Basis allows the code the be
developed as a set of independent packages with separate
name-spaces. The packages are glued together at the inter-
preter.

There are a number of disadvantages of Basis as well. It
is a rather large system which is not very portable. Ba-
sis runs only on Unix and Linux machines. It is miss-
ing some programming features, such as structures and ob-
jects. Also, it has a small number of developers, limiting
its breadth of features and development.

5.2 Parallel WARP with Basis

In our first attempt at a user interface to parallel version of
WARP, we wanted to retain Basis. Unfortunately, Basis has
not been ported to the MPP architectures we use. We were
able to get around this by running Basis on a local serial
workstation and having it spawn and control processes on a
remote MPP. Communication was done with PVM[7] since
it allowed spawning of processes. The processes on the
MPP were event driven - they would wait for commands
that the user sends via the Basis interpreter and PVM.

While this system was effective and allowed us to get
WARP up and running on an MPP, it had significant draw-
backs. Since there was no interpreter running on the MPP
side, all possible desired commands had to be prepro-
grammed, so access to runtime database and controllers
was limited to those for which special routines had been
written. Because of the requirement for spawning, the code
could only be run interactively - batch jobs could not be
run. Also, the system required a “close connection” be-
tween the workstation and the MPP. Due to computer cen-
ter policy restrictions, this is not always possible. Because
of this last drawback, the parallel version of WARP was in
fact inoperable on the primary MPP machine we had access
to.

5.3 Python

We needed to make use of another interpreter and decided
on Python[8]. Python is a recently developed interpreter to
which compiled code can be linked and which has a num-
ber of advantages over Basis. The language is fully object-
oriented (supporting inheritance and polymorphism). It is
also small and portable and runs on almost all types of ma-
chines, UNIX, PC’s running Linux or windows, and Mac-
intoshes. Python also has a large number of developers and
has a broad base of available packages, such as linear al-
gebra libraries, interfaces to graphical user interface devel-
opment libraries, world-wide-web software, and notably, a
parallel adaptation.

There are problems with Python, though. A minor prob-
lem is the language itself, which has attributes which may
be unfamiliar to many scientific users, as discussed below.
Python also lacks standards for important features such as
graphics and data dumps. There is also no built in method
of automatically generating the interface between the com-
piled code and the interpreter language. While there are
packages that do this, they are not flexible enough to meet
all of our needs. Note that while the interface can be cre-
ated by hand, doing so for a large code is not practical con-
sidering the size of the interface and the constant need for
updating it.

We had to develop our own software to automatically
generate the interface between Fortran and Python. The
software takes advantage of the work which was done for
the Basis interface. The same variable description files
were used - a parser was written in Python to extract the in-
formation needed from the files to create the interface. The



Fortran preprocessor used with the Basis system is kept so
that the original compiled code can be used essentially un-
changed. The coarse-grained object-oriented nature of the
Basis code is maintained. Each of the original Basis pack-
ages is turned into a Python object and has its own name-
space.

The most important detail of the interface is the way
compiled variables are accessed from the interpreter. In
the Python language, all variables are references to objects.
The major implication of this is that an assignment, such as
“a = b”, is actually a re-reference. Before the assignment,
the variables “a” and “b” refer to different objects. After
the assignment, “a” and “b” refer to the same object, that to
which “b” originally referred, and the object to which “a”
referred is lost. This means that there cannot be a direct
connection between a Python variable and a Fortran vari-
able, since that connection would be lost on an assignment.

The way around the re-referencing is to make use of “at-
tributes” of objects, which are like class members and func-
tions. The getting and setting of attributes can be redefined,
allowing the possibility of connecting an attribute to a com-
piled variable or function via the get and set routines. Get
and set routines are defined which perform a search through
the list of Fortran variables and subroutines of a package
object to find the one associated with the Python attribute.

A generic Python type is created and each package is
defined as being an object of that generic type. The defini-
tion of the type includes generic functions, such as the get
and set, which take the package object as an argument. In
creating an object for a package, all of the required infor-
mation is stored, such as the list of Fortran variables and
subroutines.

5.4 Parallel WARP with Python

Python is easily ported to an MPP environment, with one
caveat: the input and output must be controlled. Software
written by others[9] was obtained and used to do this. This
software is designed so that only one processor can read the
user input. That process then passes the input to the other
processes via message passing. The user can control which
processes can print output - the default is only the process
that reads the input.

Combining the existing parallelized Fortran code with
the Python interface and the input/output package gives
a fully interpreter-driven code on the MPP which has the
same user interface as the serial code. This combined sys-
tem is nearly fully operational; nearly all of the functional-
ity which was available with the original serial Basis ver-
sion is now available with the Python version, both serial
and parallel.

The development of the Python interface was a signifi-
cant step in the evolution of WARP. Since Basis is used in
several important LLNL codes, it will likely be around and
supported for a long time. However, some of its disadvan-
tages are unlikely to be removed. These include a lack of
structures and objects, limited available software packages,

and a lack of portability. For these reasons, we are cur-
rently retaining both versions (the source is the same, only
the interface and scripts are different). We are converting
the Basis scripts to Python as they are needed.

6 CONCLUSIONS

While WARP is in some ways a mature code, it is still
rapidly evolving. We are adding new physics models, such
as the WARPxy model described. We are developing more
advanced computational techniques, such as the multigrid
method for solving Poisson’s equation. We are also adopt-
ing modern computer science techniques, including opti-
mization through cache reuse, use of the modern scripting
language Python for code steering and user programmabil-
ity, and massively parallel computation via message pass-
ing.
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Abstract.

The Maryland Electron Ring [1] is designed to explore
the transport of beams with much higher space charge
than other circular machines.  In addition, the ring
functions as a testbed for design and simulation codes.
Applications such as Heavy Ion Fusion and High
Intensity Colliders require the preservation of beam
quality during transport over large distances.  This paper
describes the application of self-consistent particle-in-cell
code simulations using the WARP suite [2] to the E-ring
lattice.  The model used includes the nonlinear details of
the external magnetic fields, a cylindrical external
conductor, and the dispersive effects of the circular lattice
on a beam with a non-zero energy spread.

1.  INTRODUCTION

In the accelerator field, many applications are emerging
that require high intensities and good beam quality.
Heavy Ion Fusion, for example, requires the transport and
acceleration of a high current beam and focusing it onto a
tiny spot.  Spallation neutron sources and high intensity
colliders also require good beam quality, although the
intensities needed may be somewhat lower.  Furthermore,
most of these applications involve some degree of
bending of the beam, and some can benefit from the
concept of a recirculator to save space and costs.  The
University of Maryland Electron Ring [1], which is
currently in its early construction stages, is a scaled
experiment designed to investigate the physics of space-
charge dominated beams in a circular geometry.  A key
goal of the project is its low cost, driving us to use
innovative features such as printed-circuit magnets [3]
and modularity in design.

Since the E-ring is to be operated in regions of
high space-charge previously inaccessible to circular
machines, a high priority in this project rests on self-
consistent computer simulations to verify the design and
further probe the physics.  In the on-going process
leading up to the commissioning of the ring, the
numerical simulations are benchmarked against any
experimental measurements available.  Because of its low
cost and versatility, the E-ring will provide a valuable
testbed for computer codes to be used in designing larger
machines.

In ref. [4] we had presented results of preliminary
simulations in a straight alternating-gradient channel
including the magnet nonlinearities.  In ref. [5] we
extended the simulations to follow the beam along the
bent lattice, examining the consequences of lens non-
linearities, mismatches, and dispersion on the beam
quality.  In this paper, we will expand on some of the
features of the E-ring that necessitate the use of particle-
in-cell (PIC) methods, then proceed to describe some
interesting results observed in the simulations.

In the simulations described herein, we rely
primarily on the WARP particle-in-cell (PIC) code [2],
which has been developed at Lawrence Livermore
National Laboratory for Heavy Ion Fusion applications.
An important feature of the WARP code is its ability to
efficiently track a space-charge-dominated beam along
bends.  The particle orbits are integrated self-consistently
using the fully nonlinear electrostatic self-field, as well as
the fully nonlinear external fields from the bending
dipoles and focusing quadrupoles.  The WARP code is an
attractive choice for the Maryland ring simulations
especially because it has been used in simulating the
similar Heavy Ion Recirculator at Lawrence Livermore
National Lab [2], and is therefore well-suited to such
geometries and already contains a variety of lattice
element representations.

2.  RING LATTICE AND SIMULATION SETUP

The design and progress of the electron ring project have
been described more fully elsewhere [1].  For the
purposes of this paper, it will be sufficient to briefly
describe the lattice and nominal beam parameters.  The
nominal beam current is 100 mA at 10 keV, resulting in a
generalized perveance of 0.0015.  A nominal
(unnormalized 4*rms) emittance of 50 mm-mrad and
nominal average beam radius of 10.2 mm (σo = 72°)
results in a tune depression (ν / νo) of 0.16, placing the
beam in the strongly space-charge-dominated regime.  A
future phase is planned where the beam is to be
accelerated to 50 keV.  Moreover, the ring is designed to
run at lower beam currents, allowing us to explore a wide
range of tunes.

Figure 1 displays a schematic of the ring lattice,
which consists of  36 FODO cells around the 11.52 m
circumference ring.  Each cell is therefore 32.0  cm long



and contains two evenly-spaced printed-circuit
quadrupoles [3] and, in between those, a printed-circuit
dipole which bends the beam by 10°.  The quadrupole
gradient is about 0.078 Tesla/m, while the bending dipole
peak field is about 0.00154 Tesla.   Three induction gaps
used for longitudinal confinement are evenly distributed
around ring, while the remainder of the spaces are
occupied by diagnostics and pumping ports.

Figure 1.  Schematic of ring design [1].

Because of space limitations in the mechanical
design, the quadrupoles and the dipoles are short relative
to the pipe radius (effective length of both ~ 3.7 cm; pipe
radius ~ 2.5 cm).  Indeed, as Figure 2 shows, the
quadrupoles and dipoles consist almost entirely of fringe
fields.  Although the external fields were designed to be
linear in an integrated sense, the question arises whether
they may be nonlinear when integrated over the actual
particle orbits, and whether such nonlinearities lead to
emittance growth.  PIC methods that self-consistently
include the space charge are powerful tools in answering
such questions.

The short effective length of the dipoles implies
that the lattice can be thought of as a combination of
bends and straight sections.  In other words the local
radius of curvature of the reference orbit varies as a
function of the propagation distance, s, inside the bend.
Furthermore, for induction accelerators, the dominant
cost-driving factor is the size of the induction cores,
which is partly determined by the bore size and hence the
beam size.  This expense can be reduced if the beam fills
a large cross-section of the beam pipe, but at the expense
of image forces.  In the Maryland E-ring the ratio of beam
radius to pipe radius is about 2/5, and so, as explained

below, the image forces are non-negligible and must be
implemented carefully into the model.

Figure 2.  Profile of printed-circuit quadrupole on-axis
gradient as a function of z.

Since a beam, in general, has a non-zero energy
spread, propagation in bends leads to dispersion, i.e.,
particles at different energies oscillate around different
reference trajectories.  If not explicitly matched for
dispersion, the beam experiences a dispersion mismatch
as it enters the ring from the straight injector, or as it
leaves it to the extraction section.  For a space charge
dominated beam, this dispersion mismatch leads to
emittance growth, as confirmed earlier by theory and
simulation [6-7, 5].  Further studies described below
demonstrate that dispersion is more pronounced for
space-charge-dominated beams and show the dependence.

For these simulations of the transverse dynamics,
we use WARP-XY, the single-slice version of WARP,
which solves for the self-fields on a 2-D mesh, but retains
the velocity information in all 3 dimensions [2].  The
lattice is modeled from first principles by computing the
lens magnetic field values on a 3D grid with the aid of a
magnetics program, starting with the actual conductor
geometry.  At every step, WARP interpolates this field
data to the particle locations.  Thus the dipoles and
quadrupoles used in the simulation include the
nonlinearities caused by the fringe fields.  We load a
beam with an initial semi-Gaussian distribution into the
field-free region between two quadrupoles, and then
follow its evolution along s, the distance traversed by the
beam, for a number of turns (typically 10).  The beam is
initially rms matched into the lattice using the standard
rms envelope equations [8].

The numerics have been thoroughly tested to
ensure convergence.  A mesh of 256×128 cells across the
5 cm-diameter pipe (symmetry in the vertical direction
halves the number of cells needed) provides sufficient
resolution of Debye-length-scale variations in the
potential.  The number of simulation particles is chosen to
minimize effects of numerical collisions, producing a



potential that is relatively smooth from cell to cell.  Up to
400k particles have been used in some simulations,
although it is found that for most purposes, 100k particles
are sufficient.  Gaussian filtering (see [9]) allows us to get
convergent results with even fewer particles (~ 10k).  The
time step used corresponds to a beam advance by 0.4 cm,
which is enough to resolve the fringe fields of the
magnets.  In addition, we continually benchmark WARP
against emerging experimental measurements from
prototypes of the ring and the injector.  Agreement, which
has been excellent so far, is discussed elsewhere [10].

3.  SIMULATION RESULTS AND DISCUSSION

3.1  Magnet nonlinearities

In ref. [4] we had presented the scaling of emittance
growth in a straight channel with the number of particles,
indicating that whatever growth present is numerical in
nature and can be eliminated by increasing the number of
particles.  In fact, the nonlinearities from the fringe fields
of the short quadrupoles are found to contribute very little
to the emittance growth.  This can also be demonstrated
by replacing the full description of the magnets in the
model with ideal, hard-edge elements.  As Fig. 3
indicates, there is little difference between the two cases,
so the assumption that the quadrupole fields are linear
when integrated over particle orbits is correct.  This is
true because, by design, the quadrupole fields are linear
when integrated along z, and the quadrupoles are short
enough compared to the (depressed) betatron period that
the radii of particle orbits do not change significantly.

Figure 3.  Evolution of a matched beam with the nominal
design parameters in a straight A-G channel over 360
lattice periods, for nonlinear (solid) vs. ideal quadrupoles
(dotted).  Value of 4*rms x and y emittances strobed
every lattice period in between quadrupoles.

The dipoles, however, are a different matter.  After
the addition of bends and dipole fields into the WARP
model, we observe a somewhat larger emittance growth
[dotted lines in Fig. 4].  Although the emittance growth
rate is not excessive (30 % over 10 turns after subtracting
numerical growth), it is important to understand its
causes.  [The small short-term emittance growth at the
beginning is due to a dispersion mismatch; it can be
removed by launching a beam with a smaller energy
spread].

Numerical tests suggest that this growth in
emittance is real.  Although the study conducted so far is
by no means exhaustive, we have reasons to believe that
this emittance growth is related to the interaction of the
beam space charge with the dipole nonlinearities.  For
instance, in some simulations, we applied appropriate
scaling to reduce the effects of the dipole nonlinearities
experienced by the beam. This was accomplished by
reducing both the beam current and emittance in order to
reduce the beam size while maintaining both the matched
condition and the tune depression.  The boundaries were
also shifted to maintain the contribution of the image
forces, while the numerics were adjusted to maintain the
same resolution and collisionality.

Figure 4.  Evolution of a matched beam in the ring over
10 turns (360 lattice periods).  The dotted line represents
a beam with the nominal design parameters while the
solid line represents a beam scaled by a factor of 1/2 to
reduce the effects of dipole nonlinearities.  Value of
4*rms x and y emittances strobed every lattice period in
between quadrupoles.  Here, ideal quadrupoles are used to
isolate the effects of the dipoles.

The result of this test is that the smaller beam,
which samples less of the dipoles’ deviations from
linearity, exhibits a significantly smaller emittance
growth [solid lines in Fig. 4].   The question arises as to
why the dipoles, which were also designed to be linear in



the integrated sense, lead to more emittance growth than
the quadrupoles.  There are two differences worth noting,
however, between the dipoles and the quadrupoles.  First,
the dipoles are typically operated with somewhat stronger
fields than the quads (the dipole field is a factor of 2 more
than the quad field at the edge of the beam).  The second
is that the beam, hence the individual particles, follows a
curved trajectory inside the dipole, whereas the dipole
fields were designed to be linear when integrated along z,
the dipole axis.  This difference is small for a 10° bend,
yet nevertheless may add up over a large number of
lattice periods.  Also note that the space charge plays an
important role.  An emittance-dominated beam with the
same size experiences much less emittance growth.

3.2  Boundaries

As mentioned earlier, the beam fills a relatively large
cross-section of the beam pipe.  Furthermore, the local
radius of curvature of the beam trajectory varies inside
each bend, and so even a well-aligned beam departs
momentarily from the pipe axis. This makes image effects
quite significant.  In WARP, a capacity matrix used in
conjunction with the FFT field solver is used to represent
the cylindrical boundary [2].  The capacity matrix solver
was not originally implemented for use inside bends.
Hence, when used inside a bend, that model corresponded
to leaving a straight beam pipe around the beam.  Later
modifications to the field solver* refined the capacity
matrix implementation to model the beam pipe in the
bends as a curved conductor.

Figure 5.  The effect of different implementations of the
boundary conditions inside the bend on beam emittance;
curved conductors (solid) vs. straight conductors (dotted).

                                                       

* Done by D. P. Grote at LLNL.

Although the correction is small, the differences
add up after propagation through a large number of
bends, thus affecting the long-term emittance growth
computed by the code.  This result is shown in Fig. 5,
where we compare the emittance growths from the
simulations using the two different implementations of
the capacity matrix.  Clearly, the different boundaries
significantly affect the long-term emittance, resulting  in a
factor of 2 difference in its growth rate.  Therefore, at
least for situations like this where the beam covers a large
fraction of the pipe cross-section, the boundaries must be
accurately represented in order to get accurate answers.
This further implies that calculations that totally neglect
the boundary may not be as accurate.

3.3 Dispersion

Venturini and Reiser in ref. [6] have derived new
envelope equations that are valid in the presence of space
charge and dispersions.  These equations can be used, for
example, to match the beam from a straight injector into a
ring.  In refs. [5] and [7], WARP simulations have been
applied to injection into the Maryland Electron Ring.  No
attempt has been made to match the dispersion function
of the beam, relying instead on the standard RMS
envelope equations [8] for matching into the ring.  Beams
with a spread in energies experience a mismatch in
dispersion and an increase in the x-emittance, followed by
damped oscillations [Fig. 6].  Incidentally, this result with
WARP-3D is almost identical to that obtained from
WARP-XY (which uses a different set of
approximations), confirming our confidence in the
simulation.  The simulations were found to be in excellent
agreement with the theory presented in ref. [6], except for
the eventual exchange of energy between the x and y
directions resulting in the damping of the oscillations.

Figure 6.  X and y emittances over 1 turn from a 3-D
simulation of a beam injected into the ring from a straight
lattice with an initial velocity spread (∆vz/vz = 0.015).



The emittance increase and oscillations are due to a
dispersion mismatch.

That study is extended here to test the theory (ref.
[6]) for a wider range of parameters.  Figure 7 compares
the peak of the dispersion function oscillations calculated
from the theory to that observed in simulations as
function of the beam current.  The good agreement
confirms the theory for lower tune depressions.  Indeed,
for lower tune depressions, the damping seen in the
simulations occurs over a longer timescale, which
increases the region of overlap between the theory and the
simulation.  Note that the peak of the dispersion function
increases almost linearly with the beam current.  Since
the dispersion function is a measure of the distortion of
reference trajectories of particles according to their
energy, this result demonstrates that beams with a higher
space charge are more susceptible to dispersive effects.
In other words, dispersion becomes more important for
space-charge-dominated beams.

Figure 7.  Dependence of peak of dispersion function on
beam current for a velocity spread, ∆vz/vz = 0.015 : theory
(solid line) vs. simulation (points).

It is worth noting that Barnard, et. al., at LLNL
have proposed a similar theory on dispersion based on the
moment description [11].  Although that theory cannot be
used to calculate the dynamic evolution of the beam
envelope and emittance, their thermodynamic approach
provides an accurate estimate of the final beam emittance
(i.e., after the oscillations subside) that agrees well with
our simulations on the Maryland ring.  Barnard’s theory
also predicts a larger emittance growth from a dispersion
mismatch for higher space charge.

4.  CONCLUSION

In summary, the Maryland Electron ring contains some
unique features that need to be included in a simulation
model for a faithful representation of the machine.  In this

paper we have addressed the magnet nonlinearities, the
outer conductor, and the energy spread of the beam.  It is
found that the effect of the nonlinearities caused by the
fringe fields of the short quadrupoles vanish upon
integrating along the particle orbits.  Those of the short
bending dipoles, however, do not completely vanish and
lead to an emittance growth after several turns around the
ring.  We are conducting additional studies to understand
the exact mechanism by which the emittance grows in the
dipoles.  Since the local radius of curvature of the beam
trajectory inside the bends is not constant, and since the
beam fills a large cross-section of the beam pipe, the
image forces cannot be neglected from the model.
Finally, a non-zero energy spread leads to dispersion and
perhaps to a change in the matching conditions of the
beam.  Dispersion is seen to affect the beam substantially
more at higher currents, in agreement with the applicable
theories.

As experimental data becomes available in the
forthcoming commissioning process of the E-ring, it will
be interesting to compare with the WARP predictions.
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Abstract

We investigate algorithms for solving large sparse symmet-
ric matrix eigenvalue problems resulting from finite ele-
ment discretizations of steady state electromagnetic fields
in accelerating cavities. The methods have been applied to
the new design of the accelerating cavity for the PSI 590
MeV ring cyclotron.

The solutions of this kind of eigenvalue problems can
be polluted by so-called spurious modes if the divergence-
free condition is not treated properly. In this paper we deal
with a method that suppresses spurious modes by adding a
penalty term to the basic quadratic form. This is the method
we had the best experience with [1, 2].

The large sparse eigenvalue problems have been solved
with the implicitly restarted Lanczos algorithm. Numeri-
cal results obtained on a HP Exemplar X-Class System are
reported.

1 INTRODUCTION

For the production of high intensity proton, neutron and
meson beams used in a wide range of research activities the
cyclotron facility of the Paul Scherrer Institute accelerates
proton beams to an energy of 590 MeV with an intensity
of 1.5 mA in routine operation. The four accelerating cavi-
ties in the separate sector cyclotron provide a 50 MHz peak
accelerating voltage of 750 kV each. Aiming at a reduc-
tion of the power losses in the cavity walls a project for a
new design of the accelerating cavities has been started, cf.
Fig. 1.

During design the RF engineer is interested in the field
shapes and the frequencies of the fundamental and of some
few higher modes of the standing electromagnetic waves in
a cavity. This corresponds to the wish for access to a Max-
wellian eigenvalue solver for some of the lowest eigenval-
ues and corresponding eigenvectors.

At the Institute for Scientific Computing at ETH Zurich
the key questions related to the creation of such an eigen-
solver have been studied. In order to be able to handle com-
plex geometries with locally fine details, the formulation of
the problem was based on finite elements and emphasis has
been given to the efficient solution of large problems. It
proved to be important to understand the occurrence and
to find means to avoid the so-called spurious modes (or
ghost modes) that can occur in finite element formulations
of Maxwell’s equations. This study compared different fi-
nite element formulation schemes each used with different

Figure 1: Surface triangulation of an eighth of the new PSI
cavity design.

orders of approximation as well as several algorithms for
the solution of the corresponding large sparse matrix eigen-
value problems [1, 2].

Different algorithms have been investigated to compute
a few of the eigenvalues of the resulting large sparse matrix
eigenvalue problems [1, 2]. Here we restrict ourselves to
the implicitly restarted Lanczos algorithm that is, together
with the Jacobi-Davidson algorithm, the best suited algo-
rithm for this kind of problems. The linear systems of equa-
tions that occur in the shift-and-invert mode of the Lanc-
zos algorithm have been solved by the conjugate gradient
method in conjunction with a hierarchical basis precondi-
tioner.

2 THE MAXWELLIAN EIGENVALUE PROBLEM

Without changing the basic structure of the problem one
can assume that the metallic surfaces are perfectly conduct-
ing and that the inside of the cavity 
 is all in vacuum.
The electromagnetic field in the cavity is described by the
Maxwell equations [13]. After separation of time and space
variables and after elimination of the magnetic field inten-



sity the differential equations

curl curl e(x) = � e(x); x 2 
; � := !2=c2; (1a)

div e(x) = 0; x 2 
; (1b)

n� e = 0; x 2 � := @
: (1c)

are obtained for the electric field intensity e. Equations (1)
have solutions only for certain values ! called eigenfre-
quencies of the electromagnetic oscillations of the res-
onator. These solutions are called eigenmodes.

The eigenvalue problem (1) can be solved analytically
for a few domains, in particular for the case where 
 is a
rectangular box [1]. We conducted our numerical experi-
ments by means of this simple model which allows to com-
pare the numerical results to an absolute reference. More-
over, for separate sector cyclotrons like the 590 MeV ring
cyclotron installed at the Paul Scherrer Institute (PSI) in
Villigen, Switzerland, the gross shape of a cavity is actu-
ally well approximated by a rectangular box.

The variational form of the eigenvalue problem (1) is
given by [1]

Find (�;u) 2 R�W0 such that u 6= 0 and
(curl u; curl v) = �(u;v); 8v 2W0:

(2)

Let L2(
) be the Hilbert space of square-integrable func-
tions over the 3-dimensional domain 
 with inner product
(u;v) =

R


u(x)�v(x) dx and norm kuk0;
 := (u;u)1=2.

In (2), W0 := fv 2W j div v = 0g with

W := fv 2 L2(
)3 j curl v 2 L2(
)3;

div v 2 L2(
) ; n� v = 0 on @
g: (3)

The difficulty with (2) stems from the condition div v =
0 as it is hard to find divergence-free finite elements.
Therefore, ways have been looked for to get around this
divergence-free condition. In this process care has to be
taken in order not to introduce so-called spurious modes,
i.e. eigenmodes that have no physical meaning.

In [1, 2] we considered two approaches free of spuri-
ous modes, a penalty method and a mixed method. The
former was implemented with Lagrange finite elements the
latter with Nédélec elements [9, 11]. In this note we re-
strict ourselves to the penalty method. Results concerning
the Nédélec elements will be reported upon later. From
our earlier experiments we expect them to be less efficient.
In those exeperiments the computing time needed to get a
prescribed accuracy for eigenvalues and vectors was about
an order of magnitude smaller with the penalty method than
with the mixed method. In the penalty method approach (2)
is replaced by [14, 16]

For s > 0, find (�;u) 2 R�W , u 6= 0, such that
(curl u; curl v) + s (div u; divv) = �(u;v);

holds for all v 2W;

(4)

In (4), s is a positive, usually small parameter. The eigen-
modes u(x) corresponding to eigenvalues � < �1s are

eigenmodes of (2). �1 is the smallest eigenvalue of the
negative Laplace operator �� on 
. Therefore, s has to
be chosen such that �1s is above the largest eigenvalue we
want to compute.

3 FINITE ELEMENT FORMULATION

We triangulate the open, bounded domain 
 � R
3 with

polyhedral boundary � by tetrahedrons 

e
. We approxi-

mate W by the well known Lagrange (or node-based) finite
elements spaces [9],

W
(k)

h
:=
�
v 2W j vj
e

2 (P
k
(


e
))3
	
; (5)

where P
k
(


e
) is the space of polynomials in 


e
of degree

� k. In our numerical experiments [2] we found that trial
spaces made up of piecewise quadratic (k=2) polynomials
are superior to trial spaces made up of piecewise linear (k=
1) with respect to computing cost relative to accuracy. We
will therefore restrict ourselves to W

(2)

h

equipped with a
hierarchical basis [6, 23],

W
(2)

h
=W

(1)

h
� V

(2)

h
: (6)

The piecewise linear polynomials in W (1)

h

are determined
by their values in the four vertices of the tetrahedron. The
piecewise quadratic polynomials in V (2)

h

are determined by
the function values in the midpoints of the six edges.

Using W
(2)

h
in the Rayleigh-Ritz method for discretiz-

ing (4) gives the finite dimensional problem

For s > 0, find (�
h
; e

h
) 2 R�W

(2)

h

, e
h
6= 0, s.t.

(curl e
h
; curl 	

h
) + s (div e

h
; div	

h
) = �(e;	)

holds for all 	
h
2W

(2)

h

:

(7)

Let f�
i
g
n

i=1 be a basis of W (2)

h

and e
h
=
P

n

i=1�i
�
i
.

Then (7) becomes the matrix eigenvalue problem

Ax = �Mx; x = (�1; : : : ; �n); (8)

where the elements of A and M are given by

a
i;j

= (curl �
i
; curl �

j
) + s (div �

i
; div�

j
);

m
i;j

= (�
i
;�

j
):

For positive s, both A and M are symmetric positive def-
inite n-by-n matrices. If the basis functions are chosen
properly, then A and M are sparse.

Let us consider a rectangular box that is divided into
m1 �m2 �m3 boxes each of which is in turn subdivided
into six tetrahedrons. Then dimW

(2)

h

� 24m1m2m3: The
matrices M and A have up to 65 and 134 nonzero elements
per row, respectively. Notice that dimW

(1)

h

� 3m1m2m3.

We will use W (1)

h

in our ‘coarse grid’ correction in the hi-
erarchical preconditioner of section 5.



4 THE IMPLICITLY RESTARTED LANCZOS
ALGORITHM (IRL)

For computing a few, say p, eigenvalues of a sparse matrix
eigenvalue problem

Ax = �Mx; A = AT

� 0; M =MT > 0; (9)

closest to a number � it is advisable to make a shift-and-
invert spectral transformation with a shift � close to � and
solve [12, 17]

Cx := (A� �M )�1Mx = �x; � =
1

�� �
: (10)

instead of (9). C = (A � �M )�1M is M -symmetric, i.e.,
it is symmetric with respect to the inner product xTMy.
The spectral transformation leaves the eigenvectors un-
changed. The eigenvalues of (9) close to the shift become
the largest absolute of (10). In addition they are relatively
well-separated which improves the speed of convergence
of Krylov-type subspace methods [20]. The cost of the im-
proved convergence rate is the necessity to solve a linear
system of equations involvingA � �M .

In [1, 2] we compared four algorithms for computing a
few of the smallest eigenvalues of (10): (i) subspace it-
eration [20], (ii) the block Lanczos algorithm [12], (iii)
the implicitly restarted Lanczos algorithm [22, 8], and (iv)
the Jacobi-Davidson algorithm [21, 10]. Subspace itera-
tion was not competitive because of its low convergence
rate. The block Lanczos algorithm was performing best
for problems of limited size. However, the memory space
available was not sufficient for solving our largest prob-
lems. The eigensolvers that were able to handle all prob-
lem sizes were the implicitly restarted Lanczos algorithm
and the Jacobi-Davidson algorithm. The former was in our
experiments slightly faster than Jacobi-Davidson by about
10-20%. We therefore only consider IRL in this study. We
used the Fortran subroutines from the publicly available
ARPACK [15].

To overcome the limitation of the Lanczos algorithm
with respect to memory consumption, Sorensen proposed
an elegant way to restart the iteration process [22, 8].
(These ideas apply to the Arnoldi algorithm for non-
symmetric eigenvalue problems as well.)

The Lanczos iteration process (here with the shift-and-
invert approach)

q
j+1�j+1 = r

j+1 = Cq
j
� q

j
�
j
� q

j�1�j ;

q
T

i
Mq

j
= �

ij
; �

j
= q

T

j
M (A� �M )�1Mq

j
;

(11)

is executed until j = p+k, where k is some positive integer.
Often k = p is chosen. Then, the Lanczos relation

CV
p+k = V

p+kTp+k + r
p+k+1eT

p+k (12)

holds where V
p+k = [q1; : : : ;qp+k] and T

p+k is a sym-
metric tridiagonal matrix. Now, k sweeps of the QR al-
gorithm [20] with shifts �1; : : : ; �k are applied to T

p+k to

obtain T̂ = Q̂TT
p+kQ̂where Q̂ contains the cumulated ro-

tations of the QR sweeps. Multiplication of (12) by Q̂ from
the right and considering only the first p columns yields a
new Lanczos relation

CV̂
p
= V̂

p
T̂
p
+ r̂

p+1eT
p
; (13)

with which the computations are continued. In (13), V̂
p

are the first p columns of V
p+kQ̂, T̂

p
is the p� p principal

submatrix of T̂ = Q̂TT
p+kQ̂ and r̂

p+1 is the p-th column
of r

p+k+1eT
p+kQ̂. In ARPACK, the shifts �1; : : : ; �k are

chosen as the k eigenvalues of T̂
p+k furthest away from the

desired target value � . Then, the eigenvalues of T̂
p

are the
p eigenvalues of T

p+k closest to the target value.
Besides the storage for the matrices A and M , the mem-

ory requirements of the IRL algorithm are essentially the
space needed to store q

j
and Mq

j
, j = 1; : : : ; p+ k, i.e.,

2n(p+ k) floating point numbers.

5 TWO-LEVEL HIERARCHICAL BASIS
PRECONDITIONERS

With ARPACK it is possible to use any algorithm to solve
the indefinite system of equations (A��M )x = y = Mq

j

in (11). We chose the iterative solver SYMMLQ of Paige
and Saunders [19], a variant of the conjugate gradients
method designed to handle symmetric indefinite systems
of equations that we have to expect if the shift � is in-
side the spectrum of A relative to M . Preconditioners for
SYMMLQ have to be positive definite.

The accuracy to which the linear system in (11) is
solved has to be at least as high as the desired accuracy
in the eigenvalue calculation in order that the coefficients
of the Lanczos three term recurrence are sufficiently ac-
curate [15]. In our experiments, when we computed the
transformed eigenvalues to an accuracy of about ", we set
the convergence tolerance for the system solver to "=100.

In [2] we experimented with ILU and SSOR precondi-
tioners. In general, they reduced the number of iteration
steps. But taking the execution times into account we ob-
tained the best results with diagonal preconditioning. In [4]
we study hierarchical basis preconditioners as discussed by
Bank [6] and Brenner [7] for box-shaped cavities. Hierar-
chical basis preconditioners are most natural if finite ele-
ments of higher orders are employed. Let us assume that
the basis elements f�

i
g
n

i=1 of W (2)

h

are arranged accord-
ing to the direct sum decomposition (6). Then the equation
(A � �M )x = y can be written in the form�

A11��M11 A12��M12

A21��M21 A22��M22

��
x1

x2

�
=

�
y1

y2

�
(14)

where the order of the (1; 1) block is n1 = dimW
(1)

h

. Let

D :=

�
A11��M11 0

0 A22��M22

�
;

L :=

�
0 0

A21��M21 0

�
:

(15)



n n1 t
C

diagonal BJ-pj1 BJ-pj2 BJ-pgs1 BJ-pgs2
[msec] t[sec] �n

it
t[sec] �n

it
t[sec] �n

it
t[sec] �n

it
t[sec] �n

it

17571 2019 14.1 286 187 232 89 272 65 317 64 453 62
29211 3387 27.8 515 189 348 74 447 61 530 60 740 59
39899 4625 45.5 788 194 506 71 612 59 731 58 1051 57
56715 6609 71.0 1188 202 755 71 915 58 1075 56 1527 55
71155 8287 90.0 1627 212 983 72 1112 57 1338 56 1862 55
93147 10887 128.0 2264 228 1374 75 1502 57 1744 55 2486 54

n n1 t
C

BGS-pj1 BGS-pj2 BGS-pgs1 BGS-pgs2
[msec] t[sec] �n

it
t[sec] �n

it
t[sec] �n

it
t[sec] �n

it

17571 2019 14.1 355 70 279 42 274 36 330 33
29211 3387 27.8 496 56 420 35 462 34 558 31
39899 4625 45.5 710 55 570 34 640 33 787 30
56715 6609 71.0 1084 55 871 34 927 32 1121 29
71155 8287 90.0 1441 57 1100 35 1127 31 1384 29
93147 10887 128.0 1978 59 1497 36 1487 31 1778 28

Table 1: Execution times in seconds and average iteration numbers of outer iteration for various preconditioners. BS
(Block Jacobi) and BGS (Block Gauss-Seidel) denote the outer iteration method. pjm (Point Jacobi) and pgsm (Point
Gauss-Seidel) denote the m-step interior iteration method.

PreconditioningA��M withD or with (D+L)D1(D+
LT ), respectively, amounts to applying a block Jacobi or
symmetric block Gauss-Seidel iteration to (14) [6]. We
however do not properly apply these block precondition-
ers. We do solve systems involving D11 = A11��M11

directly with a multifrontal method [5] as the order of D11

is only n1 = dimW
(1)

h

� n=8. The much larger systems
involving D22 = A22��M22 are solved by m steps of
a stationary iteration called a smoother, in our case either
damped Jacobi or symmetric Gauss-Seidel (i.e. SSOR with
! = 1). The damping factor in the Jacobi iteration was
chosen to be 2=3. Notice that with the Conrad-Wallach
trick [18] m steps of symmetric Gauss-Seidel cost only as
much as m+1 steps of the ordinary Gauss-Seidel iteration.

6 NUMERICAL EXPERIMENTS

We computed the 10 smallest eigenvalues of the eigenvalue
problem (7) with a domain closely approximating the shape
of the new cavity for the 590 MeV ring cyclotron at the Paul
Scherrer Institute, cf. Fig. 1. We computed the eigenvalues
to a relative accuracy " = 10�8. In (10) we chose the spec-
tral shift such thatA��M is positive definite. The penalty
parameter in (4) was set to s = 1:5. The computational re-
sults have been obtained on one processor of the PA-8000
processor-based HP Exemplar X-class system (180 MHz
cycle, 720 MFlop/s peak) at ETH Zurich. We used the
multiprocessor computer for its large memory. Results on
a parallel implementation of the code are reported in [3].

In Tab. 1 we present timings for six problem sizes rang-
ing from n = dimW

(2)

h

= 17571 up to n = 93147. n1
denotes the dimension of the ‘coarse space’ W(1)

h

. t is
the overall time to solve a problem; the time for the con-

struction of the matrices is not included. In each iteration
of the (restarted) Lanczos algorithm a system of equations
has to be solved. All the eigenvalue problems listed in
Tab. 1 required 44 steps in the IRL algorithm, i.e. 44 calls
to SYMMLQ. SYMMLQ in turn needed in the average �n

it

iterations until convergence which means that �n
it
+3 linear

systems of equations have been solved with the precondi-
tioner [19]. The column in Tab. 1 labelled by t

C
shows

the times for solving a system with the matrix D11 in (15).
Therefore, the time consumed by all coarse grid corrections
is about 44(�n

it
+ 3)t

C
. This is 25-32% with BJ-pj1 and 9-

13% with BGS-pgs1. The percentage increases with the
problem size.

Diagonal preconditioning is satisfactory only for prob-
lem sizes smaller than those given in Tab. 1, cf. [4]. As the
number of iteration steps increases with the problem size
the performance of diagonal preconditioning deteriorates
with increasing n.

As predicted by the theory, the iteration counts of the
two-level methods are hardly affected by the problem size.
In all problem sizes we observe that increasing the number
m of smoothing steps lowers �n

it
however not to the extent

that the additional computing time is outweighed. In our
examples, block Jacobi smoothed by one step of damped
point Jacobi (BJ-pj1) performed best in all problem sizes.
This may be surprising as this combination gave the high-
est average iteration count of all two-level methods. How-
ever, as we start the inner iteration with the zero vector,
with Jacobi, the first smoothing step is just a multiplica-
tion of a diagonal matrix with a vector. Further steps of
the Jacobi smoother as well as all steps of the Gauss-Seidel
smoother require the access of two sparse triangular ma-
trices, an operation which has a low flop count per mem-
ory access and thus performs at a low Mflop/s rate. There-



fore, the timings obtained with 2-step Jacobi and in partic-
ular with the Gauss-Seidel smoothers are higher than with
BJ-pj1 although the average iteration count is significantly
lower. If we should succeed in increasing the performance
of the sparse matrix-vector multiplication, block Gauss-
Seidel smoothed with one step of point Gauss-Seidel can
be expected to perform best. Notice that because of the
symmetriy of A � �M the computation of the residuals in
SYMMLQ has a doubled flop count per memory reference.

Our results show that hierarchical preconditioners are
well suited for the systems of equations that have to be
solved in IRL. The number of iteration steps is independent
of the problem size. The experiences made with point Ja-
cobi indicates that a good smoother does not need to access
much of A� �M to be effective. An overlapping Schwarz
smoother with small subdomains may therefore help to fur-
ther improve the convergence rate. The time for the coarse
grid correction could be reduced by moving from the two-
level to a multilevel algorithm. With larger problem sizes
the coarse grid correction may dominate the solution time
and memory consumption of the eigensolver. We there-
fore will in future work investigate more economic ways to
solve the coarse grid problem.
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Improved GdfidL with Generalized Diagonal Fillings and Reduced Memory
and CPU Requirements

W. Bruns�, Technische Universit¨at Berlin, EN-2, Berlin, Germany

Abstract

A new version of the Finite Difference code GdfidL im-
plements generalized diagonal fillings for the discretiza-
tion of the material distribution. The new algorithm allows
more than 72 different types of material filling for each
cell, whereas the common diagonal filling only allows 7
types. With the improved material filling, the discretization
error for realistic geometries is reduced by a factor of ten.
The improved meshing is implemented both in the resonant
solver and the time domain solver. Computed frequencies
for some simple geometries are given to show the reduction
in discretization error. GdfidL’s organisation of the com-
putational volume as a linked list has already reduced the
resource requirements to about the half of other codes. A
new organisation of the linked list reduces the requirements
for time domain computations again by a factor of 0.7.

1 INTRODUCTION

We want to compute electromagnetic fields. We want them
accurate, we don’t want to wait too long for them and we
want to compute them within the memory limits of our
computers. How to do this?

The first part deals with the accuracy. The next parts
introduce a simple scheme to speed up both the FDTD-
algorithm and the curl-curl-operator which is applied to
find eigenfrequencies and fields.

2 ACCURACY

We can distinguish two kinds of error: The error in the ap-
proximation of the differential equation by the difference
equation, and the approximation of the boundary condi-
tions by the discretized material fillings. In order to have
a small total error one has to have both errors at about the
same size. When an (almost) homogeneous mesh is used,
the error in the solution is proportional to the square of the
mesh spacing.!We want to keep the error in the material
filling at about the same size. There is little gained when
the boundary conditions are discretized ”perfectly” (except
the mesh might look better). Near the boundaries, though,
a ”perfect”-mesh will be much better than what I present
here.

How large is the error associated with the approximation
of the differential equation by difference equations? For
example, the error in a discretized rectangular cavity origi-
nates only from the error in the approximation of the fields,
not from the approximation of the boundaries: Figure 1
shows the computed field in such a rectangular geometry

�bruns@tetibm2.ee.TU-Berlin.DE
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Figure 2: Above: Resonatorfield with singularity, Below:
The error in the computed frequency. The error is propor-
tional to�4=3.

and the error in the computed frequency. The frequency er-
ror is of second order, ie. when decreasing the stepsize by a
factor of 10, the error is decreased by a factor of 100. This
is the best possible error with standard Finite Differences.

In contrast to this, when one computes the field in a res-
onator with sharp edges of angle 90 degrees, the error is
only of order 4/3, since the basis functions of the finite dif-
ference approach cannot model the field singularity well.
Figure 2 shows such a geometry and the error in the com-
puted frequency.



2.1 Improved mesh filling

Material-fillings are boundary conditions for the differen-
tial equations. The simpler finite difference programs ap-
proximate these boundary conditions by using a material
filling where every grid cell is assumed to be homoge-
neously filled with a single material. This is the “staircase”
approximation. A better approximation of the boundary
conditions can be achieved with prismatic cells, as e.g. the
MAFIA [3] group of codes uses them.

The filling with prismatic cells can be generalized. Since
the finite difference coefficients for a field component de-
pend only on the material in the immediate vicinity of the
edge where the component is defined on, one can work eas-
ily with a mesh-filling that is constructed by a boolean com-
bination of prismatic fillings. Figure 3 shows some of the
possible discretized material distributions. A similiar mesh
filling is mentioned in [2]. Figure 4 sketches the procedure
to evaluate the FD-coefficient for some field component.
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Figure 3: Some examples of the possible inhomogeneous
fillings of a cell. Upper left: a prism. lower left: Inter-
section of two prisms. Upper right: Intersection of three
prisms. lower right: Union of “upper left” and “ lower left” .
The prism in the upper left can be oriented in 2 x 3 different
kinds in a cell, the other three material fillings are possible
in 4 x 3 x 2 different orientations.
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2.2 Examples, Effect of the new meshing

In order to show the effect of the generalized prismatic fill-
ing, figure 5 shows the computed resonance frequency in a
sphere as a function of the mesh-spacing. For comparison,
the results for prismatic filling and the optimal quadratic
behaviour is plotted also. The error with the improved fill-
ing is about as low as the optimal quadratic behaviour. If
the boundary conditions, ie. the materials would have been
discretized perfectly, the result would not be much better.

A more interesting geometry is a reentrant cavity. Fig-
ure 6 shows the computed resonance frequency in such a
geometry as a function of the mesh-spacing. For compari-
son, the results for prismatic filling is plotted also. Here the
frequency error is not of second order. One can blame this
on the small radius of the nose, where the field behaviour is
almost singular. The frequency error is comparable to the
error as shown in figure 2.
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3 FASTER FD-IMPLEMENTATION

In addition to the commonly known FD-optimization that
computes with

R
Hds and

R
Eds instead of H and E [1]

two algorithmic improvements have been found and imple-
mented.

3.1 Single sweep through memory

Normally the H- and E-Update in FDTD-codes are per-
formed as follows:

do
Update all H-components,
Update all H-components,

enddo

The above algorithm in every timestep reads all the E
components to update all H-components, then reads all the
H-components to update all E components. ! In every
timestep, all field-components are touched twice, but with
a long CPU-time distance between.

Careful inspection of the FDTD-update reveals that it is
possible to update the H components of a cell, and imme-
diately after that the E-components can be updated, since
they are no longer needed to update other H-components.
! The second use of the field components will be much
faster on cache-based computers, since the field compo-
nents will already be in the cache. The old E-components
can be overwritten, if the mesh is traversed e.g. in the natu-
ral order. E.g. for lossfree problems it might look like:
REAL, DIMENSION(1:3,0:nx+1,0:ny+1,0:nz+1) :: &

Eds, Hds, dsoEpsA, dsoMueA
DO iz= 1, nz, 1

DO iy= 1, ny, 1
DO ix= 1, nx, 1

Hds(1,ix,iy,iz)= Hds(1,ix,iy,iz) - dt*dsoMueA(1,ix,iy,iz) &
* ( Eds(2,ix ,iy ,iz )-Eds(2,ix ,iy ,iz+1) &

+ Eds(3,ix ,iy ,iz )-Eds(3,ix ,iy+1,iz ) )
Hds(2,ix,iy,iz)= Hds(2,ix,iy,iz) - dt*dsoMueA(2,ix,iy,iz) &

* (-(Eds(1,ix ,iy ,iz )-Eds(1,ix ,iy ,iz+1)) &
+ Eds(3,ix ,iy ,iz )-Eds(3,ix+1,iy ,iz ) )

Hds(3,ix,iy,iz)= Hds(3,ix,iy,iz) - dt*dsoMueA(3,ix,iy,iz) &
* ( Eds(1,ix ,iy ,iz )-Eds(1,ix ,iy+1,iz )&

-(Eds(2,ix ,iy ,iz )-Eds(2,ix+1,iy ,iz )))
!!
!! Now we can update the Eds-components of the cell since
!! they are no longer needed for the remaining H-updates.
!! All used H-components have already been updated:
!!
Eds(1,ix,iy,iz)= Eds(1,ix,iy,iz) + dt*dsoEpsA(1,ix,iy,iz) &

* (-(Hds(2,ix ,iy ,iz ) - Hds(2,ix ,iy ,iz-1)) &
+ Hds(3,ix ,iy ,iz ) - Hds(3,ix ,iy-1,iz ) )

Eds(2,ix,iy,iz)= Eds(2,ix,iy,iz) + dt*dsoEpsA(2,ix,iy,iz) &
* ( Hds(1,ix ,iy ,iz ) - Hds(1,ix ,iy ,iz-1) &

-(Hds(3,ix ,iy ,iz ) - Hds(3,ix-1,iy ,iz )))
Eds(3,ix,iy,iz)= Eds(3,ix,iy,iz) + dt*dsoEpsA(3,ix,iy,iz) &

* (-(Hds(1,ix ,iy ,iz ) - Hds(1,ix ,iy-1,iz )) &
+ Hds(2,ix ,iy ,iz ) - Hds(2,ix-1,iy ,iz ) )

ENDDO
ENDDO

ENDDO
A similiar optimization can be applied in the discretized
curl-curl operator that is used for eigenvalue computation.
These optimizations save about 30 % CPU-time on typical
desktop computers.



3.2 Better grid representation

The Finite Difference algorithm can be easily implemented
as a computer code if one represents the fields as 4-D ar-
rays. An example how simple the FDTD-update procedure
might look was shown in the previous section. This ap-
proach has the disadvantage that memory (and CPU) is also
used for cells that are totally inside perfect electric or mag-
netic materials. For many realistic geometries, the volume
occupied by electric material is half of the total discretized
volume or more.

One wants to use some scheme to only deal with the cells
that really have a nonzero field.

One possible scheme could be the use of linked lists,
where every field carrying cell carries the information
about its neighbours. This needs 6 indices per field cell
in addition to the 12 floating point words for the field com-
ponents and their coefficients. This approach was used in
the former ”GdfidL” [4] [5].

The improved ”GdfidL” has a grid organization that
needs only a single index per cell, but also does not
compute and store field components of cells that are totally
surrounded by perfect electric or magnetic materials. The
fields itself are stored in 2D-arrays, where the second
index is the number of the cell. An INTEGER array
”NrofCell” is used to extract the topology information.
The FDTD-update with the single index per cell might
look like:
REAL,DIMENSION(1:3,0:*) :: &

Eds, Hds, dsoEpsA, dsoMueA
INTEGER, DIMENSION(0:nx+1,0:ny+1,0:nz+1) :: &

NrofCell
DO iz= 1, nz, 1

DO iy= 1, ny, 1
DO ix= 1, nx, 1

i= NrofCell(ix,iy,iz)
IF (i .LT. 1) CYCLE !! skip when no field possible
!!
!! indices of neighbour cells in positive directions
!!

ipx= NrofCell(ix+1,iy ,iz )
ipy= NrofCell(ix ,iy+1,iz )
ipz= NrofCell(ix ,iy ,iz+1)

Hds(1,i)= Hds(1,i) - dt*dsoMueA(1,i) &
* ( Eds(2,i)-Eds(2,ipz) + Eds(3,i)-Eds(3,ipy) )

Hds(2,i)= Hds(2,i) - dt*dsoMueA(2,l) &
* (-(Eds(1,i)-Eds(1,ipz)) + Eds(3,i)-Eds(3,ipx) )

Hds(3,i)= Hds(3,i) - dt*dsoMueA(3,i) &
* ( Eds(1,i)-Eds(1,ipy) -(Eds(2,i)-Eds(2,ipx)))

!!
!! indices of neighbour cells in negative directions
!!
imx= NrofCell(ix-1,iy ,iz )
imy= NrofCell(ix ,iy-1,iz )
imz= NrofCell(ix ,iy ,iz-1)
Eds(1,i)= Eds(1,i) + dt*dsoEpsA(1,i) &

* (-(Hds(2,i) - Hds(2,imz)) + Hds(3,i) - Hds(3,imy) )

Eds(2,i)= Eds(2,i) + dt*dsoEpsA(2,l) &
* ( Hds(1,i) - Hds(1,imz) -(Hds(3,i) - Hds(3,imx)))

Eds(3,i)= Eds(3,i) + dt*dsoEpsA(3,i) &
* (-(Hds(1,i) - Hds(1,imy)) + Hds(2,i) - Hds(2,imx) )

ENDDO
ENDDO

ENDDO

4 CONCLUSION

An improved mesh filling has been implemented that re-
duces the frequency error by a factor of ten as compared to
a prismatic filling. The frequency error from the boundary
approximation is now in the range of the error due to the
discretization of the differential equation itself. The time
consuming field updates have been further optimized for
modern cache based computers, giving a speed improve-
ment of about 30% over the former GdfidL. The actual
GdfidL is now typically 10 times as fast as a conventional
FD-program. The memory consumption of GdfidL has
been reduced again by a factor of 0.7. The memory con-
sumption is typically only a quarter of that of conventional
FD programs.
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SELF-CONSISTENT MODEL
FOR THE BEAMS IN ACCELERATORS

A. Novokhatski and T. Weiland
TU Darmstadt, TEMF, Schlossgartenstr. 8, D-64289 Darmstadt, Germany�

Abstract

It is proposed to use Ensembles of particles instead of
”macro” particles for modeling the beams in accelerators.
Each Ensemble describes the dynamics of the real bunch in
the 6 dimensional phase space, taking into account all cou-
pling effects, coming from the relativistic relation between
momentum projections and energy. Ensemble parameters
include average coordinate and momentum, bunch sizes,
momentum spread and all second order correlation param-
eters of the bunch in the phase space. Self-consistent equa-
tions for the Ensemble parameters are derived from Vlasov
equation. Examples of application of this model for the
TESLA Linear Collider are presented.

1 INTRODUCTION

Usually for the beam dynamics calculations, the beam is
described by a set of ”macro” particles. ”Macro” particle
is an ensemble of particles for the bunch field calculation.
However for the trajectory calculation, ”macro” particle be-
comes a single particle. The motion of the particles inside
”macro” particle is not considered. Therefore, for the emit-
tance calculations of the beam with non zero energy spread,
relatively large number of ’macro” particles is needed.

2 PHASE DISTRIBUTION FUNCTION

There is another possibility to describe the beam by the
phase distribution functionf of particle density in the
phase space of coordinates and momentum:(�!r ;�!p )

f = f(t; x; y; z; px; py; pz)

Z
f(t;�!r ;�!p )d�!r d�!p = 1

Normalized momentum (�!p ) and energy () are used

�!p =

�!
P

mc
 =

E

mc2
=
p
1 +�!p � �!p

Phase distribution functionf satisfies the Vlasov equation

d

dt
f =

@f

@t
+
���!
gradr(f) �

�!p


c+

���!
gradp(f) �

�!
F

mc
= 0

The examples of of the distribution function on the two
dimensional phase plane ( Energy- Coordinate), as the so-
lution of Vlasov equation with noise and radiation damping
(Fokker-Plank equation) are shown on the Fig.1 and Fig.2.
Results of the simulation of the longitudinal instability in
the damping ring are presented.

�Work supported in part by DESY, Hamburg.

Our estimations of the amplitude and frequency of the
surface roughness wake field [1] show that this field can
be responsible for ”saw-tooth” instability in the damping
ring. On the pictures the shape of the distribution function
is shown at the moment, when energy spread and bunch
size get extreme values. Left graphic shows the energy dis-
tribution and right - the particle distribution together with
cavity RF and wake voltage. The distributions of the bunch
with small number of particles are shown by dotted lines.
Upper curves show energy spread and bunch size in time,
measured in the period of synchrotron oscillations.

 I=1400.0 Ksigm= 10.0 Q= 40. Damp.=100. Time =626

Figure 1: The shape of the distribution function at the mo-
ment, when energy spread and bunch size have maximum
value.

 I=1400.0 Ksigm= 10.0 Q= 40. Damp.=100. Time=666.

Figure 2: The shape of the distribution function at the mo-
ment, when energy spread and bunch size have minimum
value.

Unfortunately, the direct numerical solution of the
Vlasov equation in 6 dimensional case needs a great
amount of the computer memory. If, for finite - differ-
ence approximation, we take only 50 mesh points in each



direction, then the total number of mesh points will be
506 = 1:56 1010, that is equal to the number of real parti-
cles in the bunches of Linear Colliders.

3 SELF-CONSISTENT MODEL OF THE BEAM

However, the Vlasov equation can be numerically solved
more easily for the bunch of particles, interacting with lin-
ear forces only. In this case the distribution function is de-
scribed by a small number of parameters, only by the first
and second order moments. Let us define such a bunch as
an ”Ensemble”. If we can have full description of the dy-
namics of an Ensembles, then by a set of Ensembles we
can describe the dynamics of any beam and all kinds of
forces. Nevertheless, even one Ensemble can give a lot of
information about beam dynamics in the Linear Collider.

The self-consistent equations for the Ensemble param-
eters are derived from Vlasov equation. Opposite to the
usual model for the second order moments (nice descrip-
tion can be find in the book of A.Chao[2]), the model of
Ensembles includes longitudinal motion of the particles,
and all corresponding correlation with transverse motion.
Let us define the Ensemble parameters.

3.1 Ensemble Parameters

First order moments
h�i =

R
f(t;�!r ;�!p )�d�!r d�!p

give the Average Position in the Phase Space
hxi hyi hzi hpxi hpyi hpzi

Second order moments
M�� = h��i =

R
f(t;�!r ;�!p )(� � h�i)(� � h�i)d�!r d�!p

give Effective Beam Sizes (squared)
Mxx = �2x = h(x � hxi)2i

Myy = �2y
Mzz = �2

z

Correlated Sizes
Mxy = hxyiavc = h(x� hxi)(y � hyi)i

Mxz = hxziavc
Myz = hyziavc

Correlated Momentum Spread
Mxpx = hxpxiavc = h(x � hxi)(px � hpxi)i

Mypy = hypyiavc
Mzpz = hzpziavc
Mxpy = hxpyiavc
Mypx = hypxiavc
Mxpz = hxpziavc
Mzpx = hzpxiavc
Mypz = hypziavc
Mzpy = hzpyiavc

Uncorrelated Momentum Spread (squared)
Mpxpx = �2

px

Mpypy = �2py
Mpzpz = �2pz

Momentum Correlations
Mpxpy = hpxpyiavc
Mpxpz = hpxpziavc
Mpypz = hpypziavc

3.2 Presentation by a Matrix

At the same time, the second order moments describe the
6 dimensional ellipse in phase space. If we combine the
second order moments in a matrixM0
BBBBBB@

Mxx Mpxx Myx Mpyx Mzx Mpzx

Mxpx Mpxpx Myz Mpypx Mzpx Mpz;px

Mxy Mpxy Myy Mpyy Mzy Mpzy

Mxpy Mpxpy Mypy Mpypy Mzpy Mpzpy

Mxz Mpxz Myz Mpyz Mzz Mpzz

Mxpz Mpxpz Mypz Mpypz Mzpz Mpzpz

1
CCCCCCA

then, the determinant of this matrix will give the volume
(squared) of the ellipse

V 2 = detfMg

As this determinant is invariant for translations and rota-
tion of the ellipse, then the volumeV is the 6 dimensional
normalized emittance of the Ensemble. In the case of un-
coupling motion the matrix takes the form0
BBBBBB@

Mxx Mpxx 0 0 0 0
Mxpx Mpxpx 0 0 0 0
0 0 Myy Mpyy 0 0
0 0 Mypy Mpypy 0 0
0 0 0 0 Mzz Mpzz

0 0 0 0 Mzpz Mpzpz

1
CCCCCCA

Each, non zero2 � 2 matrix, represents the projection of
the emittance on the coordinates planefxpxg, orfypyg, or
fzpzg and its determinant gives squared value of the emit-
tance, like

�x =
q
�x2�px

2
� hxpxiavc

2 =
p
MxxMpxpx � (Mxpx)

2

In this case the full emittance is the multiplication of pro-
jection emittances

V 2 = �2x�
2

y�
2

z

However, when the correlated parameters are excited,
the projection emittances have to be changed. For example,
when we exciteMxpz , the full emittance is the difference
of positive values

V 2 = �2y(�
2

x�
2

z �M2

xpz
�2px�x

2)
So, to keep it invariant, the x- and z- emittance projec-

tions have to be increased.

3.3 Time Equations

Time equations for Ensemble parameters can be derived
from the Vlasov equation under two assumptions:

1) The full emittance is invariant only for the forces, that
satisfy the condition

h� �
���!
gradp

�!
F
mc2

i = 0

for any Ensemble parameter�.
2) The energy spread in the beam is not very large and

the energy can be presented in the following expanded way

1


= 1

m
�

1

3
m

P
n
[hpni(pn � hpni)+

+ 1

2
((pn � hpni)

2
�Mpnpn)]



wherem is the average beam energy

m =

s
1 +
X
n

[hpni2 +Mpnpn ]

Under these conditions the average velocity�!v comtains
additionally the momentum correlations parts

vn = h

pn


i =

hpni

m
�

1

3
m

X
k

hpkiMpnpk

Now we can use average value relation

@

c@t
h�i = h

���!
gradr� �

�!p


i+ h

���!
gradp� �

�!
F

mc2
i

for deriving time equations:

Average Trajectory

@

c@t
hli =

hpli

m
�

1

3
m

X
n

hpniMplpn

@

c@t
hpli = h

Fl

mc2
i

Coordinate Coordinate Relations

@

c@t
Mlk =

1

m
(Mkpl

+Mlpk
)�

�

1

3
m

(hpli
X
n

hpniMkpn + hpki
X
n

hpniMlpn)

Coordinate Momentum Relations

@

c@t
Mlpk

=
1

m
Mplpk

�

1

3
m

hpli
X
n

hpniMpkpn
+

+h(l � hli)
Fk

mc2
i

Momentum Momentum Relations

@

c@t
Mplpk

= h(pl � hpli)
Fk

mc2
i+ h(pk � hpki)

Fl

mc2
i

4 PROPERTIES OF ENSEMBLE

4.1 Fundamental Conservation Laws

We can check the model for realization of the dynamics
laws for average values of the bunch. It is easy to show,
that from presented equations one obtains:

@

c@t
h
�!p i = h

�!
F

mc2
i

@

c@t
hi2 =

@

c@t
2m = 2h�!p �

��!
F

mc2
i

@

c@t

�!
M =

@

c@t
h
�!r ��!p i = h

�!r �

��!
F

mc2
i

So, the model fulfills the fundamental conservation laws
for momentum, energy and angular momentum.

4.2 Emittance Equation

We can also estimate the modification of the full emittance
for the case, when the presented assumptions are not ful-
filled. When we have only longitudinal force and trans-
verse average momentums are zero, the model gives the
following equation for longitudinal emittance

@

c@t
�2z = 2Mzzh(pz�hpzi)

Fz

mc2
i�2Mzpzh(z�hxi)

Fz

mc2
i

When the force is proportional to the momentum
Fz = �mc2pz

the equation takes the following form

@

c@t
�2z � 2��2z = 0

This equation is solved very easily. In agreement with the
sign of�, the full emittance will exponentially increase, or
decrease (friction force) with the time

�z = �0
z
exp(�ct)

and1=� is the effective distance of the effect.
At the same time the transverse emittances are invariant

@

c@t
�2
x
= 0

@

c@t
�2
y
= 0

4.3 Bunch Compression in Free Space

Here we check the modification of the bunch in free space,
when the bunch has negative correlated momentum spread
M0

xpx
< 0, orM0

ypy
< 0, orM0

zpz
< 0

In case, whenhpzi � hpxi

Mxx = M0

xx
+ 2

c�t

m
M0

xpx
+ (

c�t

m
)2M0

pxpx

Mzz =M0

zz
+ 2

c�t

3
m

M0

zpz
+ (

c�t

3
m

)2M0

pzpz

Minimum size of the bunch is determined by the emittance
and uncorrelated momentum spread, as it usually is

min(�2
x
) = M0

xx
�

(M0

xpx
)2

M0
pxpx

=
�2x

M0
pxpx

=
�2x
�2px

5 APPLICATION OF THE MODEL

The derived equations for Ensemble parameters are nonlin-
ear. For some simple cases we can find analytical solution.
However, to use these equations for computer simulations
correct numerical algorithm is needed. We present exam-
ples of analytical and numerical solution.

5.1 Ensemble in an Accelerating Structure

From this model we can have the estimation for the fre-
quency$ of the longitudinal oscillations of a bunch in an
accelerating field. Let the average center of the bunch move
with the speed, equal to the phase velocity of the acceler-
ating wave, having the phase displacement'0. The linear
part of the force is



Fz

mc2
= E + �E(z � hzi)

E =
e

mc2
Eacc cos'0 �E =

e

mc2
Eacc

2�

�
sin'0

For the longitudinal bunch size (squared) the model gives
the equations

@

c@t
Mzz =

2

3m
Mzpz

@

c@t
(3

m

@

c@t
Mzpz) + 4�EMzpz = �EMzz

@3
m

c@t

From which we can estimate$

$=c =

s
�E

3
=

s
2�

�

eEacc

3mc2
sin'0

If the sign of sin'0 is negative, we have ”exponential”
growth of the longitudinal beam size.

5.2 Space Charge Effect

The force, acting on particles, moving together is

�!
F =

e


�

�!p (�!p
�!
R ) +

�!
R

((�!p
�!
R )2 +R2)3=2

Where�!p is the momentum,
�!
R = �!r0 �

�!r is the vector be-
tween coordinates of the particles. To find the space charge
force in the bunch with homogenous charge density, one
have to calculate the force from ”uncompensated” charge
only. This charge ”appears”, when the point of observation
is shifted from the average center (Fig.3). This approach

X

R

α

Figure 3: Effective charged area, that forms the force in the
pointX near the average center.

gives estimation for the space charge force

�!
F =

eQ

2

�!
R

Vg

The force is linear with the distance from the average center
and inversely proportional to geometrical volume

Vg = det

0
@ Mxx Mxy Mxz

Myx Myy Myz

Mzx Mzy Mzz

1
A

This formula and the model give the equations for the
charged bunch in free space. For the transverse beam size
and correlated momentum spread

�x =
p
Mxx �px =

p
Mpxx

we have

@

c@t
Mxx =

2

m
Mxpx � =

r0N

2
m
Vg

@2

c2@t2
Mxpx �

4�

m
Mxpx = 0

For longitudinal beam size and correlated momentum
spread we have the same equation, but with the

�l = �=2
m

The equations give growing in time solutions. Effective
lengthL?

eff
, where the space charge really enlarges the

transverse beam size is

L?
eff

=

r
m

�
=

s
3
m
�x�y�z

r0N

The effective parameter for the longitudinal size ism
larger. However this size does not increase too much, as
the transverse enlargement decrease the charge density very
soon.

5.3 Ensemble in the Homogeneous Magnetic Field

Imagine, that relativistic bunch has initial energy spread�
before injection into the magnetic field. Then the particles
with different energy will have different radiuses of rotation
and therefore different time for one turn, as they are moving
with the speed close to the speed of light

T = hT i


hi

wherehT i andhi are the average period and energy. The
bunch size� is increasing in timet as

� = hRi sin(2�
t

hT i

�

hi
)

wherehRi is the average radius. After the time

T =
hT i

4

hi

�

the bunch takes the circumference of the circle.
Now we use numerical calculations to study this phe-

nomena in the frame of our model. We carry simulations
for the bunch with initial energy spread of�1 %. Compar-
ison of the numerical and analytical results for the bunch
size is given in Fig.4. Results for the bunch momentum
and energy spread are shown on Fig.5. After 25 turns the
center of bunch comes to center of rotation and the beam
size reaches the value of rotation radius. This position is
not stable, but it is repeated with the period of 50 turns. Af-
ter 25 turns average momentum and its projections become
zero, but energy spread reaches maximum value.
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Figure 4: Average transverse coordinate (black) and the
bunch size (red). Yellow line presents the analytical for-
mula.
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Figure 5: Average bunch momentum (black), its projec-
tions (blue and green) and energy spread (red).

5.4 Chicane Bunch Compression

The TESLA bunch compressor consists of four rectangu-
lar dipole magnets, where bunch at first is deflecting in
transverse direction and then is forwarding back. When
the bunch gets the transverse deflection, it also gets corre-
lated moments Mxpz ,Mzpx and Mpxpz , Mxz, that change
the emittance projections. In symmetrical chicane the emit-
tance projections come back to the initial values. If the sec-
ond pair of magnets have another magnetic strength, then
the bunch do not come to the initial transverse position (non
symmetric chicane). The transverse beam size increases
and the transverse emittance grows up. Emittance growth
can be estimated by formula

��2
x
=

X2

2
m

M0

pzpz
M0

pxpx

Where X is the difference of initial and final transverse co-
ordinate. Another effect, that can change the compression
parameters and increase the emittance projections, is the
action of the space charge forces. Results of computer sim-
ulation for the bunch with the charge of 1 nC are presented
on Fig.6 and Fig.7.
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Figure 6: Compression of the 1nC bunch. The dashed lines
show results without consideration of the space charge ef-
fect.

Longitudinal bunch size is compressed from 0.8 mm to
0.22 mm. Bunch volume is changed mainly in the sec-
ond half of the chicane. Space charge effect do not greatly
change the ratio of the longitudinal compression, but in-
crease transverse bunch size. Space charge forces destroy
the symmetry of the compression system. Transverse emit-
tance does not come back to initial value. Emittance in-
crease approximately five times.
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results without consideration of the space charge effect.
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USING SYMBOLIC ALGEBRA FOR THE GENERATION OF ORBIT
SIMULATION CODES FROM HAMILTONIANS

Andreas Adelmann� and Stefan Adam,
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Abstract

As a part of our new research activity aiming at a detailed
understanding of space charge effects in ring cyclotrons
and in the corresponding injection beam lines at the Paul
Scherrer Institute we are currently developing a three di-
mensional space charge simulation code.

The use of the Hamiltonian formalism, in combination
with a symbolic algebra system (MAPLE), enables us to
carry out the entire modelling on a high level. MAPLE
easily handles the elaborate derivatives required to form
the equations of motion and then casts them into FOR-
TRAN. The subsequent embedding of the FORTRAN code
into the MATLAB package is also handled automatically
by the procedures of our framework. MATLAB is well
suited for running small simulations followed by various
post processing activities including graphics.

In order to test this framework, two model cases have
been chosen: the double focusing spectrometer and the mo-
tion of a single particle in a stable charged cloud. The suc-
cessful processing of these and some further small model
problems encourages us to apply this framework to produce
code for the large scale simulation.

The development steps from the Hamiltonian to the
FORTRAN subroutine an the resulting simulations are
shown for two model cases, as well as the general MAPLE
and MATLAB procedures we have developed for this pur-
pose.

Keywords: space charge, symbolic algebra, code gener-
ation, Hamiltonian system

1 HISTORY AND MOTIVATION

The acronym FORTRAN stands for FORmula
TRANslation. The computer language FORTRAN was
originally developed by John Backus in 1954 and first re-
leased 1957 by IBM [1] [2]. FORTRAN was one of the
first high level computer languages in which the program-
mer specifies the task of the computer in terms of human
readable text. This resulted in programs being easier to
read, understand and debug. It also allows the programmer
to concentrate on the actual problem, rather than getting di-
verted into details of the underlying computer architecture.
If we look more closely however, the formulas written in
the natural language of mathematicians and physicist still
have to be translated into an artificial language understood
by the computer. This need for an additional transforma-

tion step is present for all other programming languages.
For a long time this has been a major motivation in the
search for a direct way to translate a mathematical descrip-
tion into computer code [6] [8]. The advent of symbolic
algebra systems opened the option of entering problems
in the mathematical language. With the option to auto-
matically generate code from formulas the two diverging
languages approached each other.

We extend that further, towards a automated generation
of a small scale orbit simulation starting from the Hamilto-
nian. The benefits of this are:

1. Time efficient generation of orbit simulation code

2. Quality of the resulting code with respect to correct-
ness

3. Test of the physical and mathematical model, based
on analytically solvable examples

2 SYMBOLIC MANIPULATION

2.1 Problem Frame

Following the definition of a computer experiment [10], we
introduce two categories: 1. Large Scale Simulation and
2. Small Scale Simulation. The large simulation will meet
our scope to simulate the space charge effects of huge a
number of particles in a complicated accelerator structure.
Given the complexity of the large problem, a successive ap-
proach using several small steps is appropriate. Figure 2.1
shows how the two categories interact. After a few itera-
tions of the loop, comprising the Small Scale Simulation,
the mathematical model is expected to be sufficiently val-
idated to justify the use of the corresponding code in the
large scale simulation (see is used by in Figure 2.1).

Physical Problem

Mathematical
Model

Simulation

is used by

loop

Simulation
Small Scale

Large Scale

Fig. 2.1 The Frame of Discussion
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The description of the problem starts with its Hamilto-
nian

H(q;p; t) (1)

from where we can get the corresponding Hamiltonian
equations

dqi

dt
=

@H

@pi
; i = 1 : : : 3 (2)

dpi

dt
= �

@H

@qi
; i = 1 : : : 3 (3)

which then lead to the equations of motions.

2.2 Modelling Stages for Orbit Simulations

We are interested in the trajectories of particles guided by
various forces, such as: external forces, collective forces
(space charge), etc.

H(q;p; t) = HExternalForces +HSpaceCharge (4)

The effect of a guiding magnetic field on charged parti-
cles is best expressed with the vector potential:

A(q; t): (5)

In the sequel we neglect space charge (HSpaceCharge =
0) and define the unified notation:

y = (q;p)T: (6)

With this, the equation of motion form a system of first
order differential equations,

dy

dt
= F (y; t) = (

@H

@pi
;�

@H

@qi
)T (7)

which we finally have to solve.

3 THE SIMULATION SHELL

Assume one has (7), out of a symbolic algebra system. To
move on and build a small scale simulation, one might con-
sider three alternatives:

1. remain in the symbolic algebra system to solve (7) [7]

2. automatic transfer of (7) into a programming language
and coding the simulation (see Figure 2.1).

3. transfer of (7) into a programming language and
joining this code to a numerical simulation pack-
age.

To achieve our goal of validating the mathematical and
physical model with minimal programming effort (in the
sense of 3rd generation programming languages), we fol-
low the third alternative.

We have chosen the MAPLE package [5] for all sym-
bolic manipulations, and use the extended capabilities of
MACROFORT [9] for code generation and apply MAT-
LAB [11] for the numerical part.

As a starting point we have to build symbolic expres-
sion for the Hamiltonian (4). With symbolic differentia-
tion, MAPLE can evaluate the equation (7) for the given
Hamiltonian. The resulting expressions are automatically
translated into FORTRAN subroutines.

In order to use external Fortran subroutines within the
MATLAB environment, we have to build an intermediate
glue layer, the so-called MEX-Interface [11]. The Mex-
Interface uses a gateway subroutine in addition to the orig-
inal external function (see Figure 3).

This glue layer itself is fully defined by the signature of
the external function, denoted as F and A in our example
shown in figure 3.

With this procedure, we generate functions which rep-
resent F in (7) and (A) from (5). Those can then act like
MATLAB built-in functions.

The MATLAB environment allows to solve (7) numer-
ically using built-in, or external solvers for the system of
ordinary differential equations (ODE’s), as the problem re-
quires.

A.mex

Agateway.for

F.mex

...

...

...

Matlab

ODE solver
extern

A.forF.for

Fgateway.for

Fig. 3 The Simulation Shell

4 EXAMPLES

Two examples will be used to show in detail the steps from
the abstract formulation towards a running small scale sim-
ulation.



4.1 The double focusing Spectrometer

The mathematical formulation translates one to one into
MAPLE syntax, as can be seen below.

The Hamiltonian for a particle in an external magnetic
field is given by Barut [3]:

H = c �
q
(p� e0A(q; t))2 +m2

0
c2 (8)

where A is the vector potential. The case in considera-
tion does not contain electrostatic fields, therefore we omit
those terms.

To obtain the characteristics of the double focusing spec-
trometer [13], a rotationally symmetric, radially decreasing
field has to be chosen, with a radial component of:

Br = B �Rn and R =
p
(q12 + q22); (9)

where the field index n amounts to 0:5. This field has the
corresponding vector potential with the azimuthal compo-
nent A� that can be obtained by algebraic manipulation:

A� = �
1

R
�
Z

R � Br �RnField � dR+
q2
3

2
�
@

@R
(Br � RField )

(10)

4.1.1 Symbolic Algebra Part

Assuming the expressions for (10) with n as parameter are
stored as elements of the matrix A, the Hamiltonian can be
written in the MAPLE algebra system as follows:

H:= c*( (p[1,1]-e0*A[1,1])ˆ2 +
(p[1,2]-e0*A[1,2])ˆ2 +
(p[1,3]-e0*A[1,3])ˆ2 +

m0ˆ2*cˆ2 )ˆ(1/2):

This corresponds to the definition of the Hamiltonian (4)
where space charge is neglected.

To obtain the equations of motion (7), a set of derivatives
has to be formed, entering the MAPLE commands:

for i to DIM do
d_eqs[i]:= diff(H,Y[eval(i+DIM)]):
d_eqs[eval(i+DIM)]:= diff(-H,Y[i]):
od:

The parameter DIM defines the dimension of the system to
be studied.

The generic code generation procedure gen F, contains
an additional parameter NPART, the number of particles
used in the simulation.

gen_F : proc(DIM,NPART)
local j,pg;
0 pg:= [];
1 pushe([’declaref’,’doubleprecision’,
2 [T,Y[2*DIM*NPART],YPP[2*DIM*NPART]]],’pg’);
3 pushe([’commonf’,’GLOBAL’,GLOBALLIST],’pg’);
...

5 for j from 1 to 2*DIM do
6 pushe([equalf,YPP(j),d_eqs[j]],’pg’);
od;
...

9 genfor(pg):
end:
genfor(gen_F(DIM,PART)):

Fig. 4.1.1 Fragment of the code generation procedure

In this procedure we make use of functions provided by
the MACROFORT package [9].

With the MACROFORT commands pushe (line 1 - 6)
the list pg is filled with information related to declarations
and statements of the code to be generated. Finally, this in-
formation is translated into the FORTRAN subroutine F.for
upon the command genfor (on line 9). The FORTRAN sub-

routine A.for is obtained in a similar way, therefore the de-
tailed description is omitted here.

4.1.2 The Numerical Part

In the MATLAB environment we do the numerical simula-
tion, which starts by defining initial conditions for position
and momentum of the particle. To calculate these initial



conditions the vector potential function A is used to get the
mechanical momentum from the canonical one.

n = 0.5;

q10 = 0.0;
q20 = 0.5;
...
p0 = 0.0;
...
Ainit = A(q10,q20,q30,n);

p10 = -p0 + Ainit(1);
p20 = 0.0 + Ainit(2);
...
y0 = [q10 q20 q30 p10 p20 p30 ]’;

We then use the Runge Kutta Fehlberg (4th order) integra-
tor from MATLAB to integrate the ODE system.

Note that in these samples of Matlab code the functions
A and F cannot be distinguished from original MATLAB
built-in functions.

[t1,y1]= ode45(’F’,TSPAN,y0,options);

Finally, one can use a variety of graphical and other post
processing functionalities available in MATLAB.

plot3(y1(:,1),y1(:,2),y1(:,3),’g’);

The plot below shows the characteristics of the double fo-
cusing spectrometer: horizontally and vertically diverging
orbits meet at the azimuthal angle

p
2 � � from the start.

Fig. 4.1.2 Particle Trajectories in a Double Focusing
Spectrometer

4.2 Particles in a Space Charge Cloud

As another test case to verify the outlined procedure for au-
tomatically generating orbit simulation code, we consider a

particle moving in a charged cloud. The governing Hamil-
tonian becomes:

H(q;p; t) = H1 +H2 +HSpaceCharge (11)

We then proceed in a way similar to the previous exam-
ple and obtain results, which are in agreement with [4], see
Figure 4.2.

Fig. 4.2 2D Particle Motion inside a Charged Cloud

The generality of the presented scheme, for the auto-
matic generation of orbit simulation code, encouraged us
to extend the case of particle motion in a space charged
cloud to three dimensions.

5 CONCLUSIONS AND FUTURE

We have successfully established a framework for the au-
tomatic generation of orbit simulation code, without using
any 3rd generation programming language.

Starting with the formulation of the Hamiltonian in
mathematical notation, the error prone tasks of forming
derivatives and of coding in FORTRAN are fully handled
by MAPLE. The successive inclusion into the MATLAB
environment is done by automatic generation of the MEX-
Interface. The essential parts of this framework and their
interactions are shown in Figure 5.

Cyclotron A-Field

Hamiltonian Units

MATLAB

MATLAB’s Mex Environment

Units

{ MACROFORT
Symbolic
Manipulation

Cyclotron Simulation Loop

MAPLE

Fig. 5 The Framework of Automatic Codegeneration



This framework is useful for validating physical and
mathematical models, by using well-known existing com-
ponents:

1. MAPLE and MACROFORT

2. MATLAB

3. ODE solvers

Essential software components to be contained in a large
scale simulation can be easily produced and tested within
this framework:

Equations
) SW-Components

) tested SW-Components
We will further use this approach to generate important

code parts for our research project:
The construction of a three dimensional beam simulation
code for high intensity proton beams. This code will allow
us to study the behaviour of space charge dominated beams
at injection into the PSI Injector 2. [12]

We plan the extension of this framework in the following
aspects:

� Simulations based on symplectic maps

� Interface to a parallel computing environment

� Rewrite MACROFORT to handle the programming
language C
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Abstract

An overview of the framework of Unified Accelerator Li-
braries (UAL) is presented. The UAL framework is a nec-
essary and logical step in the UAL evolution. It intends to
offer a standard-based infrastructure that facilitates com-
patible and independent implementation of accelerator ap-
plications and the development of interoperable Accelera-
tor Simulation Facilities. The paper explain the two major
framework components: a uniform mechanism for assem-
bly and reuse of independently developed accelerator al-
gorithms and a uniform infrastructure for optimization and
correction approaches.

1 RATIONALE

Object-oriented class libraries have provided an important
advance in the simulation of accelerator performance but
their effective exploitation will rely on the environment or
“framework” in which they are employed. In compari-
son with class libraries, frameworks offer additional ben-
efits: strong “wired-in” interconnection between classes,
customization mechanisms, and default behavior and archi-
tectural guidance for applications. The strong infrastruc-
ture significantly eases the implementation, management,
and deployment of critical domain solutions, decreases the
amount of standard code that a developer has to program,
test, and debug, and frees the scientist from software de-
sign to apply his or her expertise on project-specific appli-
cations.

The Unified Accelerator Libraries (UAL[1]) have been
designed as an open highly flexible environment built from
diverse loosely-coupled components. This approach has fa-
cilitated the development of new accelerator applications
and the selection of the most effective accelerator physics
algorithms, analysis and design patterns. The accumulated
experience in developing UAL applications, emerging new
component-oriented technologies and enterprise-level dis-
tributed frameworks and systems have enabled the imple-
mentation of the UAL framework, its analysis and design
patterns. The UAL framework is a necessary and logical
step in the UAL evolution. It is simultaneously a prod-
uct of the UAL environment and a tool for the develop-
ment of a UAL-based Accelerator Simulation Facility. The
next sections explain in detail the two major framework
components: a uniform mechanism for assembly and reuse
of independently developed accelerator algorithms and a
uniform infrastructure for optimization and correction ap-
proaches.

Survey

Algorithm

visit(Element&, Probe&) = 0

Probe

transform(Probe&) = 0

* 1

Tracker Mapper

Surveyor

. . .

. . .

XBendMapper

Element

Quadrupole

Bend

XBend

XTarget

XDefaultTracker

XQuadTracker

XBendTracker

XTargetTracker

XDefaultMapper

XQuadMapper

XTargetMapper

XDefaultSurveyor

XDriftSurveyor

XBendSurveyor

Particle

TaylorMap

Figure 1: Structure of the Element-Algorithm-Probe anal-
ysis pattern.

2 UNIFORM MECHANISM FOR ASSEMBLY AND
REUSE OF INDEPENDENTLY DEVELOPED

ALGORITHMS

The main architectural principle of the Unified Accelera-
tor Libraries is a separation of physical entities and mathe-
matical abstractions from algorithms. The diverse accel-
erator algorithms are implemented as classes that share
data via Common Accelerator Objects (Particle, Twiss, El-
ement, and others). This distributed open architecture has
promoted the introduction of the Element-Algorithm-Probe
analysis pattern (see Fig. 1).

According to the Element-Algorithm-Probe analysis pat-
tern, Common Accelerator Objects are divided into two
categories (Element and Probe), and accelerator algorithms
are implemented as separate interchangeable classes 1.
This structure is built after the Strategy design pattern [2]
that lets one vary algorithms independently of their context,
making them easier to switch, understand, and extend. The
Strategy pattern provides many benefits by offering an al-
ternative to subclassing and conditional statements for se-
lecting desired behavior. However, it does not determine
a mechanism for selecting algorithms relevant to the con-
crete element type. There is the Visitor design pattern [2]
that declares the visit operation for each type of the con-
crete element and lets one define a new operation without
affecting class hierarchies. A Visitor gathers related oper-
ations and makes adding new operations easy. However, it
prevents subclassing new element types and freezes exist-
ing element class hierarchies. Despite the simplicity and

1Here we are introducing a (unconventional) view of the particles or
beams as “probing” the accelerator structure.
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Figure 2: Structure of the Mutable Class design pattern.
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Figure 3: Structure of the Mutable Class Type Registry.

power of the Visitor patter, this drawback makes it unac-
ceptable for open scientific applications. To address this
problem we have derived the Mutable Class design pattern
(see Fig. 2).

A Mutable Class is a combination of two design patterns,
a Type Object [3] and a Bridge [2]. A Type Object divides
a class into two parts, a type class and instance class, and
an object’s behavior is delegated to its type. A Bridge de-
couples an abstraction from its implementation so that the
latter can be varied independently. This structure offers an
alternative approach to subclassing and results in a highly
flexible system configurable at run-time. On the other side,
the Mutable Class model is well defined and can be consid-
ered as the physical implementation of the Class structural
element described in the following Unified Modeling Lan-
guage (UML) Semantics[4]:

“A Class defines the data structure of Objects, although
some Classes may be abstract, i.e no Objects can be cre-
ated directly from them. Each Object instantiated from a
Class contains its own set of values corresponding to the
StructureFeatures declared in the full descriptor. Objects
do not contain values corresponding to BehavioralFeatures
or class-scope Attributes; all Objects of a Class share the
definition of the BehavioralFeatures from the Class, and
they all have access to the single value stored for each
class-scope attribute”.

The TypeClass instances can be grouped together in the
uniform collection and be controlled by the separate ob-
ject, a Type Registry (or Finder). Registry services have
been included in many complex design patterns and indus-
trial frameworks. They deal with issues related to querying
operations on managed objects. The Mutable Class Type
Registry extends its functionality by providing the addi-
tional mechanism for dispatching and binding algorithms
with the corresponding TypeClass instances (see Fig. 3):

An AlgorithmRegistry is preferable to a Visitor for open

configurable systems. One can consider it as an alternative
approach to the Acyclic Visitor pattern [3] that intends to
break the dependency cycle of the original Visitor pattern
using multiple inheritance. Inheritance is a static mech-
anism and results in strong coupling between components.
The Mutable Class pattern offers a different approach based
on a powerful dynamic composition technique and dividing
a visiting process into two sequential steps:

1. dispatching and binding algorithms with the Type-
Class instances; (in the UAL framework, it corre-
sponds to binding accelerator algorithms with the
twenty to thirty ElementType instances).

2. performing operations on elements of the complex
structure; (for accelerator applications, the number of
operations is determined by the lattice size and the
number of repetitions and ranges from 500 to infin-
ity.)

Implementation of the UAL framework based on the
Element-Algorithm-Probe analysis pattern and the Muta-
ble Class design pattern will create a universal mechanism
for sharing, mixing, replacing, versioning, and extending
diverse accelerator algorithms and will support the follow-
ing actual applications:

• inclusion of new element types or physical effects (
combined function magnet (FNAL Recycler), superpo-
sition of solenoid and quadrupole fields (CESR), par-
asitic beam-beam effects (LHC, CESR));

• uniform access to accelerator data from diverse al-
gorithms ( conventional tracking, spin, space charge,
etc.);

• optimal single accelerator representation for lattice
design and performance modeling ( optimal combina-
tion of “thick” and “thin” elements).

The proposed structure is intended to facilitate the exten-
sions and maintenance of existing UAL components. For
examples, the TEAPOT algorithms for different element
types are represented by protected class methods and are
selected by the engine according to the set of element at-
tributes. In the Element-Algorithm-Probe framework, the
TEAPOT monolithic engine will be split into an extendible
collection of tracking algorithms. This promotes the (inde-
pendent) development of new algorithms for propagating
different accelerator “probes”, such as Spin, Space Charge,
and others.

3 UNIFORM INFRASTRUCTURE FOR
OPTIMIZATION AND CORRECTION

APPROACHES

The accelerator life cycle has several successive stages: de-
sign, construction, commissioning, and operation. In accel-
erator terminology, optimization procedures correspond to
the early design phase, and correction is associated with



accelerator commissioning and operation. Different appli-
cations of these approaches result in the principle distinc-
tions in their structure and algorithms. Optimization mod-
ules have been implemented as parts of accelerator simu-
lation programs and have access to all kinds of informa-
tion that is unavailable from the real accelerator. Usually,
all data exchanges are hidden inside the simulation code
“input language”. The correction modules depend on the
accelerator environment (hardware, operating system, etc.)
and perform actual compensation procedures based only on
detector measurements. Despite these differences, both ap-
proaches can be described by the same formula: adjust cor-
rection elements in such a way as to minimize the deviation
from required behavior measured in detector elements.The
UAL framework intends to use this formula for building a
uniform infrastructure for optimization and correction ap-
proaches. A single environment for developing simulation
and operational software would significantly facilitate its
implementation, improve the quality and reliability of al-
gorithms, and promote the exchange and integration of di-
verse approaches.

TEAPOT [5] is an operational code that was targeted to
implement a universal operational algorithm [6] based on
the internal accelerator simulator. This approach and these
algorithms were successfully reused in the working pro-
totype of the High Level Control Code for the SSC Low
Energy Booster [7]. However, the constraints of the FOR-
TRAN and C languages in which the original TEAPOT ver-
sions were written, prevented the direct integration of the
TEAPOT libraries with operational control systems. Now,
modern object-oriented technologies promote the modular
structure of accelerator codes. A typical accelerator appli-
cation can be represented by several cooperating compo-
nents (Accelerator Simulator, Control, Interface, etc.) that
communicate via Common Accelerator Objects (Detectors,
Adjusters, etc.) (See Fig. 4). The UAL framework will
provide the services for building these objects and the re-
liable infrastructure and mechanism to support their opera-
tion. In the present C++ version of the TEAPOT program,
all correction algorithms are represented by separate class-
services. Each service has direct access to the lattice ele-
ments and internally selects families of adjusters and detec-
tors. In the new scheme, TEAPOT algorithms will interact
with UAL systems via self-defined external Adjusters and
Detectors instances and will be organized as replaceable
modules of the Control component. This distributed ar-
chitecture of the UAL environment will reflect the general
structure of the accelerator control system and will make
straightforward the development of an off-line Accelerator
Simulation Facility and the conceptual model of an online
Accelerator Simulation Facility (See Fig. 4).
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Abstract

A computer language Java is a possible solution for the
standardization of accelerator software to improve software
productivity and realize common user interface. In this pa-
per, JPP: a particle tracking code written in Java is pre-
sented as an example of Java application for accelerators.
We discuss the advantage and disadvantage of develop-
ing scientific software with Java and investigate the per-
formance of Java code in comparison with C code.

1 INTRODUCTION

In this section, we glance over the trend of software devel-
opment and its application for accelerators and suggest that
Java is a possible solution for the standardization of accel-
erator software, which improves software productivity and
realizes common user interface.

1.1 Software for Accelerators : Development and Utiliza-
tion

Computer software is widely used in accelerator field for
modeling, designing, controlling, data acquisition and so
on. A lot of programming languages and scripts have been
suggested to construct the software. Computer hardware
for these application is also variety from super computers
to personal machines. Even a palm-top PC will be used as
a personal terminal for scientific application in near future.

This variety of software and hardware confuses both pro-
grammers and users. Programmers often spend much time
to translate their software from one platform to another
platform, and users must learn minor difference existing
in software translated from another platform. This is the
reason why we desire the standardization of computer soft-
ware for accelerators.

A programming language Java is a possible solution for
the standardization and has already been utilized widely in
industrial applications, because Java has a lot of fascinat-
ing features, which are architecture-neutral, tightly speci-
fied, robust and secure, and so on [1]. In scientific scene,
however, it has been considered that a computer language
running on an interpreter such as Java is not acceptable due
to its poor performance.

In the present study, we describe a charged particle track-
ing code written in Java to discuss the advantage and dis-
advantage of Java in scientific applications, and investigate
the validity of existing technologies to speed up Java.

� e-mail: hajima@q.t.u-tokyo.ac.jp

2 JAVA FOR NUMERICAL SIMULATIONS

In this section, we discuss the advantage and disadvantage
of Java in scientific applications.

2.1 Advantage

2.1.1 Portable

Portability is the first distinguished feature of Java. Once
we compile Java source code into byte code, the byte code
is architecture-neutral and executable on any machine and
any operating system as far as Java virtual machine (Java-
VM) is available.

The portability is also a matter of concern for a program
developer, because it promises freedom in choice of devel-
oper’s environment. He can write and debug a code ef-
ficiently with his favorite editor on his familiar computer
environment.

2.1.2 Object-Oriented

Java is object-oriented programming language and can be
used to make class libraries for accelerator software, which
have been constructed with C++.

2.1.3 Robust and Secure

Java provides a robust and secure methods to compose a
program. For example of the robustness is that Java has no
pointer data types defined in C and C++. The pointer is
sometimes useful and permits us to make a tricky routine,
but it has potential risk to cause unexpected memory de-
struction. The simple memory management model in Java
releases us from run-time errors caused by abusing of mem-
ory management.

2.1.4 User Interface

Providing a common user interface is helpful for applica-
tion users to learn the usage of new application without
confusion. Java has its own graphical package AWT (Ab-
stract Window Toolkit) to realize common user interface on
different platforms.

2.1.5 Multithreading

We can write multithreaded applications with Java. Mul-
tithreading provides better interactive responsiveness and
real-time behavior in interactive applications. Writing a
multithreaded program is also enable us to scale up the
performance of numerical applications, if the program is
executed on a PC of multi-CPU.



2.2 Disadvantage

2.2.1 Performance

Performance of a program, computing speed, is matter of
utmost concern to discuss the superiority of computer lan-
guage for numerical simulations. It has been considered
that Java has great disadvantage on this point, and is not
acceptable for a numerical simulation. When we execute
a Java program, Java VM interprets Java byte code and
passes it to the CPU, in short words, Java is running on an
interpretor. Interpreting byte code is generally much slower
than executing native code directly. This is the reason why
Java has only poor performance in numerical simulations.

People in Java, however, have made successive effort to
improve the performance of Java and several solutions are
becoming available, which are JIT, native compiler, native
method, HotSpot VM.

3 SPEED-UP OF JAVA

As seen in the last section, improvement of performance,
that is speed-up of calculation, is a key issue to make a
numerical simulation with Java. In this section, we discuss
some technologies improving the performance of Java.

3.1 JIT

The most popular way to speed up Java nowadays is JIT
(Just-In-Time compiler). It is one of standard features
supported by popular Java virtual machines such as JDK,
Netscape Communicator, Internet Explorer. Just-in-time
compiler translates whole of Java byte code into optimized
native code on-the-fly and executes this native code, then
the performance can be improved much better than a clas-
sical Java-VM, an interpreter. Since a JIT-VM reads a Java
byte code and executes it as a classical-VM does, the porta-
bility of byte code is completely satisfied. The start up time
overhead in the translation from byte code into native code
is not a matter in numerical simulations, because calcula-
tion time is generally much longer than the overhead.

3.2 Native Compiler

Another straight way to speed up Java is using a native
compiler, which translates byte code into native code and
saves it as an executable file. One can directly run the exe-
cutable file without Java VM. The code optimization in na-
tive compiler is superior to JIT-VM, because native com-
piler can spend more time for the optimization. The exe-
cutable file is not architecture-neutral and the portability of
Java is lost.

3.3 Native Method

If a specific routine in a Java program spends a large part of
calculation time, we can save calculation time by rewriting
this time consuming routine in C or Fortran and linking it
to Java byte code. This is called as native method. In JDK
(Java Development Kit), native method is implemented as

JNI (Java Native Interface). The portability is lost as well
as native compiler.

3.4 HotSpot VM

A new Java virtual machine named HotSpot is under de-
velopment and released soon by Sun Microsystems [2].
The HotSpot VM includes several advanced technologies:
adaptive optimization, generational garbage collection, hot
spot detection and so on. It has been reported that the per-
formance of HotSpot VM is three times as fast as the cur-
rent JIT VM in JDK for typical benchmark problems [3].

4 DESCRIPTION OF JPP

A charged particle tracking code written in Java has been
developed as an example of Java application for accelera-
tors and the efficiency of existing technologies to speed up
Java has been investigated. In this section, we describe the
outline of the particle tracking code: JPP.

4.1 Class Hierarchy

The class hierarchy in JPP is designed as shown in figure
1. The root class is AccSystem.class which stores global
parameters for calculations such as fundamental RF fre-
quency, the number of active particles, time step for track-
ing. These parameters are kept as private variables to pre-
vent unexpected overwriting of values in the simulation,
but they can be referred from all the subclasses through
public methods which return the value of private variables.

We prepare AccElement.class as a prototype of accel-
erator element and a class for each element such as drift
and bending magnet is defined as a subclass of AccEle-
ment.class. It is easy to define a new subclass for a new
accelerator element.

A routine for space charge calculation is defined in
SpaceCharge.class which has several subclasses for vari-
ous space charge models.

In particle tracking, each particle is treated as an instance
of Particle.class, where variables of motion are stored as
instance variables.

We also define ParticleSorce.class for a particle genera-
tor which initializes particle coordinates in six-dimensional
phase space of motion according to input command. An-
other class, Jpp.class is prepared for the main routine of
particle tracking.

Drift.class

Particle.class Bend.class

AccSystem.class

ParticleSource.class

AccElement.class

. . . . . . . . .

Post5.class

Jpp.class

SpaceCharge.class SpaceChargeR2p.class

SpaceChargeP2p.class

. . . . . . . . . . . . . . . . . . .

Figure 1: Class hierarchy in JPP.



4.2 Instance Methods of Accelerator Elements

All the accelerator elements defined in JPP have three ba-
sic instance methods to describe particle motion in the el-
ement, which are inject(), eject() and advanceParticle().
These methods are defined in AccElement.class and over-
ridden in subclasses at need.

4.2.1 inject()

This method is called when a particle injects into the ele-
ment and performs necessary procedures at the entrance of
element. It checks if an injected particle exists inside the
aperture. When the particle is out of the aperture, it is re-
jected from the active particle list. Some elements requires
another procedure, for example, transverse momentum of
the particle is modified at the entrance of a bending magnet
with the fringe field and the edge focus.

4.2.2 eject()

This method is called when a particle ejects from the el-
ement. The particle coordinates in six-dimensional phase
space at the exit of element is stored in output buffer of the
element. The particle is, then, passed to the next element.
In a bending magnet, the particle momentum is changed
before the coordinates are recorded.

4.2.3 advanceParticle()

This method describes how a particle moves in the element.
Every subclass of accelerator element has its own proce-
dure for this method, because it is an intrinsic method char-
acterizing the element.

4.3 Space Charge Calculation

Several subclasses are prepared for space charge calcu-
lation. Three different space charge models are imple-
mented in JPP, which are ring-charge model known as
SCHEFF in PARMELA [5], point-charge model [6] and
line-charge model [7]. All the models are also available
as native method with JNI (Java Native Interface), where
time-consuming part of space charge routine is written in
C and compiled into native code.

4.4 Input and Output File

JPP reads an input file in PARMELA-like format, where
each line consists of one command keyword and several
parameters following the command. Each command repre-
sents an accelerator element or simulation condition such
as space charge model.

All the calculation results of JPP are recorded in a single
output file, which contains the simulation parameters and
particles coordinates at the exit of each accelerator element
in binary format.

4.5 GUI/CUI Post Processor

A post processor POST5 is provided as a part of JPP to
visualize simulation results and extract characteristic quan-
tity such as beam emittance and envelope from an output
file. The post processor POST5 is written in Java and all the
GUI components are realized by java.awt (Abstract Win-
dow Toolkit), which is the standard API to provide graph-
ical user interfaces in Java programs. Figure 2 shows a
screen shot of POST5.

Character based interface is also available in POST5
with command line options, which is useful for quick
checking of a specific quantity or running successive cal-
culations in a batch job with logging a brief report of sim-
ulation results.

Figure 2: A screen shot of POST5 post processor.

5 EXAMPLES AND BENCHMARKS

Two examples of particle tracking have been made as
benchmarks to check the validity of the simulation code
and to evaluate the performance of Java code in compari-
son with C code.

5.1 Linear Emittance Growth in Simple Drift

Space charge calculation is one of essential routines in a
charged particle tracking code. Calculation of linear emit-
tance growth is a good example to check the accuracy of a
space charge routine. When an electron bunch travels along
simple drift space without external field, growth of trans-
verse emittance occurs due to the self field of space charge.
This emittance growth exists even if the bunch has uniform
radial distribution, that is a hard edge cylinder, because the
bunch has longitudinal discontinuity which causes nonuni-
form radial field depending on the longitudinal position in
the bunch. In case that the electron bunch does not change
its transverse size and the emittance growth mainly arises
from transverse momentum fluctuation due to self field, the
emittance grows linearly with drift length and can be calcu-
lated analytically. The linear growth of normalized trans-



verse emittance for an electron bunch having uniform trans-
verse distribution is given by [4]

�"n =
IpS

4Ia2�2
G(L=a) ; (1)

where Ip is peak current, Ia = 17kA is Alfvén current, S
is drift length and G(L=a) is geometric function and given
by G(L=a) = 0:556 for long Gaussian beam.

The linear emittance growth has been calculated by JPP
with ring-charge model and the following parameters: E =
5:11MeV , Ip = 220A, �z = 7:1cm and r = 1cm. The
obtained emittance growth shows good agreement with an-
alytical solution (fig. 3). Slight deviation of the numerical
solutions from the analytical curve for long drift is consid-
ered as the result of radial expansion which introduces non-
linear effect in emittance growth. The expansion of beam
radius is about 2% after drift of 60cm in this calculation.
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Figure 3: Calculation of linear emittance growth: analytical
solution (solid line) and numerical results (dots).

5.2 Bunch Acceleration

Another example is bunch acceleration in RF cells. JPP
reads RF field data prepared by SUPERFISH and calculates
time varying electromagnetic filed at arbitrary position dur-
ing the cells by interpolating field value at 2-D cylindrical
grid. In this example, short electron bunch, �z = 3:5mm

and r = 2mm is accelerated by 1300MHz 9-cell cavity,
where accelerating RF phase is chosen so that maximum
energy gain is obtained. Figure 4 shows obtained trans-
verse phase plot and energy spectrum after the cells.

5.3 Performance Benchmark

The performance of JPP is compared with another particle
tracking code which has the same numerical procedures as
JPP but written in C. We also investigate how much the
performance of Java program can be improved with JIT and
native method.

In the benchmark, we use a personal computer: Pentium-
Pro 200MHz, 256kByte L2 cache, 128MByte memory,
working on Solaris 2.5.1. Java code is developed and exe-
cuted on JDK–1.1.6 and C code is compiled by “ProCom-
piler C 3.0.1” with full optimization.
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Figure 4: Results of bunch acceleration.

The performance of particle tracking code is measured
by whole elapsed time for each run and three different input
data are tested:

(1) bunch acceleration with ring-charge model
This example contains two heavy numerical routines: the
calculation of space charge and RF field. The parame-
ters are chosen as : the number of particles Np = 1000,
the number of time steps Ns = 1754, the number of 2-D
cylindrical gird mesh for the space charge routine (r; z) =
(10; 30).

(2) simple drift with ring-charge model
In this case almost calculation time is spent by space charge
routine. The parameters are Np = 500, Ns = 3000,
(r; z) = (10; 30).

(3) simple drift with point-charge model
This is similar to the second example, but space charge ef-
fect is calculated from repulsion force between all the pair
of two particles. This point charge model is quite heavy
calculation. The parameters are Np = 500, Ns = 400.

Table 1 shows the result of performance measurement,
where Ta is whole elapsed time in second, Ts is time for
space charge calculation, Tc is time for copying object be-
tween Java and C in native method andR is relative elapsed
time in comparison with C.

The performance of Java with classical interpretor is re-
ally bad and the elapsed time is more than 16 times of
C code in the worst case. It is also confirmed that JIT
improves the performance of Java code greatly and the
elapsed time is reduced to be two or three times of C code.

The performance of Java can be still improved, if time
consuming routine is replaced by native compiled code. In
our benchmark, space charge routine has been replaced by
native method written in C and the performance has been
surely improved as seen in table 1. Native method in JPP



Table 1: The result of performance measurement.

Bunch Acceleration (ring-charge)
Ta Ts Tc R

Java (interpretor) 959 806 – 11.7
Java (JIT) 203 156 – 2.5

Java (JIT + native) 166 119 80 2.0
C 82 50 – 1.0

Simple Drift (ring-charge)
Ta Ts Tc R

Java (interpretor) 1238 1204 – 16.7
Java (JIT) 217 205 – 2.9

Java (JIT + native) 98 86 42 1.3
C 74 70 – 1.0

Simple Drift (point-charge)
Ta Ts Tc R

Java (interpretor) 601 594 – 8.7
Java (JIT) 157 153 – 2.3

Java (JIT + native) 61 58 6 0.88
C 69 68 – 1.0

is implemented by JNI (Java Native Interface) which Sun
Microsystems provides as the standard implementation of
native method.

Although we expected that space charge calculation in
Java with native method is as fast as C code, Java does not
catch up with C in some cases. This is because that native
method introduces another overhead to copy object array
between Java and C. In our calculation with native method,
the array of particle object stored in Java working mem-
ory is transfered into memory for native method one by
one before space charge routine starts and vice versa after
space charge calculation is completed. This procedure may
become a severe overhead, if we use large number of par-
ticles beyond the size of cache. Instead of copying object
array one by one, native method could be implemented in
other ways in which one can refer and rewrite Java working
memory from native method or copy object array at once.
However, JNI prohibits these operation and only permits to
copy object array one by one, because it is the most secure
method which never makes unexpected memory destruc-
tion. Performance of native method is, therefore, deter-
mined by overhead of copying memory and speed-up due
to native code.

Native method contributes to the improvement of perfor-
mance particularly in the third example of our benchmark,
where space charge routine is quite heavy and spends much
more time than the memory copy. It has also been con-
firmed in another study that the more complicated space
charge calculation, noninertial space charge force in cir-
cular motion of electron bunch, can be available with JPP
and native method [8]. In the case of bunch acceleration,
on the contrary, native method saves calculation time little,
because the number of particle is relatively large and RF
field calculation is still conducted by Java byte code.

In conclusion of the benchmark, it is found that JIT sig-

nificantly improves the performance of the particle tracking
code written in Java without loosing the portability, the Java
code, however, still requires calculation time two or three
times as great as optimized C code in typical problems.

6 CONCLUSIONS

A charged particle tracking code has been developed with
Java to investigate possible standardization of accelerator
softwares with Java. It has been confirmed that the particle
tracking code written in Java has several outstanding fea-
tures: it is executable on a lot of different platforms with-
out recompiling, providing unified graphical user interface,
easy to maintain or extend due to sophisticated class hi-
erarchy and robustness. The performance of the particle
tracking code is inferior to optimized C code and it requires
calculation time two or three times as large as C code, even
if we use Java-VM with JIT (Just-In-Time compiler). The
performance, however, will catch up with C code by up-
coming HotSpot VM.
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Abstract

In this paper, an object-oriented design for beam dynam-
ics simulations in accelerators is implemented using For-
tran language. Using module and derived type in F90, we
can emulate object concept in the object-oriented design.
This gives Fortran code a better maintainability, reusability,
and extensibility. The overhead associated with the object-
oriented implementation has only a minor effect on perfor-
mance.

1 INTRODUCTION

Object-oriented design is being widely applied in com-
puter software engineering to implement complex codes
which possess good maintainability, reusability, and exten-
sibility. This technique also enables the encapsulation of
detailed machine specific information, thereby achieving
good portability.

In the parallel computing environment, such efforts
have mostly been directed to the design of object-oriented
frameworks using explicit message passing and C++ [1].
Using such an object-oriented framework reduces the ex-
tent of difficulty of parallel programming based on mes-
sage passing library and also allows good performance to
be achieved. However, in the physics community, e.g.,
the accelerator community, Fortran still remains a popu-
lar language for demanding numerical simulations. Even
here, implementation of object-oriented design can be use-
ful since using F90 with Message Passing Interface (MPI)
in this way encapsulates the detailed communication syntax
and eases the design and implementation of parallel simu-
lations.

In contrast to the message passing paradigm discussed
above, High Performance Fortran (HPF) as a high level
data parallel programming language also has its place in
scientific computation. Its advantages of programming
ease, reasonable performance, and portability between par-
allel and serial machines makes it attractive for use in many
applications [2, 3, 4]. In HPF, inter-processor communica-
tion is handled by the compiler. The programmer generally
only needs to explicitly specify the data distribution on par-
allel processors and parallel loops through directives com-
ments [5]. This makes parallel programming more trans-
parent and allows portability between parallel and serial
machines.

Though not designed with object-orientation in view,
Fortran 90 already contains some features of object-
oriented programming languages with user defined generic
data type, pointer, and modules [6, 7]. These features have
been successfully applied in plasma simulations to build

object-oriented Fortran codes [8]. Since HPF is supposed
to contain all the features of Fortran 90, it is also possible
in theory to emulate object-oriented programming using
the intrinsic module command and derived types in HPF.
Thus, the application of object-oriented design with HPF
can combine the traditional advantages of object-oriented
methods along with the ease of parallel programming that
characterizes HPF.

In this paper: The physical system is described in Sec-
tion 2, object-oriented design is presented in Section 3, par-
allel implementation using F90 with MPI is given in Sec-
tion 4, data parallel implementation with HPF is discussed
in Section 5, numerical results on the SGI/Cray T3E-900
and SGI Origin2000 are presented in Section 6, and the
conclusions summarized in Section 7.

2 PHYSICAL SYSTEM

The physical system for beam dynamics studies consists of
the beam and the accelerating system which in turn con-
tains a number of accelerating, guiding, and focusing ele-
ments. The forces acting on particles are due to externally
applied fields and the inter-particle Coulomb field.

The two-dimensional application we will consider be-
low is a study of the transverse dynamics of an infinitely
long intense beam transporting across various focusing el-
ements along the z-axis. We note that since accelerating,
guiding, and focusing elements are arranged along z, it is
usual practice in accelerator simulations to take z to be the
independent variable rather than the time t. In this case,
the original six dimensional equations reduce to a set of
four dimensional z-dependent equations
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Here, f is the particle distribution function in phase space,
� is the space charge potential, � is the charge density
from the distribution function, a prime superscript denotes
a derivative with respect to z. The above equations is
solved using a particle-based method. Particle simulations
have much lower storage cost (in three spatial dimensions,
N3 vs. N6) and have the crucial advantage of not break-
ing down when phase space structure falls below the grid
resolution.

In the case of a linear focusing system, the Hamiltonian
for single particle dynamics is

H =
1

2m
(p2x + p2y) +Hext +Hself (3)



where m is the mass of the particle, p is the momentum,
Hext is the external field contribution, and Hself is the
space charge contribution. Numerical solution of the par-
ticle equation of motion is easy to obtain using a split-
operator sympletic integration method. First, one breaks up
the above Hamiltonian into two parts, i.e. H = H1 +H2,
where it is assumed that particle motion under either one of
H1 or H2 can be solved for exactly. In that case, a second
order integrator is defined by the map

M(�) =M1(�=2)M2(�)M1(�=2) (4)

where M represents a map to integrate the particle equa-
tion of motion from one state to another state in phase
space, M1 is the map corresponding to H1, M2 is the
map corresponding to H2, and � is the step size [9].

Often, the beam size is much smaller than the inside wall
radius of the accelerator, in which case we may treat the
beam as an isolated system. This results in open bound-
ary conditions for the Poisson equation which can then be
solved by a Fast Fourier Transform (FFT) technique using
a method given by Hockney [10]. While the beam moves
through the accelerator, its cross section varies along the
axis. The computational grid used for solving the Poisson
equation has therefore to be adjusted in size in order to fol-
low the beam with a constant transverse resolution.

3 OBJECT-ORIENTED DESIGN

Object-oriented design is a method of design encompassing
the process of object-oriented decomposition [11]. During
the process of object-oriented design, the complexity of the
system is decomposed into a number of objects which are
instantiated from their corresponding classes. An object, as
defined by Booch, is a tangible entity which exhibits some
well defined behaviors, and a class is a set of objects that
share a common structure and a common behavior. There
are four fundamental elements contained in the concept of
an object-oriented model. These are abstraction, encapsu-
lation, modularity and hierarchy.

Abstraction is a process that extracts the essential com-
mon characteristics of a set of objects that distinguish it
from other sets of objects. It provides an outside view
of an object and defines a conceptual boundary of the ob-
ject. Encapsulation is also called “information hiding.” It
is complementary to abstraction and screens from outside
viewers all inside details of an object that do not contribute
to its essential characteristics. Modularity is a property
used to decompose a system into a set of meaningful, co-
hesive, and loosely coupled modules. Each module con-
sists of a number of classes and objects working together
to model specific aspects of system behavior. Hierarchy es-
tablishes the inter-relationships among classes in an object-
oriented model by ranking or ordering the abstractions. The
two most important relationships of class are inheritance
and aggregation. The inheritance specifies a generaliza-
tion/specialization hierarchy, i.e. “kind of” hierarchy. The

aggregation specifies a containing hierarchy, i.e. “part of”
hierarchy.

In objected-oriented design, after analysis of the (com-
plex) physical system, the system is first decomposed into
simpler physical modules. Next, objects are identified in-
side each module. Then, classes are abstracted from these
objects. Each class has interfaces to communicate with
the outside environment. Then relationships are built up
among different classes and objects. These classes and ob-
jects are implemented in a concrete language representa-
tion. The implemented classes and objects are tested sepa-
rately and then put into the physical module. Each module
is tested separately before it is assembled into the whole
program. Finally, the whole program is tested to meet the
requirements of problem.

Figure 1: The class diagram of the accelerator beam dy-
namics system.

An application of the object-oriented design methodol-
ogy outlined above to beam dynamics studies in accelera-
tors results in the decomposition of the physical system into
five modules. The first module handles the particle infor-
mation consisting of Beam and BeamBC classes. The sec-
ond module handles information regarding quantities de-
fined on the field grid, and contains the FieldQuant and
FieldBC classes. The third module handles the external fo-
cusing and accelerating information containing the Beam-
LineElem base class and its derived classes. The fourth
module handles the computational domain geometry con-
taining Geometry class. The last module provides auxiliary
functions containing InOut and Timer classes. The class
diagram of the object-oriented model for a beam dynamics
study is presented in Fig. 1. In this class diagram, we do
not include the auxiliary classes used in the parallel imple-
mentation using MPI. These classes are implemented using
both F90 with MPI and HPF in our parallel beam dynamics
simulations.

4 PARALLEL IMPLEMENTATION WITH F90
AND MPI

MPI is a standard library of message passing parallel pro-
gramming bound to C and F77 [12]. It provides a direct
access to the physical architecture. The programmer has to
control the data distribution on the processors and commu-



nications among processors when information from more
than one processor is required. This gives it the advan-
tages of flexibility and better performance. However, this
also increases the difficulty of parallel programming. Ap-
plying object-oriented design to parallel message passing
programming helps to encapsulate the details of commu-
nications and data distributions. This enables the user to
manage the applications at a higher level.

To implement the object-oriented design with F90 and
MPI, we add some new classes to the original auxiliary
module to handle explicit communications. These classes
are Pgrid2d, Communication, and Utility. The Pgrid2d
class defines a logical two dimension Cartesian proces-
sor grid. The Communication class contains the pub-
lic functions to handle the major communications used in
the particle-in-cell simulation using MPI. The Utility class
contains three public functions to encapsulate the explicit
communications used in the general purpose function op-
erations, e.g. matrix transpose. With the help of auxil-
iary class module, the particle simulation using beam, field,
beam line element, and geometry modules can be built up
without knowing the details of the communications. In
the following, we give an example of implementing the
F90 to emulate polymorphism in the beam line elements
in our simulation. The polymorphism is done in an object-
oriented language by defining a virtual base class and dif-
ferent derived classes. By assigning the address of a de-
rived class object to a pointer object of base class, the pro-
cedure using a single base object name can select the appro-
priate member function to execute based on the actual class
object referenced in the pointer object. In our beam dy-
namics simulation with F90, we define a base class Beam-
LineEment, and three derived classes for the drift, focus-
ing, and defocusing beam line elements. The scaled down
sketch of these classes are below:

module BeamLineElemclass
use QuadrupoleFclass
use QuadrupoleDclass
use DriftTubeclass
type BeamLineElem

private
type (QuadrupoleF), pointer :: pquadf
type (QuadrupoleD), pointer :: pquadd
type (DriftTube), pointer :: pdrift

end type BeamLineElem
interface assign_BeamLineElem

module procedure assign_quadf,
assign_quadd,assign_drift

end interface
contains
function assign_quadf(pquadf) result(ppquadf)
function assign_quadd(pquadd) result(ppquadd)
function assign_drift(tdrift) result(ppdrift)
subroutine update_BeamLineElem(this,z0,z1)
end module BeamLineElemclass

module DriftTubeclass
integer, private, parameter :: Nparam = 1
type DriftTube

integer :: Nseg
real :: Length

real, dimension(Nparam) :: Param
end type DriftTube

contains
subroutine update_DriftTube(this,z0,z1)

end module DriftTubeclass

Here, only the drift tube class is given for the derived
class since the other two derived classes have a similar
structure to the drift tube class. Since there is no direct sup-
port of inheritance in F90, we define a derived type in the
BeamLineElem base class which contains three pointers to
the derived classes as private data members. An overloaded
function assign BeamLineElem which includes three as-
signment functions is used to initialize the base BeamLi-
neElem class object with different derived class object ad-
dresses. In each assignment function, only one pointer is
initialized and the other two pointers are set to null. In the
public function update BeamLineElem of the base class,
updating operations from derived classes are selected ac-
cording to the different actual object association of point-
ers in the base class data member. The polymorphism is
achieved by calling this subroutine with a constructed base
BeamLineElem object in the application. The data mem-
bers in the derived beam line element class consist of the
number of steps of particle movement inside the beam line,
length, and strength of the beam line element.

5 DATA PARALLEL IMPLEMENTATION WITH
HPF

Data parallel programming using HPF provides a relatively
easy route to parallel programming. Present compilers,
however, are still not fully mature and performance penal-
ties are often encountered.

In principle, using derived type with private data member
in an HPF module containing some public member func-
tions, it is possible to emulate a class in the same way as
F90 does. Unfortunately, most present HPF compilers do
not have adequate support for derived type and dynamically
distributed arrays. For example, the PGHPF compiler does
not support pointer to derived type, deferred array com-
ponent in derived type, and parallel distribution of array
component to processors in derived type [13]. These re-
strictions prevent one from defining a generic derived type
with dynamic array component inside a module. Emulating
object-oriented polymorphism is not possible for the same
reason. Therefore, to implement the object-oriented design
discussed in the Section 3, we have to modify some classes
in our implementation from a generic type to a physical
module which contains some private data members and
public member functions. The public member functions
contained in the physical module provide the behaviors of
the module.

In the previous section, we showed that polymorphism
could be used in the implementation of beam line elements.
However, due to the absence of support for a pointer to
derived type in the PGHPF compiler, we have to include
the choice of different concrete beam line elements in the
BeamlineElem module as separate subroutines. A scaled



down sketch of beam line element module is presented in
the following.

module BeamLineElem_class
integer, private, parameter :: Nparam = 1
type BeamLineElem

private
integer :: Nseg
real :: Length
real, dimension(Nparam) :: Param

end type BeamLineElem
contains
subroutine update_BeamLineElem(this,flag,

z0,z1)
subroutine beamlnDeQuad(this,z0,z1)
subroutine beamlnFoQuad(this,z0,z1)
subroutine beamlndefault(this,z0,z1)

end module BeamLineElem_class

Parallel loop implementation uses the HPF commands
Do Independent and Forall. Forall is used in the case of a
single statement with regular array index access. Do Inde-
pendent is used to fuse several statements into one loop to
take advantage of the spatial and temporal locality of data
in cache. (In the data scattering from grid to particle sub-
routine, we observed that using Do Independent is about a
factor of ten faster than using Forall in the indirect array
index access loop.)

6 NUMERICAL RESULTS

The above object-based Fortran programs were applied to
the study of proton beam transport through a periodic con-
stant focusing, drift, defocusing, drift (FODO) channel.
Here, we report our experience running on the SGI/Cray
T3E-900 and SGI Origin2000.

The problem we tested here consists of 10 FODO peri-
ods. Our simulation used 250; 000 particles with a 128 �
128 field mesh grids. Fig 2 gives the performance of using
the object-based F90 with MPI on the SGI/Cray T3E-900.
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Figure 2: The speedup of the object-based F90/MPI code
as a function of the number PEs on SGI/Cray T3E-900.

We measured the speedup of 5 major subroutines scaled
by the number of processors. These are map1, map2, scat-
tering, depositing and FFT subroutines. The speedup is cal-
culated as the ratio of time measured on one processor to

the time measured on a given number of processors. The
main program speedup reaches about 26 on 64 processors.
The total efficiency (ratio of speedup to number of proces-
sors) here is relatively low due to the heavy communication
costs and small problem size. Checking the performance
of separate subroutines, we see that the FFT subroutine is
the least scalable due to the global nature of the Fourier
transform resulting in communication overhead. On the
other hand, depositing and scattering subroutines show a
superlinear trend which give a speedup close to 100 on 64
processors. This is because, in the F90/MPI code, since
both subroutines are done locally on each processor, the re-
sulting more efficient use of cache may provide superlinear
speedup in the operation of these subroutines. The perfor-
mance of the corresponding HPF code is given in Fig 3.
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Figure 3: The speedup of the object-based HPF code as a
function of the number PEs on SGI/Cray T3E-900.

We see that the main program speedup increases to
32 processors and saturates beyond that. Checking the
speedup on individual subroutines, we find that the grid-
particle scatter subroutine reaches its maximum speedup
on 16 processors due to heavy communication in the in-
direct array index access. This becomes a bottleneck for
the case of a large number of processors. The FFT subrou-
tine reaches its maximum speedup on 32 processors. The
map1 and map2 subroutines scale very well with increas-
ing number of processors. The depositing subroutine does
not scale well due to the communications in particle depo-
sition. Fig 4 gives the speedup performance of the same
code on the SGI Origin2000.

The main program speedup increases to 32 processors
and starts to decrease on 64 processors. The speedups of in-
dividual subroutines map2, and the depositing and scatter-
ing subroutines are superlinear which might be due to local
cache effects. The FFT subroutine gives very poor scalabil-
ity saturating even on 16 processors due to its global nature.
This makes the main program less scalable on the SGI Ori-
gin2000 than on the SGI/Cray T3E-900. To implement the
object-oriented design, we used a number of pointers and
dynamics allocated arrays. This will affect the code perfor-
mance due to loss of compiler optimization comparing with
non-object-oriented code. In Fig 5, we give a comparison
of the time costs of object based codes using both F90/MPI
and HPF with conventional procedure based codes.
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For F90 with MPI code, on small number of processors,
the overhead from object-oriented implementation is about
10 to 20%. This overhead decreases with increasing num-
ber of processors. In the case of HPF, the object based code
seems to over perform the procedure based code on small
number of processors and lose out on a large number of
processors.

7 CONCLUSIONS

In this paper we have discussed implementations of object-
oriented design using Fortran in parallel beam dynam-
ics simulations. As previously stated, implementing the
object-oriented design with F90 and MPI encapsulates the
details of communication in low level auxiliary classes.
This also provides the benefits of better maintainability,
reusability and extensibility of software. For example, a
new beam line element can be easily incorporated into the
BeamLineElem class without affecting the other classes.
Using the concept of object, which is implemented using
HPF modules, gives the code some advantages of object-
oriented programs and also the advantage of ease in parallel
programming. This implementation was based on the cur-
rent status of the PGHPF compiler technology. With further
development of compilers, it is possible that the program-
ming barriers we encountered will disappear. In that event,
this model will be easily extended to adopt new features in

the future to include more completely object-oriented fea-
tures.

In our first experience of applying these codes on the
SGI/Cray T3E-900 and SGI Origin2000, we obtained a rea-
sonable performance up to 32 processors on both machines.
The code written using F90 with MPI seems to be more
scalable on the SGI/Cray T3E-900 than on the SGI Ori-
gin2000. The overhead of implementing object-oriented
design using pointers, types and modules is small. To sum-
marize, it appears to us that implementing object-oriented
design with Fortran can achieve both good software quality
and parallel programming in scientific applications.
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Abstract

A multi-platform application framework is being
developed for the implementation of a variety of particle
physics simulation and analysis codes under a single
graphic user interface (GUI) shell.  The framework
architecture supports plug-in tools such as an interactive
particle trajectory module, external data interface tools and
hypertext tutorials which interface with installed physics
codes.  A variety of physics programs are integrated into
the framework by separating the computational code,
which is implemented as a platform-independent
Computational Module, from the I/O requirements, which
are replaced by an Interface Module developed with the
multi-platform GUI framework.  The object-oriented
framework provides a sophisticated beamline object model
and a rich library of GUI components.  Application-
dependent components can be derived from the more
abstract framework components to support specific
requirements of different simulation codes.  An overview
of the Multi-Platform Shell for Particle Accelerator
Related Codes (S.P.A.R.C.-MP) application framework is
presented here with illustrations from a Windows 95/NT
implementation.  

1  INTRODUCTION

The Multi-Platform Shell for Particle Accelerator Related
Codes (S.P.A.R.C.-MP) is an object-oriented framework
which provides the underlying infrastructure for the
development of software applications focused on
improving the accessibility and ease of use for a variety of
particle optics programs used in the accelerator
community.  Particle physics simulation and analysis
programs are made accessible on multiple platforms as
Computational Modules in an intelligent graphic user
interface shell developed with the S.P.A.R.C.-MP
framework. The framework provides a sophisticated
beamline object model and an extensive collection of GUI
components in order to support a variety of computational
codes within a single user interface shell.  This provides
an environment for the graphical setup of beamline
models and execution of multiple optics programs from a
single user-friendly interface, without requiring any
specific knowledge of the various input formats and
syntax required by the different computational programs.  

2  GRAPHIC USER INTERFACE SHELL

The S.P.A.R.C.-MP framework provides a sophisticated
beamline object model and a rich library of GUI
components for the development of a unique user interface
shell for particle accelerator related codes.  Figure 1
illustrates the main document window for the Particle
Beam Optics Laboratory (PBO Lab™) [1,2,3,4] which
was developed with the S.P.A.R.C.-MP framework.  

Beamlines are graphically constructed in the user interface
by selecting and dragging beamline Piece icons from the
Palette Bar and dropping them onto the Model Space.
Individual Pieces or groups of Pieces may be selected for
use in other beamline construction tasks, such as dragging
a copy to the Work Space, converting between
hierarchical and flat representations, creating Aliases or
copying between different Documents.  Selections from
the Work Space may be inserted into the beamline by
dragging the selection to an insertion point between
beamline Pieces or to the end of the beamline model.
Selections of Pieces may also be grouped as Sublines,
encapsulating a series of accelerator elements into a single
Piece in the beamline model.  Sublines may contain
nested Sublines, as well as individual Pieces.  Sublines
can be flattened to expand encapsulated Pieces back to
individual icons in the beamline.  However, individual
Pieces within a Subline can be accessed without flattening
the Subline.  

Input parameters for beamline elements are accessed by
double-clicking Piece icons in the Work Space or Model
Space of the Document window.  Figure 1 illustrates
Piece Windows for the Initial Beam and Quadrupole
element.  Many beamline elements provide different
parameter sets that can be used to specify inputs for the
element.  For example, a quadrupole may be minimally
defined by length and  quad coefficient value, or by length,
aperture and pole tip magnetic field, or by length and
magnetic field gradient.  Automatic calculations are made
between the different parameters sets, allowing the user to
select the parameters for specifying an element
independent of the native inputs used by specific
simulations.  The user interface indicates which
parameters are used as native input for the



Figure 1. S.P.A.R.C.-MP based PBO Lab for Windows.

selected simulation.  A variety of different units options
may be selected for each parameter independent of the
units required by the different simulations.  Expert system
type rules provide guidance for editing input parameters,
and additional displays, such as effective focal lengths and
phase space plots, provide useful feedback to the user.  

The framework also provides data visualization
components which are used to generate a variety of ellipse
plots, scatter plots, line plots, bar graphs, etc. from the
raw data generated by the different simulation
applications. In addition, the framework architecture
supports plug-in tools such as an interactive particle
trajectory module, optimization algorithms, an external
data interface and hypertext tutorials which interface with
and enhance the functionality of installed simulations.  

Central to the infrastructure of the S.P.A.R.C.-MP
framework is the persistent beamline object model [5].
Fundamentally, the object model is the basis for
describing accelerator beamlines at different levels of
abstraction and providing the foundation for implementing
a host of optics codes that use a variety of different
beamline model descriptions.  The beamline object model
forms the basis for the interactive graphic functionality
and the persistent beamline model description.  It is also
used to generate the native input required by the individual

simulations supported in the framework.  The beamline
object model describes hierarchical, flat and mixed
beamline representations.  This model is especially suited
to representing beamlines with a large number of
repetitive components using Sublines and Aliases.
Aliases can be created for any Piece or Subline in the
beamline model.  Aliases are implemented in the
beamline object model with a persistent link to another
Piece or Subline and are capable of storing deviations
from the original Piece parameters without any
duplication of redundant data.  A hierarchical organization
of the beamline, using Sublines in combination with the
ability to create Aliases, allows the user to configure the
beamline in any representation that suits their problem.
A number of benefits can be realized with this model
including more efficient problem setup, compact views of
very large models and elimination of redundant data
storage within highly symmetrical beamlines.

3  SIMULATION APPLICATION MODULES

Different optics programs are implemented as Application
Modules in the S.P.A.R.C.-MP framework.  A
simulation code is selected with a pop-up menu in the
Document window button bar as illustrated in Figure 1.
This selection is referred to as the application context.
The application context is used to provide the user with
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various application-specific feedback such as the native
inputs for an application.  An Application Module has
two primary components: an Interface Module and a
Computational Module.  The Interface Module is the
application-specific graphic user interface and data
interface code for implementing the input and output
requirements of the application.  The Computational
Module is the computational physics code from the
application (with the I/O functionality replaced by the
Interface Module).  The Computation Module is
implemented as a dynamic link library (DLL) that is
loaded at run time.  Legacy FORTRAN codes, as well as
the latest object-oriented codes, can be incorporated into
the framework as independent simulation Application
Modules. The core graphic user interface components and
beamline object model are independent of the installed
Simulations.  However, application-dependent GUI
components can be derived from the more abstract
framework components to support any application-
specific GUI requirements for the different simulations.

The user interface and data interface requirements for an
Application Module are also implemented as independent
application-specific components that leverage the
functionality of the more abstract framework components.
The Interface Modules generate different application-
specific beamline descriptions (native input) for executing
the Computational Modules, which are treated as black-
box computational engines.  The framework will support
a variety of particle physics simulation and analysis codes
such as TRANSPORT [6], TURTLE [7], TRACE 3-D
[8] and MARYLIE [9].  Selected characteristics and uses
for these applications are listed in Table 1.  Additional
particle optics applications, as well as system level and
facility modeling codes, are also under development for
integration with the S.P.A.R.C.-MP framework.

Table 1.  Selected Simulation Application Codes.

Code Selected Characteristics
TRANSPORT Third-Order Matrix Code. Magnetic

Optics, Fitting, Optimization,
Aberation Control.

TURTLE Third-Order Ray Tracing Code.
Multi-Particle Simulator.  Beam
Aperture Control.

TRACE 3-D First-Order Matrix and Space Charge.
Magnetic, RF and Electrostatic
Optics.  Fitting, Optimization,
Envelopes.

MARYLIE Lie Algebraic Beam Transport. Linear
and Non-Linear Optics.  Multi-Turn
Tracking, Fitting, Optimization.

4  FRAMEWORK ARCHITECTURE

The architecture that has been developed for the
S.P.A.R.C.-MP framework allows modular software
components to be added to, and removed from, the
underlying user interface shell.  This provides great
flexibility for incorporating multiple optics programs as
simulation Application Modules in the S.P.A.R.C.-MP
framework.  The development effort is greatly reduced by
reusing verified software components and constructing
new components based on more abstract software
modules.  The S.P.A.R.C.-MP framework provides an
abstraction layer with an extensive collection of tested and
verified components developed specifically for
implementing accelerator design and analysis programs.
Figure 2 illustrates the modular architecture that has been
developed to support multiple Application Modules in the
framework. The Interface Modules and Computational
Modules are pictured in the upper right of the Figure,
enclosed by a gray outline.  The architecture provides the
capability to determine what Application Modules are
installed and to tailor the user interface for each particular
application environment.  Simulation Application
Modules are registered with the shell so that the user
interface can add application-specific menu items, tool bar
buttons, tab panels, etc. where and when appropriate based
on which simulations have been detected.  Framework
components and data interface objects can be dynamically
modified to support the native requirements and
capabilities of specific applications.  Framework
components that provide GUI features are shared between
the different Application Modules.  These include the
main document window and beamline construction
toolkit, as well as the underlying beamline object model,
the palette bar of accelerator elements, piece windows
with multiple parameter sets, smart units, expert limits
and auto-calculated user feedback of dependent parameters.
The framework also provides data visualization
components that are used to plot data generated from the
different simulations.  Additional application-specific GUI
and data interface requirements are implemented in the
Interface Modules.  

The modular architecture reduces complexity through
abstraction and lends itself to the multiple platform
approach adopted for the S.P.A.R.C.-MP framework.
Figure 2 illustrates the multi-platform and multi-
application aspects of the framework architecture as OS
dependent and OS independent layers.  GUI code is OS
(operating system) dependent.  OS independent code is
ANSI compatible and independent of the platform and
operating system because it contains no references to the
native OS libraries.  The OS dependent layer is subdivided
further into application specific and application
independent layers.  The multi-platform capability of the
S.P.A.R.C.-MP framework is derived from the use of
different libraries, each of which encapsulates a specific



operating system.  These libraries use a common
application programming interface (API) for multiple
operating systems.  The libraries, which are a collection
of basic functions utilizing OS native routines, provide a
means of interacting with the platform-specific Operating

System, while maintaining the native “look and feel” of
the graphic interfaces associated with the target platform.
With the use of these libraries, applications built with the
S.P.A.R.C.-MP framework are made platform-
independent, since the framework code calls the API

Figure 2.  S.P.A.R.C.-MP Multi-Platform Framework Architecture.

routines, not platform specific routines, directly.  This
approach provides an abstraction layer from the different
operating systems and yields a single version of the
application source code for all platforms as opposed to
developing and maintaining separate source codes for each
platform.  A platform-specific executable application is
created by linking the application code with the
appropriate library for the intended platform.  Using this
approach, the software may be easily ported to a new
operating system by utilizing an interface library for that
system.   The API libraries are implemented as a layer on
top of the native toolkits for each of the target platforms.
This ensures a native look-and-feel, low overhead and still
provides direct access to native toolkits if required.  This
multi-platform approach has been successfully
implemented on personal computers running Microsoft
Windows™ 95, 98 and NT, Apple’s Mac OS™ for the
PowerPC, as well as IBM and Sun work stations running
AIXª or Solaris™.

5  SUMMARY

The S.P.A.R.C.-MP framework is a multi-platform
object-oriented application development environment
specifically designed for creating applications which
integrate a variety of particle optics and accelerator design
codes under a single graphic user interface shell.  The
framework provides a sophisticated beamline object model
and an extensive collection of GUI components,
supporting a variety of particle physics simulation and
analysis codes such as TRANSPORT, TURTLE, TRACE
3-D and MARYLIE.  The Operating Systems supported
by the S.P.A.R.C.-MP application framework and
graphic user interface include Windows, Mac OS, Solaris
and AIX.  Platform-specific GUI components are
implemented for multiple platforms with a single source
platform-independent project.  The framework multi-
platform GUI components are developed by utilizing a
single application programming interface (API) instead of
the native software development kits (SDK) for each
different platform.  The API is implemented for a variety
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of computer platforms as platform-specific libraries that
interface with the native SDK for each platform.  An
executable application is built from the single source
project by compiling and linking the code on the target
platform with the appropriate API.  Physics applications
are integrated into the framework by separating the
computational physics code, which is implemented as a
platform independent Computational Module, from the
I/O requirements, which are replaced with an Application
Module developed with the multi-platform GUI
framework components.  The S.P.A.R.C.-MP framework
is significant not only for its multi-platform capabilities
but also for its open and expandable development
environment.  This environment supports the
implementation of multiple optics codes under a single
graphic user interface, improving the accessibility and
ease of use for a variety of programs used in the
accelerator community.
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MEASUREMENTS AND VISUALIZATION OF THE TRANSVERSE
PHASE-SPACE TOPOLOGY AT LEP

G. Morpurgo, CERN

Abstract

The LEP Beam Orbit Measurement system (BOM) allows
for the acquisition of the beam position at each Beam Po-
sition Monitor (BPM) for over 1000 consecutive turns.
By synchronizing the acquisition with a kick given to the
beam, we can investigate the behavior of the beam under
different conditions. In particular, starting from the data of
one BPM, we can apply a simple mathematical manipula-
tion to build a ”virtual” BPM, with a phase advance of 90
degrees. Plotting the real BPM against the virtual one, we
can observe the evolution of the beam in the phase-space.
An appropriate coloring technique is used, to help the User
finding his way through the data. Fixed points in the phase-
space can be put in evidence, as well as the beam behavior
in their neighbourhood. Quantities like the tune, the beam
detuning as function of the position amplitude and the beam
damping can be studied in this way. Significant examples
from real life will be shown.

1 INTRODUCTION

The LEP Beam Orbit Measurement system (BOM) is made
of 500 Beam Position Monitors (BPMs). Each BPM can
record the position of each particle bunch in LEP for more
than 1024 consecutive turns. Some of these BPMs also
record a signal roughly proportional to the bunch currents.
The data acquisition is synchronized all around LEP, and
it can be triggered by timing events (for instance, by the
injection kick). Via software, the information relative to
a specific bunch can be extracted. Fig. 1 shows a typical
data set, plotting the evolution of the horizontal position of
the selected bunch at a given BPM. In this case, the non
integer part of the horizontal tune of the beam before the
kick was just below 1/3. The large oscillations induced by
the kick, combined with the detuning with amplitude ef-
fect, initially brought the beam (or part of it) to the third
order resonance. Eventually the oscillations were damped,
and the beam moved back towards the closed orbit.
Our goal is to use this kind of data to get a better under-
standing of phenomena happening in the transverse phase
space[1]. We will explain the method we developed, and
we will show a variety of different applications using real
data sets from LEP.

2 PHASE SPACE REPRESENTATION USING A
VIRTUAL PICKUP

In order to visualize the behavior of the beam in the phase
space in one plane, we have to plot the position of the
beam against its derivative. The kind of phenomena we
are interested in (slowly damped betatron oscillations) are

well described in terms of sinus and cosinus functions, and
therefore we can approximate the differentiation operator
by a phase shift of 90 degrees. While traditionally this was
done by selecting two BPMs separated by a phase advance
of (approximatively) 90 degrees, we found that the most
practical way of implementing this phase shift is the cre-
ation of a Virtual BPM. This is done by manipulating the
position data coming from one single BPM, to reconstruct
a representation of their derivative[1](see also [2]).

2.1 How to create a Virtual BPM

1. Our starting point is the data array containing the
beam position at a given BPM for 1024 turns (Fig.1).

Figure 1: X position for 1024 turns. In this case the beam was
kicked close to the third order resonance.

2. We perform an FFT on this position array, to get a
frequency spectrum (preserving the sinus and cosinus
components of each frequency).

3. We then rotate in the complex plane every spectrum
component by 90 degrees. We also apply a linearly
decreasing weight to the spectrum tails, to reduce er-
rors (Fig.2).

entire spectra detailed view

Figure 2:The FFTs of the Real (black) and Virtual (cyan) BPM.
In parallel to the rotation operation (amplitude preserving) we ap-
ply a linearly decreasing weight to the spectrum tails.

4. Now we perform a Reverse FFT on the rotated spec-
trum, to get the position array of the Virtual BPM
(Fig.3).

5. We plot the Real BPM against the Virtual one (Fig.4).
We can also recenter the two arrays around the origin
of the phase space, and renormalize onβ.



Figure 3:The position array for the Virtual BPM.

Figure 4:The phase space plot (not yet normalized).

6. We can then add fancy colours depending on the tune
value, to emphasize phenomena to be visualized (Fig.
5). In our example, we will use the same colour for
every third point, as the dominant phenomena is the
oscillation close to the third order resonance. In some
cases, connecting points with the same colour may
help in understanding the dynamic behavior.

Figure 5:a) Every third point is given the same colour. b) Points
with the same colour are connected.

2.2 The Stroboscopic Effect

The visualization of the tune evolution within our samples
is also helped by what we call the ”Stroboscopic Effect”.
It consists in the fact that every time the tune is close to a
fraction with a small denominator, nicely identifiable arms
appear in the phase space plot. In Fig. 6 we can identify
an outer region, where the tune is close to 2/7 (0.286), and
where we give every seventh point the same color, and an

inner region, with tune close to 3/11 (0.273) where we give
every 11th point the same colour.

Figure 6:Stroboscopic effect. Tune = 2/7 (0.286) outside, 3/11
(0.273) inside.

2.3 How accurate is the Virtual BPM ?

Due to the discreteness and finiteness of the original sam-
ple, the process of generating the Virtual BPM cannot give
an exact result. But from the result of some simulations one
can see that, apart from a few bad points at the beginning
and at the end of the data set, almost all the data points of
the Virtual BPM array are correct within 1% (Fig. 7).

Figure 7:Exponential Decay after kick. Dots = expected BPM,
Boxes = result of Virtual BPM Creation algorithm.

3 APPLICATIONS FROM LEP

3.1 Third Order Resonances

Our first example consists in the observation of the beam
approach to the third order resonance fixed points. The
beam, originally at a tune below 1/3, was strongly kicked in
the horizontal plane, and, because of the tune growth with
amplitude, it was trapped into the 3rd order resonance, and
partially lost. In the following figures, every third point is
given the same colour. In Fig. 8 the data arrays for the Real
and the Virtual BPM are shown. In Fig. 9 the two arrays
are plotted against each other, showing how the original os-
cillations around a tune of 1/3 are slowly damped and three



fixed points are approached. Fig. 10 represents an enlarge-
ment on one of the three areas of the previous picture.

Figure 8:Real and Virtual BPM.

Figure 9:Phase space plot.

Figure 10: A detail on one of the three regions, as the beam
moves toward the fixed point.

3.2 Detuning With Amplitude

The angle between consecutive turns in the phase space
plot represents the tune at that turn. By plotting it against
the Courant-Snyder invariant (kind of normalized ampli-
tude) one can show how the tune changes as function of the

Figure 11:Position data and phase space plot for a good dataset.

Figure 12:Detuning with amplitude (top).

beam oscillations amplitude. One must anyway be careful
to stay away from resonances, which can modify the behav-
ior of the beam and make the measurement meaningless. In
Fig. 11 we show a data set suitable for this measurement,
with smooth and regular damping of the oscillations after
a large kick. Once the phase space plot has been centered
and normalized, the Courant-Snyder invariant at every turn
is just the square of the distance from the origin of the point
corresponding to that turn. In Fig. 12 we plot the detuning
with amplitude for this dataset, and we can see that it fol-
lows a linear behavior over the entire data range1. On the

�✠
border between 2 regimes

normal damping

resonance influence

Figure 13:Position data and phase space plot for a bad dataset.

contrary, in Fig. 13 and 14 we can see what happens when
we are too close to a resonance. By looking at the BPM
data one can already notice that the behavior in the first
150 turns after the kick is quite different from the behavior
later. This eventually reflects in the detuning with ampli-
tude plot, where we can identify two different regions : the
first, on the right, corresponds to the first turns after the
kick, and it shows a slow detuning with amplitude, mainly

1Of course the errors become large as the amplitude gets too small.



❍❍ border between 2 regimes
resonance influence

Courant-Snyder versus turn number

Tune versus turn number

”natural” detuning

Figure 14:Detuning with amplitude (bottom). Notice two dis-
tinct regions.

because the tune is partially locked on the 3rd order reso-
nance. Once the tune unlocks itself from the resonance, the
behavior changes, and the detuning gets faster (left part of
the picture).

3.3 Chaotic Approach To Resonance Islands

In this example we will follow the behavior of one very
peculiar beam injection into LEP. For some unknown rea-
sons the injection oscillation was not damped in the normal
way (Fig. 15); rather, the beam moved toward some attrac-
tion point in the phase space. On its road to these points, a
chaotic behavior was clearly observable. Almost all of the
injected beam was lost within the first 1000 turns, and the
losses were correlated with the period of the synchrotron
oscillation, whose frequency is clearly visible in the FFT
of the position data (Fig. 16). We can observe this behav-
ior in a much clearer way by looking at the phase space,
where we can also observe the same periodicity in the verti-
cal plane (Fig. 17). The beam is captured by the attractors,
and it is only released in the last turns of our sample (see
Fig. 18). On its way to the attractor, the system oscillates
between two states, as shown by Fig. 19 . In the left part of
the picture, only every 7th point in the phase space is shown
(and joined to the previous one). In the right part, only ev-
ery 14th point is shown, and this eliminates completely the

Figure 15:The beam moves towards a 7th order resonance.

qhqs

qv

Figure 16:X and Y FFT of the position data.

Figure 17:Phase space plots.

Figure 18:a) Turns 400-980. b) Turns 400-1020.

Figure 19:a) Every 7th point. b) Every 14th point.

oscillations.

3.4 Filamentation

One limitation of our BPM system is that we can only ob-
serve the behavior of the center of mass of the particle dis-
tribution. This is not always representative of the behavior
of the individual particles, as it can be seen from the follow-
ing example. After a strong kick close to a resonance, the



oscillations of the center of mass of the particle distribution
decay much earlier than the real oscillations of the individ-
ual particles. This effect is due to a rapid spreading of the
particle distribution in the phase space (”Filamentation”).
In our data set the oscillations seem to decay rapidly, but
we are still loosing current at the end of the 1000 turns.

Figure 20:Position and phase space plots.

Figure 21:Evolution of bunch current during the 1000 turns.

3.5 Coupling

In all the previous examples we were mainly interested in
investigating the behavior of the beam in the plane to which
the kick was applied, neglecting the other plane. In the data
set we will examine now the effect of the coupling is dom-
inating. The energy originally provided to the beam via the
horizontal kick is transferred from one plane to the other
and viceversa. Amplitude maxima in one plane correspond
to minima in the other plane. If we look at the phase space
plots of the individyual planes, we see that the X and Y
distances from the center of the shase space beat strongly.
Only by combining the two oscillations together we recover
a smooth situation.

Figure 22:X and Y position.

Figure 23:Phase space plots.

X Y
√

X2/βx + Y 2/βy

Figure 24: X,Y, and combined distance from the phase space
center.

3.6 Non-Linearities Due To Beam-Beam Forces

The same method was applied to data obtained by submit-
ting the beam to a continuous excitation of the betatron fre-
quency. In the data set presented here, the two beams were
colliding, and the beam-beam forces are probably respon-
sible for the nonlinear behavior.

Figure 25:Phase space plot deformation induced by beam-beam
forces.
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USING 3-D PERSPECTIVES AS A VISUALIZATION TOOL FOR PHASE
SPACE DATA
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Abstract

Two-dimensional projections of six-dimensional phase
space data are routinely used in the analysis of accelerator beam
dynamics phenomena.  Plots of the distribution of particle
coordinates and momenta in a given phase plane (e.g. x,x’), or for
the coordinates of beam cross sections (e.g. x,y), are among the
most commonly used projections.  Computer-based visualizations
of higher-dimensional projections of phase space data offer the
possibility of providing improved insight into complex beam
dynamics phenomena.  This paper illustrates one of these types of
visualizations that use interactive three-dimensional perspective
displays.

1  INTRODUCTION

There are a number of new tools available that focus on
improving the productivity of scientists and engineers involved in
the study of particle beams and accelerator beamlines.
Increasingly powerful multi-particle simulation codes are being
developed that offer unprecedented capability in modeling the
beams in accelerator systems.  Ryne and collaborators [1] are
running three dimensional simulations in parallel computing
environments that use as many as 100 million macro-particles, a
number which is approaching the actual number of particles that
occur within the bunches of real beams.  Efficient ways to
interpret and assimilate the detailed information contained in the
particle distributions produced by these simulations should prove
useful.   

A prototype interactive three-dimensional (3-D) perspective
display tool has been developed to explore its utility.  The
prototype tool was designed to work with any optics code that
generates 6-D phase space distributions, but the work described
here uses distributions created with the Particle Beam Optics
Laboratory (PBO Lab™).  The PBO Lab provides an intelligent
graphic user interface that works with several accelerator modeling
and simulation programs [2,3].

2  EXAMPLE BEAMLINE PROBLEM

To illustrate how the use of 3-D visualization can aid in
understanding and designing particle optics beamlines an example
problem will be used.  The beamline is a four-cell, second-order
achromatic bend of the type that has been frequently described in
the literature and often used as a building block for many
accelerator designs [4,5].  The four cells are identical and are
composed of a sector bend, two quadrupoles and two sextupoles,
interspersed with drifts.  Each cell of the achromat has transverse
phase advances of 90˚ and is sometimes referred to as a quarter-

wave transformer.  Figure 1 illustrates an iconic representation of
the example beamline.   

A scalable version of the example achromatic bend has been
set up with the PBO Lab using formulas that incorporate all of
the dependent relationships between the different elements.   A
description of the construction of the example has been published
previously [6].  The system has twelve (12) independent
parameters, all defined for the first cell.  Eight (8) are parameters
related to the size of the beamline:  the first drift length, the
effective lengths and apertures for the first quadrupole, sextupole
and dipole magnets, and the bend angle of the first dipole magnet.
The remaining four (4) parameters are magnetic field strengths:
two quadrupole pole tip fields and two sextupole pole tip fields.
Note that the dipole field strength is not an independent parameter
in this example.  It is computed by one of the expert system rules
of the PBO Lab [6], from the specified bend angle and orbit length
of the dipole.

For the results presented here we use the same parameters
for the achromat that are described in reference [6].  That design is
for a 100 MeV electron beam.  
Each sector dipole has a 10˚ bend angle, so that the total bend for
the 4-cell achromat is 40˚.  The length of the first drift is 5 cm,
and the lengths of the first sextupole and quadrupole are 10 cm.
The central trajectory length through the first dipole is also 10
cm.  The drift between the first sextupole and quadrupole is set to
be equal to the first drift length.  The drift between the first
quadrupole and dipole is set with a formula that assures that the
length of the first half of the first cell is equal to ten (10) times
the first drift length.  All other lengths in the first cell are
specified by algebraic expressions so that the second half of the
cell is a mirror image of the first half cell.  The first cell thus has
a length of 1 meter in this example.  This length may easily be
adjusted, while still preserving the cell symmetry, by changing
the lengths of the first few elements.  The second cell of the
achromat is completely defined in terms of the parameters of the
first cell by algebraic expressions.   The third and fourth cells are
copies of the second cell.  The TRANSPORT Module of the PBO
Lab is used in two steps, to initially fit the quadrupole strengths
to achieve the desired first-order optical conditions, and then to
determine the sextupole strengths to eliminate the second-order
aberrations.  The third-order TRANSPORT version  [7] was used
for these fits.  The results of this fitting procedure are given in
reference [6].



Figure 1.  Icon
image (from a

PBO Lab
Document
Window)

illustrating the
four-cell layout

(each cell
represented by a

Subline) of the quarter-wave transformer and the basic elements comprising one of the four identical cells.

Figure 2.  Four-cell
achromat layout
(top pane), side
view scaled image
of the achromat
with horizontal (x)
and vertical (y)
envelopes overlain
(center pane), and
beam ellipses half
way through the
achromat (lower
pane).  The window
illustrated is from
the PBO Lab
Trajectories
Module.

Figure 2 shows a scaled layout of the example beamline,
together with the first-order envelopes, and the transverse phase
space ellipses and beam cross section at the mid-point of the
achromat.

3  2-D VIEWS OF 6-D DATA

The TURTLE Module of the PBO Lab was used to generate
two-dimensional (2-D) views of a beam propagating through the
example beamline.  TURTLE is a multi-particle ray tracing
program [8] that models beams with a full six-dimensional phase
space representation.  For this work, an initial beam of 1000
macro-particles was used with semi-axes parameters as given in
Table 1.  The initial beam bunch is nearly spherical, with an
aspect ratio (length/radius) of 1.25, but the correlation parameters
are not symmetric.  The transverse divergences are small and
different values of the momentum spread, δ, were used.

Table 1.  Semi-axes
parameters for the initial

beam.

Semi-Axis Value Units

    x 4.000  mm
    x’ 0.101 mrad
   r12  0.14    -

y 4.000  mm
    y’ 0.101 mrad
   r34  0.16    -

z 5.000  mm
    δ  3-27   %
   r56 -0.09    -



Figure 3.  Two-
dimensional scatter
plots of the beam
cross section at the
end of the achromatic
bend, without
sextupole correctors
[top (a)-(c)] and with
sextupole correctors
[bottom (d)-(f)].  In
both cases, results
are shown for three
different values of
the initial
momentum spread δ:
3%, 9% and 27%,
increasing from left
to right.  Window
images are from the
PBO Lab TURTLE
Module.

Figure 3 illustrates the results of six different TURTLE
simulations of the achromat performance.  For the first-order
design (without sextupole correction), the cylindrical symmetry of
the initial beam is preserved by the achromat for a momentum
spread of 3%, but aberrations are apparent at δ=9%, and for
δ=27% the beam cross section projection is highly distorted.  For
the second-order achromat (with the sextupole correction), the
cylindrical symmetry remains largely intact throughout the range
of momentum spreads illustrated, although for δ=27% some
scattering of particles in the bend plane is apparent.  For a
precision spot imaging system, the results suggest that the first-
order design is adequate for δ=3%, that a second-order achromat
will be required for δ=9%, and the second-order achromat may be
adequate for δ=27% with aperture scraping, if the particle loss can
be tolerated.  What do these beams look like in 3-D?

4  3-D PERSPECTIVE VIEWS

A 3-D perspective display tool has been developed on a
Macintosh computer in order to visualize particle distributions in
three dimensions.  The tool uses data provided by a 6-column data
file of phase space coordinate and momentum values.  A simple
dialog-type window is used to select the distribution file and the
three axes for plotting.  Figure 4 illustrates the window.

Figure 4.  Selection of axes for 3-D visualization tool.

Other settings, such as the degree of the perspective and the
size of the data points, can be adjusted interactively from menu
selections after the data is displayed.  Keyboard commands are
used to zoom in and out, to perform controlled rotations about
specific axes, and for other tasks.  Mouse-based interactive
features include the ability to “grab” the beam bunch and rotate it
about any axis in order view the distribution from any direction.
A variety of other interactive features are also available.

The capability to interactively change the viewing direction
is one of the key features that can be used to gain insight into the
physical phenomena occurring in the transport of the beam.
Figure 5 illustrates a sequence of “snapshots” taken by rotating
the viewpoint.

Without sextupoles 3%

Without sextupoles 9%

Without sextupoles 27%

(a)
(b)

(c)
With sextupoles 3%

With sextupoles 9%

With sextupoles 27%

(d)
(e)

(f)



Figure 5.  Snapshots of the rotation of the three-dimensional (x,y,z) perspective view of the particle distribution at the
exit of the uncorrected achromat.  The initial, nearly spherical, beam has a 9% momentum spread.  The x-y view in (a),
corresponding to Figure 4(b), has been rotated about the y (vertical) axis by approximately 45˚ in (b), rotated about the
new horizontal axis by 45˚ in (c), and then by 90˚ in (d).  Fanning in different directions at the (longitudinal) ends of the
beam, as well as a wrapping of the beam around the y-axis, are apparent.

(a)

(b)

(c)

(d)

(a)

(b)



Figure 6.  Snapshots of exit distributions of the corrected achromat, for initial beams with momentum spreads of (a) 9%
and (b) 27%.  The view orientations correspond to that of Figure 5(c), but are not to the same scale.

Figures 5 and 6 illustrate selected views of the three
dimensional spatial distribution of the exit beam, for the
uncorrected and corrected beamline, respectively.  The
uncorrected beam illustrated in Figure 5 fans out in different
directions: the beam spreads in the horizontal (x-z) or bend
plane at one (longitudinal) end, but in the vertical (y-z) plane at
the other end.  The beam also tends to wrap around the vertical
axis.  This same beam (9% momentum spread) is a well-
formed 3-D ellipsoid when corrected, as shown in Figure 6(a).   

The caption to Figure 5 states that the fanning and
wrapping are “apparent” for the uncorrected achromat, but in
fact, these effects are difficult to see from a set of snapshots.
However, the effects are immediately recognizable by a user
interactively rotating the beam bunch on the computer screen;
the human eye and brain quickly process the image as a three
dimensional object being rotated in space.  

At larger momentum spread (27%), the fanning and
wrapping become more distorted for the uncorrected beamline
(not shown).  As Figure 6(b) shows, the wrapping is still
apparent for the corrected achromat, while the fanning is
effectively confined to one end of the beam.  Figure 6(b) also
demonstrates that the scattered particles appearing in Figure
4(f) are confined to a narrow fan in the vertical plane at one end
of the beam bunch.

5  SUMMARY

A prototype interactive tool for visualizing three-
dimensional scatter plots has been developed.  The tool can be
used for displaying any three of the coordinate or momentum
variables of a 6-D phase space distribution in a 3-D perspective
view.  The 3-D display can be interactively manipulated to
study the distribution:  the image can be rotated about any
axis, the perspective can be changed, zoom in and out is
supported, and the sizes of the particles and axes can be
adjusted.   The tool is easy to use and has proven useful in
examining the nature of the non-linear structure of beams
transported through a classical second-order achromat.  The tool
has also been used with PARMILA-generated distributions to
study the free energy relaxation of non-equipartitioned beams
[9] and should prove useful for exploring a variety of other
physical phenomena associated with particle beams.
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NEW METHOD FOR KLYSTRON MODELING

Y. H. Chin, KEK, 1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305, Japan

Abstract

We have developed a new method for a realistic and more
accurate simulation of klystron using the MAGIC code.
MAGIC is the 2.5-D or 3-D, fully electromagnetic and
relativistic particle-in-cell code for self-consistent
simulation of plasma. It solves the Maxwell equations in
time domain at particle presence for a given geometrical
structure. It uses no model or approximation for the beam-
cavity interaction, and thus keeps all physical processes
intact. With MAGIC,  a comprehensive, full-scale
simulation of klystron from cathode to collector can be
carried out, unlike other codes that are specialized for
simulation of only parts of klystron. It has been applied
to the solenoid-focused KEK XB72K No.8 and No.9
klystrons, the SLAC XL-4 klystron, and the BINP PPM
klystron. Simulation results for all of them show good
agreements with measurements. We have also developed a
systematic design method for high efficiency and low
gradient traveling-wave (TW) output structure. All these
inventions were crystallized in the design of a new
solenoid-focused XB72K No.10. Its predicted performance
is 126 MW output power (efficiency 48.5%) with peak
surface field of about 77 MV/m, low enough to sustain a
1.5 µs long pulse. It is now in manufacturing and testing
is scheduled to start from December 1998.

1  JLC KLYSTRON PROGRAM

The 1-TeV JLC (Japan e+e- Linear Collider) project[1]
requires about 3200 (/linac) klystrons operating at 75 MW
output power with 1.5 µs pulse length.  The main
parameters of solenoid-focused klystron are tabulated in
the second column of Table 1. The 120 MW-class X-band
klystron program at KEK[2], originally designed for  80
MW peak power at 800 ns pulse length, has already
produced 9 klystrons with solenoidal focusing system. To
reduce the maximum surface field in the output cavity, the
traveling-wave (TW) multi-cell structure has been adopted
since the XB72K No.6. Four TW klystrons have been
built and tested. All of them share the same gun (1.2
microperveance and the beam area convergence of 110:1)
and the buncher (one input, two gain and one bunching
cavities). Only the output structures have been redesigned
each time at BINP. XB72K No.8 (5 cell TW) attained a
power of 55 MW at 500 ns, but the efficiency is only
22%. XB72K No. 9 (4 cell TW) produced 72 MW at 520
kV for a short pulse of 200 ns so far. The efficiency is
increased to 31% and no sign of RF instability has been
observed. The limitation in the pulse length attributes a
poor conditioning of the klystron. The latest tube, XB72K
No.10, was designed at KEK, and is being build in
Toshiba.

Apart from the solenoid-focused XB72K series, KEK
has also started a PPM (periodic permanent magnet)
klystron development program. The design parameters are
shown in the last column of Table 1. Its goal is to
produce a 75MW PPM klystron with an efficiency of 60
% at 1.5 µs or longer pulse. The first PPM klystron was
designed and build by BINP in the collaboration with
KEK. It has a gun with beam area convergence of 400:1
for the microperveance of 0.93. The PPM focusing
system with 18 poles (9 periods) produces the constant
peak magnetic field of 3.8 kG. The field in the output
structure is still periodic, but tapered down to 2.4 kG.
There are two solenoid coils located at the beam entrance
for a smooth transport of a beam to the PPM section. It
achieved 77 MW at 100 ns, but there is a clear sign of RF
instability at higher frequencies.  The DC current monitor
in the collector shows about 30 % loss of particle when
RF is on. The second PPM klystron, XB PPM No.1, is
being designed at KEK.

Table 1: Specifications of X-band solenoid-focused and
PPM-focused klystrons for JLC.

XB72K PPM

Operating frequency (GHz) 11.424 11.424
RF pulse length (µs) ≥ 1.5 ≥ 1.5
Peak output power (MW) 75 75
Repetition rate (pps) 120 120
RF efficiency (%) 47 60
Band-width (MHz) 100 120
Beam voltage (kV) 550 480
Perveance (x10-6) 1.2 0.8
Maximum focusing field (kG) 6.5
Gain (dB) 53-56 53-56

2   MAGIC CODE

After a series of disappointing performance of XB72K
series, several lessons had been learned. First, KEK should
have its own team to specialize the klystron design and
overhaul the design process. Second, a new klystron
simulation code was needed for a more realistic design of
klystron, particularly, that of a TW output structure. The
one-dimensional disk model code, DISKLY, had been used
by BINP for design of the TW structure from XB72K
No.5 till No.9. This code uses an equivalent circuit model
(port approximation) to simulate a TW structure and tends
to predict the efficiency much larger (nearly twice larger)
than the experimental results. For the design of a new
klystron, XB72K No.10, we have developed a method to
use the MAGIC code[3] to simulate and design a klystron.
MAGIC is the 2.5-D or 3-D, fully electromagnetic and



relativistic particle-in-cell code for self-consistent
simulation of plasma. It solves the Maxwell equations
directly at particle presence by the finite difference method
in time like ABCI [4] or MAFIA. It requires only the
geometrical structure of the cavity and assumes no model
(neither port approximation nor equivalent circuit) for the
beam-cavity interaction.  The static magnetic field can be
applied to a structure. Advantages of MAGIC are its
accuracy and versatility. Even an electron gun can be
simulated with results in good agreements with
measurements. Simulation results can be
imported/exported from one section of klystron to another,
allowing a consistent simulation of the entire klystron
without loss of physics. Only disadvantage is that it is
time consuming.

3  FUNCTIONAL COMPARISON OF
AVAILABLE CODES

Table 2 shows the functional comparison of computer
codes available for klystron simulations. MAGIC is the
only code that can simulate all parts of klystron from gun
to collector. ARSENAL[5] is closest to MAGIC in
functional performance, but cannot handle a TW multi-cell
structure. CONDOR[6] can simulate a TW structure, but
requires a beam input from a gun that needs to be
simulated by other code such as EGUN[7]. In the
migration of beam and fields from one code to another,
two programs must be well matched to avoid any
incomplete transfer of information and resulting
unphysical phenomena.

Table 2: Functional comparison of available codes.

Dimen-
sion

Gun Bun-
cher

Single
-cell
output
cavity

Multi
-cell
output
cavity

MAGIC 2.5, 3 Ο Ο Ο Ο
EGUN 2.5 Ο × × ×
CONDOR 2.5 × Ο Ο Ο
FCI [8] 2.5 × Ο Ο ×
ARSENAL 2.5 Ο Ο Ο ×
JPNDISK 1 × Ο Ο ×
DISKLY 1 × Ο Ο ×

4  SIMULATION METHOD USING MAGIC

We divide a klsytron into three sections:

• Electron gun
• Buncher section (an input, gain and bunching cavities

+ drift space)
• TW output structure

The simulation techniques are described in detail in Ref.
[9]. Here, we briefly summarize them.

3.1 Electron gun

The gun simulation is done by specifying an emission
area (cathode) and an applied voltage along a line between
a wehnelt and an anode. The number of emitted particles
can be specified per unit cell volume and unit time-step.
The applied magnetic fields  (both Bz and Br) must be
specified over the structure, not just on beam axis. They
can be calculated using codes such as POISSON (for
solenoid field) and PANDIRA[10] (for PPM). These
programs requires the exact configuration of coils, yokes,
or permanent magnets and their properties as input.

Figure 1 shows the comparison of beam profile
simulated by EGUN and MAGIC for the XB72K-series
gun. They look nearly identical. The simulated perveance
for three different guns and the measured values are
tabulated in Table 3. MAGIC simulations are in excellent
agreement with the measurements, while the EGUN tends
to produce a 5-10 % larger value than the measurements.
This behavior was also reported in simulation of SLAC
50 MW PPM klystron by EGUN [11].

          (a) EGUN                          (b) MAGIC

Figure 1: Beam profile from the XB72K gun simulated by
(a) EGUN and (b) MAGIC.

Table 3: Comparison of the simulated perveances and the
measured values.

Micro perveance

Klystron Frequency
(MHz)

MAGIC EGUN Measured

XB 72K 11,424 2.03 1.89 2.05
PV3030 2,856 1.19 1.10 1.2
5045 2,856 1.99 1.78 2.0

3.2 Buncher section

The input cavity needs a different treatment from other
cavities, because the RF power is given externally, rather



than being induced by a beam. Since a beam stays almost
as DC while passing the input cavity, the beam induced
voltage is negligible. Therefore, we just need to specify
the applied RF voltage along an electric filed line between
the cavity gap. The field distribution of the fundamental
mode should be computed by MAGIC priory and used as
input. Other cavities need to be tuned to correct
fundamental frequencies  by adjusting the cavity aperture
on mesh. The beam-induced voltage in cavities are
monitored to measure the necessary RF cycles for
saturation. In most of cases, about 200-300 RF cycles are
enough. To speed up the saturation, a DC beam current
from gun is increased smoothly and slowly from zero to
the full value at the first 10-20 RF cycles.

Figures 2 (a) and (b) show spatial distributions of
beam in the input+gain cavity section and in the bunching
cavity section of the XB72K No.10 buncher, respectively.
The strong bunching of beam (RF current/DC current ≈
1.7) is created toward the end of the buncher section.

                (a)                (b)

Figure 2: Spatial distribution of beam (a) in the
input+gain cavity section and (b) in the bunching cavity
section of the XB72K No.10 buncher.

3.3  Traveling-Wave (TW) output structure

Simulation of TW output structure is quite straightforward
as any other cavity. In order to simulate effects of a non-
axis-symmetrical output coupler by the 2.5-D version of
MAGIC,  we model it by a ring-shaped conductor which
has the same complex S11-matrix element (i.e., the
reflection coefficient for amplitude and phase). This is
illustrated in Fig. 3. There are three free parameters to fit
the frequency dependent S11-matrix element: the
conductance, and the inner and the outer radii of the
conductor. For details of the output coupler  modeling,
refer to Ref.[9]. As shown later, simulation results for
many klystrons seem to verify  the validity of this
approximation.

Before inventing the above conductor approximation,
we have considered a use of an axis-symmetrical radial
transmission line to model a 3-D coupler.  However, this
method cuts the output structure into two disconnected
parts, and thus an artificial DC voltage is induced by the

DC component of beam at the output cell to which the
output couplers are attached. This artificial DC voltage
causes a non-negligible effect to the particle dynamics, and
results in error. Figure 4 shows the simulation results for
the output structure of XB72K No.10.

S11

S11

Conductor

a b

σ

Figure 3: Illustration for 2.5-D modeling of 3-D output
coupler using a conductor.

Figure 4: Simulation of XB72K No. 10 in the output
structure.

5  SIMULATION RESULTS AND
MEASUREMENTS

Figure 5 shows the simulation results of MAGIC and the
experimental data for the saturated output power vs. beam
voltage for XB72K No.8 klystron. Excellent agreements
can be seen. The closed triangles in Fig. 5 are DISKLY
simulations. It reveals the accuracy limitation of the 1-D
disk model code.
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Figure 5: Simulation results of MAGIC and DISKLY and
the measurement data for XB72K No.8 klystron.



Let us move to the simulation of SLAC XL-4
klystron. XL-4 klystron produced 50 MW at 400 kV with
1.5 µs pulses at 120 pps. It attained 75MW at 450 kV,
but the pulse length could go up only to 1.2 µs before the
RF breakdown in the output cavity. The simulation
results for the output power are compared with the
measurements in Fig. 6. MAGIC simulations reproduce
the measurement data quite well. The CONDOR
prediction at 450 kV, denoted by the closed triangle, was
at 10% too high.  Figure 7 shows the output power vs.
the input power for XL-4. It is clear that the simulation
reproduces the measured gain curve well.
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Figure 6: Simulation results of MAGIC and CONDOR
and the measurement data for the SLAC XL-4 klystron.
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Figure 7: Simulations and measurement data of the output
power vs. the input power for the SLAC XL-4 klystron.

Our simulation method can also make an accurate
prediction of performance for a PPM klystron. Figure 8
shows the simulation results and the measured values of
output power for the BINP PPM klystron. The evolution
of DC and RF beam current as a function of distance from
the gun is plotted in Fig. 9. The sudden drop of the DC
current is due to the particle interception at the final cell
of the output cavity. The interception is caused by lack of
focusing for particles that drop to the stop-band voltage
after losing energy to the traveling-wave. This simulation
result explains the experimental observation of significant
particle loss described in Section 1.
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Figure 8: Simulation results for the BINP PPM klystron.

0

100

200

300

400

500

600

400 500 600 700 800 900

I
0
 I

1
I
2

D
C

 a
nd

 R
F

 B
ea

m
 C

ur
re

nt
 (

A
)

Z (mm)

O
u

tP
u

t 
P

o
w

e
r 

=
7

8
.1

M
W

B
e

a
m

 C
u

rr
e

n
t 

R
e

sc
a

le
d

: 
P

e
rv

=
0

.9
3

Figure 9: Evolution of the DC and RF beam current in
the BINP PPM klystron.

3   XB72K NO.10 DESIGN

XB72K No.10 is the last solenoid-focused klystron in the
XB72K series. Main changes from the previous XB72K
klystrons are the buncher section and the TW output
structure. The operational experience with the previous
klystrons proved that the gun portion of XB72K has
sufficient performance (1.2 microperveance at 2µs pulse
length) and no interception of particles has been observed.
The old buncher has two gain cavities and only one
bunching cavity. It has a poor RF power generation
capability: the RF current /DC current is only 1.2 at the
entrance of the output structure. In XB72K No.10, one
more bunching cavity was added and the drift space was
lengthened to 16cm. The stagger tuning of gain cavities
was also adopted to increase the band-width to the current
specification of 100 MHz.

The most challenging part of XB72K No. 10 design
is a high efficiency and low gradient TW output structure.
MAGIC is quite useful for getting an accurate estimate of
klystron performance, but the design of an effective TW
structure is another matter. A systematic design method
was needed to avoid getting lost in the freedom of too
many parameters.

For this end, we have developed a simple-minded
theory of a constant group/phase velocity TW structure.



The idea is to let the power flow with a constant group
velocity throughout the structure, while evolving due to
merge of the extracted power from a beam. The Q-value at
the output port is matched to this group velocity so that
the power exits at the same speed as it flows in the
structure. This smooth flow of power prevents congestion
at local spots and thus the electromagnetic energy density
is more equally distributed in the structure

It is also better to keep the phase velocity constant
(approximately equal to the average beam velocity) from
the first to the last cell, rather than being matched with
the declining beam velocity. When the perfect
synchronization of traveling-wave and the beam is tried,
the beam loses energy too quickly to the wave, and its
velocity becomes too slow to be matched with the wave
after a few cells (XB72K No. 10 has four cells). The beam
then moves to the acceleration phase of the wave and
starts to get energy back. The energy extraction efficiency
of each cell does not have to be too good. Only the total
efficiency of all cells matters. It is more important to keep
the beam in the deceleration phase of the wave all the
time. In our method, the traveling-wave travels behind the
beam at first, and catches it up with in the middle of the
structure. It then moves ahead of the beam, but exits from
the output port before the beam slips into the acceleration
phase of the wave.

We also demand that each cell is operated in 2/3π
mode at 11.424 GHz. The cell length is also constant
except the last cell (slightly longer to reduce the field
gradient).  As the result, the cells become almost
identical. We then tapered up the iris aperture slightly to
equalize the field gradient among the cells. In this method,
once the group and the phase velocities are chosen, the
geometry of the structure are almost uniquely determined.
The structure of output port can be adjusted to control the
reflection of power to maximize the output power.

The predicted output power vs. the beam voltage is
plotted in Fig. 10:
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Figure 10: Predicted output power vs. beam voltage for
the XB72K No.10.

The predicted performance is summarized in Table 4.
Figure 11 shows comparison between XB72K No.10 and

SLAC XL-4 for the saturated power vs. the maximum
field gradient in the output structure. Both have similar
efficiencies of about 48%, but the maximum gradient of
XB72K No.10 is about 20% lower than that of XL-4,
though the power is 67% larger. In XB72K No.10, the
fairly constant gradient is achieved in the output structure.
This comparison indicates that the XB72K TW output
structure can attain 120 MW power at a longer pulse than
XL-4 at 75 MW without cavity breakdown. At 75MW,
XB72K can tolerate an even longer pulse. It is now in
manufacturing and testing will begin in November 1998.

Table 4: Predicted performance of XB72K No. 10.

Peak output power 126 MW
Beam voltage 550 kV
Efficiency 48.5%
Maximum field gradient in TW 77 MV/m
Pulse length 1.5 µs or longer
Band-width 100 MHz
Gain 53 dB
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Figure 11: Saturated power versus the maximum field
gradient in the output structure for XB72K No.10 and
SLAC XL-4.
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Numerical Studies of Wake Excitation in Plasma Channels∗
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Abstract

The wake fields produced by an intense, short laser pulse
propagating in a plasma channel with an arbitrary density
profile is investigated. Plasma channels, viewed as accel-
erating structures, have many desirable features that are
not shared by a homogeneous plasma. They are also be-
coming experimentally realizable. As part of an overall
program to analyze plasma channels as accelerating struc-
tures, a new fluid simulation code has been developed with
the primary purpose of producing fast tools to explore pa-
rameter space for both theoretical investigation of accel-
erator performance as well as the modeling and design of
experiments. This code has flexible physics content, for
example, the laser can either be fully resolved temporally
or treated as ponderomotive force. An important feature,
from the accelerator design point of view, is the capability
to study beam propagation dynamics. We present prelim-
inary results consisting of a detailed analysis of the trans-
verse structure of the wake for a wide range of experimen-
tally accessible channel profiles and characteristics of the
corresponding accelerated beam.

1 INTRODUCTION

As accelerating structures, plasmas have the desirable abil-
ity to support extremely large gradients without experienc-
ing the electrical breakdown which limits the gradient in
conventional structures. Since this concept was first intro-
duced, numerous configurations for particle acceleration in
plasmas with uniform density have been proposed. (See
Esarey et al. [1] for a comprehensive review of plasma ac-
celerators concepts.) In the case of laser driven plasma ac-
celerators, the usable accelerating length is determined by
the distance over which the laser pulse maintains a high in-
tensity. That is, the efficient use of the laser energy is lim-
ited by diffraction of the drive pulse. At very high intensi-
ties, relativistic optical guiding and self-channeling serve to
limit diffraction and thereby extend the interaction length
of the device. However, these mechanisms are inherently
nonlinear; one would prefer not to rely on nonlinear pro-
cesses for device operation.

Guiding in a pre-formed density channel gives the op-
tion to operate in a linear regime, since such guiding is not
dependent on the laser intensity. The original theoretical
investigation of guiding in channels, which considered the
case of parabolic channels, was made by Sprangle and co-
workers [2]. The field structure in a parabolic channel is
similar to that in a homogeneous plasma; i.e., the fields

∗Supported by the U. S. DoE under grant No. PDDEFG-03-95ER-
40936.

have an electrostatic character and the transverse field pro-
file is determined by the driver profile. In contrast, the
fields in a hollow channel are electromagnetic with the ac-
celerating gradient being transversely uniform independent
of the transverse profile of the driver and, to lowest order,
the focusing fields are weak and linear. Since the original
experimental work by Milchberg [3] numerous results in
channels have been reported by many labs worldwide. Now
that the experimental techniques for the controlled creation
of channels is emerging, it is timely to begin systematic
studies of the accelerating characteristics of plasma chan-
nels.

A consequence of the central advantage of a plasma ac-
celerating structure, namely the ability to support gradi-
ents that would result in electrical breakdown in a metallic
structure, is that the “wall” of the structure can exhibit a
complex dynamics that must be faithfully modeled in order
to determine the electrical properties of the structure.

2 CHARACTERIZING PLASMA CHANNELS

An optimized design of a plasma based accelerating struc-
ture requires the investigation of a considerable parameter
space. By characterizing plasma structures in terms of var-
ious figures-of-merit, one can explore this parameter space
in a systematic and controlled way using these characteris-
tics as guide-posts. Here we outline the beginnings of such
a search. For preliminary studies, we have found two quan-
titative characteristics to be quite informative [4–6]: Q and
[R/Q]. Parameterizing the time dependence of the accel-
erating field as Ez ∼ exp [−(i ω + γ)(t− z/c)], we define
the quality factor of the cavity, Q, as

Q =
ω

2γ
,

which determines the number of electron bunches that can
be accelerated. This is of interest for both reasons of effi-
ciency as well for constraints imposed by applications (e.g.,
interaction region physics issues in a collider).

Following conventional resonator theory, we define the
figure of merit [R/Q] as[

R

Q

]
≡ Ez(0)2

ωm Um
∼ kp Z0,

where Ez(0) is the peak accelerating gradient on axis,
ωm is the mode frequency, Um is the mode energy per
unit length, kp is the plasma wavenumber, and Z0 is the
impedance of free space. (The last relation follows from
dimensional analysis.) For the fundamental mode, [R/Q]
characterizes the energy spread imparted to the accelerated
beam, whereas, for the higher-order modes, [R/Q] char-
acterizes beams instabilities [6]. In more pragmatic terms,



[R/Q] can be viewed as a measure of the gradient achieved
(Ez(0)) for the energy invested in the mode (Um).

3 THE BASIC MODEL

We model the plasma as relativistic, cold, fluid electrons
with a neutralizing, immobile ionic background. In addi-
tion, we make the following approximations: all field quan-
tities are assumed to be quasi-static, i.e., they are assumed
to depend only upon ξ = t − z/c; the laser-plasma inter-
action is modeled ponderomotively; and the assumption of
slab geometry. Given these approximations, the fluid mo-
mentum balance equations become(
1 − vz

c

)∂px

∂ξ
+ vx

∂px

∂x
= q

(
Ex − vz

c
By −mc2

∂γL

∂x

)
,

and(
1 − vz

c

)∂pz

∂ξ
+ vx

∂pz

∂x
= q

(
Ez +

vx

c
By + mc

∂γL

∂ξ

)
,

where γL(x, ξ) =
√

1 + a2 and a(x, ξ) is the dimension-
less vector potential of the incident laser. This dimension-
less vector potential is related to the vector potential by

AL =
√

2
mc2

q
a(x, ξ) cos(ω0 ξ) .

Here the fundamental variables are px and pz; vx and vz

are only a shorthand notation for px/(mγ) and pz/(mγ),
respectively. The electron density, ne, satisfies the continu-
ity equation:

∂ne

∂ξ
+

∂vxne

∂x
− 1

c

∂vzne

∂ξ
= 0 .

The electromagnetic fields are determined by Maxwell’s
equations coupled to the fluid current density (qnev) and
charge density (qne) viz.,

∂By

∂ξ
− ∂Ex

∂ξ
− c

∂Ez

∂x
= 0 , (1)

∂Ex

∂ξ
− ∂By

∂ξ
+

4πq
m

ne vx = 0 , (2)

∂Ez

∂ξ
− c

∂By

∂x
+

4πq
m

nevz = 0 ,

4πq(ne − ni) −
∂Ex

∂x
+

1
c

∂Ez

∂ξ
= 0 ,

where ni is the background ion density. Note that through
Ampere’s law, Poisson’s equation and the continuity equa-
tion are equivalent and thus only one of these is required.
Computationally, when solving the full non-linear system,
it is advantageous to use Poisson’s equation in place of the
continuity equation as the former is linear whereas the latter
is non-linear. In the absence of the laser driver, this system
possess an invariant,

E = mc2
∫

dx ne (γ − 1)(1 − vz

c
)

+
1
8π

∫
dx

[
E2

z + (Ex −By)2
]
,

which expresses energy balance in the moving frame. (As
we will see below this interpretation is more apparent in the
linearized theory.)

Numerically, it is desirable to solve the model equations
in dimensionless form. Let n0 be a characteristic plasma
density; for example, the plateau value at large transverse
distance from the channel. The dimensionless variables
used for computation, ξ̂, x̂, n̂e, n̂i, p̂, Ê and B̂, are then
defined by: ωp ξ = ξ̂, kp x = x̂, ne = n0 n̂e, ni = n0 n̂i,
p = mc p̂, E = (mc/q)ωp Ê, and B = (mc/q)ωp B̂.
The plasma frequency,wp, is related to n0 in the usual way:
ω2

p = (4πq2/m)n0 and kp = ωp/c.

4 LINEAR THEORY

A significant advantage of the pre-formed channel is its
ability to guide a laser pulse in the linear regime as con-
trasted with the non-linear processes responsible for guid-
ing in an initially homogeneous plasma. Motivated by the
desire to operate in this linear regime, we consider the lin-
earized fluid equations and study linear wake excitation.
The linearized momentum equations are

∂vx

∂ξ
= Ex − 1

2
∂a2

∂x
and

∂vz

∂ξ
= Ez +

1
2

∂a2

∂ξ
,

where we have expanded γL under the assumption of small
a, which is in keeping with the premise of linear theory.
In the dimensionless system, linearly there is no distinction
between p and v. Here we are linearizing about the quies-
cent state, so the density appearing in Poisson’s equation is
that of the perturbation. Thus, the perturbed density only
couples through Poisson’s equation and is therefore com-
pletely determined by the electric field. Let ne

(0) denote the
equilibrium electron density. The linearized energy invari-
ant

E =
1
2
m

∫
dx ne

(0)
(
v2

x + v2
z

)
+

1
8π

∫
dx

[
E2

z + (Ex −By)2
]

(3)

can be understood in terms of Poynting’s theorem in the
quasi-static approximation:

∂

∂ξ

[
1
2
ne

(0)v2 +
1
8π

(
E2 + B2

)]
+ ∇ · S = 0 ,

where the components of the Poynting flux, S, are given by

Sx = − 1
4π

By Ex , and Sz =
1
4π

By Ex .

Combining these pieces, Poynting’s theorem becomes

∂

∂ξ

[
1
2
ne

(0)
(
v2

x + v2
z

)
+

1
8π

(
E2 + B2 − 2Ex By

)]

− 1
4π

∂By Ez

∂x
= 0 .

Integrating this expression over x yields ∂E/∂ξ = 0.
Hence, the invariance of E simply expresses conservation
of energy for each ξ-slice.



5 COMPUTATIONAL METHODS

For both the linear and non-linear models, we use the
Crank-Nicholson technique to discretize the relevant equa-
tions. Although this method is implicit, it has three sig-
nificant advantages: it is (linearly) unconditionally stable,
exhibits no amplitude dissipation, and is second-order in
both x and ξ. These characteristics allow for a large ratio
of the ξ to x step sizes keeping execution time down even
for runs with fine spatial resolution. We take a uniform grid
in both x and ξ. Let f n

j = f(ξn, xj) and let ∆ξ and ∆x be
the x and ξ grid spacings, respectively. In this method, the
equations are discretized at (ξn+1/2, xj), i.e., between the
ξ grid-points. The ξ-derivatives are approximated as

∂f

∂ξ
(ξn+1/2, xj) =

fn+1
j − fn

j

∆ξ
+ O(∆ξ2) .

All other quantities are evaluated at ξn+1/2 by averaging
their values at ξn and ξn+1, viz.,

∂f

∂x
(ξn+1/2, xj) =

fn+1
j+1 − fn+1

j−1 + fn+1
j−1 − fn

j−1

4∆x

+ O(∆ξ2 + ∆x2) ,
and

f(ξn+1/2, xj) =
1
2

(
fn+1

j + fn
j

)
+ O(∆ξ2) .

Discretizing the equations between the ξ grid-points yields
a finite-difference approximation that is second order in ∆ξ
while only using information from two ξ steps. It this lat-
ter property that is responsible for the unconditional stabil-
ity. Not having ∆ξ linked to ∆x by a Courant condition
turns out to be extremely valuable; in the linear case, we
are able to obtain accurate solutions even when ∆ξ/∆x
is quite large (∼ 20), significantly reducing both storage
requirements and computing time. Explicitly, the Crank-
Nicholson discretization of the linear equations is

vx
n+1
j − vx

n
j − ∆ξ

2
(
Ex

n+1
j + Ex

n
j

)
= 0 ,

vz
n+1
j − vz

n
j − ∆ξ

2
(
Ez

n+1
j + Ez

n
j

)
= 0 ,

By
n+1
j −By

n
j − Ex

n+1
j + Ex

n
j

− ∆ξ

2∆x

(
Ez

n+1
j+1 + Ez

n
j+1 − Ez

n+1
j−1 − Ez

n
j−1

)
= 0 ,

Ex
n+1
j − Ex

n
j −By

n+1
j + By

n
j +

∆ξ

2
ne

(0)(xj)
(
vx

n+1
j + vx

n
j

)
= 0 ,

Ez
n+1
j − Ez

n
j +

∆ξ

2
ne

(0)(xj)
(
vz

n+1
j + vz

n
j

)
− ∆ξ

2∆x

(
By

n+1
j+1 + By

n
j+1 −By

n+1
j−1 −By

n
j−1

)
= 0 .

Provided that the x-grid extends a reasonable distance
from the channel (so that the transverse gradients of the

fields are negligible at the computational boundary), this
discretization will honor the invariance of E nearly to ma-
chine precision independent of the size of ∆ξ. While this
can be demonstrated explicitly, it can be more simply un-
derstood. Consider first discretizing the equations in x us-
ing, say, central differences. This will yield a (large) set of
coupled ODE’s (in ξ) which we then solve using the mid-
point rule. This procedure produces the same discretiza-
tion as the Crank–Nicholson method. It is well-known that
the mid-point rule will preserve exactly quadratic invari-
ants. Hence solving these ODE’s with the mid-point rule
(or equivalently, solving the original PDEs with the Crank–
Nicholson method) will preserve any quadratic invariants
possessed by the system. Here there is a slight complica-
tion due to the transverse integration in (3) resulting in E
being only an approximate invariant of the spatially dis-
crete system, which is why the preservation of E is only
nearly exact.

We take a somewhat novel approach to constructing the
simulation code. Proceeding from a high-level symbolic
description of the PDE’s, a custom code generator produces
the necessary C++ source to implement the PDE solver.
Since the discretized equations are implicit, at its core, the
PDE solver must solve a large block-tri-diagonal linear sys-
tem. The linear system solver is implemented using tem-
plates and a traits-like mechanism is used to specify the
details of the linear system corresponding to the PDE. The
code generator essentially produces a specialization of the
traits class describing the specific linear system. This ap-
proach strikes balance between complexity of code genera-
tor and demands placed on the compiler while still produc-
ing code equal in quality to the best hand-optimized code.
This approach makes possible optimizations that would be
tedious and error prone if carried out by hand. The overall
effect is to raise the level of abstraction of the implementa-
tion of the PDE solver [7].

6 LINEAR RESPONSE

In the linear case, we are fundamentally interested in the
plasma response to a ponderomotive impulse as it encapsu-
lates the entire plasma behavior. By integrating the equa-
tions of motion analytically from ξ = −ε to ξ = ε and
taking the limit ε → 0 we can convert a ponderomotive
impulse into initial conditions for the homogeneous equa-
tions. We assume a quiescent state for ξ < 0 and apply
a ponderomotive impulse at ξ = 0. With this driver, the
momentum equations become:

∂vx

∂ξ
= Ex − 1

2
∂a2(x)
∂x

δ(ξ) ,

and

∂vz

∂ξ
= Ez +

1
2
a2(x) δ′(ξ) .

Integrating these equations from ξ = −ε to ξ = ε we find

vx(ε, x) =
∫ ε

0

dξ Ex(ξ, x) − 1
2

∂a2(x)
∂x

,
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Figure 1: Comparison of the ponderomotively driven case
(thick dashed line) and the response function generated
from initial conditions (thin solid line) as described in the
text. Here the density profile is ne

(0)(x) = (kp x)2 and the
driver pulse shape is exp(−2(ωp ξ − 2.5)2). The fields are
plotted at a transverse location of kp x = 0.5.

and

vz(ε, x) =
∫ ε

0

dξ Ez(ξ, x) .

We expect the fields to be smooth functions for ξ > 0, so
we may approximate the integrals as∫ ε

0

dξ f(ξ) =
ε

2
[
f(ε) + f(0+)

]
+ O(ε3) .

Taking the limit ε → 0+, gives

vx(0+, x) = −∂a2(x)
∂x

and vz(0+, x) = 0 .

In the same way, (1) and (2) lead to Ex(0+, x) = 0 and
By(0+, x) = 0. Lastly, by adding (1) and (2), and taking
ε → 0+, we have

∂Ez

∂x
(0+, x) = ne

(0)(x) vx(0+, x) ,

which must then be solved to obtain Ez(0+, x). In Fig. 1,
we compare the plasma response to a ponderomotive pulse
having a Gaussian envelope in ξ with the response obtained
using these initial conditions. Other than the initial tran-
sient (and an overall normalization), the ξ behavior of the
two solutions is identical. This allows for computation
of the Green’s function without having to deconvolve the
driver envelope or to numerically approximate a δ-function.
Amongst other uses, ready access to the channel Green’s
function allows for efficient optimization studies [8].

7 HOLLOW CHANNELS

In the ideal hollow channel, ωp(x) = ωp0θ(|x| − b), where
θ is the Heavyside function. Here it is possible, in the con-
text of linear theory, to obtain an analytical expression for
the wake field [9]. In this case, one finds that the chan-
nel mode has infinite Q and oscillates at a frequency, ωch,
which is less than ωp0 . For the non-ideal case, i.e., where
the channel walls are not infinitely steep, matters are more
complicated. The dielectric function, ε = 1 − ω 2

p(x)/ω2,
is evidently spatially dependent and every ω < ωp0 is reso-
nant with the local plasma frequency at some location in the
wall. This resonant layer leads to absorption of the wake
yielding a low Q. This, in turn, means a large spread in
frequency space about ωch, exciting much of the wall. To
examine these effects in detail, we parameterize the equi-
librium density as shown in Fig. 2 and assume a pondero-
motive impulse with a transverse pulse shape of the form

a2(x) = a2
0 e

−2(xc/wx)2 .

As an example of the effects of the resonant absorption,
consider a channel with kpb = 2 and α = 17◦. The
wake field, shown in Fig. 3, has Q ∼= 7. Resonant ab-
sorption transfers energy from the wake field to particle ki-
netic energy in the region of the channel wall. The velocity
fields (currents) are organized in such a way that the corre-
sponding electromagnetic fields are also spatially localized.
This process results in the development of fine-scale spatial
structure in the velocity and electric fields which requires
high numerical resolution in the simulations.

In practice, since the laser driver extends into the bulk
plasma, an electrostatic bulk mode will be excited in ad-
dition to the electromagnetic channel mode. Furthermore,
separating these modes is not a simple matter, thus it is both
convenient and reasonable to define an effective [R/Q] as
[R/Q]eff = Ez(0)2/(ωm UT ), where UT is the total en-
ergy in the plasma. As a result of replacing Um with UT ,
the energy spent exciting the unwanted bulk mode will be
reflected in a reduction in [R/Q]eff . This effect can be seen
in Fig. 4, where we plot [R/Q]eff vs. driver width keeping
a2
0 and kp b constant. (We normalize [R/Q]eff to k2

p Z0.)
The physical interpretation of this result is straightfor-

ward. The channel mode is supported by surface currents
in the channel walls so a very narrow driver excites the wall
only a small amount, yielding a low Ez(0). Conversely,
a wide driver excites the wall significantly but the expo-

ne(x)

a2(x)

Figure 2: Density and transverse ponderomotive profiles.
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Figure 3: Longitudinal wake field on axis for a channel
with kpb = 2 and α = 17◦.
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Figure 4: Effect of transverse driver width upon [R/Q]eff .
The optimal value of wx is denoted by w∗. Here kpb = 2.0
and tanα = 0.3

nential “wings” also excite a large bulk mode which con-
tributes to UT but not Ez(0). Hence, there is an optimal
driver width, w∗, which balances these competing effects.
The effect of the slope of the channel walls is shown in
Fig. 5. Clearly, Q is strongly dependent on this slope. As
the walls are made ever less steep, the size of the resonant
region grows allowing faster transfer of energy from the
wake into the wall region, yielding a lower Q.

8 CONCLUSIONS

We have begun the systematic study of the accelerating
properties of plasma channels by consideringQ and [R/Q].
These figures-of-merit allow for a well defined optimiza-
tion of plasma based accelerating structures. Our results
are clearly preliminary; we have considered only some of
the relevant parameters. In particular we have ignored the
constraint on the driver width imposed by the guiding con-
dition which may well require an operating point that dif-
fers from the optimal width determined from [R/Q] con-
siderations alone. Additionally, laboratory channels are un-
likely to be completely hollow. In such channels, the base
density supports an electrostatic mode in addition to the
electromagnetic mode, altering the desirable beam trans-
port properties of the hollow channel and also limiting (via
wave breaking) the accelerating gradient that can be sup-
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Figure 5: The effect of the wall inclination on Q and
[R/Q]eff with optimal driver width. Here kpb = 2.5

ported. This suggests that transverse pulse shaping (i.e.,
a higher-order gaussian spatial mode) may prove impor-
tant in the design of successful hollow channel accelerating
structures.
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BEAM-BEAM SIMULATIONS WITH THE GAUSSIAN CODE TRS
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Abstract

We describe features of the soft-gaussian beam-beam
simulation code “TRS” and present sample results for
the PEP-II e+e− collider.

1 DESCRIPTION OF THE CODE

A basic experimental observation in e+e− colliders in
stable operation is that the particle distribution den-
sity at the beam core is approximately gaussian, while
the density at large amplitudes (a few σ’s away from
the center) is not gaussian and is much larger than the
extrapolation from a gaussian fit to the core [1, 2].

The code TRS (Two-Ring Simulation) [3] is geared
to study the beam core of colliding e+e− beams. Al-
though it can be used to study large-amplitude tail
distributions, it is very inefficient at doing so, since
the vast majority of the CPU time is spent simulating
the gaussian core. The “engine” of this code is similar
to that in other codes [4, 5, 6, 7]. The code is writ-
ten in FORTRAN 77, and is yet to be documented in
detail.

1.1 Simulation technique

In the simplest case each beam is represented by a
single bunch traveling in a separate, distinct ring and
collisions occur at only one interaction point (IP). The
basic simulation technique consists in tracking a given
number (typically 1000–50000) of macroparticles per
bunch and computing, at every turn just before the
collision, the centroids 〈x〉± , 〈y〉± and rms widths
σx±, σy± of the distributions, where the subscript
+(−) refers to the e+(e−) beam. For the purposes
of computing the beam-beam interaction, the code as-
sumes that the transverse distribution of the kicking
bunch is gaussian, using the just-computed values of
〈x〉, 〈y〉, σx and σy in the Bassetti-Erskine formula [8]
for the electromagnetic field of a gaussian distribution.
This formula is then used to compute the kick on every
macroparticle of the opposing bunch. The role of the
two colliding bunches is then reversed, completing the
computation of the beam-beam interaction.

Each macroparticle is then tracked through its cor-
responding ring lattice, and the process is iterated for
many turns, typically corresponding to 3–5 damping
times. An aperture “lattice element” intercepts par-
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ticles at large amplitude, and these are removed from
the simulation.

The main output of the program is a file the with
turn-by-turn values of 〈x〉±, 〈y〉±, σx±, σy± and the
remaining number of macroparticles. Simple post-
processors can then compute the luminosity and the
frequency spectra of 〈x〉±, 〈y〉±, σx± and σy±. The
program can also output the x and y projections of the
time-averaged macroparticle distributions in binned
form.

1.2 Other features

Nonzero bunch-length effects are taken into account
by slicing the bunch longitudinally, so that the beam-
beam interaction is represented by several kicks [9]
with prescribed locations and weights. In the simplest
case (thin-lens approximation) there is a single kick at
the center of the bunch. Typically, however, one uses
a thick-lens approximation with 5 or more kicks. In
between two consecutive kicks, the macroparticles un-
dergo simple drifts as they pass through the opposing
bunch. The program only allows for head-on colli-
sions (zero crossing angle), although the centers of the
beams are allowed to be offset.

The particle kinematics is fully 6-dimensional; how-
ever, the longitudinal component of the beam-beam
kick is wholly ignored, which is typically a good ap-
proximation. The synchrotron motion of the particles
can be chosen to be parametric, i.e. an exact harmonic
rotation with a specified synchrotron tune, or can be
implemented with an RF cavity kick plus a time-of-
flight “lattice element” which is a function of the (spec-
ified) momentum compaction factor.

The parameters of the two beams and the two rings
are fully independent of each other. The ring lattices
can contain arbitrary nonlinear thin elements, aper-
tures, or linear phase-advance maps. In typical appli-
cations, however, the entire ring is represented by a
simple linear map with specified tunes plus a rectan-
gular aperture.

Radiation damping and quantum excitation are also
represented by simple kick elements that typically act
once per turn. These elements are constructed so that,
in the absence of the beam-beam interaction, the rms
beam sizes σx± and σy± would reach specified values
σ0x± and σ0y± after many damping times, regardless
of the initial conditions.

Parasitic collisions can be included by an appropri-
ate lattice element whose strength depends on the pa-



  rameters of the opposing bunch.
The code can run in “weak-strong” mode, “strong-

strong” mode, or single-particle tracking mode. In the
weak-strong mode, one beam (the strong beam) is rep-
resented by a static gaussian lens (thin or thick) with
specified, unchanging, σ’s, and the other beam (the
dynamical, or weak, beam) by a collection of dynami-
cal macroparticles. In strong-strong mode both beams
are represented by macroparticles whose distributions
vary dynamically under their mutual beam-beam in-
teraction. Single-particle tracking mode is the same as
weak-strong mode in which the weak beam consists of
a single particle. In this case the output from the pro-
gram is the turn-by-turn phase space of this particle.
This mode is used to study single-particle resonance
effects and to produce beam-beam footprints; it has
also proven valuable in debugging the code and in al-
lowing for basic comparisons with other codes and with
analytic results.

The code also offers choices of algorithms for the
computation of the complex error function, which en-
ters the Bassetti-Erskine formula. Typically we use a
3rd-order table interpolation [10], but one can also use
a 4th-order interpolation, a Padé approximant [11], or
the IMSL R© function CERFE [12]. Similarly, the pro-
gram offers the choice of several slicing algorithms to
assign the locations and weights of the kicks represent-
ing the long-bunch effects, and also two algorithms for
the computation of radiation damping and quantum
excitation effects.

1.3 Tests

The program has been systematically tested against
analytic results in single-particle mode, and against
other similar simulation codes in their common re-
gion of applicability [13, 14]. In single-particle mode,
the excellent agreement with analytic results of the
amplitude-dependent tune shift validates the basic
beam-beam force computation. In weak-strong mode,
minor disagreements with other codes can be at-
tributed to differences in details of the codes other
than the beam-beam computation.

1.4 Speed

In the typical case when the lattice is represented by a
linear map, the CPU time used by the program is dom-
inated by the beam-beam computation. For a given
run, the CPU time scales according to

CPU time ∝ (no. of macroparticles/bunch)
×(no. of slices)×(no. of turns) (1)

A rough idea of the program speed is obtained from
informal benchmarks on three computers: in units of
CPU-sec/(macroparticle×slice×turn), the speed (or,
rather, the inverse speed) is 2.1 × 10−5, 1.3 × 10−5

and 8.7 × 10−5 on NERSC’s C90 Cray computer, on

NERSC’s T3E computer “mcurie” in single-processor
mode, and on a Sun SPARCstation 20, respectively.
These numbers assume that the beams collide once per
turn, that both are represented by the same number
of macroparticles, and that the complex error function
is computed via a 3rd-order table interpolation algo-
rithm.

The above speeds are for strong-strong mode; in
weak-strong mode, the program runs roughly twice as
fast, as it should be expected.

1.5 Drawbacks

Although the gaussian approximation has the advan-
tage of simplicity, its accuracy relies on the assumption
that the core of the distribution is gaussian. However,
it should be kept in mind that, in certain cases, de-
pending on the values of the tunes and the beam-beam
parameters, coherent single-bunch resonances can ap-
pear that distort the core distribution significantly
away from the gaussian shape. In this case, obviously,
the Bassetti-Erskine formula is not expected to be re-
liable. A more adequate solution is provided by a PIC
code in which the electromagnetic kick is computed
from the actual macroparticle distribution [15, 16].

Nevertheless, the gaussian approximation is reliable
in many cases of practical interest. And, as shown
in the examples below for PEP-II, even if the con-
ditions are such that a coherent resonance appears,
the gaussian approximation behaves qualitatively dif-
ferently from the “normal” case, providing a signal
that the gaussian approximation should be suspect.

2 APPLICATION TO PEP-II

The code TRS has been applied to the PEP-II col-
lider to obtain tune scans whose primary goal is to
establish areas in the tune plane with acceptable lu-
minosity performance [17]. For the purposes of this
article we use a model of the machine in which the
rings are represented by linear arcs of specified tunes,
and parasitic collisions are ignored. Table 1 provides
a basic parameter list used in the simulations. E is
the nominal beam energy, N is the number of parti-
cles per bunch, the ξ0’s are the nominal beam-beam
parameters, the β∗’s and σ∗

0 ’s are the optics functions
and nominal beam sizes at the interaction point (IP),
respectively, the τ ’s are the damping times, and the
νs’s are the synchrotron tunes.

Fig. 1 shows the time evolution of the normalized
rms beam sizes for the tune values shown. The simu-
lation was run for 25000 turns, i.e., ∼ 3 e+ damping
times, with 50000 macroparticles per bunch using 5
kicks for the bunch length effects. The beam sizes
start out being smaller than the nominal sizes owing
to the dynamical β effect [18], and the beam blowup
behavior is typical of incoherent resonance effects.



    
Table 1: Basic PEP-II parameters.

e+ e−

E [GeV] 3.1 9.0
N [1010] 5.685 1.958
ξ0x 0.03 0.03
ξ0y 0.03 0.03
β∗

x [cm] 50 50
β∗

y [cm] 1.5 1.5
σ∗

0x [µm] 153.0 153.0
σ∗

0y [µm] 4.591 4.591
σz [cm] 1.0 1.0
νs 0.0334 0.0521
τx = τy [turns] 8366 5014

1.1
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0.9

σ/
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2520151050
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Figure 1: Time evolution of the normalized rms beam
sizes for split tunes.

Fig. 2 shows the spectra, in absolute value, of the
horizontal and vertical oscillations of the beam cen-
troid for both beams. The arrows indicate the tunes
of the σ and π modes computed in the rigid-gaussian
small-amplitude approximation, given by [19]

cos
{

2πνπ

2πνσ

}
=

1
2
(C+ + C−)

−π(S+Ξ+ + S−Ξ−) ±
√

R , (2)

R ≡ 1
4
(C+ − C−)2 + π2(S+Ξ+ + S−Ξ−)2

−π(C+ − C−)(S+Ξ+ − S−Ξ−) (3)

Here the subscript +(−) refers to the e+(e−) beam,
C± ≡ cos 2πν±, S± ≡ sin 2πν±, the ν’s are the tunes
and the Ξ’s are the coherent beam-beam parameters
[20]. For example, the horizontal coherent beam-beam
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Figure 2: Absolute value of the tune spectra, in arbi-
trary units, of the centroid motions of the two beams
for split tunes. The spectra of the two beams almost
exactly overlap. The arrows indicate the σ and π tunes
computed from Eqs. (2–4).

parameter of the positron beam is

Ξx+ =
reN−β∗

x+

2πγ+Σx(Σx + Σy)
(4)

with corresponding expressions for Ξx− and Ξy±. Here
re is the classical electron radius, γ is the usual rela-
tivistic factor and Σx = (σ∗2

x+ + σ∗2
x−)1/2 with a similar

expression for Σy.
The σ and π tunes shown by the arrows in Fig. 2

take into account the equilibrium beam sizes in Eq. (4),
obtained from Fig. 1. The disagreement of νπ with the
second peak of the simulated spectra can be explained
by the fact that the bunches are not rigid but rather
vary dynamically in shape and size [21, 22].

Fig. 3 shows the spectra of the rms beam sizes.
The signals of the synchrotron tunes, labeled νs±, are
clearly seen. Simulations not shown here indicate that,
when the tunes are slightly changed, the main peaks
move at twice the rate of change of the tunes [23].

If the tunes are chosen pairwise equal, a qualitatively
different result obtains. Fig. 4 shows the time evolu-
tion of the rms beam sizes for νx+ = νx− = 0.57 and
νy+ = νy− = 0.64. After a transition at ∼ 5000 turns,
corresponding to the damping time of the e− beam,
the vertical beam sizes of the two beams are locked
together and blow up to a larger value than in the split-
tune case. Another feature of the dynamics is shown in
Fig. 5, in which the normalized vertical beam sizes are
plotted for only 20 consecutive turns. When the start-
ing turn is 2000, the beam sizes are uncorrelated, while
if the starting turn is 20000, the sizes are correlated
and oscillate in phase with period 3. These behaviors
are typical of coherent beam-beam resonances which
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Figure 3: Absolute value of the rms beam size spectra
in arbitrary units for split tunes.

can be studied in more quantitative detail by other
means, as discussed in Sec. 1.5. In practice, a more
realistic simulation of PEP-II requires the inclusion of
the parasitic collisions near the IP [17]. These colli-
sions, although relatively weak, are sufficiently strong
to destroy the coherent resonance condition, and the
actual behavior observed in the simulation is of the
“normal” kind, i.e., dominated by incoherent effects,
as in the split-tunes example discussed earlier.
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Figure 4: Time evolution of the normalized rms beam
sizes for pairwise-equal tunes.

3 SUMMARY

We have summarized the main features of the beam-
beam simulation code TRS and presented two sample
applications to the PEP-II collider. The code has been
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Figure 5: Detail from Fig. 4: time evolution for 20
consecutive turns of the normalized vertical rms beam
sizes. Top: starting at turn 2000; bottom: starting at
turn 20000.

successfully tested against analytic results and against
other simulation codes whenever such comparisons are
meaningful.

The soft-gaussian approximation is believed to rep-
resent reliably incoherent beam-beam effects. The
code has been used to perform studies for the PEP-
II collider. For example, simulated tune scans reveal
undesirable operating points due to beam blowup from
synchrotron sidebands. The dynamical beta effect,
clearly seen in these simulations, also influences the
choice of a working point. The code has been used to
establish the adequate beam separation at the para-
sitic collision points [24], and has been applied to the
proposed muon collider [25], including the effects from
the instability of the muon.

In some cases the code clearly reveals coherent
behavior; however, the soft-gaussian approximation
is quantitatively unreliable in such cases, and other
methods are called for.

Present improvement plans include allowing for non-



   linear maps to better represent the machine lattice,
and for collisions at a crossing angle.
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Abstract

We have developed a simulation of the beam-beam interac-
tion in e+/e- storage ring colliders which is specifically in-
tended to reveal the dynamic collective behavior of the col-
liding beams. This program is a true 6-dimensional strong-
strong simulation in which the electromagnetic fields of
longitudinal slices of the colliding beams are recalculated
for each slice collision. Broadband wake fields are included
and no constraints are placed on the distribution of parti-
cles in the beams. Information on tests of the code will be
shown. Results will be presented including limiting beam-
beam parameters for round and flat beams, deviations from
the Gaussian distribution, effects of the beam-beam param-
eter on head-tail instability thresholds, and Landau damp-
ing rates. Possibilities for further improvements will be dis-
cussed.

1 INTRODUCTION

Our development of a beam-beam simulation program was
motived, in part, by the observation in the Cornell Elec-
tron Storage Ring (CESR) of an m = -1 head-tail instability
which occurs at lower beam current when beams are in col-
lision. This change seems to indicate that the instability is
interacting with the beam-beam effect. The head-tail insta-
bility involves particles moving forwards and backwards
within the bunch, so any model for this interaction would
have to describe the longitudinal dynamics of the bunch.
In addition, collective effects arising from the beam-beam
force alone can limit luminosity. The flip-flop instabil-
ity is commonly observed in e+e� storage ring colliders.
The DCI storage ring at LAL, Orsay, France, had four col-
liding beams in which the e+ beam charge was compen-
sated by the e� charge, but the beam-beam limit was not
significantly different from that for uncompensated beams.
The beam-beam limit in DCI was attributed to a collective
beam-beam instability [1]. This suggests that the beam-
beam limit for two-beam collisions may also be due, in
some cases, to a collective instability.

This paper presents a new beam-beam simulation pro-
gram, ODYSSEUS (Optimized DYnamic Strong-Strong
E-plus e-minUs Simulation). To the author’s knowl-
edge, ODYSSEUS is the first six-dimensional strong-
strong beam-beam simulation in which no constraints are
placed on the beams and is the first to include wake fields.
These features make it possible to investigate any mode of
oscillation of the colliding beams. ODYSSEUS is designed
to serve as a flexible, efficient, and portable tool for inves-
tigating beam-beam effects.

2 BASIC IDEAS

ODYSSEUS uses macroparticles to model the six-
dimensional motion of the particles in the beams. Typ-
ically, the number of macroparticles used is on the or-
der of ten thousand in each beam. With this number of
macroparticles the speed of the calculation is limited by the
electromagnetic field calculations. ODYSSEUS adaptively
chooses from a variety of different field computation meth-
ods. Different algorithms are used for the core and trans-
verse tails of the beam and for longitudinal slices with large
or with small charge. The parameters of the program can
be changed to model flat or round beams. Further, inclu-
sion of the longitudinal degrees of freedom and wake fields
allows the investigation of previously inaccessible physics.

2.1 Particle Tracking

On each simulated turn through the storage ring, each
macroparticle is propagated from the collision point and
back again through the linear optics of the storage ring, in-
cluding chromaticity, synchrotron radiation excitation and
damping, RF phase focusing, and wake field deflections.

The magnetic optics of the ring are approximated with
linear transport theory as described in many sources in-
cluding a popular article by M. Sands [2]. The fields in
the RF cavities are approximated as sinusoids, while the
change in position is handled using a momentum com-
paction. Macroparticles which have migrated past a trans-
verse aperture are no longer considered in the simulation.
As they pass the aperture, the positions and velocities of
these particles are recorded for later analysis. ODYSSEUS
handles the longitudinal variation of the electromagnetic
field of the beam by dividing the beam into slices that were
typically of equal thickness. Because the particles are mov-
ing at ultra-relativistic speeds, it is approximated that the
fields are entirely transverse.

Individual macroparticles undergoing longitudinal oscil-
lations may migrate from slice to slice, so on each turn the
macroparticles are sorted according to their longitudinal
position and reassigned to slices. This is necessary for the
calculation of both the electromagnetic wake field and the
actual beam-beam force. The longitudinal motion in most
accelerators is slow, so during collisions each macroparti-
cle is assumed to remain within its slice. Because the mo-
tion of a macroparticle from slice to slice is slow, Heapsort
is an effective sorting algorithm [3].



2.2 Radiation Effects

There are two major ways that random perturbations due
to synchrotron radiation are handled in beam-beam simu-
lations. The first is to use the description of the storage
ring to find the cumulative effects of the radiative kicks and
apply these to the beam. The second is to pick a radia-
tive kick that gives the known beam size or emittance. In
the horizontal direction the design of the magnetic optics
closely determines the magnitude of the radiative perturba-
tions. In the vertical direction errors in the optics and small
deviations from a horizontal orbit dominate the radiative
perturbations. For these reasons, ODYSSEUS uses infor-
mation derived from the synchrotron radiation integrals to
determine the size of the radiative kicks in the horizontal
case and phenomenological perturbations are added in the
vertical direction to agree with the actual beam size.

2.3 Wake Fields

Longitudinal and transverse, single bunch, short-range
wake fields are included in the simulation. One of the
program inputs is a list of longitudinal and transverse res-
onators with values for the resonant frequencies, shunt
impedances, and quality factors of the resonators. The
wake functions are therefore the sum of exponentially
damped sinusoids. The wake fields are calculated by sum-
ming up the effect of each of the effective resonators.

2.4 Collisions

During its passage though the opposing bunch, the trans-
verse position of each macroparticle may change appre-
ciably because the vertical interaction point beta function,
��V , in CESR and many other colliders is comparable to
the bunch length, �z . The simulation collides each pair of
slices sequentially, updating the transverse momenta and
positions of each macroparticle after each pairwise colli-
sion of slices. For each slice collision hxi, hyi, hx2i, hy2i,
and the total charge for the slice distribution are found, and
the slice electromagnetic field is calculated.

3 FIELD CALCULATION

For purposes of calculating the electromagnetic field from
the beam, each beam is divided into longitudinal slices. Al-
though the number of slices can be set arbitrarily, about
fifteen are typically used. The field from each slice, inte-
grated over the length of the slice, is calculated indepen-
dently. The beams are assumed to be ultra-relativistic, so
the field due to each slice is transverse and affects only the
particles within the region of that slice.

The calculation of the electromagnetic field of each
beam is adaptive in order to maximize the speed of the pro-
gram. One method uses moments of the beam to calculate
an approximate electromagnetic field, while others make
calculations of the fields on a rectangular grid. Different
methods are used depending on whether the field is calcu-
lated for the region of the beam core or for the beam tails,

whether the number of macroparticles within a slice, N , is
large or small, and whether the number of grid points, Ng,
used in the field calculation is large or small.

3.1 Beam core

3.1.1 Small N

If the number of macroparticles, N , within a slice is very
small, the integrated field at a probe beam macroparticle is
calculated from the exact radius vector from each opposing
source beam macroparticle. The field must be calculated
at the position of each macroparticle in the probe beam, so
the number of calculations goes as N 2, making this method
efficient only for very small N . In practice this method is
only used when N is less than fifty.

3.1.2 Large N , Small Ng

For larger values of N , the electromagnetic field is cal-
culated on a rectangular grid using pre-calculated Green’s
functions for charges on the grid points. Since the Green’s
function describes the effect of a single unit charge particle,
the Green’s function on the grid is found by calculating the
field at each grid point due to a unit charge at the origin:

G(~r) =

Z
�1

+1

~E(s; r)ds =
1

2��0

r̂

r
(1)

where ~r is the position vector for the grid point. Notice that
the Green’s function describes the integrated field strength
and has been doubled to take into account the effects of
the magnetic field. The macroparticle charge is assigned to
the grid points using one of two area-weighted techniques
(both techniques described are in Section 5). For small val-
ues of the number of grid points, the convolution of the
charge density and Green’s function is done as a summa-
tion in real space. The number of calculations required for
this convolution goes as N 2

g . The portion of the code whose
speed is dependent on the number of macroparticles is now
only linear in N . This technique is used only when the
number of grid points is quite small, generally under two
hundred.

3.1.3 Large N , Large Ng

For larger values of Ng , the convolution of the Green’s
functions and charge density is done as a simple multipli-
cation in wavenumber space. The speed of this method is
limited by the speeds of the necessary Fourier transform to
wavenumber space and the inverse transform back to real
space. The number of calculations goes as Ng log2Ng. To
suppress edge effect problems in the Fourier transforms,
the size of the wavenumber space is doubled in both direc-
tions and padded with zeros [4].

4 BEAM TAILS

The tails of the beam, typically taken to be particles with a
displacement of more than (10=3)� in the horizontal, ver-
tical, or longitudinal directions, are treated differently than



the core particles. The tail particles have very little effect
on the beam-beam force. They do, however, respond to
the beam-beam force and must be tracked to determine the
beam lifetime. Performing a strong-strong calculation for
the beam tails with the grid method is computationally in-
efficient and unnecessary, so a weak-strong calculation is
used.

4.1 Longitudinal Tails

Longitudinal tail particles are subject to forces from the
core of the opposing beam. This is a weak-strong calcu-
lation. A full calculation of the field from the opposing
beam slice is performed, as described above for the beam
core. The tails are assumed to have no effect on the other
beam. It should be noted that the user chooses the number
of slices that will be treated in a weak-strong manner and
that all slices can be treated as strong-strong slices if the
user chooses to do so.

4.2 Transverse Tails

The transverse tail particles are subject to a beam-beam
force of similar magnitude to that experienced by the core
particles. The fine structure of the charge distribution of
the core has little influence on the field in the transverse
tails, so the field there is calculated from a two-dimensional
Gaussian charge distribution with the same hxi, hyi, hx2i,
hy2i, and total charge as the charge distribution of the
slice. The field from this Gaussian charge distribution is
calculated from the rational approximation of Talman and
Okamoto [5] for the complex error function solution of
Bassetti and Erskine [6].

5 INTERPOLATION TECHNIQUES

Whenever a grid-based technique is used, it is necessary
to interpolate. The charges of the macroparticles must
be distributed on a grid for the field calculations, and the
fields calculated on the grid must be applied to particles
at arbitrary locations. In order to conserve momentum,
the same interpolation scheme must be used in these two
situations[4].

The lowest order interpolation scheme used in
ODYSSEUS is the Cloud-In-Cell (CIC) technique.
In this scheme the macroparticle is treated as a uniform
cloud the size of a grid rectangle. The portion of this cloud
closest to a grid point is assigned to that point. Since the
interpolation in ODYSSEUS is done on a two-dimensional
grid, this involves the four nearest grid points.

The second-order techniques that are most useful for this
type of calculation are the symmetrical five- and nine-point
interpolation schemes. A nine-point interpolation scheme
has been coded as an option in ODYSSEUS and is typi-
cally used instead of the CIC. The nine-point scheme that
is used is a natural extension of a one-dimensional tech-
nique called Triangular-Shaped Cloud (TSC). In the one-
dimensional case, TSC represents a macroparticle with a
triangular cloud two grid spaces wide. The fraction of

the area of the cloud that is closest to each of the grid
points is assigned to that point. ODYSSEUS uses the two-
dimensional extension of the technique. A set of three frac-
tions is found for each dimension, and these are multiplied
to find the weights at all nine nearby points.

When higher order interpolation schemes are used, the
charge of the macroparticle can be spread out so that it
conceals some of the structure of the charge distribution.
This is corrected by using a “sharpening function”. In
ODYSSEUS sharpening is done during the convolution of
the charge density and Green’s function in Fourier space.
To determine the sharpening function on the grid, a unit
charge is placed exactly on a grid point. The interpolation
scheme is then used, and some fraction of the charge will be
deposited on grid points other than the one where the unit
charge is actually located. The Fourier transform of this
grid is then found. If G represents the Green’s function,
�z represents the spread-out charge distribution, S repre-
sents the spreading function, F represents the appropriate
electromagnetic potential or field, and F z the spread-out
potential or field, then:

S(~r) ? F (~r) = F z(~r); (2)

F z(~r) = G(~r) ? �z(~r); (3)

and
S(~r) ? F (~r) = G(~r) ? �z(~r): (4)

Then in Fourier space it can simply be written that:

~F (~k) =
~G(~k)~�z(~k)

~S(~k)
: (5)

Because the fields are actually spread out twice, once when
interpolating to the grid and once when interpolating back
to the macroparticles, the actual expression used is:

~F (~k) =
~G(~k)~�z(~k)

~S(~k)2
: (6)

6 PRE- AND POST-PROCESSING

The preprocessing program Penelope was written to main-
tain consistency between the input variables and provide
a easy to use, portable interface. ODYSSEUS was de-
signed to investigate the coherent oscillations of the bunch,
so post-processing to analyze the bunch spectrum is nec-
essary. Post-processing and spectral analysis is done in a
Mathematica [7] notebook.

7 TESTING

7.1 Field Errors

A small program was written that generates the fields by
all the methods used in ODYSSEUS and compares them.
There is no difference between the real and Fourier space
PIC calculations.

There are significant differences between the time re-
quired for field calculations for flat and round beams. With



round beams a field calculation grid can be constructed out
of nearly square cells with equal numbers of cells in each
dimension. For example, a 32 by 32 grid has only 1024
grid cells, which allows it to run in a reasonable amount
of time. In contrast, the often extreme aspect ratios of flat
beams force the use of either large numbers of cells or in-
dividual cells with poor aspect ratios. For instance, a min-
imal 8 by 512 grid, appropriate for CESR, has 4096 cells
and takes about five times as long as the round beam calcu-
lation above.

When trying to accommodate flat beams with a reason-
able number of grid cells, one option is to give the individ-
ual grid cells aspect ratios other than unity, but there are
dangers in this method. Unless the grid cells are perfectly
square, there is no choice for the value of the potential at
the origin which provides symmetry between the x and y
components of the gradient of the potential. Using an elec-
tric field-based calculation and a separate Green’s function
for each component removes this problem, but many in-
terpolation techniques will break down as the aspect ratio
of the cells increases. ODYSSEUS uses a distinct Green’s
function for each component of the electric field. The max-
imum aspect ratio usually allowed was 1.4, but this could
be relaxed to significantly larger values for less demanding
calculations.

7.2 The Number of Slices

The experience of previous investigators [8] had indicated
that low numbers of slices, five or less, are necessary. This
estimate was not reasonable for ODYSSEUS for two rea-
sons. One reason is that most previous simulations in-
cluded a significant natural vertical emittance that made
many slicing errors insignificant. The second is that the
low ��y in CESR is comparable to the bunch length, mak-
ing the hourglass-like effect at the interaction point more
important. With round beams the ��y tends to be higher,
which decreases the hourglass effect and thus the number
of slices.

In the case of flat beams, simulations of beams with low,
non-colliding, vertical emittances need very large numbers
of slices. As discussed below, uniform slicing is partially
to blame. Other methods may exist which require fewer
slices, which is important since the speed of ODYSSEUS
scales as the square of the number of strong slices in each
beam.

An analytic estimate was made of the maximum possible
tune shift that could occur solely from the uniform slicing
method. In a particle-tracking simulation using longitudi-
nal slices of uniform width, particles at the front and back
of each slice receive a different deflection than would ac-
tual beam particles. The deflection error, to first order in
the derivatives of �(z), is

�y0m � ��y0m
1

�

d�

dz
�z (7)

where �y0m is the deflection due to slice m in the absence
of the error, and �z = z� (zm+ zm+1)=2. Slice m, where

m = �(M�1)=2; : : : ;�1; 0; 1; : : : ; (M�1)=2, spans the
interval (zm; zm+1). For a Gaussian �(z),

�y0m =
p
2�w(mw)e�m

2w2=2 �y
��y

�
y0 + y0

�z
2
mw

� �z

�z
(8)

where w = �z=�z is the slice length �z in units of �z .
Summing over all M slices,

�y0tot =

(M�1

2 )X
m=�(M�1

2
)

�y0m (9)

�
p
2��yy

0�z

2��y

Z
(mw)2 e�(mw)2=2d (mw) =

��yy
0�z

��y
(10)

Because �z is approximately uniformly distributed on the
interval (zm; zm+1),



(�z)2

�
= (�z)2=12, and
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�
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�
��y

��y

�2 

(�z)2

� 

y02
�
=

�
��y

��y

�2
(�z)2

12
�2y0

(11)
Because the �z of a particle changes in a non-periodic way,
we will consider it to be random from turn to turn. When
the beam is in equilibrium between random excitation and
damping, 


�y02tot
�
= 4��02y (12)

where � is the vertical damping decrement. From equations
(11) and (12) we find that

�y;max =
4
p
3

�

��y
�z

p
� (13)

This is the maximum value of �y which will be produced by
the simulation due to the finite slice length. Other physical
or numerical effects may further reduce �y.

A series of calculations were made in the Gaussian ap-
proximation to investigate the effect of slicing. If increas-
ing the number of slices used does not affect the beam’s
size, tune-shift, and luminosity, then the original number
of slices is probably sufficient. At forty-five slices and
more the effect of additional slices drops off rapidly. The
noise introduced by slicing is typically unimportant com-
pared to the natural vertical emittance for forty-five slices.
For some applications of ODYSSEUS, forty-five slices are
prohibitive, and a better slicing technique will need to be
implemented.

7.3 Head-Tail Modes

Simulated head-tail damping modes for non-colliding
beams were in accordance with expectations. With beams
in collision, the m = +1 and m = �1 modes were both
shifted upwards in frequency by one-half of the �-mode /
�-mode tune shift. This is in accordance with the predic-
tions of Cornelis and Lamont [9].
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Figure 1: The figure above shows the vertical beam-beam
tune shift, ��y, as a function of the number of slices for a
series of runs. The straight line is an estimate of the maxi-
mum beam-beam parameter, �y, from slicing errors alone.

7.4 Speed

ODYSSEUS is currently being run on a 500 MHz �-chip
personal computer running LINUX. On this machine the
Gaussian approximation runs in this paper were done in
one to four hours, and the PIC methods took from less than
a day to five days. Runs lasted for a few radiation damping
times, from twenty to eighty thousand turns.

8 THE BEAM-BEAM RATIO

A number of predictions have been made for the beam-
beam ratio (��=�) [10, 11, 12, 13, 14, 15]. An interesting
initial test for the program was to compare the results of
ODYSSEUS with these previous results. The beam-beam
ratio was calculated using ODYSSEUS. Flat beams at 8
mA under CESR conditions were used to measure ��=�.
This ratio was done for beams with a longitudinal extent
and also for pancake-like beams. For three-dimensional
beams the vertical beam-beam ratio was found to be 1.39,
while the ratio was 1.18 for two-dimensional beams. The
horizontal beam-beam ratio was 1.0 in both cases.

9 CONCLUSIONS

There are a number of important computational advances
represented in ODYSSEUS. The most important of these
is its adaptive nature. The code dynamically chooses to
sum the forces over each particle individually, use a Gaus-
sian charge density approximation, or use a PIC method in
real or Fourier space. The grid used in the PIC calculations
is pre-generated, then readjusted dynamically as the beam
changes. ODYSSEUS also handles wake fields, something
that has not been included in similar simulations. Approx-
imations are used in the transverse and longitudinal tails
in order to save time on calculations. Runs can be done
in reasonable amounts of time, ranging from an hour to a
few days depending on the approximations used and beam

shape. ODYSSEUS is a significant advance in the simu-
lation of beam-beam effects, and there are possibilities to
improve it further.

There were some surprises in the writing and bench-
marking of ODYSSEUS. One surprise was the importance
of the individual cells’ aspect ratios when deciding what
sort of a grid to use for PIC calculations. Another was
the importance of slicing algorithms and, consequently, the
number of slices required. Improvements in the slicing por-
tion of the code have the possibility of making ODYSSEUS
significantly faster.
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BEAM-BEAM SIMULATIONS WITH GUINEA-PIG

D. Schulte, CERN, CH-1211 Geneva 23,Switzerland

Abstract

While the bunches in a linear collider cross once only, due
to their small size they experience a strong beam-beam ef-
fect. Guinea-Pig is a code to simulate the impact of this
effect on luminosity and background. A short overview of
the program is given, with examples of its application to
the background studies for TESLA, the top threshold scan
and a possible luminosity monitor; as well as some results
for CLIC.

1 INTRODUCTION

In future high energy linear colliders the beams have to be
focused to very small sizes in order to achieve the required
luminosity. The electro-magnetic field of each bunch will
then have a strong effect on the other. In electron positron
collisions the resulting forces focus the two beams, lead-
ing to an enhancement of the luminosity. Due to the strong
bending of their trajectories the beam particles will emit
high energy photons, the so-called beamstrahlung. This
significantly changes the luminosity spectrum and can lead
to an increase in the background.

Electron positron pairs can be produced in different pro-
cesses during the collision. These particles can be low in
energy and their trajectories are strongly affected by the
beam fields. This has an important impact on the detector
design in order to reduce the resulting background. Other
sources of background are bremsstrahlung and the produc-
tion of hadrons by the two-photon interaction.

The beam-beam interaction can only partially be treated
analytically, simulations are therefore crucial. The code
GUINEA-PIG [1] (Generator of Unwanted Interactions for
Numerical Experiment Analysis—Program Interfaced to
GEANT) is written in C and compiles with the GNU C-
compiler. A copy of the code can be obtained from the
author [2].

2 TRACKING ALGORITHMS

In the simulation, the beam particles are replaced by typi-
cally 20000− 500000 macro-particles. The beams are cut
longitudinally into a number of slices. Each slice of one
beam interacts subsequently with each slice of the other
beam. Since the particles are ultra-relativistic, the slice-
slice interaction can be treated as a purely two dimensional
problem using a clouds-in-cells method. The slice is trans-
versely cut into cells, and the charge of the macro-particles
is distributed onto this grid according to their position.
Then the potentials on the grid points are evaluated and
from these the forces on the particles.
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Figure 1: The luminosity spectrum for CLIC at Ecm =
3TeV.

Calculating the potentials is one of the most time con-
suming operations, the simplest algorithm sums for each
cell over all the others. Replacing the summation with a
Fast Fourier Transformation increases the speed by a sig-
nificant factor.

3 BEAMSTRAHLUNG

The bending of the beam-particle trajectories leads to the
emission of photons (beamstrahlung). This effect is equiv-
alent to synchrotron radiation. Instead of the critical en-
ergy Ec one commonly uses the beamstrahlung parameter
Υ = 2/3 · 〈Ec〉/E0 for its description. The designs at 0.5–
1TeV centre-of-mass energy have usually Υ � 1, which
is called the classical regime. The fraction δ of its energy
a particle loses due to beamstrahlung is given in Tab. 1 for
different designs. The number of photons emitted per beam
particle is of the order of one. Therefore the discreteness of
the process has to be taken into account. In the program
the produced photons are tracked and the corresponding
electron-photon, positron-photon and photon-photon lumi-
nosities are calculated as well as the resulting background.

In CLIC at Ecm = 3TeV the beamstrahlung parame-
ter will be much larger than one—Υ = 8.7. The beam-
strahlung is in this regime partly suppressed since the beam
particles cannot emit photons with a higher energy than the
particle has itself. The luminosity spectrum is shown in
Fig. 1.

4 PAIR PRODUCTION

Electron-positron pairs can be produced by coherent and
incoherent processes. For small Υ the incoherent pro-
cesses dominate. The three most important are called Breit-



Table 1: Background levels for different collider designs. For TESLA the reference and high luminosity parameters (iL)
are given. All designs have no crossing angle or use crab crossing.

TESLA TESLA iL ILC ILC CLIC CLIC CLIC
Ecm [GeV] 500 500 500 1000 500 1000 3000
frep [Hz] 5 5 120 120 200 150 75
Nb 1130 2820 95 95 150 150 150
N [1010] 3.63 2.0 0.95 0.95 0.4 0.4 0.4

γεx/γεy [µm] 14.0/0.25 10.0/0.03 4.5/0.1 4.5/0.1 1.88/0.1 1.48/0.07 0.6/0.01
βx/βy [mm] 25/0.7 15/0.4 12/0.12 12/0.15 10/0.1 10/0.1 8/0.1
σ∗

x/σ∗
y [nm] 845/18.9 554/4.95 332/4.95 235/3.9 196/4.52 123/2.7 40.4/0.58

σz [µm] 700 400 120 120 50 50 30
Υ 0.03 0.04 0.10 0.29 0.18 0.56 8.7
L [1033cm−2s−1] 6.0 31 6.54 12.9 6.3 13.6 133
δ [%] 2.5 2.8 3.8 9.1 3.6 9.2 32
nγ 2.0 1.65 1.16 1.5 0.8 1.1 2.15
N⊥ 31 44 9.8 18.4 2.9 8.0 128
NH 0.13 0.23 0.07 0.33 0.022 0.15 8.0
NMJ [10−2] 0.30 0.61 0.20 2.3 0.08 1.27 366

Ecm: centre-of-mass energy, frep: repetition frequency, Nb: number of bunches per train, σ: bunch dimensions at IP
N : number of particles per bunch, L: actual luminosity, β: Beta functions at IP, γε: normalised emittances,
Υ: Beamstrahlung parameter, δ: Average energy loss, nγ : number of photons per beam particle,
N⊥: Number of particles with p⊥ > 20MeV, θ > 0.15, NHadr: Hadronic events, NMJ: Minijet pairs p⊥ > 3.2GeV/c.

Figure 2: The incoherent pair production processes.

Wheeler, Bethe-Heitler and Landau-Lifshitz process, see
Fig. 2. The last two can be derived from the first by the
equivalent photon approximation. In this method the initial
beam-particle in the Feynmann diagrams are replaced by
a spectrum of virtual photons. These photons are treated
as being real as long as their virtuality remains below an
upper limit. Above this limit they are ignored. In the pro-
gram the lower boundary of the virtuality Q is given by
Q̌2 = x2m2/(1 − x). The upper limit Q̂2 can be chosen
to be equal to the electron mass squared m2 or to depend
on the two-photon process. In the latter either the trans-
verse mass squared m2+p2

⊥ of the final state or s/4 can be
used as a scale. While the total cross section is not affected
very much by the choice, the number of particles with large
transverse momentum is. Comparisons of the Landau-
Lifshitz process calculated with GUINEA-PIG and the Ver-
maseren Monte-Carlo show that using Q̂2 = m2 signifi-
cantly underestimates the number of tracks with transverse

momenta of a few MeV [1]. The other two choices are
in reasonable agreement but the number of tracks is still
somewhat too small, since the imbalance of the transverse
momenta of the final state particles is not simulated.

A small transverse momentum of the photon q⊥ leads to
a corresponding uncertainty of its transverse position [3].
If the beams are small enough the photon position can be
outside of the beam. This effect was observed at VEPP4 [4]
and HERA [5]. In the program it is treated by offsetting the
photon with respect to the electron position by b = h̄/q⊥.
The total number of pairs is reduced by a factor of about
two. The effect on particles with larger angles and trans-
verse momenta, which may enter the detector directly, is
weaker.

In the program the produced particles are tracked
through the fields of the two beams. Electrons which fol-
low the direction of the electron beam are focused by the
positron beam. The effective force of the electron beam is
in this case small.The electrons which follow the positron
beam are defocused by the electron beam and experience
little effect from the positrons. The equivalent is true for
positrons. In the program the step size of the particles is
adjusted to their energy.

In the coherent pair production process a hard photon
turns into an electron positron pair in a strong electro-
magnetic field. In the high beamstrahlung regime of CLIC
at 3TeV the number of particles from this process is several
percent of that of the beam particles. Taking their contribu-
tion to the beam fields into account is therefore a necessary
extension of the program to be made in the near future.



5 BREMSSTRAHLUNG

Another source of low energy particles is the
bremsstrahlung process. In this two beam-particles
collide and one of them emits a hard photon. In the
program this process is implemented again using the
equivalent photon approach to replace one of the particles.
One then has only to calculate the Compton process. The
spectrum of the remnant beam-particles is relatively flat
at the low energy end. The particles produced this way
always follow the beam with the same charge and are thus
focused.

6 HADRONIC BACKGROUND

Two-photon collisions also lead to the production of
hadrons. The photons interact in these cases not only as
point-like particles but also with a certain probability as
hadrons. The dependence of the total hadronic cross sec-
tion on the centre-of-mass energy is thus comparable to the
one of hadron-hadron interaction even so its size is consid-
erably smaller. In the program three different parametrisa-
tions can be used. The first is the upper estimate taken from
reference [7]

σH = 211 nb·
(

s

GeV2

)0.0808

+297 nb·
(

s

GeV2

)−0.4525

A second parametrisation used is taken from reference [8]
for comparison. The third is finally again from [7] using
the expected cross section rather than the pessimistic case.
In Tab. 1 the number of hadronic events NH with a centre-
of-mass energy in excess of 5GeV is given for different
collider designs. The first parametrisation is used.

A fraction of the hadronic events lead to the production
of so-called minijets which have a significant transverse
momentum. The simplest of the processes is the direct
electro-magnetic production of a quark-anti-quark pair by
the point-like photons. It differs from the pair production
only by the charge and mass of the final state particles. It is
also possible that one of the photons interacts hadronically.
In this case a parton of this hadron collides with the other
photon producing two jets. The remnants of the hadron
form a third jet. If both photons interact as hadrons one
finds two of these spectator jets. In total eleven cross sec-
tions have to be taken into account for the different quark,
gluon and photon combinations.

In the program the real and virtual photons are replaced
by spectra of partons for their hadronic interaction—very
similar to the replacement of beam particles by virtual pho-
tons. The cross section for minijet production rises fast at
high photon-photon centre-of-mass energies. To calculate
the cross section for events containing minijets one should
take into account that the same hadron can produce more
than one pair of minijets because more than one of its par-
tons can scatter [9]. This however only affects the distri-
bution of the minijets onto the hadronic events but not the
rate itself. One would find fewer events with more jets each

leading to the same total number of jets. In the program
this difficulty is ignored and each jet pair is assumed to be
produced by a separate hadronic event—this should be a
pessimistic approach.

Two parametrisations of the hadronic content of the pho-
ton are available in the program, one derived by Drees and
Grassi [12], the other by Glück, Reya and Vogt [13]. The
assumed values for the scale Λ4 are adjusted automatically
to the ones assumed by the authors.

In Tab. 1 the number of minijets NMJ with a transverse
momentum on the parton level of more than p⊥ > 3.2GeV
is given. The second parametrisation is used.

The program produces two different files with hadronic
output. The first contains the energies of two colliding pho-
tons that produce a hadronic event. The second contains the
final-state four-vectors of the partons that produced mini-
jets. The fragmentation can be done using PYTHIA [10] or
an equivalent program.

7 BACKGROUND EFFECTS

Most of the particles from pair production have initially a
small angle with respect to the beam axis. Their final an-
gle depends mainly on the deflection by the beam fields.
This leads to the distribution shown in Fig. 3 which shows
a strong correlation between particle angle and maximal
transverse momentum. The vast majority of the particles
can be prevented from hitting the detector components by
the combined effects of the longitudinal magnetic detector
field and limited angular coverage. The solenoid field of
the detector will limit the maximum distance a particle can
reach from the beam axis depending on its transverse mo-
mentum. Particles with large transverse momenta however
tend to have smaller angles so they can be avoided by hav-
ing a dead cone in the detector in the forward region.

Charged particles from the pair production that hit the
vertex detector will cause background hits, making the re-
construction of the trajectories from physics events more
difficult. Figure 4 shows the number of particles per bunch
crossing that will hit the inner layer of the vertex detector in
the case of the TESLA high luminosity parameters. In the
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Figure 3: The final angle and transverse momentum of the
particles from pair production in the case of TESLA.
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Figure 4: The number of particles that hit the vertex detec-
tor as a function of the radius of its inner layer. The mag-
netic field was assumed to be Bz = 3T and the opening
angle of the detector θ0 = 200mradian.

Figure 5: The layout of the mask in the detector of TESLA.

plot the angular coverage of the layer was kept constantly
at cos θ = 0.98 but the radius was varied. The magnetic
field in the detector was assumed to be Bz = 3T as fore-
seen in reference [11]. Below a certain radius the number
of particles rises drastically. This is because the detector is
not any longer only hit by the particles that started with a
large angle and transverse momentum. Also those that re-
ceived their transverse momentum and their angle from the
deflection by the beams can produce hits. Using a smaller
coverage (larger dead angle) or stronger magnetic field al-
lows to go to smaller radii.

For TESLA it is foreseen to have the innermost layer
of the vertex detector at a radius r = 25mm. Particles
can cause more than one hit since they travel along a he-
lix. Using a GEANT based simulation the hit density found
is about 10−2 mm−2 for the reference parameters (includ-
ing a patch factor 1.5 to account for the difference between
the Vermaseren Monte-Carlo and GUINEA-PIG). With the
high luminosity parameters one finds a hit density of about
1.5 · 10−2 mm−2.

Also the particles that are not directly entering the vertex
detector can cause background. These particles hit the final

quadrupoles on both sides of the detector. The detector can
be shielded from the backscattering photons by a tungsten
mask as shown in Fig. 5. The charged low energy particles
that are backscattered are however led by the main detector
field back into the vertex detector—causing an increase in
the number of hits by an order of magnitude. This can be
prevented by adding an additional inner mask into the main
one. This consists of a tungsten layer towards the outside of
the detector and a low-Z material towards the inside. The
radius of the opening in this mask has to be smaller than
the beam pipe to be effective.

8 LUMINOSITY MONITOR

One of the important problems in a linear collider is to ad-
just the beams in the collision point to achieve highest lu-
minosity. Beam-beam deflection scans have been used to
this end at the SLC. During this scan however the luminos-
ity production is interrupted.

Three different processes could be used to optimise the
collision in future linear colliders during luminosity pro-
duction [14], namely the bremsstrahlung, beamstrahlung
and pair production.

The bremsstrahlung process has the advantage that the
event rates are directly proportional to the luminosity ex-
cept for the beam size effect, which has only a weak de-
pendence on vertical spot size. Either the hard photons or
the remnant beam particles which lost a significant amount
of energy could be detected in principle. The photon will
be accompanied by a large number of softer photons from
the beamstrahlung process, so the detector needs to be able
to detect only photons above a fixed threshold energy. It
seems therefore simpler to detect the low energy remnant
particles. Here one has to avoid to detect particles which
lost energy due to beamstrahlung or the low energy parti-
cles from pair production. As Fig. 6 shows this is possible
around E = 50GeV in the case of TESLA with high lumi-
nosity parameters. For CLIC at 3TeV the bremsstrahlung
signal is completely invisible in that of the spent beam, see
Fig. 7. One therefore has to find different means to tune the
luminosity.

In case of the high luminosity TESLA, the particles from
the pair production will deposit about 12TeV in the inner
mask shown in Fig. 5. The measurement of this energy
provides a signal which allows to tune the luminosity. The
most frequent parameter to tune is the vertical waist of the
two beams. Figure 8 shows the luminosity and energy de-
posited per bunch crossing in the two inner masks if one
varies the waist of one of the beams. The other beam is as-
sumed to be at the optimal waist position. The luminosity
found from the scan of 20 bunch crossings is lower by a
fraction of 4 · 10−4 than the optimal one.

9 THE TOP THRESHOLD SCAN

Measuring the top production cross section around thresh-
old is useful to determine the top mass mt, the strong cou-
pling constant αS and the top width Γt [15]. The cross sec-
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Figure 7: The low energy particle spectra for the CLIC pa-
rameters at 3TeV.

tion is affected by initial state radiation, the energy spread
in the beams and the beamstrahlung. The initial state radia-
tion is unavoidable while the other two parameters depend
on the machine design. Comparison of TESLA, SBLC and
NLC [1] showed some difference which is however not
very large.

In Fig. 9 the ∆χ2 = 1 contour of the top scan using nine
points is shown in mt and Γt for fixed αS . An integrated
luminosity of 50 fb−1 [15] and the reference parameters of
TESLA were assumed. The outer curve corresponds to a
background rate three times larger than predicted.

10 CONCLUSION

Disruption and beamstrahlung have important effects on
the total luminosity and its spectrum in linear colliders.
The presented program simulates these and the resulting
electro-magnetic and hadronic background. The program
was used to evaluate the precision achievable in physics ex-
periments due to smearing of the luminosity spectrum and
the background. The possibilities to measure the luminos-
ity were studied, predicting good prospects.
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TRANSITION DYNAMICS OF THE WAKE FIELDS
OF ULTRA SHORT BUNCHES

A. Novokhatski, M. Timm and T. Weiland
TU Darmstadt, TEMF, Schlossgartenstr. 8, D-64289 Darmstadt, Germany �

Abstract

In the cavities and finite cell structures, ultra short bunches
excite very high frequency electromagnetic fields. A frac-
tion of these fields stay in the structure for a very long time.
After several reflections another part leaves the structure.
The rest part is chasing the bunch. In a time, this field will
catch the bunch and take its kinetic energy. The time and
the distance, when and where the bunch is caught, is in-
versely proportional to the bunch length. The time and the
distance can be very long for a very short bunch. The anal-
yses of the wake fields in this transient region is given for
the Linear Colliders accelerating structure.

1 INTRODUCTION

While passing an acceleration section or a multi-cell cav-
ity a short bunch creates high frequency electromagnetic
fields in the cells. A fraction of the field, excited in one
cell stays there for a long time. After several reflections,
another part is leaving the cell. And the rest part is chas-
ing the bunch. In a time this field will catch the bunch and
take its kinetic energy. Naturally, this part is also respon-
sible for the excitation of the fields in the next cells. The
time or the distance, where the bunch is caught, is inversely
proportional to the bunch length. It can be very long for a
very short bunch. And the fields in the cells will be also
different along this distance. Later, the superposition of the
chasing fields will create the ”steady state” wake field.

To study the dynamics of the wake fields in this transient
region, we used the codes MAFIA[1] and NOVO. The lat-
ter was used for the short bunch calculations in the TESLA
cavities [2]. A brief description of the algorithm of this
code is presented in the last chapter.

2 TRANSFORMATION OF THE WAKE FIELDS
IN THE SEMI-INFINITE PERIODICAL

STRUCTURE

Short bunches interact with single cavity and periodical
structure in a different way. In the cavity the loss factor is
inversely proportional to the square root of the bunch size.
And in the periodical structures loss factor fairly depends
upon the bunch size. Usually accelerating sections con-
sist of some number of cavities or cells. And this cavities
and cells can be different. Thus the constant gradient NLC
accelerating section contains 206 different cells, when the
TESLA accelerating cryo - module is the chain of separated
9 cell- cavities. These accelerating structures are not really
periodical.

�Work supported in part by DESY, Hamburg.
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Figure 1: Loss factor and energy spread per unit length of
the 10� bunch in the periodical iris-loaded structure.

We can assume, that when the bunch comes inside the
accelerating section, it has its transverse ”self field” and in-
teracts with the cells as with lonely cavities. But in time the
fields from excited cells catch the bunch and partially com-
pensate the field, coming into the next cell together with the
bunch. For very short bunches this compensation is very
strong. The interaction and hence, the loss factor decreases
many times. On the Fig.1 the evaluation of the energy loss
of the 10 � bunch in the periodical structure is presented.
The period of the structure is 8.75 mm, the gap is 6.89 mm
and the aperture is 4.92 mm. The loss factor of the bunch
in the periodical structure of TESLA cells is shown on the
Fig.2. The bunch length is 200 �.
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Figure 2: The loss factor of the 0.2 mm bunch in the peri-
odical structure of the TESLA cells.

Transformation of the wake fields is shown on the Fig.3
and Fig.4 consequently.
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Figure 3: Wake fields of the 10� bunch in the periodical
iris-loaded structure.
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Figure 4: The wake fields of the 0.2 mm bunch in the peri-
odical structure of TESLA cells.

For the iris-loaded structure the wake fields per unit
length are given after 1,2,5,10,20,40,80,160, 320 and 640
cells. And for the TESLA cavities results are given for 9
consecutive cells on each picture, making easier compar-
ison with the 9-cell TESLA cavities. This pictures show
strong modification of the wake fields along the accelerat-
ing structure. Starting from the first cells wake fields are
decreasing in amplitude, and the shape is becoming more
and more linear around the bunch center, very close to the
integral of the charge density.

The same strong modification of the wake fields takes
place in bellows as well. In the bellows we have large aper-
ture and small size irises. In the bellows of small number
of cells the wake field has inductive character (derivative of
the bunch distribution), while in the case of very large num-
ber of cells the wake field takes capacitor character (integral

of the bunch distribution).
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Figure 5: The wake fields of the 50 � bunch in the bellow
of the 5 mm aperture with 10 � size irises. Wake fields are
given after 10, 10000, 20000 and 30000 irises.

This is clearly seen on the Fig.5, where wake fields of
the 50 � bunch in the bellows with small size irises are
presented. The aperture of the bellow is 5mm, the gap and
the height is 10 � and the period is 20 �.

3 WAKE FIELD ENERGY

To find real fields, acting on particles, we split the full field
Efull in the wake field Ewake, that really acts on the bunch
particles and the ”self” field Ebunch , that is moving to-
gether with this bunch, but does not interact with particles
(in the relativistic case).

Ewake = Efull �Ebunch

The energy distribution of the wake field, following the
bunch, can be described by the longitudinal energy density
�(s), that is the transverse integral of the energy density at
a distance s from the center of the bunch

�(s) =
�0

2

Z
[E

2
wake(s) +H

2
wake(s)]d'rdr

When the bunch comes out of the cavity, the integral of this
density�(s) along the bunch way, shows the energyT (s0),
that is following the bunch at a distance s0 behind

T (s0) =

Z s0

�1

�(s)ds

This integral is approaching the loss factor Kloss, when
s0 �!1

Kloss =

Z
1

�1

�(s)ds = T (1)

While decreasing the bunch length, the loss factor is in-
creasing, and more and more high order modes are excited
in a cell. On Fig. 6 the loss factor in one cell of the TESLA
cavity is shown over the bunch length, together with the
energy integral T (s0).
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Figure 6: Loss factor and the wake field energy, following
the bunch in the tube, after a single cell of the TESLA cav-
ity over the bunch length. Ratio of field energy to the loss
factor is multiplied by 10 (to use the same scale).

In this figure, inside the box, the energy density �(s) in
the tube and the bunch charge distribution are also shown.
The energy density has a slowly vanishing tail. The en-
ergy of the following field is defined as T (s0 = 15�) .
The ratio of the energy integral to the loss factor is slightly
growing up while the bunch length is decreasing, coming
to the value of 30%. So, one third of the ”excited energy”
immediately leaves the cell with the bunch.

How far will the wake field follow the bunch in the tube?
One can predict, that at least, up to the distance L, where
the field ”catches” the bunch

L =
a
2

2�

where a is the radius of the tube, � is the bunch length.
For the regular cell of the TESLA cavity and for the bunch
length � = 0:5 mm, this distance L = 1:225 m, is equal
to the length of the 9-cell cavity. For the bunch of � =

50�, the distance is more than one accelerating cryomodule
length.

As the wake field follows the bunch for a long time, in
a multi-cell cavity this field is increasing with the number
of cells, that the bunch meets on a distance L. Results of
the computation of the energy integral T (15�) along the
TESLA cavity are shown on Fig. 7.

It can be seen, that the energy of the following field is
linearly growing up in the first cells. The number of cells,
where the field approaches the asymptotic solution, is de-
termined by the ”catch up” length L and period of structure
D

N = L=D =
a
2

2�D

Values for N for the TESLA cavity (9-cell) are shown in
Fig. 7 for different bunch length.
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Figure 7: Wake field energy, following the bunch in the
TESLA cavity, for bunchlength of 1 mm, 0.5 mm and 0.1
mm.

4 DIRECTED AND REFLECTED FIELDS IN THE
TESLA CAVITY

To study the reflected and the directed fields in the TESLA
cavity, the model of excitation of one cell was used. The
full electromagnetic field is separated and we do calcula-
tions only for the wake field. On the surface of the ”ex-
cited” cavity the wake field has to take the value of the
bunch field with negative sign in accordance with bound-
ary conditions. The geometry of the ”excited” cell (N2)
and the cells around (N1, N3) are shown in Fig. 8. Cell N2
is excited by the bunch of 0.5 mm length. The energy in the
cells is calculated and presented in time. When the bunch
leaves cell N2 the wake field energy is going with it and
excites cell N3; then coming to the end of cell N3, one part
of the energy goes to the next cell and the energy in cell N3
is going down. At the same time, the field, reflected from
the iris between cell N2 and N3, is crossing cell N2 and
coming to cell N1.

We can estimate the reflected and the directed coeffi-
cients comparing the field energy in adjoining cells. This
coefficients are changing from cell to cell, as the frequency
spectrum of the field is changing too. Low frequency
modes are slowly moving along the structure, when high
frequency modes are traveling with the bunch. The coef-
ficient of transmitted energy from the first cell to the sec-
ond is around 30 %. In the next cell it is approximately
50 %. From cell to cell the reflected energy is decreasing
and finally high frequency modes are traveling along the
structure almost without reflections. If we know the trans-
mission coefficient of the energy �, then we can estimate
the time dependence of the energy in the ”excited” cell by

E(t) = E0(1��)
ct=D

= E0e
�t=�

and find the energy attenuation time � of high frequency
modes in one cell

� = �
D

c ln (1��)
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Figure 8: Field energy in cells of TESLA cavity.

Taking �=0.3 we get � = 1 ns.

cell N3
cell N2

cell N1

Figure 9: Electric force lines in the TESLA cavity with one
excited cell.

The photo (Fig.9) of the electric force lines is made at
the moment, when the bunch ”must” be inside the last iris.
The red point on the right shows bunch position. The cor-
responded time (previous picture) is equal to two periods
of cell. Green and blue lines have opposite directions of
electric field. One can see that the energy of the field is
divided by excited cell and adjoining cells. High frequency
modes are chasing the bunch, leaving ”free gap” after. The
backward fields have approximately the same structure.

5 SHORT BUNCH WAKE FIELD CALCULATION

Naturally the convenient equation for the wake field com-
puter calculations can be derived from the Maxwell equa-
tions. We will consider the case for the cylinder symmetry
structures.

For the wake potential calculations we usually assume,
that the beam is moving with the constant velocity. There-
fore the charge density % and current density

�!

j can be de-
scribed in the way

% = %(s; r)�(z � Vzt+ s)

�!

j = jz = %(s; r)Vz�(z � Vzt+ s)

where %(s; r) is the charge density inside the bunch.

In the relativistic case, when the velocity of the particles
is equal to the speed of light (Vz = c), we can use the flux
� for the description of the electromagnetic fields

�(t; r; z) =

Z r

0

Ez(t; r
0

; z)r
0

dr
0

Field components can be found from derivatives

Ez =
1

r
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�
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Where Iz is the current of the traveling bunch

�!

I = Iz = cq(s)�(z � ct+ s)

with the charge distribution q(s) along the bunch.

This flux � satisfies the second order equation
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with boundary conditions

�!n � (
��!

grad��
2

rc

�!

I ) = 0

For the finite -difference approximation implicit scheme
was used. This scheme gives not only stable solution,
but also better ”numerical dispersion curve” in comparison
with the explicit scheme

cos!�t =
cos��z � (1� (

c�t
�z

)
2
)

1 + 2(
c�t
�r

)2 sin
2 ��r

2

Good resolution, especially in the region of minimum crit-
ical wavelength (�cr = 2�z) is achieved, when the time
step equal to coordinate step c�t = �z. In this case, the
implicit scheme takes the form

�
n+1
k �

1

2
(
c�t

�r
)
2
r�

1

r
��

n+1
k =

= �
n
k+1 +�

n
k�1 ��

n�1
k +

1

2
(
c�t

�r
)
2
r�

1

r
��

n�1
k

For the given number of mesh points, the solution of
the implicit equation needs approximately the same ”com-
puter” time, as for direct calculation in the explicit algo-
rithm scheme. However, the implicit method has a great
advantage in the short bunch calculation, as it does not need
large number of the mesh points on the bunch length.

To show how it works, we present the examples of the
wake potential calculations for two cavities structure with
tapers and the NLC accelerating section. In the first exam-
ple, the bunch of 1mm length is passing 5 m long structure.
The comparison of the wake potentials, calculated with ten,
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Figure 10: The wake fields of the 1mm bunch in two cavity
accelerating structure with tapers. Comparison of the re-
sults of calculations with different number of mesh points
on the bunch length.

four and two mesh points on the bunch length is given on
the Fig.10. It is easy to see, that there is no ”mesh disper-
sion”, no modulation with the critical wavelength and no
diffusion. To achieve acceptable accuracy even two mesh
points on the bunch length will be enough.

The wake potential of a 0.1mm bunch in the constant
gradient NLC structure of 206 ellipse cells is shown on
Fig.11. Calculations were done for 10 and 5 mesh points
on the bunch length. No difference can be noticed between
two results. The long distance wake potential is shown on
Fig.12. The comparison of the results of 5 and 2 mesh
points on the bunch length is shown.
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Figure 11: The wake potential of the 0.1 mm bunch in the
NCL accelerating section. Comparison of the results of cal-
culations with 10 and 5 mesh points on the bunch length.

The presented scheme can be easily transformed for
computation of the fields on the moving mesh points, which
is one more advantage for the short bunch wake field cal-
culation. Also it is very easy to make pictures of electric
force lines, just to find the lines, where flux of electric field
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Figure 12: The long distance wake potential of the NLC
section, calculated by 5 and 2 mesh points on the bunch
length.

is constant
�(r; z) = const

As an additional example, on Fig.13 the picture of electric
force lines of the 100 � bunch at the end of the NLC section
is presented.

NOVO    Bunch 0.100mm  RxZ = 12.52x30.04 Length= 1810.08mm

Figure 13: End of the NLC section. Electric Force lines of
the field, excited by the 100 � bunch.
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CALCULATIONS OF THE SHORT-RANGE LONGITUDINAL
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Abstract

Using two frequency domain and one time domain numer-
ical approaches, we calculate the short-range longitudinal
wakefield of the NLC linac accelerating structure, and find
that the results agree to � 5%. We show that our results
are consistent with an analytical formula for the impedance
at high frequencies. We, in addition, obtain through fitting
a simple formula for the short-range wakefield of a linac
structure that can be useful in designing linear colliders.
Finally, we demonstrate that for the NLC linac cavity the
effects on the short-range wake of end conditions, tapering,
and rounding of the irises are small.

1 INTRODUCTION

In the Next Linear Collider (NLC)[1] trains of short, in-
tense bunches are accelerated through the linac on their
way to the collision point. In the linac the transverse modes
of the accelerating cavities will be damped and detuned
to control long-range wakefield effects. The dominant,
remaining current-dependent effects will be those due to
the short-range wakefields. A calculation of short-range
wakefields in the NLC linac structure has been given in
Ref. [2]. However, due to the difficulty in obtaining these
functions accurately to the very short distances required—
or equivalently, the impedances to the very high frequen-
cies required—we revisit in this report the earlier results,
and compare them with those of other calculation methods.

For our purposes an accelerating cavity of the NLC linac
can be modeled by a periodic structure. For a periodic
structure at high frequencies, the real part of the longitu-
dinal impedance varies as !

�3=2 and the imaginary part
as !�1[3, 4, 5]; correspondingly, the wakefield at the ori-
gin WL(0) = Z0c=(�a

2)[5], with Z0 = 377 
 and a the
iris radius, and for short distances s, W 0

L(s) � s
�1=2. To

obtain the short range wakefields of a periodic structure,
according to the method used in Ref. [2] (see also[6]), the
impedance is first obtained over a finite frequency range
through field matching. The high frequency portion is
taken to be given by the so-called Sessler-Vaynstein optical
resonator model[3], a model that asymptotically satisfies
the appropriate power law. The resulting function is then
Fourier transformed to obtain the short-range wakefield.

In this report a second method[7] will be applied to the
problem, one that uses a similar approach, though with
the impedance calculated along a path slightly shifted from
the real frequency axis. This impedance function is much
smoother: it is easier to study its asymptotic behavior and
easier to Fourier transform. A third method[8], one that
uses direct, time domain integration to obtain the wake-

field is also applied. This method has the advantage of
being able to find wakes of non-periodic structures. We
will, in addition, compare the numerical results to a high-
frequency analytical formula due to Gluckstern[5]. Note
that we designate the three numerical methods as, respec-
tively, the frequency domain (FD), the complex frequency
domain (CFD), and the time domain (TD) approach.

In this report we will also perform parameter studies for
a periodic structure, to obtain a simple formula for the wake
that may be useful in designing a linear collider. Finally,
again using the example of the NLC linac cavity, we study
the effects of the rounding of the irises, and the effects of
non-periodic features, such as the variation in cell geome-
try, and the end conditions.

2 FREQUENCY DOMAIN METHODS

The NLC accelerating cavity is a 206 cell damped, detuned
structure (DDS) operating at 11.4 GHz. It is a disk-loaded
structure, with constant period L (= 8:75 mm), and grad-
ually varying gap g and minimum iris radius a (the iris
edges are rounded). In the version named DDS1, for ex-
ample, the change in a follows a Gaussian distribution with
rms 2.5%, truncated at �2�, and g varies from 7.75 mm to
6.75 mm. The middle cell has dimensions a = 4:724 mm
and g = 7:25 mm. Note that since the NLC linac bunch
length is very small (with rms �z = 0:1 mm), the bunch
“sees” only the irises, and the outer cavity shape plays no
role in the wakefield. Let us begin by considering a purely
periodic model of an NLC cavity. We choose the same
model as was used in Ref. [2], i.e. one with squared, not
rounded, iris edges, and with dimensions a = 4:924 mm,
g = 6:89 mm, and L = 8:75 mm.

According to the FD method, the wave numbers kn and
the loss factors �n for a few hundred modes are obtained
by field matching, and the high frequency dependence of
the impedance is given by the optical resonator model. The
real part of the impedance becomes

RL =

NX
n=1

��n

c
�(k � kn) +

2Z0j
2

01

�L�2
� (1)

�
p
� + 1

(� + 2
p
� + 2)2

�(k � kN ) k > 0 ;

with j01 = 2:41, � = 0:824, � = 4a2k=(�L�2), with c the
speed of light and �L =

p
Lg; �(x) = 0 for x < 0, 1 for

x > 0. The resonator model combines the power spectrum
at the iris edge in the primary field of the beam with diffrac-
tion at the edges of a periodic array of thin, circular mirrors.
It is a simple model but it has been observed to agree well



with numerical results. The real part of the impedance of
our model as obtained by the FD method, with 270 modes
averaged over frequency bins, is given by the histogram in
Fig. 1. The optical resonator asymptote is given by a dotted
curve. We see that at higher frequencies the two agree.

Figure 1: RL, when averaged over bins, as given by the
FD method (histogram); RL and XL as given by the CFD
method (solid lines) and by Eq. 2 with � = 0:52 (dashes).

The CFD method also finds the impedance by field
matching, but along a path slightly shifted off the real k
axis. In Fig. 1 the real (RL) and imaginary (XL) parts
of the impedance ZL, as obtained by this method, when
kI = Im(k) = 0:2 mm�1, are shown (the solid curves).
We note that the impedance is a relatively smooth function
(instead of a sum of delta functions as before), and that the
results agree well with those of the FD method and with the
optical resonator model. Note that with the CFD method
we can accurately go to much higher frequencies than be-
fore, and can therefore better study the asymptotic behavior
of the impedance. For example, with the FT method, since
the density of modes varies � k, we would need to solve
for 3� 105 modes to obtain ZL up to k = 200 mm�1. We
should point out, however, that even with the CFT method
to get convergence in the solution at high frequencies, the
size of the matrix we need to solve becomes very large: at
kR = 200 mm�1 its size is � 600� 600.

Gluckstern gives the high frequency behavior of the
impedance of a periodic structure as[5]:

ZL �
iZ0

�ka2

"
1 + (1 + i)

�L

a

�
�

kg

�1=2
#
�1

[k large] ;

(2)
with the parameter � = 1. It can be shown, however, that
� is a function of g=L, with �(0) = 1 and �(1) = 0:46[9].
(Note that 0.46 is the same numerical factor that has been
obtained by Stupakov for a periodic array of infinitesimally
thin irises[10].) For normal structures (g=L � 1), � � 0:5.
Eq. 2 with the appropriate � for our dimensions, 0.52, is
shown in Fig. 1 by the two dashed curves. We note good

agreement with the CFD results at high frequencies.

2.1 Longitudinal Wakefield

In the FD method the short-range longitudinal wakefield
WL(s) is obtained by inverse Fourier transforming the
impedance. The same is true in the CFD method, ex-
cept that the result must also be multiplied by the factor
exp(kIs). The results are shown in Fig. 2. There is about
a 5% disagreement between the two results. One check is
that WL(0) should equal Z0=(�a

2). The result of the FD
method is 6% low, that of the CFD method is 1% low.

Figure 2: The wakefield of our periodic model, as obtained
by different frequency domain methods.

If we inverse Fourier transform Eq. 2 we obtain a predic-
tion for the very short-range wakefield:

WL �
Z0c

�a2
exp

�
2��2L2

s

a2g

�
erfc

�
�L

a

r
2�s

g

�
[s small]

(3)
(given by the dashes in Fig. 2). We see that the approximate
result, Eq. 3, agrees well with the CFD result for very short
distances, for s . 50 �m.

2.2 Parameter Study

For designing linear colliders it would be useful to have a
simple approximate formula for the short-range wakefield
of a periodic structure that is valid, say, up to s=L = :15

(s = 1:3 mm for the NLC), over possible values of a and g.
For this purpose we repeat the CFD calculation for param-
eters in the region :34 � a=L � :69 and :54 � g=L � :89.
Anticipating the functional form

WL =
Z0c

�a2
exp

�
�
p
s=s0

�
; (4)

we plot in the left frame of Fig. 3 the values of s0 fitted to
the numerical results (the plotting symbols). We find the
data is reasonably well reproduced by taking

s0 = 0:41
a
1:8
g
1:6

L2:4
(5)

(the dashes in the figure). In the right frame we plot the
wakes and the model result for four examples at the cor-
ners of our parameter plane. Note that a similar, though
different, wakefield model has been proposed in Ref. [11].



Figure 3: Results of our parameter study.

3 TIME DOMAIN CALCULATIONS

The TD method that we employ uses direct time domain in-
tegration of Maxwell’s equations to obtain the wakefield. It
uses an implicit method to solve finite difference equations,
taking care to avoid dispersive errors that tend to occur in
mesh-based programs at high frequencies. The program
finds the wake of a bunch distribution (typically a Gaus-
sian), �WL. It has been used successfully for cases with
extremely small bunch lengths, such as in TESLA-FEL,
where �z=a � 10�3[8]. The bunch wake is connected to
WL through

�WL(s) = �
Z
1

0

WL(s
0)�(s � s

0) ds0 ; (6)

with �(s) the charge distribution. In our simulations we
will use the nominal NLC bunch length, �z = 0:1 mm.

First, for our periodic example we let the bunch continue
through identical cells until the wake per cell no longer
changes. The result of the TD simulation is given in Fig. 4,
and compared with that of the CFD method, after it has
been convolved according to Eq. 6 (the dashes). The re-
sults are almost identical. When comparing total loss fac-
tors �tot the results for the TD, CFD, and FD methods are,
respectively, 545, 547, and 512 V/pC/m.

Figure 4: Results of the time domain (TD) calculations.

Features of the DDS1 cavity that are not in our peri-
odic model are transients at the beginning of the cavity,
the tapering of the cell geometry in the cavity, and the
rounding of the iris edges, the effects of which we can ex-
plore with the TD method. As to the transients, it can be

shown[4, 5, 12] that for a finite number of cells greater than
a certain critical number Ncrit & a

2
=(2L�z) the average

wake per cell of the finite structure agrees to within a few
percent with that of the periodic structure. In our case this
corresponds to only 14 cells (out of 206), so this should not
be a significant effect. We can also estimate the effect of
the tapering on the wakefield. For example, let us consider
the effect on �tot, which for the short NLC bunch scales
� a

�2. If we integrate this scaling over the Gaussian dis-
tribution in a, we find that over a whole cavity (assuming
we can ignore the transients) h�toti = �tot(�a)(1 + �

2),
with �a the average iris radius and � the rms of the distribu-
tion in a (= 2:5%). That is, the expected result is nearly
the same as for a periodic structure with dimension a = �a.

We have performed a TD calculation for an entire, ta-
pered DDS1 cavity, once with squared irises and once with
the actual (rounded) iris shapes (see Fig. 4). Compar-
ing loss factors, we obtain, for the squared irises, �tot =

617 V/pC/m, which is 13% larger than for the periodic
model. However, remember that in the periodic model
a = 4:924 mm, which is 4% larger than �a in the actual
structure, so considering the a�2 scaling of the wakefield
there is only a 5% discrepancy unaccounted for, which
could be due to the end conditions and/or the tapering.
Finally, for the actual DDS1 geometry, i.e. with rounded
irises, we obtain �tot = 601 V/pC/m, a 3% smaller result.

We conclude that for the NLC parameters, neither the
end effects, nor the tapering, nor the rounding of the irises
have much effect on the wakefield. More in particular,
we also conclude that the longitudinal wakefield obtained
through the FD method in Ref. [2], and meant to represent
the DDS1 structure, is 15% low, 8% of which is due to not
having used the average cell geometry in the calculation.
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THE SURFACE ROUGHNESS WAKEFIELD EFFECT

A. Novokhatski, M. Timm and T. Weiland,
TU-Darmstadt, TEMF, Schlossgartenstr. 8, 64289 Darmstadt, Germany�

Abstract

In the Linear Colliders FEL projects ultra short bunches are
foreseen to be used. In addition to usual wakefields, com-
ing from irregularities in the chamber, these bunches excite
fields in transporting lines and undulators due to the sur-
face roughness. This effect can be large for the extruded
tubes, usually used in accelerators. Based on computer re-
sults it is shown, that the roughness wakefield effect can be
described by a simple model for the monopole and dipoles
wakefields of a tube with thin dielectric coating.

1 INTRODUCTION

The surface roughness wakefield is the field, excited by a
bunch traveling at the speed of light in a vacuum chamber
with a rough wall surface. These wakefields might play
a crucial role for the Linear Colliders and Free Electron
Lasers(FEL). Since it is required, that the longitudinal and
the transverse emittance is kept small, every additional con-
tribution has to be studied carefully. The roughness depth
of an extruded aluminum pipe is in the order of 0.5 �m
in average or even 3 �m peak to peak. In FEL operation
the bunchlength is below 25 �m. The bunch samples the
surface structure of the tube. Wakefields due to the rough
surface of the vacuum chamber influence the longitudinal
as well as the transverse beam dynamics.

It is shown that the phase velocity of the fundamental
tube mode is decreased by the disturbance of a manufacture
roughness to the speed of light. Accordingly there is a syn-
chronous wave accompanying the Bunch, which is called
the rough tube mode.

2 ANALYTICAL APPROACH

To approach a description of the surface roughness effect a
cylindrical tube with radius a is assumed. The boundary of
this tube is disturbed by a surface structure with the depth �
(Fig. 1). For structures as shown in Fig. 1.I) and Fig. 1.II)
the dispersion curve can be calculated easily.

2.1 Dispersion of the Fundamental Rough Tube Mode

The surface roughness of the tube decreases the phase ve-
locity of the fundamental mode. The speed of light curve
and the dispersion curve are nearly parallel for a wide range
of phase advances per cell (Fig. 2). The first higher mode,
with a radial dependency of 1, behaves nearly like a mode
in a smooth tube. The phase velocity approaches the speed

�Work supported in part by DESY, Hamburg, Germany
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Figure 1: A cylindrical tube with 4 models of surface
roughness: I.) periodically rectangular,II.) periodically tri-
angular, III.) random with rectangular shape, IV random in
longitudinal and radial direction. The tube radius is a, the
depth of the roughness is �, the period (I., II.) or average
period (III.) respectively is 2 � �

of light curve, but does not cross it. Consequently only the
fundamental mode contributes to the wakefields.

The diagram of phase and group velocity Fig. 3 shows,
that the curve of the rough surface mode crosses the speed
of light line at an arbitrary single, frequency. The group
velocity does not reach this line. The relative difference
between group velocity vgr and speed of light c determines
the length of the wake field pulse

�t =
c� vgr

c
� L (1)

where L is the length of the vacuum chamber.

2.2 Dielectric Layer Model

To calculate the wakefields inside a tube the model of a
wave guide covered with a thin dielectric layer is used. The
applicability of this model to tubes with corrugations was
demonstrated in [1]. It has been shown that this approach is
extendable to the transverse wakefields created by a rough
surface [2].
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Figure 2: Dispersion diagram of the rough tube mode
(structure as in Fig. 1.I). The radius of the tube is a = 5

mm. The period of the roughness is 100�m, the rough-
ness depth is � = 50�m. The frequency is plotted against
the phase advance � per cell. The roughness mode curve
crosses the speed of light curve at � 200 GHz.

2.2.1 Monopole Case

In the monopole case (m = 0) the wave number of a wave
guide covered with a thin dielectric layer is given by

k
2

0
=

2"

("� 1)a�
(2)

where " is the relative permittivity, a the tube radius and
� the thickness of the dielectric layer. The longitudinal
wakefunction is

W
k
0
(s) =

Z0c

�a2
cos(k0s) (3)

using the impedance of free space Z0 =
p
�0="0. c

denotes the speed of light.

2.2.2 Dipole Case

In the dipole case the wave number is the same,

k
2

1 =
2"

("� 1)a�
(4)

as in the monopole case. The longitudinal wakefunction
is given by:

W
k
1
(s) = 2

�
r0

a

��
r1

a

�
Z0c

�a2
cos(k1s) (5)

where r0 and r1 are the offset of the driving charge and
the witness respectively. Note that for r0 = r1 = a the
amplitude of the longitudinal dipole wakefield is twice as
large as in the monopole case. Finally the transverse dipole
wakefunction reads:

W
?
1 (s) = 2

�
r0

a

�
Z0c

�a3k1
sin(k1s): (6)
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Figure 3: Dispersion diagram of the rough tube mode
(structure as in Fig. 1.I). The radius of the tube is a = 5

mm. The period of the roughness is 100�m, the roughness
depth is � = 50�m. The phase velocity vph = !=� and
the group velocity vgr = @!=@� are plotted against the
frequency. The roughness mode curve crosses the speed of
light curve at � 200 GHz.

To describe the consequences of the transverse wake-
fields on the bunch in the transfer line the gradient G(s)

of the wakefunction as the quotient of the transverse dipole
wakefunction and the offset to the axis is introduced:

G(s) =
W
?
1 (s)

r0
(7)

Assuming that a bunch of an energy E enters the tube at
an offset r0 it will double its offset after a certain distance,
to which in this paper is referred to as the instability length:

zinst =

s
E

G(2�z)
(8)

2.2.3 Application of the Dielectric Layer Model to Sur-
face Roughness

The applicability of the dielectric layer model to the lon-
gitudinal and transverse wakefields of a vacuum chamber
with a rough surface modeled as shown in Fig. 1 has been
demonstrated in [1, 2]. It is important to note, that neither
the appearing of the rf-pulse nor its frequency depend on a
strict periodicity of the structure [2].

2.2.4 Validity in Three Dimensions

There are many uncertainties in the transformation of this
model to three dimensional problems, but the effective
roughness depth in 3D is expected to be 3 times less than
in 2D.

2.3 Normalized Description

The surface roughness wakefield, the loss parameter and
the energy spread are given as functions of k0�z . The fre-



quency k0 can be derived from the model above and is es-
sentially a property of the tube and �z of course a bunch
property.

The normalization is chosen in this way, that the maxi-
mum loss factor equals 1. The wakefunction is:

w
k
0
(z) = 2 cos(k0�zz): (9)

The wakepotential derived from this wake is

W
k
0
(z) =

1
p
2�

Z
z

�1

e
�
y2

2 : cos(k0�z(z � y))dy: (10)

Thus the normalized lossfactor is:

H(k0�z) = e
�(k0�z)2 : (11)

It gives the energy transported by the rf-wave traveling
along the tube. The normalized energy spread is:

�(k0�z) =
1p
2�

Z 1

�1

W
k2
0

(z)e
�
z
2

2 dz � e
�2(k0�z)2

(12)
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Figure 4: Loss factor H and Energyspread � due to the
rough tube mode in normalized description.

Depending on the value of k0�z the wakefields act ca-
pacitive k0�z � 0 or inductive k0�z >> 1. Fig. 4 shows
a flat top of the Energyspread in the region 0:75 < k0�z <

1:25. The energy spread stays the same while the loss fac-
tor, and thus the energy of the rf-pulse is decreasing.

The amplitude of the wakefield decreases in this region
of k0�z , It is the transition from capacitive to inductive
wake characteristic. The tail of the bunch is now accel-
erated. Therefore the energy spread is not changing.

2.4 Dielectric Layer Model and Normalized Description

To calculate the lossfactor and the energyspread from the
normalized description the frequency k0 has to be deter-
mined according to eq. 2 Assuming a radius a = 2mm and
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Figure 5: The wakefields in the flat top region of the nor-
malized energy spread (compare Fig. 4).

a roughness depth � = 100�m, the permittivity of the di-
electric layer is found to be around " � 1:9 in cases Fig.
1.I.) and Fig. 1.III.) and " � 1:4 in case Fig. 1.II.). Note
that the equivalent permittivity depends on different param-
eters as e.g. the roughness shape.

Subsequently the value of the lossfactor and the energy
spread can be calculated by

kloss =
Z0c

2�a2
H(k0�z) (13)

and

�E =
Z0c

2�a2
�(k0�z) (14)

respectively.

3 NUMERICAL RESULTS

As an example of the application of the dielectric layer
model a tube with a radius of a =2 mm and a roughness
depth of � =20 �m, modeled as Fig.1, is taken. The bunch
length �z = 250�m is more than 10 times larger than the
gaps of the surface roughness.

The longitudinal wakefield resulting from the numerical
calculation, is compared to the wakefield, as derived by
convolution from the analytical solution 6. The 2 curves
show good agreement. The relative permittivity is "r =

1:515. The longer the calculated tube is, the more the am-
plitude of the wakefield approaches the analytic curve.

The wakefield created by a �z = 250�m bunch in side
a tube with a surface modeled randomly as well in longitu-
dinal and radial direction is used as another example. The
tube radius is a = 5mm, the mean value of the random
distribution is 50�m in radial and longitudinal direction.

The field lines of the electric field 7 derived by the nu-
merical simulation in the time domain. show a harmonic
oscillating field. The wave length of the field is much
higher than the period of the surface roughness. The size
of a single roughness cavity does not correspond directly to
the wave length. This is in agreement to the fact, that the
strict periodicity is not necessary. The random distribution



0 1 2 3 4 5
s/[mm]

-400

-300

-200

-100

0

100

200

300

400
W

z(
s)

/[V
/p

C
/m

]

Bunch
Numerical calculation
Analytical Approach
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ical calculations. Wakefield of a bunch with the length of
�z = 250�m, carrying a charge of 1pC is passing a tube
with radius a = 2mm. The structure of the surface is mod-
eled as Fig. 1period of the roughness is p = 40�m, the
roughness depth is � = 20�m.

does not lead to any decoherence of the rf-pulse following
the bunch.

4 APPLICATION OF THE MODEL OF SURFACE
ROUGHNESS

The derived theory is now applied to some components of
Linear Colliders and Free Electron Laser. As an example
the numbers of a three tubes are given. One with a compar-
atively large diameter and a very smooth surface. with two
different roughness depth, and of a very narrow undulator
chamber, where wakefields are apprehended in particular,
are given.

Tube 1 Tube 2 Undulator
Tube Radius [mm] 10 50 5

Rough. Depth �[�m] 0.5 0.1 0.5
�z[�m] 100 10 20
Q [nC] 0.5 1 1

frep [Hz] 200 10 5
Bunch Spacing [ns] 1 100 100
Pulse Length [�s] 0.1 1000 1000

Table 1: Electron beam and geometric parameters of the
examples for surface roughness wake fields. Numbers are
given for a tube of 1 meter length.

Several assumptions are made to derive the number. The
roughness depth is has a rectangular shape. For the equiva-
lent permittivity " the value 2 is taken. To calculate the av-
erage power different repetition rates of are assumed. This
number as well as the bunch spacing and the pulse length,
affects the average power only.

The application of the surface roughness model on some

            

Figure 7: Field lines of the electric wakefield of a bunch
with the length of �z = 250�m, carrying a charge of
1pC.The radius of the tube is 5 mm. The average period of
the roughness is � = 50�m, the average roughness depth is
� = 50�m.

elements which might appear in future Linear Colliders and
FEL's shows, that enormous peak powers are achieved even
with surfaces usually regarded as smooth (Tab. 4). The
peak power stays constant as the structure length increases,
because the rf-pulse length depends on the structure length
too. Thus the power stored in the rf-pulse grow propor-
tional to the length. Note that the numbers given in Tab. 4
expected to be smaller in a three dimensional structure with
an arbitrary shaped surface.

Nevertheless the effect on beam dynamics cannot be ne-
glected.

Furthermore the utilization of this wakefields in the
beam dynamics calculation in damping rings shows, that

Tube 1 Tube 2 Undulator
Energyloss [kV] 24.3 6.6 381.3

Energyspread [MV] 49.8 3.6 216
k0� 1.41 0.28 0.8

Frequency [GHz] 675 1350 1900
Pulselength [fs] 333 13.3 670

Peak Power [MW] 72.9 496 570
Average Power [W] 0.486 0.66 19.4

Table 2: Wakefields due to the vacuum chamber rough-
ness in several Linear Collider components. Parameters are
listed in 4.



the saw tooth instability reported in many cases might be a
consequence of the surface roughness[3].

5 RESISTIVE AND SURFACE ROUGHNESS
WAKEFIELDS

The collective effect of the surface roughness and the re-
sistive wall wakefield effect is studied. Therefore a peri-
odic rectangular structure is chosen (Fig. 1 I.). The ra-
dius a = 2mm and the roughness depth � = 100�m
stay unchanged for the comparison. For the conductivity
� several different values where assumed. The lowest con-
ductivity � = 132 1/
m corresponds to a skin depth of
�skin = 100�m, the same value as the roughness depth at
the bunch frequency. In steps of 3 times the preceding con-
ductivity, � is increased, i.e. the skin depth is decreased
by
p
3. Finally a perfect conducting material is used, as a

comparison to the usual surface roughness wakefields.
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Figure 8: Wakefield of a rough resistive Tube. The tube
radius is 2mm the roughness depth is 100�m. The conduc-
tivity � = 1321/
m corresponds to a skin depth of � at the
bunch frequency.

Fig. 8 shows the wakefields in the bunch region. The
lower the conductivity is, the higher is the amplitude of the
wakefield. The resistive wall and the rough surface effect
fortify each other.

Regarding the wakefield in a longer range Fig. 9, the
lower conductivity damps the wakefield strongly. The rf-
pulse does not reach the length of the perfectly conducting
case. The frequency of the pulse is lower. Compared with
the description of the resistive wall wakefield in [4], the
rough surface wake field is the dominating effect if

� >
4

3
3
p
a

�
c

2��

� 2

3

; (15)

where �, the conductivity, is 5:4 � 1017 1s , for a copper
tube, 3:2 � 1017 1s for aluminum and 1:3 � 1016 1s for stainless
steel. In case of the aluminum undulator pipe (Tab. 4) the
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Figure 9: Wakefield of a rough resistive tube. The tube
radius is 2mm, the roughness depth is 100�m. The con-
ductivity � = 1321/
m corresponds to a skin depth of � at
the bunch frequency.

roughness depth � > 64nm and in case of the transfer line
� > 138nm. In the example above Fig. 8, 9 the transition
between the regimes is � 2:5�.

6 CONCLUSION

This approach takes into account the accelerators vacuum
chamber disturbed by a rough surface. There is a rough
tube mode with the phase velocity equal to the speed of
light accompanying the Bunch. The bunch does not ex-
perience every single detail of the surface corrugation, but
averages over the faults. The wakefields due to this mode
are large. Estimations of the influences are given.
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WAKE OF A ROUGH BEAM WALL SURFACE
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Abstract

We review and compare two models recently developed for
the impedance calculation of a rough surface.

1 INTRODUCTION

Future linear accelerators and FELs tend to use short,
intense bunches with small emittances and small energy
spreads. For example, the design of the Linac Coherent
Light Source (LCLS) at SLAC requires a bunch with a peak
current of 3.4 kA, an rms bunch length of 30 �m, a normal-
ized emittance of 1 mm-mr, and an rms energy spread of
0.1%[1]. One concern in such machines is that induced
wakefields may significantly increase the beam emittance
or energy spread. It has been pointed out in [2, 3] that one
major source of wakefields in machines with short bunches
might be the roughness of the beam tube surface.

The model developed in Ref. [2] assumes that a rough
surface can be represented as a collection of bumps of rel-
atively simple shapes (hemisheres, half cubes, etc.), and
the total impedance can be approximated as the sum of
the impedances of the individual bumps. Recently, another
approach has been developed [4], one using a small-angle
approximation in the wall surface profile. It assumes that
the wall surface discontinuities are gradual in the direction
along the wall surface. In this approach the impedance of
the rough surface is expressed in terms of the spectral func-
tion of the surface profile. The result represents the contri-
bution of different scales, and can be used to estimate the
impedance based on the statistical properties of the surface.

In this paper we review and compare the two approaches.
Note that in both models we assume that the depth of the
surface perturbations are large compared to the skin depth
at the frequencies of interest, and that we can therefore ig-
nore the effect of the resistance of the wall material. Note
further that both models yield a total impedance that is in-
ductive in character. Another model, one that says that the
effect of a rough surface is similar to that of a thin dielec-
tric layer, and that yields a resonator type of impedance [3],
will not be discussed here. Finally, note that, for brevity,
we consider here only the longitudinal impedance. In the
case of the LCLS undulator beam tube, for example, it
appears that this is the dominant wakefield effect. Once
the longitudinal impedance is known, however, the trans-
verse impedance of a rough surface on a cylindrical beam
tube can be easily obtained, as is shown, for example, in
Ref. [2].

2 SIMPLE MODEL

In the model developed in Ref. [2], it was assumed that a
rough surface can be represented as a random distribution
of small bumps and cavities of a certain size — the gran-
ularity size — on a smooth surface. Since the impedance
of a small bump tends to be significantly larger than that
of a cavity of similar size, the effect of cavity-like features
was neglected. Then a rough surface can be represented as
a collection of bumps, as sketched in Fig. 1. The longitu-

Figure 1: Rough surface is represented as collection of
bumps of a given shape randomly distributed on the sur-
face.

dinal impedance of a single hemisphere of radius r on the
surface of a tube of radius b for ! � r=b is given by [5]

Z1(!) = �i!L = �i! Z0

4�c

r
3

b2
; (1)

where L is the inductance, ! the frequency, Z0 = 377 
,
and c the speed of light. For a small object of a different
shape the above formula needs to be multiplied by a form
factor f . Numerically obtained form factors for some sim-
ple shapes are given in Table 1 [2]. By comparing the result
for a cube and a half cube note a strong, roughly quadratic
dependence of f on bump height.

For many bumps, assuming they are separated by at
least their size, the total impedance is approximated by the
sum of the impedances of the individual bumps. The total
impedance per unit length of the beam tube then becomes

Z(!) = ��f iZ0!

2�c

r

b
; (2)

with � a packing factor equal to the relative area on the
surface occupied by the bumps. As we see, the longitudinal
impedance in this model is purely imaginary (inductive).



Table 1: Form factors for 5 selected objects with the same
base area. The figure at the bottom of the table shows the
shapes of the respective objects, counted from left to right.

Case f

Hemisphere 1
Half Cube 2.6
Rotated Half Cube 0.6
Wedge 1.1
Cube 10.8

In applications such as the LCLS undulator, an important
parameter is the energy spread of the bunch, which can be
increased due to the roughness impedance. For a Gaussian
bunch with rms length �z � r the total rms energy spread
induced by the roughness of the beam tube is given by [2]

�Erms = Ne
2
LWrms; (3)

where N is the number of particles in the bunch, L is the
beam tube length, and

Wrms = ��f
cZ0

31=423=2�3=2
r

b�2z

: (4)

Using the above expression for the impedance, we can
now estimate the effect of the roughness wake in the LCLS
undulator using the following parameters: undulator length
– L = 100 m, beam charge – Ne = 1 nC, f = 1, � = 0:5,
�z = 30 �m, b = 3mm, beam energy – E = 15 GeV. For
the energy spread increase due to the wake �� < 0:05%,
the height of the bumps should be

r < 50 nm: (5)

If these parameters are accurate, then the requirement on
the smoothness of the beam tube surface are severe.

Small-Angle Approximation

The detailed derivation of the impedance in the small-
angle approximation can be found elsewhere [4]. Here we
outline the main assumptions and present the final result of
this model.

The approach is based on the assumption that the angle
between the normal to the rough surface and the radial di-
rection is small compared to unity. If we assume that the
rough surface is given by the equation y = h(x; z), where
x, y and z are the cartesian coordinates, and h is the local
height of the surface, then the small-angle approximation
means that

jrhj � 1 : (6)

This assumption allows us to develop a rather general the-
ory of the impedance, which gives good accuracy even
when jrhj � 1.

In addition to Eq. (6), we also require that the height of
the bumps and their characteristic width g be small com-
pared to the radius of the pipe b,

g; jhj � b : (7)

Evidently, this inequality is easily satisfied for realistic val-
ues of g, h and b. Finally, because typically the size of
the surface bumps g is on the order of microns, and the
bunch length �z is on the order of at least tens of microns,
we also assume that the characteristic frequency of interest
! � c=�z is small compared to c=g,

! � c=g : (8)

Using approximations (6) – (8), one can show that for a
single bump of arbitrary shape h0(x; z) sitting on the sur-
face of a round beam pipe, the impedance is

Z1(!) = �
ikZ0

b2

Z
1

�1

�
2

zjĥ0(�z; �x)j2p
�2
x
+ �2

z

d�zd�x; (9)

where ĥ0 is a two dimensional Fourier transform of the
bunch shape:

ĥ0(�z ; �x) =
1

(2�)2

Z
1

1

h0(x; z)e
�i�zz�i�xx dzdx;

(10)
where the z-axis is directed along the pipe axes, and the
x axis is locally directed along the azimuthal coordinate
�. We note, that due to assumed smallness of the surface
structures, we can use the local Cartesian coordinate sys-
tem x, y and z in Eqs. (9) and (10) instead of the global
cylindrical coordinate system �, r and z.

To describe a rough surface with a random profile, we
assume that h(x; y) is a random function with zero average,
hh(x; z)i = 0. Statistical properties of such a surface are
characterized by the correlation function K(x; y),

K(x� x
0

; z � z
0) = hh(x0; z0)h(x; z)i ; (11)

where the angular brackets denote averaging over possi-
ble realizations of h(x; z). Eq. (11) implies that statisti-
cal properties of h(x; z) do not depend on the position of
the surface. An important statistical characteristic of the
roughness is the spectral density (or spectrum) R(�z; �x),
defined as a Fourier transform of the correlation function,

R(�x; �z) =
1

(2�)2

Z
dx dz K(x; z)e�i�xx�i�zz : (12)

If the surface is statistically isotropic (all direction in the
x � y plane are statistically equivalent), the spectrum R

depends only on the absolute value � of the vector (�x; �z),
� =
p
�2
x
+ �2

z
, R = R(�).

The main result of Ref. [4] is that the longitudinal
impedance of a circular pipe of radius b0 with a rough



perfectly conducting surface characterized by the spectral
function R(�x; �z) in the frequency range limited by the
condition (8) is given by the following equation:

Z(!) = � ikZ0L

2�b

Z
d�z d�xR(�x; �z)

�
2

z

�
; (13)

where L is the length of the pipe.
The presence of the factor �2

z
in the integrand of Eq. (13)

means that the contribution to Z of roughness in longitudi-
nal (z) and azimuthal (x) directions are different. For ex-
ample, bellow-type variations on the surface have spectral
components with �z 6= 0 and �x = 0, and result in non-
vanishing Z(!). On the other hand, ridges going in the
longitudinal direction generate a spectrum with �x 6= 0
and �z = 0, and according to Eq. (13) do not contribute to
Z(!).

As an application of Eq. (13), we can calculate the
impedance of a rough surface with a Gaussian spectrum

S(�) =
l
2

c
d
2

2�
e
��

2
l
2

c
=2
; (14)

where d is the rms height of the roughness and lc is the cor-
relation length in the spectrum. Performing the integration,
one finds

Z(!)

L
= �

p
�

4
p
2

ikZ0d
2

lcb
: (15)

It is seen, that the impedance not only depends on the rms
height of the bumps, but also on the correlation length l c.
Increasing this lengths makes the impedance smaller for a
given rms height of the roughness. Qualitatively, l c can be
considered as a typical transverse size of the bumps in the
statistical distribution.

3 FRACTAL SURFACE

Another model of a rough surface is given by a power spec-
trum, limited at small wavelengths,

R(�) = A�
�q
; for � > �0;

R(�) = 0; for � < �0; (16)

where �0 is the minimal value of the spectrum, q > 0 is a
power index, and A defines the amplitude of the roughness.
For spatial scales much smaller than ��1

0
, this surface gives

an example of a fractal landscape with a fractal dimension
q. The parameter �0 can be related to the characteristic
correlation length, lc, of the random profile, �0 � �=lc.
We can also relate the factor A to the rms height d of the
roughness,

d
2 = 2�

Z
1

0

� d�R(�) =
2�A

q � 2
�
2�q

0
: (17)

For convergence of the integral it is required that q > 2.
The shape of the surface for two different values of q ob-
tained with a help of computer code described in [6] is
shown in Fig. 2. It turns out, that increasing the value
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Figure 2: Fractal surfaces for q = 3:5 and q = 4. Smaller
values of q give more ”spiky” profiles.

of q makes the surface smoother. Using Eq. (13) we can
calculated the impedance of such a surface,

Z(!)

L
= � ikZ0

4�b

q � 2

q � 3
d
2
�0 : (18)

Again, for convergence, we require that q > 3, other-
wise the integral diverges as � ! 1. This requirement is
stronger than the convergence condition for Eq. (17), and
is due to a relatively slow decay of the spectrum at large �.

4 COMPARISON OF THE TWO MODELS

To compare the two models, we will calculate the
impedance of a surface covered by bumps of a given shape,
as illustrated by Fig. 1, using the small-angle approxima-
tion, and compare it with Eq. (2) . For the sake of gener-
ality, we will assume an arbitrary shape of the bump given
by the function h0(x; z). The bumps are randomly scat-
tered over the surface, with the average number of bumps
per unit area equal to �. We will assume that the average
distance between the bumps, ��1=2, is much larger than
the transverse size of the bump g; then we can neglect the
events when bumps overlap.

Let us consider a square on the surface of size L � L,
where L is large in comparison with the bump width g,
but small relative to the pipe radius b, so that the effects
of curvature are negligible. If this area contains N bumps,
located at positions (xn; zn), n = 1; 2; : : : ; N , then the
surface profile h(x; z) is a superposition of all N bumps,

h(x; z) =

NX
n=1

h0(x� xn; z � zn): (19)

To calculate the spectrum R(�x; �z) needed in the small-
angle approximation model, we will first find the correla-
tion function K,

K(�; �) = hh(x; z)h(x + �; z + �)i (20)

=

NX
n;k=1

hh0(x � xn; z � zn)

� h0(x+ � � xk ; z + � � zk)i:



Since we neglect overlapping of the bumps, only terms with
n = k contribute to the sum of Eq. (20)

K(�; �) �
NX
n=1

hh0(x � xn; z � zn) (21)

� h0(x+ � � xn; z + � � zn)i:

To perform averaging in Eq. (21), we will assume that the
probability p(xn; zn) for the bump to be located at the point
(xn; zn) within dxn and dzn does not depend on the posi-
tion, and is equal p = L�2. This assumption corresponds
to a uniform distribution of bumps on the surface. Then
averaging means integration over the square,

hf(x; z)i = L�2
Z
L�L

dx dzf(x; z); (22)

and it reduces Eq. (21) to

K(�; �) =
N

L2
Z
L�L

dx dzh0(x; z)h0(x+ �; z+ �): (23)

From Eq. (21) it follows that the correlations function
for the randomly distribute bumps is equal to the corre-
lation for a single bump multiplied by the bump density
� = N=L2. Correspondingly, the spectral function R is

R(�x; �z) = (2�)2�jĥ0(�x; �z)j2; (24)

where ĥ0 is given by Eq. (10). Putting this correlation
function into Eq.(13) gives

Z(!) = 2�bL�Z1(!); (25)

where Z1(!) is given by Eq. (9). This equation tells us that
the impedance of a rough surface consisting of a collection
of identical bumps randomly scattered over the surface is
equal to the impedance of a single bump multiplied by the
number of bumps on the surface area. This result agrees
with the approach used in the first model. Hence, the only
difference between the two models in this limit is due to
the calculation of the single bump impedance Z1. Indeed,
as shown in Ref. [4], for hemispheres, the small-angle ap-
proximation theory gives the result that is about two times
smaller than the exact solution Eq. (1). Hence, for the
rough surface, we will find that the two models agree within
the factor of 2, with the small-angle theory giving a smaller
impedance.

5 CONCLUSIONS

We have shown that the two models of roughness
impedance investigated in this report have some similari-
ties and some differences, and can be thought of as being
complementary. They both are applicable only when the
frequencies of interest are low compared to c=r, with r the
typical size of the surface discontinuities, and both yield
an approximation to the impedance that is purely induc-
tive. The first model approximates a rough surface by a

random collection of non-interacting bumps. It finds the
impedance of a single, small bump on a beam tube sur-
face, and then uses averaging to estimate the impedance
of a rough surface. The second model, through use of
the spectral function of the rough surface analytically finds
the impedance, though it is limited to surfaces with slowly
varying discontinuities. In the specific case of a surface
with non-interacting, smooth bumps the two models will
give the same result.

The micro-geometry of a metallic surface—for example,
the beam tube in the LCLS undulator— depends on the
manufacturing and polishing process that had been applied
to that surface. For either of the models discussed in this
report to accurately estimate the impedance of a surface
requires a specific characterization of the micro-geometry.
Once such a characterization is performed, through mea-
surement, one can begin to apply these models to obtain a
realistic estimate of the surface impedance and derive con-
clusions about the effect of the impedance on beam dynam-
ics.
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CALCULATION OF IMPEDANCE FOR MULTIPLE WAVEGUIDE JUNCTION
USING SCATTERING MATRIX FORMULATION
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$EVWUDFW

$ PHWKRG RI FRPSXWLQJ WKH HOHFWURPDJQHWLF

FKDUDFWHULVWLFV RI D FRPSOH[ �' FDYLW\ FRQVLVWLQJ RI

VHULHV RI ZDYHJXLGHV ZLWK DUELWUDU\ FURVV VHFWLRQ LV

GHULYHG� 7KH VFDWWHULQJ PDWUL[ IRUPXODWLRQ LV XVHG IRU WKH

VLPXODWLRQ� )RU FDOFXODWLRQV RI PRGHV LQ ZDYHJXLGH ZLWK

DUELWUDU\ FURVV VHFWLRQV D ILQLWH HOHPHQW FRGH 6/$16 LV

DSSOLHG� 7KH FRPSXWHU FRGH EDVHG RQ WKH PHWKRG LV XVHG

WR FDOFXODWH VFDWWHULQJ SDUDPHWHUV� GLVSHUVLRQ

FKDUDFWHULVWLFV RI SHULRGLFDO VWUXFWXUHV� UHVRQDQFHV�

ORQJLWXGLQDO DQG WUDQVYHUVH LPSHGDQFHV� 7KH PHWKRG ZDV

RULJLQDOO\ GHYHORSHG IRU VLPXODWLRQV RI ORQJ UDQJH ZDNH

ILHOGV LQ DFFHOHUDWRU VWUXFWXUHV DQG IRU FDOFXODWLRQV RI 5)

ZLQGRZV� $GYDQWDJHV RI WKH WHFKQRORJ\ PDNH SRVVLEOH WR

VLPXODWH ORQJ RSHQ FDYLWLHV VXFK DV DFFHOHUDWLQJ

VWUXFWXUHV DQG FRPSOH[ YDFXXP FKDPEHUV� 7KH PHWKRG

DQG VRPH UHVXOWV DUH SUHVHQWHG�

 1 INTRODUCTION

'HVLJQ RI PRGHUQ DFFHOHUDWRUV UHTXLUHV H[WHQVLYH

VLPXODWLRQ RI DQ LQIOXHQFH RI DFFHOHUDWRU FRPSRQHQWV RQ

WKH EHDP� 7KLV LQIOXHQFH FDQ EH FKDUDFWHULVHG E\ VXFK

SDUDPHWHUV DV UHVRQDQW IUHTXHQF\� UHVRQDQW VKXQW

LPSHGDQFH� FRXSOLQJ LPSHGDQFH� $ ORW RI ZHOO HVWDEOLVKHG

PHWKRGV DQG FRPSXWHU FRGHV ZHUH GHYHORSHG WR REWDLQ

WKH SDUDPHWHUV RI 5) FDYLWLHV� SHULRGLFDO VWUXFWXUHV� DQG

REVWDFOHV LQ D EHDP SLSH� ,Q JHQHUDO WKH PHWKRGV FDQ EH

GLYLGHG LQWR WKUHH SDUWV� 7KLV DUH JULG DQG ILQLWH HOHPHQW

EDVHG PHWKRGV� WKHQ PRGH�PDWFKLQJ EDVHG DQG

HTXLYDOHQW FLUFXLW EDVHG PHWKRGV� 8S WR QRZ� FDOFXODWLRQ

RI FRPSOH[ DQG �' VWUXFWXUHV E\ WKH ILUVW PHWKRGV LV

PHPRU\�VSDFH DQG FRPSXWHU WLPH FRQVXPLQJ SUREOHP�

(TXLYDOHQW FLUFXLW PHWKRG LV D YHU\ HIIHFWLYH RQH EXW

OLPLWHG PRVWO\ LQ XVH IRU VWUXFWXUHV ZLWK VLPSOH FRXSOLQJ

VXFK DV VLQJOH�PRGH ZDYHJXLGHV RU ORZHU SDVVEDQGV RI

DFFHOHUDWLQJ VWUXFWXUH� 0RGH�PDWFKLQJ PHWKRG KDV

VHYHUDO DGYDQWDJHV WKDW PDNH LW XVHIXO IRU WKH

VLPXODWLRQV� 7KH PHWKRG SHUPLWV WR VLPXODWH FRPSOH[ �'

VWUXFWXUHV DQ HIILFLHQW ZD\ DQG PDNH TXDOLWDWLYH DQDO\VLV

RI WKH UHVXOWV VLPSOHU WKHQ WKH RWKHU PHWKRGV� ,W FDQ EH

XVHG DOVR IRU QRQ�UHODWLYLVWLF SDUWLFOHV ZLWK FXUYHG

WUDMHFWRULHV� 5HVXOWV RI VLPXODWLRQ E\ JULG RU ILQLWH

HOHPHQW FRGHV FDQ EH QDWXUDOO\ LQFRUSRUDWHG LQWR WKH

PHWKRG� 7KH PHWKRG DOORZV WR FDOFXODWH D VWUXFWXUH

SDUWLDOO\ DV ZHOO� $Q H[DPSOH RI VXFK FDOFXODWLRQ LV D

PDWFKLQJ RI DFFHOHUDWRU VWUXFWXUH FRXSOHUV� 'XULQJ WKH

PDWFKLQJ RQH QHHGV WR FDOFXODWH VFDWWHULQJ PDWUL[ RI WKH

VWUXFWXUH RQFH DQG WKHQ UHFDOFXODWH RQO\ FRXSOHUV�

7KH SUHVHQW SDSHU GLVFXVVHV D PRGH�PDWFKLQJ EDVHG

PHWKRG� 7KH PHWKRG XVHV D VFDWWHULQJ PDWUL[ WHFKQRORJ\

WR GHWHUPLQH FRXSOLQJ LPSHGDQFH� VFDWWHULQJ SDUDPHWHUV�

UHVRQDQW IUHTXHQF\� TXDOLW\ IDFWRU� DQG ILHOGV LQ D 5)

FDYLW\� DV ZHOO DV SHULRGLFDO VWUXFWXUH SDUDPHWHUV� 7KH

FRGH XVLQJ WKH PHWKRG ZDV GHYHORSHG� 7KH DLP RI WKH

FRGH ZDV VLPXODWLRQ RI �' VWUXFWXUHV VXFK DV 5)

ZLQGRZV DQG DFFHOHUDWLQJ VWUXFWXUHV ZLWK �' FRXSOHUV�

6RPH UHVXOWV ZHUH SUHVHQWHG LQ >�@� 7KH LQWHUDFWLYH FRGH

ZDV ZULWWHQ RQ REMHFW RULHQWHG ODQJXDJH &�� DQG

FRPSLOHG IRU 3&� 7KH VLPLODU DSSURDFK ZDV GHYHORSHG E\

6�$�+HLIHWV DQG 6�$�.KHLIHWV >�@� DQG E\ 8UVXOD 9DQ

5HLQHQ>�@ IRU FDOFXODWLRQ RI URWDWLRQDOO\ V\PPHWULFDO

GHWXQHG DFFHOHUDWRU VWUXFWXUH�

 2 SCATTERING MATRIX FORMULATION

7KHRU\ RI PRGH�PDWFKLQJ DQG PXOWLPRGH VFDWWHULQJ

PDWUL[HV LV ZHOO NQRZQ LQ HOHFWULFDO HQJLQHHULQJ DQG ZLOO

EH GHVFULEHG EULHIO\� 0DLQ VWHSV RI WKH FDOFXODWLRQ DUH� WR

EXLOG PXOWLPRGH VFDWWHULQJ PDWUL[ IRU HDFK ZDYHJXLGH

MXQFWLRQ� WKHQ WR DSSO\ WKH VFDWWHULQJ PDWUL[ WHFKQRORJ\

WR UHVROYH FKDUDFWHULVWLFV RI WKH ZKROH VWUXFWXUH� DQG WKHQ

WR SRVW�SURFHVV WKH UHVXOWHG ILHOGV� 7KH GHULYDWLRQ EHJLQV

E\ DVVXPLQJ DQ H[SDQVLRQ RI WKH WUDQVYHUVH ILHOGV ( ⊥ DQG
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ZKHUH NO
H
LV FXW�RII ZDYH YDOXH RI WKH PRGH� γOH LV

SURSDJDWLRQ YDOXH IRU WKH SDUWLFXODU IUHTXHQF\� DQG H]O LV

QRUPDOL]HG DV�
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'HULYDWLRQ RI WKH HLQJHQPRGHV FDQ EH GRQH DQDO\WLFDOO\

RQO\ IRU VLPSOH JHRPHWULHV VXFK DV FLUFOH RU UHFWDQJOH�

6R� IRU DUELWUDU\ FURVV VHFWLRQ DQRWKHU PHWKRG KDV WR EH

DSSOLHG� 7KH PHWKRG VKRXOG EH DEOH WR FDOFXODWH �' IODW

VFDODU IXQFWLRQ WKDW UHSUHVHQWV ] � FRPSRQHQW RI WKH ILHOG

LQ D ZDYHJXLGH DQG FRUUHVSRQGHQW FXW�RII IUHTXHQF\� ,Q

WKLV SDUWLFXODU FDVH D ILQLWH HOHPHQW FRGH 6/$16 >�@ ZDV

XVHG� $IWHU GHULYDWLRQ RI HLJHQPRGHV� DSSO\LQJ

FRQWLQXLW\ RI ILHOGV LQ FRPPRQ DSHUWXUH DUHD \LHOGV WKH

UHODWLRQ EHWZHHQ LQFLGHQW DQG UHIOHFWHG ZDYHV L�H�

VFDWWHULQJ 6 PDWUL[� /HW XV DVVXPH WKDW ULJKW ZDYHJXLGH

KDV VPDOOHU FURVV�VHFWLRQ WKDQ WKH OHIW RQH �)LJ����

%
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7KHUH DUH VHYHUDO DGYDQWDJHV RI DSSOLFDWLRQ RI VFDWWHULQJ

PDWULFHV LQVWHDG RI WUDQVIHU RU $%&' PDWULFHV>�@� 7KH

ILUVW RQH LV WKDW RQ HYHU\ VWHS RI WKH FDOFXODWLRQ ZH KDYH

SDUDPHWHUV WKDW FDQ EH HDVLO\ PHDVXUHG E\ D QHWZRUN

DQDO\VHU� $QRWKHU RQH LV WKDW E\ WKH PHWKRG ZH FDQ DYRLG

QXPHULFDO LQVWDELOLWLHV WKDW DSSHDU IRU IUHTXHQFLHV IDU

DERYH FXW�RII� 1H[W VWHSV LQ WKH FDOFXODWLRQ GHSHQG RQ

UHTXLUHG UHVXOWV� 7KHUH DUH WZR PHWKRGV LPSOHPHQWHG LQ

WKH GLVFXVVHG FRGH� 2QH LV FDVFDGLQJ DQG RWKHU VSDUVH

PDWUL[ /8 WHFKQRORJ\� &DVFDGLQJ OHDGV WR HIIHFWLYH

FDOFXODWLRQ RI GHQVH PDWULFHV� DQG LW LV XVHG IRU

FDOFXODWLRQ RI VFDWWHULQJ SDUDPHWHUV DQG SHULRGLFDO

VWUXFWXUHV� )RU WKH LPSHGDQFH FDOFXODWLRQ D VSDUVH PDWUL[

WHFKQRORJ\ >�@ ZDV XVHG�
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)LJXUH �� ([FLWDWLRQ RI D ZDYHJXLGH EHWZHHQ WZR

REVWDFOHV�

 3 COUPLING IMPEDANCE

,QWHQVLW\ RI EHDPV LQ DQ DFFHOHUDWRU LV OLPLWHG PRVWO\ E\

WKH FRXSOLQJ EHDP LPSHGDQFH� 7KHUHIRUH VWXG\ DQG

PLQLPL]DWLRQ RI WKH LPSHGDQFH DUH LPSRUWDQWV SDUW RI

DFFHOHUDWRU GHVLJQ� 7KH LPSHGDQFH FDQ EH REWDLQHG

DQDO\WLFDOO\ IRU UDWKHU VLPSOH JHRPHWULHV RQO\� VR

QXPHULFDO PHWKRGV DUH DSSOLHG� $SSOLFDWLRQ RI WLPH

GRPDLQ PHWKRGV IRU �' RU ORQJ VWUXFWXUHV LV OLPLWHG E\

FRPSXWLQJ WLPH� 7KH XVH RI FDYLW\ FRGHV IRU WKH

FDOFXODWLRQ RI WKH LPSHGDQFH LV OLPLWHG E\ KLJK�4

VWUXFWXUHV DQG FDQ EH FDUHIXOO\ DSSOLHG IRU IUHTXHQFLHV

DERYH EHDP�SLSH FXW�RII� $W WKH VDPH WLPH SURSHUWLHV RI

WKH VFDWWHULQJ PDWUL[ DSSURDFK DOORZ RQH WR FDOFXODWH

IUHTXHQF\ GHSHQGHQW LPSHGDQFH IRU �' ORQJ VWUXFWXUHV�

IUHTXHQFLHV EHORZ DQG DERYH FXW�RII� DQG WR VLPXODWH

QRQ�UHODWLYLVWLF SDUWLFOHV� &RPSXWDWLRQ WLPH IRU WKH

PHWKRG GRHV QRW GHSHQG RQ WKH OHQJWK RI WKH VWUXFWXUH�

/HW XV FRQVLGHU D ZDYHJXGH EHWZHHQ WZR REVWDFOHV DV

VKRZQ RQ )LJ���



7KH EHDP H[FLWHV ZDYHJXLGH PRGHV� 7KH ZHOO NQRZQ

IRUPXOD IRU WKH DPSOLWXGH RI WKH H[FLWHG PRGH LV >�@�
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HLJHQPRGH ILHOGV� 8VLQJ ���� DPSOLWXGH RI PRGHV LQ WKH

ZDYHJXLGH IRU ]� FRRUGLQDWH ZH KDYH�
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7KH LQWHJUDWLRQ ���� LV SHUIRUPHG DORQJ D ZLWQHVV EXQFK

WUDMHFWRU\� 7KH LPSHGDQFH IRU VWUXFWXUHV ZLWK DUELWUDU\

FURVV�VHFWLRQ KDV UDWKHU FRPSOH[ �[�\� GHSHQGHQFH LQ WKH

WUDQVYHUVH SODQH>�@� 0DSSLQJ RI WKH LPSHGDQFH LV XVHG LQ

WKH FRGH� 7KH (] ILHOG LV LQWHJUDWHG DORQJ ILYH SDUDOOHO

WUDMHFWRULHV ZLWK FRRUGLQDWHV� �[Z�\Z�� �[Z�G[�\Z��

�[Z�\Z�G\�� �[Z�G[�\Z�� �[Z�\Z�G\�� 7KH WUDQVYHUVH

LPSHGDQFH IRU XOWUD�UHODWLYLVWLF SDUWLFOHV LV REWDLQHG E\

WDNLQJ WKH WUDQVYHUVH GHULYDWLYH RI =O�ω�� 'LUHFW

LQWHJUDWLRQ RI WKH WUDQVYHUVH IRUFHV FDQ EH XVHG IRU QRQ�

UHODWLYLVWLF SDUWLFOHV� 6XP RI =O�ω� RYHU DOO ZDYHJXLGHV�

WKDW IRUP WKH ZKROH VWUXFWXUH� JLYHV FRXSOLQJ LPSHGDQFH

IRU WKH VWUXFWXUH�

 4 THE USE OF CASCADING FOR IMPEDANCE
CALCULATION

1HZ WHFKQRORJ\ RI FDVFDGLQJ RI LPSHGDQFHV ZDV

GHYHORSHG� 7KH FDVFDGLQJ LV QRW UHVWULFWHG WR ³ZDYHJXLGH

WR ZDYHJXLGH´ MXQFWLRQ DQG WKHQ FDQ EH DSSOLHG IRU

DUELWUDU\ �' JHRPHWULHV� 7KH WHFKQRORJ\ LV EDVHG RQ

VHSDUDWH FDOFXODWLRQ RI SDUWV RI D VWUXFWXUH DQG WKHQ

FRPELQLQJ WKHP� 7KH UHVXOW RI WKH FDVFDGLQJ LQFOXGHV WKH

FRPSOHWH LPSHGDQFH DV ZHOO DV WRWDO VFDWWHULQJ PDWUL[�

7KH SDUDPHWHUV RI D SDUW RI WKH VWUXFWXUH DUH D IUHTXHQF\�

GHSHQGHQW PDWUL[ UHODWHG WR PRGH�PRGH �VFDWWHULQJ

PDWUL[�� EXQFK�PRGH� PRGH�EXQFK� EXQFK�EXQFK

LQWHUDFWLRQ� 7KLV PDWUL[ FDQ EH REWDLQHG E\ DQ\ FRGH�

FDSDEOH WR FDOFXODWH FXUUHQW�ILHOG DQG PRGH�PRGH

GHSHQGHQFLHV� )LQLWH�HOHPHQW RU JULG PHWKRGV FDQ EH

XVHG IRU WKH SXUSRVH� 7KH VL]H RI WKH PDWUL[ GHSHQGV RQ

TXDQWLW\ RI ZDYHJXLGH PRGHV DQG EXQFK WUDMHFWRULHV DQG

UDUHO\ H[FHHGV ���×���� %HFDXVH RI WKH VPDOO PDWUL[ VL]H
WKH SURFHVV RI FDVFDGLQJ UHTXLUHV PRGHVW FRPSXWLQJ

WLPH� 7KH FDVFDGLQJ LV SDUWLFXODUO\ HIIHFWLYH IRU

VLPXODWLRQ RI VWUXFWXUHV FRQVLVWLQJ RI VHYHUDO LGHQWLFDO

SDUWV VXFK DV SHULRGLFDO DFFHOHUDWLQJ VWUXFWXUHV RU

YDFXXP FKDPEHUV�

/HW XV VXSSRVH �IRU VLPSOLFLW\� WKDW WKH VWUXFWXUH FRQVLVWV

RI WZR LGHQWLFDO SDUWV ZLWK VFDWWHULQJ PDWUL[�

S
S S

S S
=






11 12

21 22

� ����

9HFWRUV RI DPSOLWXGHV RI PRGHV H[FLWHG E\ WKH EXQFK DQG

YDOXHV RI ILHOG LQWHJUDOV FDXVHG E\ SDUWLFXODU PRGH DUH�

Vbm
If

Ib
=








 � Vmb

Ff

Fb
=








 �

7KHQ� DFFRUGLQJ WR ���� DPSOLWXGHV EHWZHHQ WKH SDUWV RI

WKH VWUXFWXUH DUH�
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ZKHUH ] LV OHQJWK RI WKH SDUW� N  �πω�βF� =S LV

LPSHGDQFH RI WKH SDUW�

 5  EXAMPLES

5.1 Mode trapping above beam-pipe cut-off

7KH FRGH ZDV XVHG IRU FDOFXODWLRQ RI PRGHV WUDSSHG LQ D

EHDP SLSH DERYH LWV FXW�RII IUHTXHQF\� 1DUURZ�EDQG

KLJK � 4 LPSHGDQFH LV UHVSRQVLEOH IRU FRXSOLQJ EHWZHHQ

ILUVW EXQFK DQG VXFFHVVLYH EXQFKHV� 7KH VWDQGDUG ZD\ WR

GHVFULEH WKH LPSHGDQFH DERYH EHDP�SLSH FXW�RII LV ORZ�

4 UHVRQDQFHV� DVVXPLQJ WKH ORDGLQJ E\ UDGLDWLRQ LQWR WKH

EHDP SLSHV� %XW VLPXODWLRQ VKRZV WKDW ORZ�4 UHVRQDQFHV

FDQ WUDS ILHOGV ZLWK 4 ≈ ��
�
� *HRPHWU\ ZLWK URWDWLRQDO

V\PPHWU\ ZDV XVHG IRU WKH VLPXODWLRQ� /RQJLWXGLQDO

LPSHGDQFH IRU PRQRSROH PRGHV� UHVRQDQW IUHTXHQF\ DQG

4�YDOXH ZHUH FDOFXODWHG DVVXPLQJ SHUIHFWO\ FRQGXFWLQJ

ZDOOV� VR WKDW 4�YDOXHV DUH FDXVHG RQO\ E\ UDGLDWLRQ LQWR

EHDP�SLSHV� *HRPHWU\ FRQVLVWLQJ RI WZR LGHQWLFDO

SLOOER[HV ZDV VLPXODWHG �)LJ���� 'LPHQVLRQV RI WKH

SLOOER[HV DUH D  �FP� E  �FP� J  �FP� 7KH SLOOER[HV



DUH FRQQHFWHG E\ D ORQJ EHDP SLSH ZLWK D  �FP� OHQJWK

/  ��FP� DQG ORDGHG E\ WKH VDPH UDGLXV EHDP SLSH ZLWK

LQILQLWH OHQJWK� $W ILUVW� ORQJLWXGLQDO LPSHGDQFH IRU WKH

RQH VHSDUDWH SLOOER[ ZDV FDOFXODWHG IRU IUHTXHQFLHV

DERYH EHDP�SLSH FXW�RII� $V ZH FDQ VHH RQ WKH )LJ��

WKHUH DUH QR KLJK�4 UHVRQDQFHV DSSHDUHG RQ WKH

LPSHGDQFH FXUYH�
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)LJXUH �� 8SSHU SLFWXUH� &RPSDULVRQ RI ORQJLWXGLQDO

LPSHGDQFH IRU WZR SLOOER[HV DERYH EHDP�SLSH FXW�RII

IUHTXHQF\� 6ROLG OLQH � QR FRXSOLQJ RI WKH SLOOER[HV

WKURXJK WKH EHDP�SLSH� 'RW OLQH � FRXSOHG SLOOER[HV� 'RW�

GDVK OLQH � VKDSH RI EXQFK VSHFWUD >D�X�@ IRU σ] ��� FP�

8SSHU FXUYH � VKDSH RI EXQFK VSHFWUD >D�X�@ IRU σ] ���

FP� /RZHU SLFWXUH� 4 � YDOXH IRU UHVRQDQFHV LQ WKH RQH

VHSDUDWH SLOOER[ ORDGHG E\ WKH EHDP�SLSHV�

7KHQ� IUHTXHQFLHV DQG 4�YDOXHV ZHUH FDOFXODWHG� 7KH

ODUJHVW 4 GRHV QRW H[FHHG �� �ORZHU SLFWXUH RQ )LJ����

$IWHU WKDW� WKH WZR FRXSOHG SLOOER[HV ZHUH FDOFXODWHG�

7KH UHVXOWV VKRZ VKDUS UHVRQDQFHV ORFDWHG QHDU ORZ�4

UHVRQDQFHV RI WKH RQH SLOOER[� $GGLWLRQDO FXUYHV RQ WKH

)LJ�� SUHVHQW VKDSH RI EHDP VSHFWUD ZLWK U�P�V� ]�OHQJWK

���FP DQG ���FP WR HPSKDVLVH WKH HIIHFW RI WKH

LPSHGDQFH RQ VKRUW EXQFKHV� %ORZ�XS RI IUHTXHQF\

UDQJH QHDU WKH VHFRQG UHVRQDQFH RI WKH RQH SLOOER[ LV

VKRZQ RQ )LJ��� $V ZH FDQ VHH RQ WKH ORZHU SLFWXUH RI

)LJ�� WKH ORDGHG 4�YDOXH RI WKH WZR�SLOOER[ RSHQ FDYLW\

UHDFKHV WKH YDOXH RI ��
�
� $QG QR VSHFLILF EHKDYLRXU

DSSHDUV QHDU WKH VHFRQG FXW�RII IUHTXHQF\ RI �����*+]�

7KH QDUURZ UHVRQDQFHV FDQ FDXVH FRXSOHG EXQFK

PLFURZDYH LQVWDELOLW\� +HQFH� GXULQJ WKH YDFXXP

FKDPEHU GHVLJQ� RQH VKRXOG SD\ DWWHQWLRQ WR PRGHV

WUDSSHG E\ ORZ�4 ³FKRNHV´ DERYH EHDP SLSH FXW�RII

IUHTXHQF\�
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)LJXUH �� 8SSHU SLFWXUH� &RPSDULVRQ RI ORQJLWXGLQDO

LPSHGDQFHV IRU WZR SLOOER[HV DERYH EHDP�SLSH FXW�RII

IUHTXHQF\� %ORZ�XS RI FXUYHV IURP )LJ��� 6ROLG OLQH � QR

FRXSOLQJ RI WKH SLOOER[HV WKURXJK WKH EHDP�SLSH� 'RW OLQH

� FRXSOHG SLOOER[HV� /RZHU SLFWXUH� 4 � YDOXH IRU WKH

UHVRQDWRU FRQVLVWLQJ RI WZR FRXSOHG SLOOER[HV ORDGHG E\

WKH EHDP�SLSHV�

5.2 Transverse field caused by a  shifted cell

1H[W H[DPSOH FRQFHUQV DFFHOHUDWLQJ VWUXFWXUH GHVLJQ� $Q

DFFHOHUDWLQJ VWUXFWXUH IRU PRGHUQ SURMHFWV RI OLQHDU

FROOLGHUV LV D GLVN�ORDGHG ZDYHJXLGH>�@>�@� 3DUDPHWHUV RI

WKH VWUXFWXUH LV GHWHUPLQHG� EHWZHHQ RWKHUV� E\

UHTXLUHPHQWV RQ WKH HPLWWDQFH SUHVHUYDWLRQ DORQJ WKH

OLQDF� 7UDQVYHUVH IRUFHV LQVLGH D VWUXFWXUH FDXVH D

GLOXWLRQ RI WKH WUDQVYHUVH HPLWWDQFH� 7KH IRUFHV FDQ EH

JHQHUDWHG ERWK E\ EXQFKHV �ZDNH ILHOGV� DQG E\

DFFHOHUDWLQJ ILHOG� 7UDQVYHUVH IRUFH FUHDWHG E\ VKLIWLQJ RI

D FHOO RI DQ DFFHOHUDWLQJ VWUXFWXUH ZDV HVWLPDWHG� 7KH

VKLIWHG FHOO EUDNHV F\OLQGULFDO V\PPHWU\ RI WKH VWUXFWXUH

VR WKDW WKH KLJK JUDGLHQW DFFHOHUDWLQJ ILHOG JHQHUDWHV

WUDQVYHUVH ILHOG� 'LPHQVLRQV RI WKH ZDYHJXLGH DUH� GLVN

UDGLXV D  ���PP� GLVN ZLGWK W  �PP� FHOO UDGLXV E  

������PP� SHULRG '  ������PP� 7KDW GLPHQVLRQV

UHSUHVHQW PLGGOH FHOO IRU ;�EDQG ������� *+]� GHWXQHG

DFFHOHUDWRU VWUXFWXUH IRU -/& OLQHDU FROOLGHU >�@� )LUVW

VWHS ZDV PDWFKLQJ RI D GLVN�ORDGHG ZDYHJXLGH WR

VLPXODWH D WUDYHOOLQJ ZDYH� ��FHOO VWDFN ZDV H[FLWHG E\

PRQRSROH PRGH� 5DGLXV E RI WKH HQG�FHOOV DQG UDGLXVHV

RI WKH RXWHU GLVFV ZHUH FKDQJHG WR REWDLQ UHIOHFWLRQ

FRHIILFLHQW OHVV WKDQ ����� 0DWFKHG GLPHQVLRQV ZDV E  

������PP� D ����PP� 7KHQ WKH PLGGOH FHOO ZDV VKLIWHG

DV VKRZQ RQ )LJ��� (OHFWULF ILHOG ZDV LQWHJUDWHG DORQJ �



WUDMHFWRULHV WR REWDLQ PDS RI WKH UHVXOWHG ILHOGV� )LWWLQJ

YDOXH 9VK IURP OLQHDU ILWWLQJ RI WKH UHVXOWV LV HTXDO WR ���

9�PP�VTUW�:�� 7KHQ ZH FDQ HVWLPDWH WUDQVYHUVH YROWDJH

V⊥ IRU IXOO DFFHOHUDWRU VWUXFWXUH XVLQJ IROORZLQJ

SDUDPHWHUV� QXPEHU RI FHOOV 1 ���� LQSXW SRZHU 3 ��

0:� DYHUDJH VKLIW RI FHOOV G\ �µP� 8VLQJ WKH HTXDWLRQ�

V dyV N Psh⊥ = � ZH FDQ REWDLQ V V⊥ = 720 �

)LJXUH �� *HRPHWU\ RI WKH PDWFKHG GLVN�ORDGHG

ZDYHJXLGH ZLWK VKLIWHG PLGGOH FHOO �G\ �PP��

)LJXUH �� 'XPS RI WKH SUHSURFHVVRU ZLQGRZ� 2XWHU SDUW

RI WKH JHRPHWU\ LV VKRZQ� 7KH JHRPHWU\ ZDV XVHG IRU

FDOFXODWLRQ RI WKH ORQJLWXGLQDO LPSHGDQFH RI WKH YDFXXP

FKDPEHU�
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)LJXUH �� /RQJLWXGLQDO LPSHGDQFH RI WKH YDFXXP

FKDPEHU� 6ROLG OLQH � ,P�=�� GDVKHG OLQH � 5H�=��

5.3 Impedance of a vacuum chamber

6\QFKURWURQ UDGLDWLRQ VRXUFH ´6LEHULD��´ ZDV GHVLJQHG

DQG SURGXFHG E\ %XGNHU ,13� 7KH ORQJLWXGLQDO FRXSOLQJ

LPSHGDQFH ZDV FDOFXODWHG IRU YDFXXP FKDPEHU ORFDWHG

LQVLGH D TXDGUXSROH OHQV� 7KH YDFXXP FKDPEHU KDV

OHQJWK RI �����FP DQG FURVV�VHFWLRQ DERXW

���FP×����FP� 7KH FURVV�VHFWLRQ LV ILWWHG WR WKH SROHV RI

WKH OHQV� %RWK VLGHV RI WKH FKDPEHU DUH FRQQHFWHG WR

GLSROH PDJQHW¶V FKDPEHU E\ LQVHUWLRQ WKDW LV XVHG IRU

DGMXVWLQJ RI WKH FURVV�VHFWLRQV� 7KH JHRPHWU\ RI WKH

MXQFWLRQ LV VKRZQ RQ )LJ��� 5HVXOWHG LPSHGDQFH ZH FDQ

VHH RQ )LJ��� 7KH FKDPEHU KDV D UHDFK VSHFWUXP DERYH

�*+] RI WKH PRGHV WUDSSHG LQVLGH� LQ VSLWH RI WKDW WKH

ORZHVW FXW�RII PRGH KDV IUHTXHQF\ DERXW � *+]�

 6   CONCLUSION

7KH LQWHUDFWLYH FRGH ZDV GHYHORSHG IRU VLPXODWLRQ RI �'

DFFHOHUDWRU FRPSRQHQWV� 7KH FRGH XVHV VFDWWHULQJ PDWUL[

PHWKRG� 3HUIRUPDQFH RI WKH FRGH DOORZV WR FDOFXODWH

FRXSOLQJ LPSHGDQFH IRU FRPSOLFDWH VWUXFWXUHV ZLWK

DUELWUDU\ FURVV VHFWLRQV� 8VLQJ WKH FRGH D WHFKQRORJ\ RI

FDVFDGLQJ RI LPSHGDQFHV ZDV WHVWHG� 7KH FDVFDGLQJ FDQ

EH XVHG LQ FRPELQDWLRQ ZLWK D ILQLWH HOHPHQW RU JULG

PHWKRGV� 7KH FDVFDGLQJ LV D XQLYHUVDO PHWKRG DQG LW FDQ

VHUYH DV SRZHUIXO WRRO IRU VLPXODWLRQV RI FRPSOH[ �'

VWUXFWXUHV� 7KH FRGH ZDV DSSOLHG IRU RSHQ FDYLW\

FRQVLVWLQJ RI WZR SLOOER[HV ORDGHG E\ EHDP SLSH� 7KH

FDOFXODWLRQV VKRZ WKDW ILHOGV FDQ EH WUDSSHG E\ ORZ 4

UHVRQDQFHV DERYH WKH EHDP�SLSH FXW�RII IUHTXHQF\�

7UDQVYHUVH YROWDJH FDXVHG E\ VKLIW RI D FHOO LQ D GLVN�

ORDGHG ZDYHJXLGH ZDV REWDLQHG� &DOFXODWLRQ RI D SDUW RI

WKH ³6LEHULD��´ YDFXXP FKDPEHU VKRZV VKDUS UHVRQDQFHV

IDU DERYH WKH ILUVW FXW�RII IUHTXHQF\�
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THE 30 GHZ TRANSFER STRUCTURE FOR THE CLIC STUDY

G.Carron, A.Millich, L.Thorndahl, CERN, Geneva, Switzerland

Abstract

In the so-called “Two-Beam Acceleration Scheme” the
energy of a drive beam is converted to rf power by means
of a “Transfer Structure”, which plays the role of power
source. In The Transfer Structure the bunched drive beam
is decelerated by the electromagnetic field which it
induces and builds up by the coherent interaction of
successive bunches with the chosen longitudinal mode.
The CLIC Transfer Structure is original in that it operates
at 30 GHz and uses teeth-like corrugations to slow down
the hybrid TM mode to make it synchronous with the
drive beam. The beam energy is transformed into rf
power, which travels along the structure and is collected
by the output couplers. The 30 GHz rf power is then
transported by means of two waveguides to two main
linac disk-loaded accelerating structures. This report
describes the CLIC Transfer Structure design, 3-D
computer simulations, model construction and measure-
ments as well as the prototype construction and testing
with the low energy beam in the CLIC Test Facility. The
result of this development is a compact, fully passive,
relatively simple and low cost device, which offers a
readily scalable solution to the problem of rf power
extraction from high frequency bunched beams.

1  GENERAL DESCRIPTION AND PRINCIPLES

1.1  Definition and function of the Transfer Structure
(TRS)

MATERIALS: 1,

FRAME:   4 12/06/97 - 16:23:39 VERSION[V322.0] TS3GW4W.DRD

FILE TS3GW4W.COM, CTS WITH 20 MM AP., FULL GEOMETRY

H=3.7 B=1.23, ROUND LIPS R=.8, HW=4.3, YCP=10.0 MM

RADMAX 10.0, SLIT=7.0 MM

3D PLOT OF THE MATERIAL DISTRIBUTION IN THE MESH

M--:3.22

COORDINATES/M
FULL RANGE / WINDOW
X[  -.014800,   .014800]
 [  -.014800,   .014800]
Y[  -.014800,   .014800]
 [  -.014800,   .014800]
Z[     .0000,  .0099960]
 [     .0000,  .0099960]

#3DPLOT

PROJECTION:  .5

U

V

W

X

Y

Z

Figure 1  Three cells section of TRS

The transfer structure [1] is a passive rf device in which
the bunched electron beam interacts with the impedance
of periodically loaded waveguides and excites preferen-
tially one synchronous hybrid TM mode. In the process
the beam kinetic energy is converted in electromagnetic
energy at the mode frequency which travels along the

structure with the mode group velocity. The rf power
produced is collected at the downstream end of the
structure by means of couplers and conveyed to the main
linac accelerating structures by means of waveguides. In
its classic configuration the TRS consists of a cylindrical
beam chamber, which is coupled by longitudinal slits to
four teeth-loaded waveguides as visible in Figure 1. It
shows our reference TRS model with beam chamber
diameter 24 mm.

1.2  Principle of operation.

When a train of short electron bunches each of charge

bq traverses a section of TRS sl meters long, it builds
up a voltage across the structure of peak value
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where fπω 2= is the excited mode frequency, R’/Q is
the normalised longitudinal impedance per unit length
(expressed in circuit Ohms/m) of the structure at
frequency f, dq  is the total beam charge in one drain time

dT  of the structure and sl  is the structure length. The
drain time is simply the time it takes for the energy
deposited by one bunch in the fundamental mode to travel
out of the structure starting from the moment the bunch
has left the structure itself:
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In order for the mode excitation to be coherent and
therefore constructive, the bunch spacing must be a
multiple of the mode wavelength which is 10 mm and the
mode phase velocity must be equal to the speed of the
relativistic bunches. The bunch time separation bT
however, must be much shorter than one drain time dT  in
order for several bunches to contribute to the build up of
the voltage dU . The rate of energy deposition by the
beam or the rf power generated in the TRS is obtained by
multiplying the voltage dU  by the average beam current
in one drain time  dq / dT :
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( )σ2F  is the power form factor which takes into account

the finite length of the gaussian bunches. For a train of
bunches lasting much longer than the structure drain time
the peak power level in equation (2) stays constant after
one drain time has elapsed provided that the charge per



drain time remains constant. Expression (2) therefore
gives the steady state power level at the structure output
when neglecting the internal wall losses.

2  THE REFERENCE TRS.

2.1  Transfer structure parameters.

The four-waveguide TRS shape is the result of a
development started several years ago, [2] [3]. The 3D
simulations using MAFIA [4]. led to the determination of
the main geometric and rf parameters.
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Figure 2  Transverse electric field in the  TRS.
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Figure 3  Electric field pattern in the longitudinal plane

The solution found for the resonant hybrid mode appears
in Figure 2, which shows the transverse field pattern. The
arrows length being proportional to field intensity, we see
that most of the mode energy is located in the vicinity of
the waveguides, a feature which favours power extrac-
tion. The mode phase advance of 2π  per 3 cells is well
illustrated in Figure 3. A six-cell model was used to
determine the dispersion curve of the structure and to
derive the R’/Q and group velocity of the 3/2π  mode.
Table 1 shows the main geometric and rf parameters of
the transfer structure with 24 mm beam chamber aperture
which has been adopted as power extracting structure for
the drive beam decelerator [5].

Table 1  Parameters of the reference TRS

Beam chamber diameter 24.00 mm
waveguide width 8.60 mm
waveguide height 3.70 mm
slit aperture 7.00 mm
synch. mode frequency 29.983 GHz
synch. mode gβ 0.440
synch. mode  R’/Q 31.10 Ohm/m
peak transverse wakefield 0.42 V/pC/mm/m
effective structure length 0.80 m
nominal output power* 495.4 MW

.* The output power is computed for a train of bunches
with charge 17.4 nC, σ =0.5 mm, spaced 20 mm and with

( ) 9.02 =σF

2.2  Wakefields in TRS

The transverse wake induced in a 24 cells section of TRS
by a gaussian bunch with σ = 0.6 mm and charge one pC
displaced one mm off center is shown in Figure 4  and its
spectrum in Figure 5.
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Figure 5  Transverse wake spectrum.

The wake spectrum shows almost no higher order modes.
It is therefore justified to assume that practically all the
transverse deflection of an off-center beam is caused by



the main deflecting mode, the frequency of which is only
a few tens of MHz away from the main longitudinal
mode. The value of the peak transverse wakefield, which
appears in Table 1, is used in the computation of the
transverse stability of the drive beam.

2.3  TRS integrated longitudinal electric field uniformity.

Because of the particular geometry of the TRS, the
integrated decelerating field varies as a function of the
angular and radial position within the beam chamber. The
plots in Figure 6 show the variation of the normalised
longitudinal integrated field over a three cells section of
the TRS as function of the radial position for ϕ=0
(towards the middle of the waveguide) and ϕ=45 degrees
(towards the chamber wall).

Figure 6  Normalised integrated field at ϕ=0, ϕ=45
degrees and average.
The non uniform beam deceleration causes the particles to
receive transverse kicks which are a function of the
particle position within the TRS chamber. The overall
result found in tracking programs is that the drive beam
would be unstable if no cure were found to the problem.
One possible simple solution consists in rotating by 45
degrees every other TRS in the decelerating linac so that a
particle off centre at ϕ=0 in a structure would be at ϕ=45
degrees in the following one, thus averaging the field non
uniformity. Figure 6 also shows the normalised integrated
field when averaged over two rotated structures as
described above. The useful effect of the alternate TRS
rotation is somewhat reduced by the betatron motion of
the particles in the drive linac lattice, however tracking
programs have shown that the overall result is beneficial
to the transverse beam stability and worth the
implementation effort [6]

2.4  Transfer structure for the test facility CTF2.

Prototypes TRS were built in 1995 and ‘96 for the Two-
Beam tests to be performed in the CTF2 facility.. The
beam charge available for the test being limited to 640 nC
in 48 bunches with bunch distance 10 cm, the R’/Q of the
TRS had to be increased to 550 Ω/m in order to provide

the nominal output power of 80 MW. This requirement
was met by reducing the beam aperture diameter to 15
mm and eliminating the lips between the beam chamber
and the waveguides, see Figure 7. The reduced aperture
produced an increment of the transverse wakefield which
would make the low energy drive beam unstable [7].  It
was found necessary to damp the main transverse mode to
make the beam go through six transfer structures.
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Figure 7  Longitudinal decelerating mode electric field
pattern in TRS for CTF2

2.5  Transverse mode damping.

The TRS has been equipped with transverse mode
dampers, which consist in four corrugated slits oriented at
45 degrees in the transverse plane in order to intercept the
image current of the transverse mode. The slits are closed
at their outer ends with respect to the beam chamber by
rods of SiC forming rf loads. The position of the dampers
is chosen in symmetry planes such that the main mode is
not affected by their presence. The difference in mode
coupling is well illustrated in Figures 7 and 8.
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Figure 8  Transverse deflecting mode electric field pattern
Model measurements indicate that the Q value of the
transverse mode is strongly lowered by the dampers.



2.6  TRS construction method

Figure 9 shows the cross-section of the damped TRS
installed and tested with beam in CTF2. The structure
consists of four copper racks with the periodic
corrugations, which are held by four square profiles of
Cu-plated stainless steel (for mechanical rigidity). The
corrugated damping slits with the SiC slabs are visible.
The SiC slabs are pressed into the slots by helical springs
running over the whole length inside the cylindrical bore
of the profiles.

Figure 9  Cross-section of the damped transfer structure
used in the CLIC Test Facility

Figure 10  Extremity of open transfer structure with
output couplers and channels

All metal parts are vacuum-brazed in a single operation.
The power is extracted by means of output couplers
visible in Figure 10. The extraction of the mode energy
from the beam chamber with very high efficiency is made
possible by the shape of the couplers, which present an
outward ramp, where the tooth height is increased, thus
slowing down the phase velocity locally. Towards the end
of the ramp, inside the waveguides but before the last
bends, the tooth height is slowly reduced to zero and the
rf power is smoothly guided towards the output
rectangular slits..

2.7  Model Work

Having met with difficulties in calculating the Q-value of
damped transverse modes in the TRS because of the
uncertain knowledge of the SiC properties, we attempted
to measure them using short (to select the relevant mode)
resonating models with the real SiC damping material.
Such a model is shown in Figure 11. The model was
totally encapsulated in metal and equipped with rf probes.
In the case of the CTF2 structure the absorbers lowered
the Q to values not measurable. In the case of our
reference structure values about 60 were obtained.

Figure 11  rf model for measurements of Q-values of
transverse mode.

2.8 Beam Tests in the Clic Test Facility

The prototype four-waveguides TRS was installed in the
drive beam line of the CTF2 and produced 27 MW rf
power at 30 GHz.

Figure 12  Results of measurements performed in CTF2.



The power was fed to a main linac disk-loaded structure,
in which the probe beam was accelerated by 28 MeV [8].
The effort to produce the nominal drive beam intensity,
which would provide a TRS output power of 80 MW, is
being pursued. Comparisons between signals on the four
output channels of the TRS when the beam is displaced
laterally show a large beam-position dependence when
the structure is not equipped with damping material and
rather position-independent signals when the material is
present [9]. In Figure 12 we see the ratio between left and
right output signals when the beam is moved across the
structure aperture. The upper graph is without damping
material in the structure, the lower graph with damping
material.

4  CONCLUSION

The development of the TRS has resulted in the
construction of two prototypes which, when tested with
beam, have shown to produce the amount of power
predicted by calculations as function of the beam charge.
The four-waveguides TRS is a rugged and relatively
simple device, which warrants low cost production of
large number of units.  New and more sophisticated
designs being explored foresee structures with six or even
eight waveguides, which are more complex to build and
present challenging problems for the power extraction.
Ultimately the drive beam stability requirements in the
decelerator linac will impose the future design choices.
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Abstract

A structure of four coupled 7-cell resonators has been
proposed [1] to increase the effective gradient of TESLA
[2]. Each so-called "superstructure" is fed through a single
input coupler. The sensitivity of field flatness against
geometrical deviations and the time dependence of the
fields during fill- and refill-time are studied by means of
MAFIA [3] calculations using an optimized grid. The
consistency of MAFIA results for perturbed versus unper-
turbed fields is confirmed utilizing an analytical relation.
Non-stationary fields are expanded in a set of eigenmodes
calculated with MAFIA. The method is described in some
detail and results are presented in comparison with the
respective results on the established 9-cell-structure.

1 INTRODUCTION

Overall length is a dominant cost contribution to the total
investment for a linear collider . Therefore it is an im-
portant task to fill a given length as dense as possible
with active, i.e. accelerating, elements. A modified so-
called "superstructure" of four coupled 7-cell cavities has
been proposed [1] to improve the fill factor of the TESLA
[2] accelerator compared to the present design of decoupled
9-cell cavities. Furthermore the superstructure will need
only a single input coupler driving the complete string.
This paper describes two main aspects of the operation of
such a superstructure we are investigating: the question of
field flatness sensitivity against shape deviations and the
non-stationary behaviour during filling time and beam
passage. The following section describes a specialized grid
that allows to approximate the cavity shape without
staircases of the material distribution. Section 3 contains
a method to confirm consistency of MAFIA results on
modified boundary shapes. In section 4 the fundamental
mode flatness sensitivity against a certain perturbation of
a single cell is compared with a similar perturbation of a
standard 9-cell resonator. Section 5 gives some detail
about the calculation of transients based on eigenmode
expansion and shows the results, again in comparison
with a 9-cell resonator.

2 GRID GENERATION

A proper discretization of the cavity surface is essential
for reliable numerical results, especially if small
deviations are to be studied. Therefore the grid has been
generated in a special manner: At each point of
intersection of a certain r-mesh line with the cavity shape

a z-mesh line was placed. Then the boundary is appro-
ximated by those mesh cell´s diagonals, which are secants
of the curvature. Thus no staircases appear in the material
distribution. On the other hand this leads to widely spread
mesh cell dimensions, since both very high and very low
slopes - corresponding to very narrow and very large z-
mesh steps - have to be covered. Therefore the r-mesh
positions have to be chosen carefully in a manner, that all
given points of the structure were hit exactly, and that the
local mesh step ratios are kept in reasonable limits.

Univ Rostock

Figure 1: Part of the cavity shape and grid lines. High
slopes of the boundary curve lead to dense z-mesh lines,
regions of low slopes need dense r-mesh lines.

3 MAFIA CALCULATIONS OF CAVITY
SHAPE PERTURBATIONS

In order to confirm the consistency of MAFIA-calculated
fields and eigenfrequencies of perturbed and unperturbed
cavities we calculated either case directly. Further we used
expression (1) which is derived from Maxwell´s equations
without any approximation:

  

ω– ω0 =

i H × E0
*

dA
∆A

ε E E0
*

+ µ H H0
*

dV
V

. (1)

Herein   E0, H0, ω0 stands for the field distribution and
eigenfrequency of the unperturbed cavity,   E, H, ω
similar of the perturbed one. V is the volume of the
perturbed cavity; ∆A the closed surface of the insertion. If
this insertion is located at the boundary of the unperturbed
volume (like in the case shown in Fig. 2), only the inner
part of ∆A contributes to the integral.



Figure 1: Upper half cross section of model cavity
without (upper) and with perturbation. Arrows indicate the
fundamental mode E-field, found at 4.3866 GHz (unpert.)
and 4.9120 GHz (pert.)
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Figure 3 a, b: Frequency deviations ∆f int between pertur-
bed and unperturbed cavities calculated from the right hand
side fraction of Equ. (1) (upper); ratio of ∆fint to the
difference of MAFIA-eigenfrequencies for the first 10
modes vs. unperturbed frequency (lower graph).

The consistency of the MAFIA-runs with and without
perturbation is confirmed by evaluating Eqn. (1). This has
been done in the case of 2D-calculated TM0-Modes. Then
the surface integration (numerator) is reduced to a line
integral that can be integrated using the MAFIA postpro-
zessor. Some additional effort has to be spent to perform
the cross product of the fields which has to be done in the
2D-case in elementary steps. The volume integral in the
denominator is calculated abusing the MAFIA energy
integration. To do this one has to prepare two extra fields

with single components equal to

  ε E E0
*

and   µ H H0
*

.

Further attention has to be paid to the sign of the square
root´s arguments. The result of the right hand side fraction
of Equ. (1) is displayed in Fig. 3 normalized to the fre-
quency spread calculated directly for the first 10 modes of
the geometry shown in Fig. 2. In general one can observe
an agreement within a few percent, mostly below 1%.
There is some tendency to smaller errors in case of higher
frequency shifts. An unavoidable contribution to the diffe-
rences comes from the line integral that has to be calcula-
ted for technical reasons one mesh line below the surface
of the insertion. A second run with doubled distance was
made in order to estimate the influence of this effect.
Most of the errors were approximately doubled, too, so
we asume the reason of the major part of the difference to
be caused by the technical difficulty of the testing method.

4 SENSITIVITY OF NORMAL AND
SUPERSTRUCTURE

Four cavities are coupled in the superstructure. Therefore
it is important to know about the influence of single
boundary perturbations on the overall field flatness. In the
first cell of the third cavity we applied an insertion at the
cell´s equator in a manner shown in Fig. 4. The radius of
the cell shrinked from 104.935 mm to 104.53 mm. A
similar insertion was applied to a standard 9-cell resona-
tor. In either case this corresponds to a full ring of additio-
nal material since the calculations were done in 2D. We
observe an unflatness of similar amount. The field distur-
bance covers a wider range in the long structure which one
may judge as it´s disadvantage.

Figure 4: Part of grid and cell boundary with material
insertion at the equator.
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Figure 5: MAFIA-profile of accelerating field in 9-cell re-
sonator with 0.405 mm reduced radius in first cell (cf.
Fig. 4).
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Figure 6: MAFIA-profile of accelerating field in 4x7-cell
resonator with 0.405 mm reduced radius in first cell of
third resonator (≈ 2.1 m, cf. Fig. 4).

5 FILLING AND BEAM LOADING

Recent developments of input couplers and their power
transmission capabilities made it possible to feed a
complete superstructure with a single coupler. Then one
has to look whether the filling process will be completed
in the given time. Further the question arises whether the
power taken away by the beam is re-established fast
enough in order not to shrink the beam energy gain during
the bunch train passage. To calculate this one could think
of direct time domain simulation. In fact this is practical-
ly impossible for a mesh volume of approximately
450.000 points and a time intervall that covers about 106

oscillations. Therefore we used the approach of eigenmode
decomposition (e.g. [4], [5]). A similar calculation with
slightly different assumptions and based on another code
has been done from Ferrario and Sekutowicz ([6], [7]).
Our results are in good agreement with theirs.

R U0

IbIc

Figure 7: Model used for time domain calculations based
on eigenmode expansions.

The model used for the calculation is shown in Fig. 7.
The eigenmodes of the resonators are excited by the beam
current Ib and a short transmitter driven current path Ic. An
ideal rf-source with voltage U0 together with it´s inner
resistance R are used to decribe the transmitter. For
reasons of simplicity Ic is placed on axis in the beam pipe
near the beginning of the first cell. This is justified by a
proportionality factor, common to all modes, of the axis
fields to the fields at the real input coupler position. Since
external Qs are about 104 lower than unloaded ones,
resistive losses of the cavities are neglected. So the trans-
mitter resistance is the only damping within the system,
that furthermore causes a mode-to-mode coupling. Only
the 28 modes of the fundamental passband were taken into
account. This is justified by the large frequency gap to the
next higher passbands, which appear above 2 GHz.

Starting from Maxwell´s equations we find:

  – 1
µ ∆ E + ε ∂ t

2 E = – ∂ t j . (2)

The electrical field is expanded in a set of eigenmodes:

   E(r,t) = aν(t)
Eν(r)
2 Wν

Σν . (3)

Each eigenmode solves:

  ∆ Eν + k ν
2 Eν = 0   with     k ν

2 = ων
2 εµ (4)

and therefore holds:

  ε Eν(r)
2 Wν

ων
2 + ∂ t

2 aν(t)Σν = – ∂ t j . (5)

Applying the orthogonality of the eigenmodes:

  ε Eξ E ζ dV
Vres

= 2δξ ζ Wζ (6)

yields:

  ων
2 + ∂ t

2 aν(t) = – ∂ t cν t (7)

with the abbreviation:

  
cν t : =

j r, t Eν(r)
2 Wν

dV
Vres

. (8)

Equ. (8) gives the expansion coefficients of the currents in
the eigenmode system. The total current is splitted in
beam (index b) and transmitter driven current (index c):

 j r, t = jb r, t + jc r, t (9)

or respectively:

  cν t = cν,b t + cν,c t . (10)

If the beam travels on-axis with constant velocity v the
following holds:

  
cν,b t =

Ib(t – z
v) e z Eν(r)
2 Wν

dz
z – axis

. (11)

Similarily we get for the transmitter current which is
assumed to be constant along it´s path:

  

cν,c t = I c(t)

Eν(r) dr
curr.–path

2 Wν
= : Ic(t) Kν . (12)

Eqn. (12) defines the important abbreviation   Kν  that
allows to write Kirchhoff´s law along the external circuit:

 Uc(t) + R Ic(t) = U0(t) (13)

as:   – 1
R aν(t) KνΣν + Ic(t) =

U0(t)
R . (14)

From (7), (10), (12) and the time derivative of (14) a sys-
tem of coupled differential equations in the   aν(t) follows:

  
ων

2 + ∂ t
2 aν(t) + 1

R Kν Km ∂ t aν(t)Σ
m

=

= – ∂ t cν,b t +
Kν

R U0(t) ∀ ν
(15)



Introducing a second set of variables:

  b ν := 1
i ων

∂ t aν ⇔ ∂ t aν = i ων b ν ⇔ ∂ t
2 aν = i ων ∂ t b ν

(16)

(the   b ν  are the amplitudes of the B-fields) and using an
additional abbreviation for the inhomogenity in (15):

  sν := i
ων

∂ t cν,b t +
Kν

R U0(t) (17)

we arrive at a system of differential equations written in
matrix-vector-notation:

  

∂ t

a1

b 1

an

b n

–

0 i ω1 0 0

i ω1 –
K1

2

R 0 –
K1 Kn ωn

R ω1

0 0 0 i ωn

0 –
Kn K1 ω1

R ωn
i ωn –

Kn
2

R

a1

b 1

an

b n

=

 

=

0
s1

0
sn

(18)

or   ∂ t v – M v = s . (19)

The corresponding homogeneous system:

  ∂ t v – M v = 0 (20)

has the well known general solution:

  v(t) = e j eλ jt u jΣ
j = 1

2n

(21)

with the number of modes n used to expand the fields, the
eigenvalues   λ j and the eigenvectors  e j of  M and arbitrary
constants  u j . The calculation of   λ j and  e j is done
numerically which is (beside the field calculation) the
only non-analytical step in the procedure. To solve the
inhomogeneous sytem (19) the  u j are assumed to be time
dependent. They can be found with some additional steps
and by means of Cramer´s rule as:

  

u j(t) =
det e 1, ... , e– λ jτ s(τ) dτ

τ = 0

t
, ... , e 2n

det e 1, ... , e 2n

. (22)

In (22) the additional assumption was made that all
excitations are vanishing before  t = 0 . We´ll refer to the
time dependent vector that replaces  e j in the numerator
determinant as:

  
e– λ jτ s(τ) dτ

τ = 0

t
= Wj(t) = Wb,j(t) + Wc,j(t) . (23)

Herein the beam excitation is represented by  Wb,j(t) , the
transmitter current by  Wc,j(t) . For all times  t > 0  we
assume a time dependence of the transmitter voltage like:

  U0(t) = V0 e+ i ω0 t (24)

which allows for an explicit integration:

  Wc,j(t) =
V0

R K
ω0

i ω0 – λ j
1 – e i ω0 – λ j t (25)

with 

  

K = 0
Kν / ων

. (26)

The beam is composed as chain of single charges q, tra-
versing  z = 0  at different times  t = tb (an additional charge
counting index omitted). Thus we have to replace in (11):

  I b,δ(t,z) = q δ(t – tb – z
v) (27)

After some further steps this leads to:

  Wb,j = i q v λ j e– λ j t bΣ
t b < t – L res / v

×

×

0

1
ων 2 Wν

e– λ j τ Ez,ν v τ dτ
τ = 0

L res v
L res v

(28)

In (28) only the sum and the charge depend on beam
parameters; all other quantities are determined from the
cavity modes. During a charge´s transversal the result of
(28) is in error for the contribution of this single charge,
which is counted at a whole after the charge left the
resonator. The solution of the mode amplitudes searched
for is found from Eqns. (21), (22), (23), (25) and (28):

  a1(t)
b 1(t)

an(t)
b n(t)

=
e j eλ jt det e 1

, ... , Wb,j(t) + Wc,j(t) , ... , e 2nΣ
j = 1

2n

det e 1, ... , e 2n

(29)

The case before a beam transverses the cavity reads as:

  a1(t)
b 1(t)

an(t)
b n(t)

=
V0 ω0

R

e j
eλ jt – ei ω0 t

ω0 + i λ j
det e 1, ... , K , ... , e 2nΣ

j = 1

2n

det e 1, ... , e 2n

(30)

In the TESLA scheme 1130 bunches of 5.7267 nC
charge are foreseen following each other in a distance of
919 rf periods. The injection of the first bunch happens at
rf period 760336 (584.6 µs) at half the unloaded steady
state voltage. From this an external Q = 3446120 fol-
lows. This data allows to calculate the transmitter resis-
tance, which of course is only valid for a certain coupling,
defined by length and position of the current path. For the
calculations in Fig. 8 a (slightly to low) Q = 3433810
was found from the  M -eigenvalue   λ j according:

  Q j =
ωj

2 α j
=

Im λ j

2 Re λ j

(30)

This results in a voltage decrease (cf. Tab. 1) during the



bunch train and is cited here to illustrate the dependencies.
The voltage was calibrated to be 25 MV/m inside the
resonators at first injection, equal to 80.6756 MV in
total. This total gradient was investigated for each bunch
with an improved Q. The remaining deviations appear as
jitter of below ±1000 V (courtesy M. Dohlus).

Ez/(MV/m) cell 1 cell 7 cell 28

bunch 1 47.352 48.009 47.426

bunch 1130 47.089 47.831 47.044

decrease -0.55% -0.37% -0.80%

Table 1: Decrease of accelerating voltage caused by slight
mismatch of transmitter resistance, i.e. coupling.

Fig. 8 shows as the result of our calculations a sequence
of field profiles illustrating the process of build-up,
profile stabilization and the influence of the beam. Fig. 9
shows a similar picture under same conditions for a 9-cell
structure after 104 rf periods. As expected, it´s field ampli-
tudes are higher at this time and the flatness is better.
Nevertheless the field in the superstructure is obviously
established fast enough and the profile with beam remains
stable.

6 CONCLUSION AND OUTLOOK

We studied two main aspects of a 4x7-cell "super-
structure" in comparison with the standard TESLA-9-cell
cavity. Neither the filling and refilling of the superstruc-
ture nor the field flatness sensitivity contradict a sucess-
full operation. Further studies will target the higher order
mode behaviour.
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Figure 8: Sequence of field profiles (Ez/(V/m) vs. z/m) at
increasing time (101 to 104 rf periods; first, last bunch)

Figure 9: Field profile of 9-cell cavity after 104 rf periods;
the profile is almost stabilized.
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Abstract

An intelligent graphic user interface (GUI) is
being developed for use with the particle optics program
MARYLIE [1].  MARYLIE is based on a Lie algebra
formulation of charged particle trajectory calculations
and is particularly useful for particle tracking and the
analysis of linear and nonlinear lattice properties.  The
GUI for MARYLIE uses the Multi-Platform Shell for
Particle Accelerator Related Codes (S.P.A.R.C. MP).
S.P.A.R.C. MP is a software framework developed
specifically to support accelerator modeling and
simulation.  Transport element icons are selected from a
palette and assembled into beamlines by graphical
construction.  Optical cells and lattices composed of
element groups may be defined as sublines, and any
element or subline can be replicated using an alias
element.  The icon-based beamlines generate entries for
the #beam, #menu and #lines components of the
MARYLIE Master Input File (MIF).  Frequent
computations, such as creating maps or generating
particle distributions, are encapsulated into interactive
GUI commands which create corresponding entries in
the #menu, #lines and #labor components of the MIF.
An icon-based description of procedural processes is
being developed to support the more complex
MARYLIE analysis tasks that utilize the #lumps and
#loops components.  Progress on the development of
the GUI for MARYLIE is described and illustrations
from the Windows95/NT implementation are presented.

1  INTRODUCTION

The S.P.A.R.C. MP software technology
provides a framework for implementing cross platform
graphical interfaces.  Software applications using this
framework can be built to run on different operating
systems including Windows 95/98/NT, UNIX/X-
Windows and the Mac OS.  An overview of the
approach to developing the cross platform code and a
status report on recent developments of the S.P.A.R.C.
MP technology are described elsewhere in these
proceedings [2].  The Particle Beam Optics Laboratory
(PBO Lab™) was the first application [3,4] to be
developed with this technology and is now available
commercially [5].

S.P.A.R.C. MP was designed to interface with a
variety of accelerator modeling and simulation

programs.  The software uses a modular approach that allows
new programs to be added to the framework, without affecting
the functionality of existing programs.  The two programs
TRANSPORT and TURTLE were integrated with
S.P.A.R.C. MP as part of the PBO Lab [3,4].  The graphic
interface for MARYLIE [1] is patterned after that developed
for the PBO Lab, but several new GUI features have been
added in order to support the extensive capabilities for
beamline modeling and simulation that are available with
MARYLIE.  This paper describes some of these new features
and illustrates an example of using the MARYLIE GUI.

2  GRAPHIC USER INTERFACE (GUI)

The main purpose in developing a GUI for scientific
software is to assist researchers in using the software.  This
includes assistance in setting up problems, in executing the
program, and in understanding the results.  A useful GUI
should provide support for:  (a) the easy definition of
problems for the target program, (b) a simple and clear
means of requesting the program to perform the various
tasks that are within its domain, and (c) the display of
results from completing those tasks in ways that enhance
interpretation and analyses.  These three areas of GUI
requirements generally parallel the traditional software
paradigm based upon text files and command lines that
separates the functions of input, execution and output.   The
goal for S.P.A.R.C. MP based applications is to support all
of these areas graphically, without the user needing to
prepare any text files or command line input.  The
development of the MARYLIE GUI focuses on this
objective.

2.1  Problem Set Up

 The GUI provides for the set up and running of
MARYLIE without requiring any knowledge of the format,
syntax, or similar requirements of the input.  Beamlines are
graphically constructed on the computer screen using drag
and drop icons.  Default parameters are incorporated for all
required inputs so that both the topology of the beamline
and a complete set of input data are defined automatically
during the graphical construction.  Setting up a specific
beamline problem then only involves editing the values of
parameters.  The S.P.A.R.C. MP graphic user interface
shell and the beamline construction kit provide this
capability for the MARYLIE GUI.

Some of the basic features of the enhanced beamline
construction kit developed for MARYLIE have been



described previously [6].  Figures 1 and 2 illustrate
selected elements of the GUI used to set up beamlines
for MARYLIE.   A Document Window and three
Subline Windows are shown in Figure 1; the new

features of the basic Document Window have been described
elsewhere [2,6].

Figure 1.  Example Document Window and three Subline Windows of the graphic user interface for MARYLIE.

Figure 1 illustrates a new method for setting up the
second-order achromatic bend example described in [7].
The set up of this example capitalizes on the innovative
beamline object model [8] that provides the infrastructure

for the beamline construction kit.  Individual Pieces,
Sublines and Aliases are used in the example. Beamlines can
be modeled using hierarchical representations (Sublines), flat
representations (individual Pieces), or mixed representations

Document Window provides 
tools for graphical beamline 

construction and manipulation

Sublines can be used to group related elements 
and Aliases can be used for identical elements



that contain both Sublines and individual Pieces.  An
Alias is an individual Piece or Subline, which is
represented by a persistent link to the underlying Piece or
Subline.  In the example discussed here, Aliases are used
to provide identical replicas of frequently occurring
elements.  However, each Alias is also capable of storing
deviations from the original parameters (e.g. to represent
errors) without duplication of redundant data [2,6].  Note
that the Alias Piece is not a copy of a Piece; a copy
replicates all of the original Piece data as persistent data
for the copy, and does not offer the efficiency in data
storage made possible with an Alias Piece.  

Figure 1 illustrates several uses of Alias Pieces, for
individual Pieces and Sublines.  The first Subline (labeled
“cell 1”) defines the 1st cell of the achromat and contains
eight (8) basic elements (three drifts and five magnets) as
well as three (3) Aliases, each referring to one of the basic

drift Pieces.  Icons for Aliases are indicated by a red “A” in
the upper right corner, and the label (displayed below the
Alias icon) is the same label as for the underlying original
Piece.  The second Subline, (labeled “cell 2”) describes the
2nd cell of the achromat.  This Subline is composed entirely
of individual Alias Pieces.  The second Subline also has
been used to define two Subline Aliases that define the 3rd

and 4th cells, also labeled as “cell 2” since they are identical
to the 2nd cell.  Subline Aliases may contain Aliases to
individual Pieces or other Subline Aliases.

Figure 2. Example of Piece Window (left) and Alias Window (right) for editing parameters of a magnetic bend element.

Figure 2 illustrates the Piece Window for a
magnetic quadrupole.  Several new features have been
added to the Piece Windows for all elements to support
MARYLIE as well as other codes.  The new features for
magnetic elements include tab panels for additional data
that describe fringe fields, magnet geometry parameters
and beamline location (position and orientation)
information.  A useful feature of the Piece Windows for
magnets is the ability for users to select from several
different options for specifying the magnetic strength; the
expert system rules automatically compute and display
the alternative specifications.  While a very convenient
capability, MARYLIE only uses one set of magnet

specifications.  Green dots are used on the right hand side
of each Piece Window to provide feedback to the user on
which parameters will be used by MARYLIE.

MARYLIE supports a rich library of commands,
operations and procedures to assist users in solving a
variety of beam optics problems.   The GUI requirements
to support these capabilities are still being developed.
The next section describes an example that calculates the
transfer map for the beamline shown in Figure 1.  

2.2  MARYLIE Master Input File

The primary input to MARYLIE is provided by data
in a Master Input File (MIF).  The MIF contains seven

Comments Used for 
Labeling Piece

Tutorial Button 
Accesses Physics 
and Technology 

Information 
Database

Different Units 
Options Are 
Available for 

Most Parameters 

Different Sets of 
Parameters May 

Be Used to 
Describe a Piece

Tab Panels Used to Switch 
Between Parameter Groups

Green Dots Indicate 
Parameters Used by 
Context Application 

Special (S) Button 
Used to Specify 

Variation Parameters

Guidance Limits Warn Users if Parameters 
Are Outside Certain Bounds



components referred to as #comment, #beam, #menu,
#lines #lumps, #loops and #labor [1].  The last six of
these MIF components define each MARYLIE run, and
the graphic interface writes the necessary data to each MIF
component to carry out the task prescribed by the user.

Figure 3 illustrates the MIF generated by the GUI
for a user requesting the computation of the non-linear
transfer map for the beamline illustrated in Figure 1, and

to display the results in a text editable window on the
computer screen.  It is worth noting that the user does not
actually see the MIF text file (unless he or she specifically
requests this).  The MIF is written, MARYLIE is called
and executed, and then the output is displayed as requested.

    

#comment
  PBOL-Marylie Model
#beam
  0.33526427480817
  195.69471624266146
  1.00000000000000
  1.00000000000000
#menu
drft0001    drft
  0.05000000000000
sext0002    sext
  0.10000000000000  107.03699999999999
drft0003    drft
  0.05000000000000
quad0004    quad
  0.10000000000000  9.68439000000000  1.00000000000000
  1.00000000000000
drft0005    drft
  0.15000000000000
sbln0006    nbnd
  10.00000775922950  0.02000000000000  0.45000000000000
  0.58514700000000  1.00000000000000  1.00000000000000
quad0007    quad
  0.10000000000000  -10.18010000000000  1.00000000000000
  1.00000000000000
sext0008    sext
  0.10000000000000  -145.66799999999998
mark0009    mark
finl0010    mark
  enddata    ptm
  2  2  2  0  1
  echodata    pmif
  0  12  2

  interprt    pmif
  1  12  2
  raytrace    rt
  13  14  3  0  1  0
  track    circ
  13  14  3  100  100  0
  order1    mask
  1  0  0  0  0
  order2    mask
  1  1  1  1  0
  return    end
#lines
subl0048
  drft0001  sext0002  drft0003  quad0004  drft0005  sbnd0006  &
  drft0005  quad0007  drft0003  sext0008  drft0001
sbnd0006
  sbln0006
subl0049
  drft0001  sext0002  drft0003  quad0004  drft0005  sbnd0006  &
  drft0005  quad0007  drft0003  sext0008  drft0001
beamline
  subl0048  subl0049  subl0049  subl0049  mark0009  finl0010
#loops
testloop
  beamline
#labor
  echodata
  interprt
  beamline
  enddata
  return

Figure 3.  Marylie MIF data generated by the GUI for a user request to calculate and display the R-matrix and
monomial coefficients of the non-linear map for the achromatic bend example illustrated in Figure 1.

The Global Parameters generate entries in the
#beam component and provide data for certain #menu
component entries.  The #menu component defines most
of the data used in subsequent components. Individual
Pieces generate entries in the #menu component.  The
various tasks (commands, operations and procedures)
defined by the user also create entries in the #menu
component.   In addition, the GUI generates #menu entries
for frequently used commands and for outputting data
needed to display results requested by the user.  Sublines
generate entries in the #lines component.  Aliases (with no
deviations) are utilized in the data for the #lines
component, and the complete beamline also creates an
entry in the #lines component.  The GUI also generates
entries in the #loops component that are needed for certain
tasks, such as element-by-element tracking or ray tracing.  

The #labor component controls the actual execution
of MARYLIE tasks.  Most of the entries in this
component are derived from entries in the other
components, arranged so that the tasks requested by the
user will be completed.  Several commonly requested
tasks, such as the map calculation discussed here, as well
as generating distributions, ray tracing, tracking, etc., are

encapsulated into macros so that they are executed by the
selection of single item in the Commands menu of the
Document Window.  Less frequent or more complex tasks
can also be set up graphically.  The #labor component
entries follow, in left-to-right order, the commands and
operations defined by the user graphically on the Model
Space of the Document Window.  Procedural loops, such
as user requests for carrying out iterative fitting or
optimization calculations, also generate entries in the
#labor component.  Both sequential procedures and nested
procedures can be defined graphically and the appropriate
entries for the #labor component are generated.

2.3  Display of Results

The output requested from the MARYLIE run
specified in the MIF of Figure 3 is displayed in a text
window, but several graphic capabilities for MARYLIE
output are also being developed.  These include plots of
lattice functions and other parameters as a function of
position, as well as different views of the 6-D phase space
coordinates for beam distributions.  Some specialized
capabilities are also being developed specifically to
support the ease of use of MARYLIE.  One of these uses



the new Map Piece [6].
The Map Piece has been developed to provide new

functionality for the MARYLIE GUI.  The Map Piece
can be used to enter a user-specified map, to load a map
from data file, and to create and save a map from a given
selection of Pieces or Sublines.  For example, the map
calculation described above can also be accomplished by
interactively creating a map piece.  To do this, the user

selects the four Sublines on the Model Space of the
Document Window shown in Figure 1, and then chooses
the “Create a Map Piece” item from the Commands menu.
The new Map Piece appears on the Work Space of the
Document Window and may then be used like any other
Piece.  Double-clicking the icon opens a specialized Piece
Window that displays the map data.  Figure 4 shows
selected images from the GUI used for this process.

Figure 4.  A map can be generated for a group of elements and the data entered automatically into a Map Piece.

3  SUMMARY

A graphic user interface is being developed for
MARYLIE that promises improved productivity for
researchers working on the design and analysis of
accelerators and beamlines.  Substantial progress has been
made in developing a MARYLIE Module for integration
with S.P.A.R.C. MP.
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THE CERN/SL XDATAVIEWER: AN INTERACTIVE GRAPHICAL TOOL
FOR DATA VISUALIZATION AND EDITING

G. Morpurgo, CERN

Abstract

As a result of many years of successive refinements, the
CERN/SL Xdataviewer tool has reached its final stage.
This graphical tool was especially developed to plot mono-
or bi-dimensional arrays of data, and to interact with them,
in many different ways. Many pages of graphical informa-
tion can be handled by the program, in a loose hierarchy
of Views, Graphs and Plots objects. Data can be displayed,
and interacted with, both in graphical and in text format.
Sophisticated built-in Zoom and Data Editing capability is
implemented, as well as a flexible Data Output generation
facility. A complete C Callable Interface is provided, in-
cluding a mechanism for feeding back the Application Pro-
gram with the selections made by the User in the Data Dis-
play part. The tool has been written in C language, making
use of the standard X Window libraries (Xlib,Xt,Motif). It
can be run as a stand alone process, communicating with
the Application Program via a shared memory, or it can be
embedded in the Application Program itself.

1 INTRODUCTION

The Dataviewer was originally developed at CERN/SPS in
the late 80’s , during the preparation of the software for
the new CERN accelerator, LEP. The intention was to pro-
vide the Application Programmers and the LEP Operators
with an uniform way to implement and use graphical data
representations. Many features specific to the LEP context
(ex. function editing) were introduced from the first design
stage. The implementation was APOLLO specific, as those
were the Workstations used at LEP. X-Window did not exist
yet. The tool became rapidly popular, and many Applica-
tions were built on top of it. Many slightly different vari-
ants were developed by different people, until 1990, when
Ann Sweeney cleaned and enhanced the code, merging the
best features of this ”parallel development”, and froze the
product[1]. Around 1994 the APOLLO workstations were
replaced by HP-UX and Xterminals, running Unix and X-
Window. Suddendly the Dataviewer became unusable. As
your author had many Applications built on top of it, he de-
cided to port the Dataviewer to the new environment. More
and more Applications used it, and many new features were
added to the tool, as a consequence of requirements of new
Application. This was done always mantaining the back-
wards compatibility, so that already existing Applications
could always use the latest versions without any modifica-
tion to the source code[2]. One of these new features is
the ”Embedded Dataviewer”. The Dataviewer was origi-
nally conceived as a Stand Alone Process, displaying data
that an Application Program had put into a shared mem-
ory area. We found that in many cases is useful to merge
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Figure 1: A typical Dataviewer page. A View containing three
Graphs is shown

the Application Program with the Dataviewer, and there-
fore we have implemented a way to embed the Dataviewer
inside the Application Program itself. This is done with the
auxil of a very few function calls.

2 PHILOSOPHY AND REQUIREMENTS

The original design and implementation of the Dataviewer
dates from the early days of workstations. At that time, the
few commercial products on the market were primitive and
expansive, so that there weren’t many alternatives but de-
veloping this tool. Nowadays the scenario is quite different;
many commercial packages are available, they are power-
ful and claimed to be grosso modo complete, and probably
affordable. Nevertheless, they lack at least three of the most
important requirements for such a tool in our environment:
specific adaptation to our needs, immediate support, and
possibility of developing new features as soon as the users
need them. This is why if you have a good piece of home-
made software, fulfilling your requirements and supported
well, you should think twice before dropping it in favour of
software on which you do not have any control.
Let us now have a look to the list of specific requirements
satisfied by the Dataviewer.

• Ability of showing graphical pages (”Views”), struc-
tured in one or more parts (”Graphs”), each of which
can display one or mode data arrays (”Plots”).

• Possibility of online selection between different
Views.

• Each Graph can be displayed in graphical or text for-
mat, independently from the other Graphs in the same
View. The switch between graphical and text mode is
available online.



• Online capability of selective displaying of View sub-
sets.

• Possibility of editing a Plot online (modifying the cor-
respondent data array).

• Possibility of zooming on the data.
• Active cursor, indicating online its position, and the

position of the closest data point.
• Dynamic online reconfigurability of Views, Graphs

and Plots.
• Access to the data via pointers.
• Optional drawing of axes and grids on the Graphs.
• Optional automatic rescaling of the Graph coordi-

nates, driven by the data to be displayed.
• Possibility of assigning different colours and markers

to each data point.
• Interaction with the Application Program, to know

when to refresh the data and to inform it when a data
point has been selected.

• Possibility of saving the screen data onto a file or to a
printer.

• Callable Interface written in C, to enable the Appli-
cation Program to configure the graphical information
and to select the wished features.

3 IMPLEMENTATION ISSUES

3.1 Object definition

Four basic entities constitute the hierarchy on which the
information visible through the Dataviewer are built :

• The View. A View is a graphical page, displayable as
a whole on the Dataviewer Window. It can contain
many Graphs.

• The Graph. A Graph is a window on the x,y space, in
which one or more Plots are shown. To be visible, a
Graph must be attached to at least a View.

• The Plot. A sequence of x,y points. the y values al-
ways come from a Data Objects. The x values come
either from a Data Object (2-dim Plot), or from the in-
dex of the sequence (1-dim Plot). A Plot needs to be
attached to at least a Graph.
Auxiliary Objects can be used to define colours, la-
bels, etc. for each point of the Plot.

• The Object. An Object is an array of numeric val-
ues, provided by the Application Program. An Object
can contain data to be plotted by the Dataviewer, color
codes, marker types, error bar values, or labels (in
this case it will be an array of character strings). Ob-
jects are contained in MOPS structures (see next para-
graph), referred to by names and accessed by pointers.

3.2 Object properties

We briefly list here the most important properties for
Graphs and Plots

• A Graph can be displayed in graphical ot text format.
• Its x,y limits might be fixed or automatically adapted

to the data.

• It may use linear or logarithmic scales.
• It may have timestamps as x coordinates.
• It may have a Grid and x,y axes.
• It may display also a few 80-char labels.
• A Graph can be attached to any number of Views.

• A Plot may be 1-dim or 2-dim.
• It may be drawn as an histogram, or as a sequence of

markers, optionally connected by a line.
• Every point may have a different colour and label, and

also a different marker type (32 colours and about 20
marker types are defined).

• A 2-dim Plot may have its x coordinates increasing
monotonously, or being randomly distributed.

• Every point may have error bars.
• Also for a Plot listed in text format, every point can

have a different colour.
• Output formats for x and y values can also be speci-

fied.
• It is also possible to ask the Dataviewer to show only

a selected part of a Plot.
• A Plot can be attached to any number of Graphs.

All of these properties can be controlled by the Applica-
tion Program via the C Callable interface to the Dataviewer.
Default settings for many of these properties are also pre-
defined. Again via functions in the Callable Interface, these
defaults can be overridden at creation time both for single
or for multiple Objects.

3.3 Data format

All the data required by the Dataviewer (plottable Objects,
Views, Graphs and Plots definitions) must be contained
into a MOPS[3]. The MOPS (Multiple Object Partitioned
Structure) is a reserved memory area (Unix shared mem-
ory or internal process memory) dynamically configurable
in User defined ”Objects”. The access to the MOPS and
to the Objects is done by name, through a library of C (or
FORTRAN) functions. In particular, some functions re-
turn pointers to the beginning of each Object Data Area.
Data access can be protected by semaphores, if needed. An
Object is an array of elements of the same type (int, float,
structures, strings,...), and different Objects may have dif-
ferent types. The User can dynamically create or delete
objects, change their number of elements, and retrieve or
update their values. The data arrays displayed by the
Dataviewer are MOPS Objects, and the MOPS access by
name capability is used by the Dataviewer Callable Inter-
face. The MOPS Library provides a easy and flexible way
for structuring the data and for sharing it between differ-
ent processes. For instance, there is no need to tell the
Dataviewer the number of elements in a plot; it will find it
by themself when looking at the MOPS. This solution mir-
rors very well the structure of many Applications, where
the Application Program provides new data and leaves to
the Dataviewer the task of showing them to the User.
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Figure 3: Edit facilities in graphic mode.

3.4 The X Window Implementation of the Dataviewer Hu-
man Interface and Data Display parts

The Control Panel of the Dataviewer (see Fig. 2) is written
using the Motif toolkit, on top of X Window. The actual
code is generated by a home made C code generator for X
Window applications[4]. The code needed to display the
data heavily relies on the Xlib package. As no machine-
dependent code is used, the product should be easy to port
onto other platforms.

3.5 Graphic and Text Data Display

Each Graph can be displayed in two different modes : the
graphic mode (default), where each Plot in the Graph is
drawn on the Dataviewer part allocated to that Graph in
the way specified by the Application Program (Markers,
Histograms, Lines..), and the text mode, where the values
of the points of one or all of the plots contained by the
Graph are written in columns using a default format or a
specified one. In text mode, a scrollbar is also displayed, to
help the User when moving through a long Plot. If a Graph
contains more than one Plot, and the X coordinates of the
different Plots are not homogeneous, all these coordinates
are merged so that every Plot will find an entry for each of

its points.

3.6 Editing Facility

The need for being able to edit a plot derives from the us-
age of the Dataviewer as a Function Editor, when defining
and modifying the behavior of the different LEP equipment
during the energy ramp. Both in graphical (via the cursor)
and in text (via an input shell) modes it is possible to add,
delete, move single points, to align a range of points, to in-
terpolate modifications through a range of points (see Fig.
3).

3.7 The Zoom Facility

Using the cursor and the mouse, the User can zoom in and
out the data. The axes (X and Y, only X, only Y) to be used
for the zoom operation are controlled either by the Inter-
face or by the Application Program. The Dataviewer main-
tains a linked list of zoom operations, so that it is possible
to reverse these operations or to come back to the original
configuration.



Figure 4: An Application using the Embedded Dataviewer.

3.8 The Grid Facility

If specified, a self adaptive Grid will be plot around or
across a graph. The spacing of the Grid tics will depend on
the graph limits and on the number of screen pixels avail-
able for the graph. The format will also be automatically
adapted to the data, case by case.

3.9 The Help Facility

The Application Programmer can provide, in a text file con-
taining special delimiter lines, explanations on the meaning
of the different Plots, Graphs, Views. This information will
be displayed on request with the help of a popup window.

3.10 Output Facility

The Dataviewer provides utilities to plot the contents of the
screen on a printer (either colour or black and white). It
may also produce .ps or .eps files containing the same in-
formation. Finally, it may print or save onto file the values
of all the points in the different Plots in a selected Graph.

3.11 Communication with the Application Program

The two typical situations requiring communication be-
tween the Dataviewer and the Application are a) the pro-
duction by the Application of new data to be displayed,
and b) the need for the Application to be informed about
some User selection on the Dataviewer data display part.
In the former case the Application sends a Unix signal to
the Dataviewer, which will refresh the data displayed. In
the latter case the Dataviewer sends a signal to the Appli-
cation, which, by means of a C function , may retrieve the
relevant information. The Application may also decide to
disable this mechanism.

3.12 The Embedded Dataviewer

Originally the Dataviewer was always running as a Stand
Alone process. In some cases, however, it is desirable to

integrate the graphical part within the same window as the
rest of the Application. Due to some features of our code
generator, this is actually straightforward. All the widgets
composing the Dataviewer part are created within a sin-
gle C function. A few other functions specific to the Em-
bedded Dataviewer (command line arguments equivalent,
or communication between the Application part and the
Dataviewer part) have been made available to the Program-
mers.

3.13 The Callable Interface : (Keep It Simple, Stupid !)

The Golden Rule for insuring success to a tool is its easi-
ness of use. Application Programmers like to concentrate
on how to solve their problems, and not on how a tool
works. Although about 100 C functions are available to
tailor everything to the user’s need, less than 10 are enough
to start :

• dv init : to allocate space for the Dataviewer data
structures.

• dv vwcreate : to create a view.
• dv grcreate : to create a graph.
• dv grattach : to attach a graph to a view.
• dv plcreate1(2) : to create a mono(bi)dimensional

plot,to display data objects.
• dv plattach : to attach a plot to a graph.
• dv kick : to inform the Dataviewer that new data are

ready.

To these functions, one should add less then 10 C functions
from the MOPS library (to create, initialize and access a
MOPS, and to create and acces objects inside it)
These 15 functions are enough to start, and to produce per-
fectly well working Applications; most of the others are
used to modify the properties of individual objects (Views,
Graph or Plots). Some functions modify the default prop-
erties to be assigned to a newly created object, and other
will modify the way the Dataviewer works.



4 CONCLUSIONS

The Dataviewer has reached the stage of maturity, and the
rate of new user requirements is now very low. It is used
by most of the Application Programs in the LEP and SPS
Control rooms, and it has contributed in saving many man-
years of software efforts. It also makes life easier for the
Operators, by presenting them different graphical informa-
tion in an uniform and coherent style.
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TECHNIQUES FOR ROBUST NONLINEAR DELTA-F
SIMULATIONS OF BEAMS*
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Abstract

We describe means by which the range of applicability
of nonlinear-characteristic δf methods to beams may be
enhanced, so as to faithfully describe a sharp-edged beam
or a smooth beam whose edge moves by more than its
scale length. As others have done, we follow a population
of Lagrangian characteristic “marker” particles in the total
(equilibrium plus perturbation) field. However, in contrast
with usual practice, our marker distribution is not
proportional to the physical particle distribution. We
introduce “ghost” particles: a population of markers loaded
into regions of phase space where the equilibrium f0 is
zero or very small. In addition, we do not numerically
evolve either δf or a “weight” w, but rather we use
knowledge of the marker positions in phase space and of
the functional form of f0 to evaluate δf anew at each
timestep for each marker. We describe the application of
our formalism to the model problem of an oscillating
displaced beam. We show that marker loading with phase-
space density proportional to f0 leads to inconsistencies,
while our modified marker loading is consistent and (for
modest displacements) can be statistically “quieter” than
conventional particle-in-cell simulation.

1  INTRODUCTION

Nonlinear-characteristic δf methods [1-4] have proven
highly effective in the simulation of plasmas. However,
the application of δf methods to charged particle beams
has proven challenging, despite their early use [1] and
recent progress [5]. This has been the case largely because
few beam equilibria are known. While axisymmetric
equilibria are readily constructed, most beams are non-
axisymmetric due to the alternating gradient focusing
employed. For such beams the only known equilibrium is
the “K-V” distribution [6], which is highly singular and
exhibits a number of instabilities which are not present in
real beams. Furthermore, beams evolve farther from their
equilibrium distribution (f0) than do most of the neutral
plasmas to which δf methods are applied. Beams are
bounded; while some have extended spatial tails, many
(those with very strong space charge, or near apertures) do
not. Beam parameters can change dramatically along an
accelerator, and externally-applied forces can have
complicated structure. At least in some regions of phase
space, the perturbation δf can be large (sometimes
infinitely large) relative to f0.

In this paper we explore means by which the range of
applicability of δf methods to beams may be enhanced.
Despite the above mentioned difficulties, such methods

may still prove to have real utility because the offending
regions with large perturbations may be localized, and so
integral quantities may be insensitive to such local errors;
this must be evaluated on a problem-by-problem basis.

Traditional δf methods, using a marker loading
proportional to the physical particle distribution, cannot
consistently describe the behavior of a sharp-edged beam
undergoing a displacement. We sought revised δf methods
which can work even in the extreme limit of a sharp-edged
beam. We suggest that two techniques are key. The first
is the use of “ghost” particles in a marker distribution not
proportional to f0, a technique anticipated in earlier δf
work [2] but apparently never used for beams. The second
is the use of marker coordinates and the functional form of
f0 to evaluate δf anew at each timestep for each marker,
rather than evolving δf in time. This saves the solution of
an ODE for each particle, with its attendant errors and
possible timestep constraints. It follows a comment by
Aydemir [3] and is in contrast with what seems to be
common practice in the use of δf methods. These methods
should also work well when the edge of a smooth-edged
beam moves by more than its characteristic density fall-
off scale length, typically the thermal Debye length.

In the following sections of this paper we describe our
formalism; the model problem of an oscillating displaced
beam in slab geometry; results for a water-bag
distribution in the zero-space-charge limit; and results for
a Maxwell-Boltzmann distribution for a space-charge-
dominated beam. Finally, we offer closing comments.

2   FORMALISM

The physical distribution f(x,v) integrates to the total
number of particles, N:

N = dx dv f(x, v)∫ (1)

An idealized marker distribution fm(x,v) — the number of
markers per unit phase space volume — integrates to the
total number of markers, Nm:

Nm = dx dv f m (x, v)∫ (2)

We consider f and fm to be continuous and finite; below,
we discuss the correspondence to a set of discrete markers
{i}. The Vlasov equation in the electrostatic limit is:

df

dt
=
∂f

∂t
+ v ⋅ ∇ f +

q

m
E ⋅ ∇ vf = 0

(3)

and the evolution equation for the perturbation
δf = f - f0 is:

d

dt
δf = −

df 0

dt
= −

q

m
δE ⋅ ∇ vf 0 (4)



(we need not time-advance this!). The unperturbed and
perturbation particle number densities are:

n0 (x) = dv f 0 (x, v)∫       
δn(x) = dv δf (x, v)∫ (5)

The total field, used to advance the markers via a split-
leapfrog step, is E = E0 + δE. The probability densities
are p(x,v) = f(x,v)/N and pm(x,v) = fm(x,v)/Nm; these
integrate to unity and represent the likelihood that a single
particle or marker is to be found in a given unit volume
of phase space. We define two sets of constants along the
marker trajectories:

f i = f (xi , vi ); f mi = f m (xi , vi )  . (6)

Assigning a phase-space volume Vmi = 1/fmi to each
marker, the “Klimontovich” distribution is:

f K lim (x, v) = f (xi , vi )Vmi
i=1

Nm

∑ δ(x − xi )δ(v − vi )

= f i
f mii=1

Nm

∑ δ(x − xi )δ(v − vi )
(7)

The moment of a quantity A is approximated by

A = 1
N

A(x, v)f(x, v)dxdv∫
≈ 1

N
A(x, v)f K lim (x, v)dxdv∫

(8)

giving:

A ≈ 1
N

A(xi , vi )
i=1

Nm

∑ f i
f mi

 . (9)

Similarly, the Klimontovich distribution for markers is:

f m,K lim (x, v) = δ(x − xi )δ(v − vi )
i=1

Nm

∑  . (10)

We replace spatial delta functions δ(x-xi) with the
particle “shape function” S(xj - xi)/∆x, where ∆x is the
cell size. The charge density in grid cell j in a
conventional PIC code is:

n j =
N

Nm

S(x j − xi )

∆x
i
∑ (11)

or, for non-uniform particle weighting:

n j =
N

Nm

pi

pmi

S(x j − xi )

∆x
i
∑ = f i

f mi

S(x j − xi )

∆x
i
∑  , (12)

where pi = fi/N and pmi = fmi/Nm remain constant along
trajectories, just as do fi and fmi. In a δf calculation, our
form for the perturbed charge density is:

δn j =
f i − f 0 xi (t),vi (t)( )

f mi













S(x j − xi )

∆x
i
∑ (13)

or, introducing a perturbed “weight” for each particle i,

δn j = wi
S(x j − xi )

∆x
i
∑ , (14)

where

wi (t) =
N

Nm

δf i

f i

pi

pmi
=
δf xi (t),vi (t)( )

f mi
 . (15)

This matches Aydemir’s eq. (19), noting the differing
notation, e.g., his “N” is our Nm. It also matches Parker
and Lee’s eq. (7), again with differences in notation. It
differs from the common expression for PIC-like loading
in that the denominator is fmi instead of fi.

Each particle makes a contribution to δn proportional
to (fi - f0)/fmi. Here, the first term simply advects around
with the markers and always contributes positively to δn.
The second term is zero or contributes negatively to δn,
as necessary to cancel the unwanted equilibrium n0 in
regions not currently being occupied by the beam.

Direct evaluation is simpler than time-evolution. Still
following Aydemir, from the equation for dδf/dt we find:

dwi
dt

= − 1
f mi

df 0
dt










(x,v)=(xi ,vi )

 . (16)

As Aydemir notes, it is “under normal circumstances” not
necessary to solve this, since δfi or wi at any time can
readily be computed from:

f0(xi,vi) (by direct evaluation of the specified f0),
fi (constant, by Liouville’s theorem), and
fmi (constant, by Liouville’s theorem).

This is a considerable advantage for beams, where f0 may
change radically along the exact orbits. Two quantities (fi
and fmi) need to be stored for direct evaluation, just as two
quantities (wi and fmi) need to be stored for time-
evolution. Only in the case of PIC-like loading of
markers, where fi/fmi is the same number for all particles,
is it possible to dispense with one of these stored
quantities. This savings is unlikely to be significant.

3  MODEL PROBLEM

A sheet beam subjected at t = 0 to a constant,
uniform sideways force illustrates the relevant principles.
For the moment, we assume infinitesimal space charge,
using the accumulated number density only as a measure
of the effectiveness of our methods (this assumption will
be relaxed in Section 5, below). The beam moves with
constant axial velocity vz = v0. The transverse force
balance is between thermal pressure and an applied linear
confining field E0(x) = -E'0x. The betatron frequency is
ω, where ω2 = qE'0/m. A “slice” of particles passes
through z = 0 at time t = 0, at which time a transverse
electric field δE is applied; the effect is to shift the
bottom of the electrostatic potential well by a distance
xc = qδE/mω2= δE/E'0. See Figure 1. Since there is no
damping, the beam’s centroid overshoots to 2xc, and the
system rings forever at frequency ω. See Figure 2, which
shows an extreme case. In phase space, the beam
precesses around (xc,0); see Figures 3 and 4.
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Figure 1. For the model problem in the zero-space-charge
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Figure 4. Phase space at ωt = π/2 for model problem.

4  WATERBAG DISTRIBUTION IN ZERO
SPACE CHARGE LIMIT

A waterbag distribution illustrates the issues. This is a
“sharp-edged” equilibrium with negligible space charge.
We set the phase space density constant out to a cutoff
circle at energy h0 in the phase space {ωx,v}:

f 0 (x, v) =
Nω

2πh0
, v2 +ω2x2 ≤ 2h0

0, v2 +ω2x2 > 2h0






 , (17)

leading to a particle density:

n0 (x) =

Nω
πh0

2h0 −ω
2x2 , x ≤

2h0

ω

0, x >
2h0

ω











 . (18)

The displacement of this distribution cannot be simulated
consistently with a δf simulation using PIC-like loading.

We consider two marker loadings which afford
consistent δf-derived densities for the waterbag problem.
For both, the boundaries of the marker region are time-
invariant, since E is time-invariant and markers are
uniformly loaded along characteristics (in the presence of
the displacing force). Loadings such as these only work
for negligible space charge. They are:
(1) A “disk” loading, which uniformly populates  a
“circle” in phase space of radius rd = xc + 2h0 / ω
centered at (xc,0):

f m = Nm / π xc + 2h0 / ω( )2 = const. . (19)

(2) An optimized “annulus” loading, wherein the markers
uniformly populate an annulus of outer and inner radii
r± = xc ± 2h0 / ω centered at (xc,0):

f m = Nm / π xc + 2h0 / ω( )2


− xc − 2h0 / ω( )2  = const.

 . (20)

In carrying out these waterbag tests we were able to
take advantage of the fact that the orbits in the applied
field are readily computed. Rather than time-stepping as in
an actual PIC code, we evaluated marker locations at
ωt = π analytically using:

x − xc = (x0 − xc )cos(ωt) + v0
ω

sin(ωt)

v = −ω(x0 − xc )sin(ωt) + v0 cos(ωt)
 . (21)

This is possible because (for this model) the space charge
is negligible, used merely as a diagnostic. A 1-d version
of area weighting was used; results for nearest-grid-point
charge deposition are similar. Best agreement was
obtained by using the analytic density averaged over a
length ∆x centered at each grid point as a reference
density; again, differences are minor. Results are shown
for conventional PIC, delta-f using PIC-like loading
(marker density proportional to f0), and the two marker
loadings described earlier. In all cases, the “physical”
particle number N = 109 , number of markers
Nm = 25,000, number of grid cells ng = 400, and limits
of the computational domain xl = -5 and xh = 15.

In Figure 5 the density at ωt = π is shown. Note the
failure of δf with PIC-like loading to cancel the unwanted
zero-order density at the left. The relative error vs. x for
xc = 0.05 is shown in Figure 6, and its variation with
xc in Figure 7. Even annulus-loading δf is inferior to
PIC beyond xc ~ 0.4, though it remains consistent.
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Figure 5. Waterbag problem: density vs. x at ωt = π
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clarity. The analytic density is shown in light color.
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Figure 7. RMS over x of density error (normalized to
peak density) vs. offset xc at ωt = π.

5  MAXWELL-BOLTZMANN
DISTRIBUTION WITH SPACE CHARGE

When space charge is not negligible, marker loading
requires care. E varies with time, and loadings “centered”
about xc are not stationary. For the model problem, quasi-
stationary marker distributions can be obtained by loading
markers uniformly along the equilibrium orbits in the
unperturbed field. Since the applied perturbation field
shifts all orbits (physical and marker) by the same phase-
space offset, the marker distribution is stationary about
the moving beam centroid. If the marker distribution is
made “large enough,” the phase-space area vacated by the
precessing beam is always “well-covered” with markers
and the unwanted n0 is canceled. However, such loadings
are in general less “efficient” than the annulus loading that
works well for negligible space charge.

We are testing various marker loadings; here we use a
rescaled PIC-like loading: xj ⇐  [(2xc+a0)/a0]xj;
vj ⇐  [2xcωβ0/vth]vj. The distribution value fmj for
each marker j is reduced relative to that of PIC-like
loading by the product of the factors in [ ]. This sub-
optimal “blob” loading is not uniform along unperturbed
orbits, and the marker distribution is not quasi-stationary.
Nonetheless, it covers the required phase space. Work in
progress (to be described in a future publication) indicates
that improved results (in some cases significantly better
than those of PIC) are obtainable from a cut-off uniform
marker loading.

We have done PIC and δf simulations of a space-
charge-dominated Maxwell-Boltzmann (M-B) sheet beam.
The equilibrium, which must be computed numerically, is:

f = f 0 exp − H ⊥
kBT ⊥






= f 0 exp − mvx

2 / 2 + qφtot (x)

kBT ⊥







.(22)

We chose a strongly tune-depressed case, with ratio of
depressed to undepressed phase advance σ/σ0 = 0.2. Also:
a0 = 0.01 m (edge position of RMS-equivalent uniform
beam); nx  = 512 (number of cells across x);
xc = 0.002 m (offset of equilibrium x due to displacing
force); nm = 32768 (number of markers); ∆t/τβ0 = 1/16
or 1/32 (the latter gives visibly better results).

In figure 8 the initial PIC and marker locations are
shown; the “ghost” region is sizable (these figures are
best viewed online, in color). In Figure 9 the initial PIC
beam is again shown, now overlaid with the PIC beam
and the markers at ωβ0t = π. In Figure 10 the markers
with the most significant perturbations are displayed in
dark colors (for clarity, more markers were used in this
run; when a smaller time step is used, the regions become
roughly circular). In Figure 11 the profile at ωβ0t = π is
shown for the three methods. The failure of δf with PIC-
like loading is evident. When the modified loading is
used, δf is smoother than PIC over most of the beam, but
noisier at the beam edges (improved loadings can fix this).
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Figure 9. Initial PIC beam (green), PIC beam at
ωβ0t = π (magenta), and markers at ωβ0t = π (black).
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Figure 10. Markers at ωβ0t = π; Red denotes δf ≥
0.2 fmax; blue δf ≤ -0.2 fmax; yellow all other
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Figure 11. Density profiles at ωβ0t = π for M-B beam.

6   D I S C U S S I O N

We have identified δf methods which handle even a
sharp-edged beam, and shown that use of PIC-like marker
loading leads to inconsistencies in such cases. The K-V
distribution is sharp-edged (and singular, in phase space).
If δf methods are to be reliably applied to it, great care
must be taken to ensure cancellation of undesired n0 as
the thin shell in phase space deforms. This may prove
very difficult to do consistently.

Timestep constraints associated with accurately
tracking the markers in the total field remain. In many
cases these constraints resemble those of PIC, since the
marker advance is identical with that of PIC, except that
the field solution is unconventional. In other cases the
constraints may be more severe, since (as was shown)
markers must sometimes be followed in regions of phase
space that remain unpopulated in PIC calculations.

Because of their difficulties when the beam evolves
considerably, we should not expect these methods (at least
in their present form) to become a general replacement for
PIC beam simulations. Their extra “quietness” makes
these robust δf variants attractive for special purposes,
e.g., the detailed study of particular modes on a beam.
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Abstract

Space-charge-induced emittance growth and halo
generation could lead to unacceptably high beam loss in
high intensity rings, such as the SNS [1].  In such
accelerators, uncontrolled losses to the walls as small as
one part in 104 would lead to activation, making
maintenance difficult.  For this reason it is essential to
understand the effects of space charge on beam dynamics,
and halo generation in particular, in high intensity rings.
We have undertaken the study of space charge dynamics
in high intensity rings using a particle tracking approach,
with self-consistent evaluation of the space charge forces
through a particle-in-cell model.  Because of the stringent
loss requirements, it is necessary to thoroughly guarantee
the reliability of these calculations to high precision
through comparison with experiments and through
convergence studies.  In this paper we present the results
of convergence studies in the parameters of the model,
namely, the number of macroparticles, the resolution in
the adopted FFT algorithm, the smoothing parameter, and
the time step size.  Although present calculations have
been extended to more than 105 macroparticles on
individual UNIX workstations, it will be necessary to
increase another one to two orders of magnitude to obtain
the necessary precision.  To accomplish this, we have
constructed and are now using a LINUX parallel
computer from low cost components.

1  INTRODUCTION

The operating requirements of some new rings, such
as the Spallation Neutron Source (SNS) accumulator ring,
include high intensity beams, low uncontrolled losses, and
a considerable beam flight path in the ring.  In these
circumstances, space-charge-induced halo generation is a
potential loss mechanism, and requires study.  High
intensity rings are characterized by the separation of
longitudinal and transverse scales.  In SNS, for example,
the longitudinal bunch length is on the order of 100m,
compared with transverse beam dimensions of a few cm;
and the longitudinal tune is about 10-3, compared with
transverse tunes of about 5.8.  For this reason it is
possible, with good approximation, to separate the
longitudinal and transverse dynamics in high intensity
rings and, for the study of space charge effects, to

consider the transverse dynamics.  This simplification
allows the description in terms of four, rather than six,
dimensional phase space, which necessitates a smaller
solution space to obtain a given numerical precision than
is required in six dimensions.

In order to study transverse beam dynamics in high
intensity rings, and space charge effects in particular, we
have adopted a particle-tracking approach [2].  The
integration scheme is chosen to be second order
symplectic, with a matrix representation of all linear
focusing elements, including dispersion, and the inclusion
of all nonlinear effects as kicks.  Our treatment of space
charge uses a particle-in-cell (PIC) model [2] with fast
Fourier transforms (FFTs) to evaluate the forces.  This is
carried out in a modified version of the particle tracking
and injection code, ACCSIM [3], and in a new code,
SAMBA, which we are now developing.

In PIC calculations, numerical convergence and
accuracy must be carefully assured.  We present in this
paper the results of convergence studies in the parameters
of the model.  Section 2 presents the equations and
numerical solution of the model; Section 3 presents the
convergence results; and Section 4 contains discussion
and conclusions.

2  EQUATIONS AND NUMERICAL SOLUTION

The essence of our transverse particle tracking model
is the following pair of dynamic equations for the
macroparticle coordinates x  and y :
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 is the dispersion term.  The linear focusing

forces, external nonlinear forces, and bending radius are
all dependent on the lattice; while the momentum
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= , Z  is the beam charge

number, A  is the mass number, pr  is the classical radius

of the beam particle, γ  and β  are the relativistic

kinematic parameters, λ  is the longitudinal beam particle
density, and ε  is a numerical smoothing parameter.

The numerical model solves the dynamic equations
using an explicit, second order, symplectic integration
scheme:

•  Divide the lattice into azN  linear elements (drifts,

bends, quadrupoles);
•  Transport macroparticles through these elements

using a transport matrix approach, including
dispersion;

•  Treat nonlinear forces as kicks, applied at the ends of
linear elements with strengths appropriate to a second
order symplectic scheme;

•  External nonlinear forces can be applied
independently to each macroparticle;

•  Space charge forces involve interaction of all beam
macroparticles, and require special treatment.

The space charge forces are evaluated as nonlinear
kicks using a PIC model and FFTs:

•  At each azimuth s , select a regular rectangular
),( yx  mesh of  FFTFFT NN ×  points, centered on the

beam.  Because of the periodicity of the FFT, the
mesh must be at least twice the extent of the beam in
each direction;

•  Obtain the particle density on the mesh by bilinear
distribution of the macroparticle charges to adjacent
mesh points;

•  Obtain the FFT of space charge forces at mesh points
as the convolution of the FFT of the particle density
that of the force due to a unit charge.  The inverse
FFT of this quantity gives the space charge forces on
the mesh points.

•  Obtain the space charge force on each macroparticle
as a bilinear interpolation of the forces at the mesh
points to the location of the macroparticle.

The advantage of using this FFT procedure is one of
speed, with the number of operations scaling as N  for
particle distribution and force interpolation and as

)ln( FFTFFT NN ×  for the transforms.  A limitation of the

FFT is that it is not conducive to the inclusion of wall
effects.

The study of space charge using this numerical model
involves a number of parameters:

•  N the number of macroparticles;
•  FFTN the spatial resolution (grid parameter for the

FFT algorithm);
•  ε the smoothing parameter; and
•  azN the azimuthal integration step size.

We now study the convergence properties of an example
calculation with respect these parameters.

3  CONVERGENCE OF THE MODEL FOR AN
EXAMPLE CASE

We now study the effect of the parameters of the
numerical scheme on the convergence of the model
for an example case, namely halo generation by the
parametric resonance [4] in a doublet lattice.  We consider
a doublet lattice with fourfold symmetry similar to the
SNS FODO lattice, length 220.668m, having linear
focusing only (48 quadrupoles, 32 sector bends, and 80
drifts) and bare tunes of xν =5.85 and yν =5.70.  We

consider a coasting beam with a K-V distribution, energy
and energy spread 0E =1GeV, maxE∆ =9.4MeV,

rmsE∆ =4.7MeV, x  and y  emittances

πε 100, =yx mm-mrad, and number of particles

141008.3 ×=N .  The initial beam is rms mismatched,
resulting in envelope oscillations of about 10% around the
matched values.  We follow the subsequent evolution for
1250 turns.

The evolution is observed to be as follows: Because
the beam is mismatched envelope oscillations occur, as
shown in Fig. 1 which plots the beam averages of

>><−< 2)( xx  and >><−< 2)( yy  ( >∆< 2)( x  and

>∆< 2)( y ).  Because the y  tune is less than the x

tune, the focusing is slightly weaker in y  than in x , and

through coupling the oscillation energy is transferred from
the x  direction into the y  direction.   As the beam

relaxes some particles cross the separatrix of the
parametric resonance, driven by the oscillations in

>∆< 2)( y , becoming halo particles and leading to a

growth in the rms y  emittance (Fig. 2).  This halo
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showing beam core and halo particles.

generating process removes energy from the envelope
oscillations, which then diminish.  As this driving force is
removed, the instability saturates (Fig. 2) with the beam in
a new steady state with halo.  Figure 3 plots the final
beam cross section in the yy ′−  phase plane.

That the observed evolution is a result of physics, and
not a numerical instability, was tested by carrying out the
same calculation with the only difference being the
method for distributing the charge to the FFT grid.  In this
latter method, each particle is regarded as a representative
of a population of macroparticles, all having the same
action values ),( yx JJ  but distributed uniformly over

betatron oscillation phases ),( yx φφ .  In this “phase

averaged” model envelope oscillations are suppressed so
that the parametric resonance is not driven, but no
changes are made to numerical methods or parameters.
The result of the phase averaged calculation is emittance
conservation and no halo generation, as expected for a
stable numerical scheme.  This indicates that the observed
instability is a result of the dynamics.

We also performed convergence studies in the four
numerical parameters N , FFTN , ε , and azN .  Figures 1-

3 are taken from the “base case” having N =7680
macroparticles, 3232×=× FFTFFT NN  FFT grid cells,

ε =4.42mm (> cell size at all azimuths), and azN =488

steps/turn .  Convergence studies included the following
ranges of parameters:

•  N =7680, 30720, 122880, 245760
•  3232×=× FFTFFT NN , 6464× , 128128×
•  ε =6.25, 4.42, 3.125mm
•  azN = 488, 880

In the macroparticle variation, the main effects of
increasing the number of macroparticles are a delay in the
onset of the instability and a faster rise of the instability
following onset.  The initial and final configurations are
basically unchanged as are the main features of the
evolution.  The same effect is observed when the number
of FFT grid points is increased.  In both of these cases, the
passage to higher resolution decreases the numerical
viscosity, thus sharpening the observed evolution.

Choice of the smoothing parameter is perhaps one of
the more subjective aspects of PIC calculations by our
chosen method.  Too small a value obscures the collective
dynamics in noise due to binary interactions of
macroparticles with nearby FFT nodes.  Too large a value
smooths away the dynamics.  As a guiding constraint, we
maintained the values of the smoothing parameter to be
larger than the FFT cell size in all cases.  As the value of
the smoothing parameter was varied, it was observed that
increasing the smoothing parameter results in a decreased
saturation level of the instability, both in terms of rms
emittances and fraction of beam particles in the halo.



Finally, increasing the number of azimuthal integration
points resulted in no basic changes in the results.

In order to illustrate the effects of the numerical
parameter variations, we now compare the beam evolution
for the “base case” and a “big case” having the following
parameter values: N = 245760 macroparticles,

128128×=× FFTFFT NN  FFT grid cells, ε = 4.42mm,

and azN = 880 steps/turn.  In both cases the main features

of the beam evolution are the same.  In the “big case” the
onset of instabiltiy is delayed, the growth of the instability
is faster, and the beam halo at saturation contains a
slightly higher fraction of the beam.  Figure 4 shows the

beam averages of >∆< 2)( x  and >∆< 2)( y  for the two

cases plotted versus turn number.  The most noticeable
difference is in the decrease of the vertical fluctuations
driving the instability.  In the “big case” this decrease is
both delayed and sharper relative to the “base case”.
Figure 5 plots the evolution of the rms y  emittances for

the two cases, and it is again seen that the rise in the
emittance for the “big case” is delayed but sharper in
comparison with the “base case”.  The difference in
saturation value of the two emittances is very small, with
that of the “big case” being slightly larger.
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plotted once each turn and showing envelope oscillations.  Plots
are for the “base case” and the “big case”.

4  DISCUSSION AND CONCLUSIONS

Convergence studies have been carried out for the
calculation of halo generation via the parametric
resonance driven by rms mismatch.  In these studies the
number of macroparticles per FFT grid cell varied from a
minimum of 7.5 to a maximum of 30, although the
effective number in the occupied cells is at least four
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Figure 5.  Transverse rms emittances yε  versus turn number

for the “base case” and the “big case”.

times higher since the FFT grid is twice the extent of the
beam in both directions.  The number of integration points
per quadrupole pair is 20 in the case of 488 integration
steps and 37 for 880 steps.  It was found that the “base
case” of 7680 macroparticles resulted in a reasonable
description of the overall dynamics of the beam.
Increased resolution revealed a delay in the onset of the
instability together with a faster rise time.  However, in
the case studied here more than 1% of the beam
macroparticles migrated to the halo and the vertical rms
emittance growth was more than 3%.  In high intensity
rings, such as SNS, the limit on uncontrolled losses is 10-4

, or two orders of magnitude below the observed losses
here.  To accurately calculate the dynamics of cases with
such small losses, high resolution will be a requirement.

In order to perform high resolution calculations in a
routine fashion, we will require greater computing
resources than have been used here.  The present
calculations were performed on a variety of IBM RS-6000
and DEC Alpha workstations.  The fastest of these
machines was a 400MHz Alpha, and the timings on this
machine were: approximately 2 turns/minute, or 10 hours
for 1250 turns, for the “base case”; and about 3 turns/hour,
or 400 hours for 1250 turns, for the “big case”.  In order to
perform high resolution calculations routinely, we have
taken two steps: we have obtained accounts at NERSC,
and we have assembled our own parallel computer, the
SNS Wonderland Cluster.  This cluster consists of five
533 MHz DEC Alpha computers (one gateway node and
four compute nodes), each with 4MB of 9ns SRAM
Cache, 256MB memory, 4.5GB SCSI Hard Drive, and
10/100 Ethernet.  The gateway node contains an
additional 18GB storage, and the cluster is connected by a
10/100 Ethernet switch.  The cluster is running the
RedHat Linux operating system and supports PVM and
MPI message passing interfaces.  Because particle
tracking calculations are CPU and cache bound, the
533MHz processor speed and 4MB cache are well chosen.



Also, the cluster is easily upgradeable, so that more
compute power can be added when desired.
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MAP COMPUTATION FROM MAGNETIC FIELD DATA AND
APPLICATION TO THE LHC HIGH-GRADIENT QUADRUPOLES
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Abstract

In many cases the most accurate information about fields
in a magnet comes either from direct measurement or from
a numerical computation done with a 3D electromagnetic
code. In this paper we show how this information can be
used to compute transfer maps with high accuracy. The re-
sulting transfer maps take into account all effects of real
beamline elements including fringe-field and multipole er-
ror effects. The method we employ automatically incorpo-
rates the smoothing properties of the Laplace Green func-
tion. Consequently, it is robust against both measurement
and electromagnetic code errors. As an example, we apply
the method to a study of end effects in the High-Gradient
quadrupoles for the low-beta insertion in the Large Hadron
Collider (LHC). The map computation for the quadrupoles
has been carried out using MARYLIE’s GENMAP rou-
tine and a newly written MARYLIE user-defined routine.
For long-term tracking we used Cremona symplectification
techniques as implemented in CTRACK.

1 INTRODUCTION

The motion of charged particles through any beam-line el-
ement is described by the transfer mapM for that element.
Through aberrations of order (n � 1) such a map has the
Lie representation [1, 2]

M = R2 exp(: f3 :) exp(: f4 :) � � � exp(: fn :): (1)

The linear map R2 and the Lie generators f` are deter-
mined by the equation of motion _M = M : �H : where
H = H2 + H3 + H4 + � � � is the Hamiltonian expressed
in terms of deviation variables and expanded in a homo-
geneous polynomial series. The deviation variable Hamil-
tonian H is determined in turn by the Hamiltonian K. In
Cartesian coordinates with z taken as the independent vari-
able, and in the absence of electric fields, K is given by the
relation

K = �[p2t=c2�m2
c
2�(px�qAx)

2�(py�qAy)
2]1=2�qAz:

HereA is the magnetic vector potential. We therefore need
a Taylor expansion for the vector potential componentsAx,
Ay , Az in the deviation variables x and y. How can the co-
efficients of the Taylor expansion for the vector potential be
determined from a knowledge of the magnetic field? In this
paper we review the method we proposed in [3] and present
an application to the High-Gradient quadrupoles in the in-
teraction region of the LHC. The method uses information
about the fields coming from either direct measurement
or numerical computation done with a 3D electromagnetic

code. It is based on the calculation of Fourier integrals
with suitable kernels derived from the Green function of the
Laplace equation. Our approach is different from and more
accurate than other methods based on numerical differen-
tiation (see [4]). A pleasant feature is relative insensitivity
to the presence of noise in the magnetic field data, which
makes the method capable of providing accurate computa-
tions of high order terms in the desired Taylor expansion.
An additional advantage is that it applies, with minor mod-
ifications, to both magnet data obtained by numerical com-
putation and measured data found with spinning coils (see
[3, 5] for more details on this aspect). A similar approach
is also followed in [6].

2 DETERMINATION OF THE VECTOR
POTENTIAL

In a current-free region the magnetic field B can be de-
scribed most simply in terms of a scalar potential  (with
B = r ) obeying the Laplace equation r2

 = 0. In
cylindrical coordinates the general solution to this equation
(that is regular for small �) has the expansion

 =

1X
m=0

Z
1

�1

dke
ikz
Im(k�)�

[b̂m(k) sinm�+ âm(k) cosm�]; (2)

where the functions âm(k) and b̂m(k) are arbitrary, and
Im is the modified Bessel function. This is a “cylindrical
multipole” expansion, where m is related to the order of
the multipole, and should not be confused with a spherical
multipole expansion. The first term on the RHS of (2) de-
scribes a purely solenoidal field (m = 0). The other terms
in the series correspond to the dipole (m = 1), quadrupole
(m = 2), � � � components. For simplicity we will treat the
terms withm � 2. The solenoidal term requires a separate,
but analogous, treatment that entails no new complications.
The dipole case is more complicated. In the sometimes re-
strictive case that the sagitta of the design orbit does not
exceed the radius R introduced in Sec. 3, the methods of
this paper also apply. However other methods are required
if the sagitta is larger.

If  is given in the form (2), a suitable correspond-
ing vector potential is easily found. Since there is gauge
freedom, a possible covenient choice, in the absence of
a solenoidal component, is to work in a gauge satisfying
A� = 0: Suppose  as given by (2) is rewritten in the form

 =

1X
m=1

 m;s(�; z) sinm�+  m;c(�; z) cosm� (3)



with

 m;s(�; z) =

Z
1

�1

dke
ikz
Im(k�)b̂m(k): (4)

[ m;c has the same form, with âm(k) replacing b̂m(k).]
Then it is easily verified that the remaining components of
the vector potential are given by the relations

A� =

1X
m=1

cos(m�)

m
�
@

@z
 m;s � sin(m�)

m
�
@

@z
 m;c;

Az =
1X

m=1

�cos(m�)

m
�
@

@�
 m;s +

sin(m�)

m
�
@

@�
 m;c:

From the two equations above it is clear that finding Tay-
lor expansions for the vector potential componentsAx, Ay,
and Az (what we need) is equivalent to finding Taylor ex-
pansions for  m;s and  m;c in the variable �. This is easily
done by a two-step process: first, we expand the modified
Bessel functions Im(k�) appearing in (4) as Taylor series
in the quantity (k�). Doing so produces an expansion in
powers of � with coefficients that involve integrations over
various powers of k. Second, we observe that the powers of
k can be replaced by multiple differentiation with respect
to the variable z. The net results of these two steps are the
relations (� = c; s)

 m;�(�; z) =

1X
`=0

(�1)` m!

22``!(`+m)!
C
[2`]
m;�(z)�

2`+m
:

(5)
The index [2`] indicates the 2` derivative with respect to
the longitudinal variable z. The functions C [0]

m;�(z) are the
generalized on-axis gradients. Note that the generalized
gradients depend on the longitudinal variable z. For fields
produced by long well-made magnets, however, the z de-
pendence will be significant only at the ends.

We conclude that the dynamics of a charged particle
passing through a region of space occupied by a magnetic
field described by the scalar potential (2) is completely de-
termined by a knowledge of the generalized on-axis gradi-
ent functions C [0]

m;�(z) and their derivatives. We will now
describe two ways for computing the generalized gradients
and their derivatives.

3 COMPUTATION OF GENERALIZED
GRADIENTS FROM FIELD DATA

Suppose the radial component of the magnetic field B� is
known, either by measurement or computation, on the sur-
face of some infinitely long cylinder of radiusR. Moreover,
suppose that the field is given in terms of an angular Fourier
series,

B�(� = R; �; z) =
1X

m=1

Bm(R; z) sin(m�) +Am(R; z) cos(m�):

It can be shown [5] that the generalized on-axis gradients
appearing in the expansion coefficients for the scalar po-
tential (8) can be written as

C
[n]
m;s(z) =

i
n

2mm!

1p
2�

Z
1

�1

dke
ikz
k
m+n�1

I 0m(kR)
~Bm(R; k):

(6)
The expression for C

[n]
m;c(z) has ~Am(R; k) replacing

~Bm(R; k). Here ~Bm(R; k) and ~Am(R; k) are the Fourier
transforms of Bm(R; z) and Am(R; z), e.g.,

~Bm(R; k) =
1p
2�

Z
1

�1

dze
�ikz

Bm(R; z): (7)

In the case where the magnetic field is produced by an
iron dominated magnet, and is therefore localized in space,
the integrals (7) can be considered to have, in practice, fi-
nite limits of integration. With some care, an effective cut-
off can also be found even if the fields extend to infinity
since they fall off sufficiently rapidly at infinity. Also, since
the generalized Bessel function I 0m(w) increases exponen-
tially for large jwj, there is also, in effect, a cut-off in k for
the integral (6) defining the generalized gradients.

4 NUMERICAL TEST AND INSENSITIVITY TO
ERRORS

The method described in Section 3 has been implemented
in the code MARYLIE 5.0 [2] as a user-defined routine. The
routine reads from an external file the functions Am(R; z)
and Bm(R; z), evaluated on a discrete set of points zi. It
then generates the corresponding transfer map by using the
built-in routine GENMAP to integrate the map equation.
Since MARYLIE 5.0 is a 5th order code, only the multi-
poles throughm = 6 need be considered.
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Figure 1: Plot of the scaled harmonicB2(R; z)=R (dashed
line) and the on-axis gradient 2C [0]

2;s(z) as calculated from
surface data (dots) and analytically (solid line) for an ideal
Lambertson quadrupole.

The integration algorithm of GENMAP is based on a
11th order multistep (Adams) method. Because the algo-
rithm uses a fixed step size, one needs to provide values
of the generalized gradients and their derivatives only at
the predetermined locations in z required by GENMAP.We



emphasize that no interpolation of the generalized gradi-
ents is required by GENMAP.

In order to test both the routines and the method
we treated the case of an ideal iron-free Lambertson
quadrupole. The use of this case as an example has the
virtue that the various C [n]

m;�(z) can also be determined an-
alytically (see [5]). First we computed the surface data
B�(� = R; �; z) using the Biot-Savart law, and made
an angular Fourier analysis to calculate the harmonics
B2(R; z) and B6(R; z) for various values of z, (because
of the symmetries involved only the harmonics of order
m = 2; 6; 10::: are non-vanishing). We set the radius R of
the cylinder to be at 75% of the magnet aperture r = 0:128
m, with the length of the magnet being 2r, and the step
size �z used in the calculation of the harmonics = 6.44
mm. Next, we used these data to reconstruct the multipole
field expansion by applying our method and compared the
results to those predicted by the analytic formulas.

Results are shown in Figs. 1 and 2. In Fig. 1 the dashed
line is the function B2(R; z)=R as calculated numerically
by using the Biot-Savart law. The solid line represents the
on-axis gradient, which is equal to 2C

[0]
2;s(z), as calculated

analytically, while the dots represent the same function as
calculated from the surface data. The deviation between
B2(R; z)=R and 2C

[0]
2;s(z) is due to terms in the multipole

expansion containing derivatives of 2C [0]
2;s(z). These terms

are the so called pseudo-multipoles. This can be seen by
writing the multipole expansion for B� through 6th order
in �:

B� =

�
2C

[0]
2;s��

1

3
C
[2]
2;s�

3 +
1

64
C
[4]
2;s�

5

�
sin 2�

+ 6C
[0]
6;s�

5 sin 6�: (8)

In Fig. 2, as an indication of the reliability of the method,
we report the 8th derivative of the generalized gradient
(needed for a 9th order code) calculated from the surface
data (dots) compared to the anlytical profile (solid line).
The accuracy in the calculation of the generalized gradient
is mirrored by the accuracy with which the elements of the
transfer map can be determined. For this case we found rel-
ative errors ranging from 10�6 for R2 to 10�4 for f5 and
f6.

In practical situations magnetic field data, whether com-
ing from measurements or from numerical computations,
are unavoidably affected by errors. What effect do these
errors have on the determination of the generalized on-axis
gradients and their derivatives? The effect of these errors
is relatively mild. This relative insensitivity to errors arises
from a basic property of solutions to Laplace’s equation:
the value of  at some interior point is an appropriately
weighted average of its values over any surrounding bound-
ary. Consequently,  is smoother in the interior of a region
than it may be on a boundary of this region. Correspond-
ingly, errors in boundary values are averaged. A way to
see the smoothing mechanism in action is to look at (6)
and observe the presence of the kernel 1=I 0m(kR) acting as
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Figure 2: The function C
[8]
2;s(z) (in units of 10�5

Gauss/cm9) as calculated from surface data (dots) and ana-
lytically (solid line) for an ideal Lambertson quadrupole.
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Figure 3: Harmonic B2(R; z) (quadrupole field compo-
nent) for the Return End; R=3 cm.

a high frequency filter [I 0m(kR) grows exponentially with
kR]. Incidentally, note that for the purpose of noise reduc-
tion it is desirable to choose R as large as possible.

We tested noise insensitivity by considering a simple
noise model for which surface fields had values given by

B
rnd

2 (R; zi) = B2(R; zi)[1 + �2(zi)]; (9)

and similarly for Brnd
6 (R; zi), where �2(zi) is a random

variable uniformly distributed in the interval [��=2; �=2],
and B2(R; zi) is the same as before. Then we calculated
the generalized gradients and transfer map using the noisy
data. For � = 10�2 we found relative errors, ranging from
5� 10�4 forR2 to 10�2 for f5 and f6, which are at worst
on the order of the noise itself.

5 APPLICATION TO LHC HIGH-GRADIENT
QUADRUPOLES

In this final Section we describe an application of our
method to the calculation of the transfer maps for the High-
Gradient (HG) superconducting quadrupoles located at the
interaction region of LHC (see [8] and references therein).
Our purpose here is two-fold: We want to (i) provide an
illustration of the method in a case of physical interest and
(ii) test the adequacy of the way magnets are usually mod-
eled in tracking studies against our more realistic modeling.
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Figure 4: Harmonic B6(R; z) (duodecapole field compo-
nent) for the Return End; R=3 cm.
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Figure 5: Generalized gradient C2;s(z) for the Return End.
(z = 25 cm in this picture corresponds to z = 0 in Figs. 3
and 4.)

The HG quadrupoles provide the focusing necessary to
compress the beam at each Interaction Points (IP) so as to
enhance luminosity. This can be done only by allowing the
beam to expand considerably in the regions adjacent to the
IP’s where the HG quadrupoles are located. As a result, the
beam is particularly sensitive to the aberrations associated
with the HG quadrupoles.

All the HG quadrupoles have same gradient (200.415
T/m) and are identical except for their lengths (details on
the LHC lattice can be found in [7]).

We first carried out the harmonic analysis of the mag-
netic field data provided by [9] for the two ends of the
magnets. Because of differing mechanical constraints the
geometry of the two ends and the resulting fields are differ-
ent. The two ends are referred to as ‘Lead End’ and ‘Return
End’. The magnetic field was calculated using a code that
integrates the Biot-Savart law and approximates the effects
of the iron yoke in the limit of infinite permeability.

The 2nd and the 6th harmonics for the Return End (the
other harmonics of order lower than 6 are negligible) are
shown in Figs. 3 and 4. From these harmonics one can re-
cover the generalized gradients by applying the formulas
reported in Section 3 and implemented in MARYLIE. In
Fig. 5 we show the generalized gradient C2;s(z). In the
pictures the fields are scaled by an arbitrary factor. Notice
that the profile of C2;s(z) is smoother than the profile of
B2(R; z). This is due to the contribution of the higher order
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Figure 6: Projection of the Poincaré surface of section on
the horizontal plane at the IP (normalized coordinates in
units of m
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2 ). Map calculated from the magnetic field data.

derivatives of C2;s(z) to the field expansion [see Eq. (8)].
The integrated duodecapole component Sd of the fields at
the two ends, defined by Sd =

R
END

C6;s(z)dz was re-
spectively 5:134�103 and 8:148�104 T/m4 for the Return
and Lead Ends.

Having computed the generalized gradients we calcu-
lated the transfer maps associated with the end regions and
combined them with the transfer map for the body of the
magnet to obtain the transfer map of the full quadrupole.
By combining the transfer maps for the various elements
in the IP region and the rest of the machine we constructed
the one-turn map. This map we used for tracking studies.

Since the focus of our study was on the field modeling
of the HG quadrupoles we considered a simplified version
of the LHC lattice in which all the lattice elements, with
the exception of the HG quadrupoles, were described in
the linear approximation. Thus the only sources of non-
linearities (besides the purely geometric terms depending
on the canonical momenta) were the intrinsic aberrations
carried by the fringe fields [i.e. the ‘pseudo-multipoles’
or more specifically the aberrations generated by the terms
C
[n]
2;s with n > 0 in Eq. (8)] and the duodecapole field com-

ponents at the HG magnet ends.
The result of a tracking study using this model is pre-

sented in Fig. 6, which shows the projection on the x-px
plane of the Poincaré surface of section at one IP. The or-
bits of four particles are displayed over 105 turns, with
the outer orbit being on the edge of the dynamic aperture.
Tracking was done using the code CTRACK [10]. Normal-
ized coordinates are used (i.e. xnorm = xphys=

p
�x with

�x = 0:5 m, etc.). This picture should be compared to
a similar projection of the Poincaré surface of section ob-
tained with a model of the HG quadrupoles in which no
duodecapole field components are present (see Fig. 7). One
can observe the dynamic aperture increases by a factor of 5,
suggesting that in the present design the duodecapole non-
linearities dominate over the intrinsic aberrations carried by
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Figure 7: Projection of the Poincaré surface of section on
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2 ). Map calculated from the magnetic field data
with the duodecapoles turned off.

the quadrupole field components. And last Fig. 8 was ob-
tained by tracking with a ‘Standard Model’ for quadrupole
magnets. In this model the action of the duodecapole field
components is approximated by thin kicks with strength Sd
and the aberrations due to the quadrupole field components
are evaluated though third order in the hard-edge limit. One
can observe that the phase space portraits in the Figs. 6 and
8 are very similar. Since the nonlinearities are mostly due
to the duodecapole field components the implication is that
a thin kick approximation to model the duodecapole terms
seems to be adequate. This is confirmed by an inspection of
the Lie generators of the transfer map for an individual HG
quadrupole in the two different models. In the Table below
we show two such Lie generators. The generator x6 is de-
termined mostly by the duodecapole field components. The
two values are within a few percents. On the other hand the
generator x2px, which measures the third order aberrations
associated with the quadrupole field components, differs in
the two cases by a factor 7. This shows that a more realis-
tic modelling of the magnet fields may be necessary if the
intrinsic quadrupole aberrations are found to be important.

Lie generator Realistic Model ‘Standard Model’
x
2
px 0.54011D-04 0.72959D-03
x
6 -0.14337D+01 -0.13358D+01
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Abstract

The ability to make multiple passes through a charged parti-
cle optical system, as a single step in a mathematical proce-
dure, opens up new computational capabilities. At the sim-
plest level, the functional dependence of any transfer ma-
trix of any order, or any beam phase-space parameter can
be plotted as a function of any other parameter used to de-
scribe the optical configuration. Secondly, broad-band fit-
ting can be done on aberrations, where all orders are con-
sidered simultaneously according to their importance on the
final phase-space beam distribution. Finally, ancillary con-
ditions may be imposed in the calculation of functional de-
pendences. For example, the dependence of a matrix el-
ement on a beam line parameter may be calculated and
plotted, subject to constraints imposed on other matrix el-
ements. The computer program TRANSPORT now has
these capabilities. Additional examples will be given.

1 INTRODUCTION

Functional dependence, broad-band fitting, and ancillary
conditions are all useful concepts in a charged particle opti-
cal system. The computer program TRANSPORT [1] now
has these three capabilities. In this section and the follow-
ing we describe each of these three items, what they rep-
resent mathematically, and how to implement them with
TRANSPORT.

The functional dependence can involve any of the para-
meters used to describe the physical beam line and any of
the transfer matrix elements which can be calculated. One
parameter can be stepped over an interval. As it is stepped,
the values of the transfer- and beam- matrix elements will
vary systematically. Plots can be made of any matrix ele-
ment vs the stepped parameter, or of one matrix element vs
another.

Ancillary conditions can be imposed in the form of con-
straints on the matrix elements. With constraints, a fitting
process is carried out for each value of the stepped parame-
ter. The constraint will now make the stepped parameter af-
fect the value of any parameters which are varied or calcu-
lated from parameters which are varied. Now there will be
functional dependence between parameters, and plots can
be made of one parameter vs another. The plots will be
made with the values of the fitted parameters at the end of
the fitting process.

In broad-band fitting, there is no longer a separate fitting
procedure for each value of the stepped parameter. Rather,
the entire set of values of the stepped parameter are included
in a single fitting prodecure. Broad-band fitting is useful for
eliminating aberrations. In broad-band fitting, aberrations

are not separated into orders, but minimized as they actually
occur in a charged particle optical system.

In the following sections, we will give examples of the
three capabilities: functional dependence, broad-band fit-
ting, and ancillary conditions. Functional dependence and
ancillary conditions will be treated together in the next sec-
tion since they are strongly related. Broad-band fitting will
be treated in a separate section.

2 FUNCTIONAL DEPENDENCE AND
ANCILLARY CONDITIONS

Consider a symmetric quadrupole triplet. The pole-tip
fields are varied so as to obtain a first-order focus in both
transverse planes. The triplet is placed so that its longitu-
dinal midpoint is two meters upstream of the longitudinal
midpoint of the beam line.

Now the triplet is treated as a rigid body and slid forward
and backward. The triplet continues to be symmetric. At
each location the pole-tip magnetic fields are adjusted to
give foci in the two transverse planes at the end of the beam
line.

We define a parameter DS which indicates the longitudi-
nal displacement of the triplet from the point two meters be-
fore the midpoint of the beamline. If DS is decreased, then
the triplet moves toward the beginning of the beam line. If
DS is increased, then the triplet moves toward the end.

Figure (1) is a plot of the two pole-tip magnetic fields of
the symmetric triplet vs the longitudinal displacement DS.
Note that the fields are minimized when the parameter DS
is 2.0 meters. At that point the configuration is longitudi-
nally symmetric. The triplet is equidistant from the begin-
ning and the end of the beam line.

The plot shown is made with TRANSPORT [1] and TOP-
DRAWER [2]. The entire process of making the plot is au-
tomated. Starting with a data file for TRANSPORT and a
skeleton data file (all instructions except the data), the plots
are produced by invoking a single procedure.

The functional dependence of the pole-tip fields is shown
clearly. The ancillary conditions are embodied in the re-
quirement that there be a focus in both transverse planes at
the end of the beam line.



Figure (1): The dependence of the two pole-tip magnetic
fields of a symmetric triplet on the longitudinal position of
the triplet.

3 OFF-MOMENTUM TRANSFER MATRICES

In the theory of charged-particle optics, the action of an op-
tical system on a charged particle is represented by a matrix
expansion. The final coordinates Xi(1) are given in terms
of the initial coordinates Xi(0) by the expression [3] [4]:

Xi(1) =
X

j

Rij Xj(0) (1)

+
X

jk

Tijk Xj(0) Xk(0)

+
X

jk`

Uijk` Xj(0) Xk(0)X`(0) ;

The three quantities R, T , and U represent respectively
the first-, second-, and third-order matrices of the Taylor-
series expansion. The six beam coordinates are taken to be
(x,x0,y, y0,`,�). Here � is defined as �p=p0, the fractional
deviation from the central momentum. When we speak of
the displacement of a trajectory, we include a displacement
in �, even though the term “displacement” sounds like a
geometric consideration and � is a kinematic quantity. A
trajectory which follows the axis of a quadrupole channel
can still have a displacement in � if the trajectory momen-
tum is different from the reference momentum.

Let us now shift our reference to a trajectory which is dis-
placed from the original reference trajectory. The new ref-
erence trajectory is denoted as Xr, and the difference be-
tween an arbitrary trajectory and the new reference trajec-
tory is given by�X . In terms of these new quantities, equa-
tion (1) can now be rewritten as:

X1r + �X1 = X1s +R(Xor +�Xo) (2)

+ T (Xor +�Xo)(Xor +�Xo)

+ U(Xor�Xo)(Xor +�Xo)(Xor +�Xo)

Subtracting the equation for the reference trajectory, we de-
rive

�X1 = R�Xo + T (2Xor�Xo +�Xo�Xo) (3)

+ U(3XorXor�Xo + 3Xo�Xo�Xo

+�Xo�Xo�Xo)

= (R+ 2TXor + 3UXorXor)�Xo

+ (T + 3UXor)�Xo�Xo + U�Xo�Xo�Xo

From equation (3), we can define new first- and second-
order transfer matrices by

R� = R+ 2TXor + 3UXorXor (4)

T � = T + 3UXor

These redefined matrices for each element can then be accu-
mulated to produce transfer matrices for the entire magnetic
optical system. The transformation of a particle trajectory
through the system can now be represented by a transfor-
mation similar in appearance to equation (1).

X1 = X1r +R(t)Xo + T (t)XoXo + U(t)XoXoXo (5)

Here the matrices R(t), T (t), and U(t) are calculated as
products of the matrices R�, T �, and U , as defined in equa-
tion (4). They are expressed relative to the transformed
original reference trajectory X1r. The original reference
trajectory is transformed through the system using equation
(1) on an element-by-element basis.

The off-axis expansion can be used to explore chromatic
effects. If a nonzero � is specified, the first-order transfer
matrix will be with respect to the off-momentum centroid.
If there is dispersion in the system, the centroid will, at some
point, be displaced from the reference trajectory. The result
from an off-axis expansion can differ substantially from that
of an on-axis calculation. The effect of many orders higher
than second or even third can be seen.

Let us consider the example of a very long focusing sys-
tem, with many intermediate foci. The value of the R12

matrix element at the end of such a system is shown in fig-
ure (2). First, we use the traditional procedure and accumu-
late the transfer matrices about the original reference tra-
jectory. Then, at the end, we use equation (4) to define a
new momentum- dependent first-order transfer matrix for
the entire system. The value of the R12 matrix element
is given by the straight line (labeled simply “2nd order”),
passing through the origin. The inclusion of third order
makes no visible difference.

For an exact calculation, with a ray tracing program, the
behavior is quite different. For a slight deviation from the
reference momentum, the value ofR12 will, as before, grow
linearly with the value of �. As the momentum deviation
continues to increase, one of the intermediate foci will move
downstream and the system will once again be focusing.

We can also calculate the off-momentum first-order
transfer matrix for each element using equation (4). If we



then accumulate these off-momentum R matrices over the
entire beam line, then we get the two curves shown in fig-
ure (2). Both curves are labelled “SBA”, which means shift
before accumulating. The curve labelled “2nd order” in-
cludes only the second-order terms in equation (4). The
curve labelled “3rd order” also includes the third-order term
in equation (4). Since the third-order curve is indistinguish-
able from the exact calculation, no higher orders in the ex-
pansion are necessary.

Figure (2): The magnitude of the sinelike trajectory, as a
function of relative momentum deviation �, at the end point
of a long beam line. The various meanings of the curves in
the figure are explained in the text.

4 BROAD-BAND FITTING

Broad-band fitting resembles the combination of functional
dependence with ancillary conditions in a very simple way.
Both involve fitting, and both involve stepping of a parame-
ter over an interval. With functional dependence with an-
cillary conditions, the fitting loop is inside the stepping. In
other words, there is a separate fitting procedure for each
value of the stepped parameter.

With broad-band fitting, there is a single fitting procedure
which includes all the values of the stepped parameter. The
chi-squared for the the configuration is equal to the sum of
the individual chi-squareds for the different values of the
stepped parameter. In the example given above, the stepped
parameter is the relative momentum deviation �.

A broad-band fitting procedure then imposes a constraint
over an interval in �. The example given is a constraint for
a point-to-point focus. The off-momentum transfer matrix,
according to equation (4), contains contributions from the
higher-order matrix elements. Therefore a broad-band con-
straint on the first-order matrix elements R12 and R34 is si-
multaneously a constraint on all higher-order chromatic ma-
trix elements affecting the focusing.

To effect the broad-banded fitting in TRANSPORT, one
need do only three things. First, one must indicate that a
first-order fit is to be made on the matrix elements R12 and
R34. Secondly, one must specify that the parameter � is to
be stepped, and also give the limits of the interval and the

step size. Finally, one must include a line in the data which
has on it the word BROAD, indicating that the fit is to be
broad-banded.

TRANSPORT can then optimize the chromatic charac-
teristics of the beam line by adjusting the strength of sex-
tupoles, octupoles, and any other optical element influenc-
ing higher-order terms. The optimization will be imposed
uniformly across the entire momentum interval specified,
instead of favoring the origin, as one does when one fits the
different orders separately.
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Fig. 1. Quadrant cross section of a 5-block geometry coil; 2 
conductor blocks in the outer and 3 in the inner layer 
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Abstract 

The follow-up of the construction of superconducting 
magnets for accelerators requires setting up of powerful 
diagnostic tools to detect weak electrical points in the 
superconducting coils at various stages of their 
fabrication. In particular some electrical short circuits 
well detectable after collaring of the magnet often 
disappear after the coil is uncollared for repair; therefore 
it is preferable to localize this kind of electrical faults 
before disassembling the magnet. 

An R&D work on detection and localization of inter-
turn short circuits is being carried out at CERN in view of 
the series production of the LHC magnets. The diagnostic 
methods under study include pulse propagation, time 
domain reflectometry and transient magnetic field 
analysis. In this paper special emphasis is put on the 
analysis of the magnetic field distortions created by the 
short circuits during a pulsed discharge. A model of LHC 
dipole allowing the simulation of different fault 
conditions in the coils has been implemented in ROXIE 
(static case) and in OPERA-2D (transient case). The 
model has been verified experimentally on a dedicated 
short dipole magnet equipped with micro-switches to 
trigger short circuits in different areas of the coils. 

1.  INTRODUCTION 
The pattern of the magnetic field in modern 

superconducting accelerator magnets is mainly 
determined by the geometry of the coils. In an ideal case 
a current of the type I(ϕ) = I0 cos(ϕ) distributed around 
the aperture produces a pure dipole field. For practical 
reasons multi-layer coils graded with longitudinal wedge-
shaped spacers inserted between the conductor blocks 
approximate this condition (Fig. 1). The LHC dipole coils 
are composed of two layers connected with each other to 
form a pole. This paper is focussed on the study of the 
single aperture superconducting short models for the LHC 
in view of applying the results of the investigation to the 
15-m long double aperture magnets. 

Since 1989 a test and evaluation program of short 
superconducting dipole magnets for the LHC is under 
way at CERN. It was intensified in 1995 when a 
production of a new series of 1-m long dipole magnets 
was launched [1]. The design is based on a dismountable 
structure allowing easy implementation of variants 
(Fig.2). The coils are confined in a fixed volume by the 
collars with a pre-compression sufficient to counteract the 
electrodynamic forces during magnet excitation. The 
outer layer of the coils is separated from the collars by 0.5 

mm of ground insulation and by a 0.7 mm thick austenitic 
steel protection sheet called collaring shoe. A 
ferromagnetic yoke is clamped around the collared 
assembly by an external bolted stainless steel cylinder. 
The yoke enhances the magnitude of the magnetic field 
induction inside magnet’s aperture and prevents the 
collars from expanding when submitted to the Lorentz 
forces exerted on the coils. 

The superconducting cable is insulated by one layer 
of polyimide film followed by a layer of adhesive tape. 
The external adhesive bonds adjacent turns of the coil. 
The effective thickness of the cable’s insulation is about 

Fig. 2. Cross section of a single aperture dipole magnet 
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125 µm; i.e. two adjacent turns are separated by about 
250 µm of insulation. This dielectric barrier can be 
damaged during one of the magnet assembly phases, 
resulting in an inter-turn short circuit. The change in the 
distribution of the current in the coils of the magnet due 
to the fault produces a distortion of the magnetic field. 
This effect is used here for the longitudinal localization of 
the short circuits by means of transient magnetic field 
analysis. 

2.  INTER-TURN SHORT CIRCUITS  
Often inter-turn short circuits are well detectable 

when the magnet is collared. The presence of the fault in 
the magnet can be diagnosed by means of pulse 
propagation methods at ambient temperature. A voltage 
impulse is produced between the terminals of the magnet 

by a discharge generator. The coil’s response in form of 
voltage and current oscillations is then registered and 
analyzed in terms of pseudo period of the oscillations, 
inductance and effective resistance of the coils. Fig.3 
shows the discharge curves acquired on the collared 
assembly during a test at 1 kV. An equivalent electrical 
circuit of the magnet under test can be represented as an 
RLC distributed line excited by a charged capacitor. The 
oscillations produced during the discharge are gradually 
damped down by the resistive components of the line, 
which correspond to the different dissipation processes in 
the coils and in the surrounding magnet structure. 

In case of an inter-turn short circuit, the current is 
redirected to the neighboring cable turn through the short 
circuit path. Energy is dissipated additionally at the point 
of fault. For the propagating impulse the coil appears to 
be shorter by a length of a cable turn affected by the short 
circuit. The value of the magnet’s inductance decreases, 
whereas the damping factor and the frequency of the 
oscillations are increased. The existence of the electrical 
fault can be thus verified, nevertheless the method does 
not allow to localize the position of the short circuit. 
Traditional localization procedures based on resistance 
and voltage ratio measurements require dismounting of 
the collars. Often after the collars are removed and the 
internal prestress in the coils released the short circuit 
disappears. Time consuming methods involving local 
controlled pressure increase over small sections of the 
coils must be employed thereafter to reestablish and 
localize the short circuit. 

3.  MAGNET MODELING  

3.1  Multipole expansion of the magnetic field 

The quality of the magnetic field is analyzed in terms 
of multipole field expansion. According to the design 
project of the LHC [2], the complex magnetic field 
induction is expanded as follows: 

Coefficients Bn and An indicate normal and skew field 
multipoles, respectively. In terms of radial and angular 
field components expansion (1) is equivalent to: 
 

By introducing a reference magnetic field, equal to the 
main dipole field B1, and the normal and skew multipole 
coefficients relative to the main field at a reference radius 
r0, 

the radial and angular components of the field can be 
expressed as: 

 
The main normal coefficient of the multipole expansion 
(b1) is thus always normalized to 1. Higher harmonic 
coefficients are given in units of 10-4 relative to the dipole 
B1.   
  

3.2  Reference magnet models 

Both static and transient models of the 5-block 
collared dipole magnet without iron yoke were developed 
and analyzed using two different CAD programs. In the 
static model the conductors are excited with I = 20 A 
direct current. Since the collars are non-magnetic the 
calculation of the magnetic field harmonics in the static 
case is based uniquely on the geometry of the coils and 
the distribution of the current in the conductors. 

Transient model simulates the behavior of the magnet 
during a 1 kV pulsed discharge in which the peak current 
reaches a value of imax = 20 A. In this case the frequency 
of the oscillations of the current decaying in the coils, the 
skin and the eddy current effects in the conductors, 
copper wedges, collaring shoe and the collars are taken 
into account during field computations. 
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Fig. 3. Discharge curves at 1 kV 
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Fig. 5. OPERA-2D transient model 

3.2.1  Static case 

The static model was created with The Routine for 
the Optimization of Magnet X-Sections, Inverse Problem 
Solving and End Region Design (ROXIE) program 
developed at CERN [3]. Data concerning the 
characteristics of the superconducting cable for the 
external and internal layers of the coils are taken directly 
from the ROXIE database. The program features 
optimization of the coil geometry as a function of the 
desired magnetic field pattern. Advanced conductor 
positioning options, like the alignment of the cables on 
the inner or outer radius of the given layer, are also 
available. The conductors are subdivided into the regions 
corresponding to the number of strands in the cables, i.e. 
2 rows of 18 elements for the external layer cable, and 2 
rows of 14 elements for the internal one. The current line 
representing the strand is located in the center of each 
region. Magnetic field resulting from the coils is 
calculated directly from the Biot-Savart law (Fig. 4.)  

Two cases are considered below. The case with the 
current grading takes into account the keystoned 
(trapezoidal) form of the cable’s transversal cross section. 
As a consequence of this shape the strands near the inner 
perimeter of the cable are closer to each other than the 
ones near the outer edge. This results in grading of the 
current density throughout the conductor. The case 
without grading assumes uniform current density 
distribution in the cable. The outcome of the harmonic 
analysis of the radial field component at the reference 
radius of r0 = 10 mm is given in Table 1. 
 
Table 1. ROXIE harmonic analysis of the magnetic field 

Current grading B1 [⋅10-4 T] b3 b5 b7 

On -122.8 -0.96 0.032 0.008 
Off -122.2 -0.52 0.017 0.013 

 
 
Due to the dipole symmetry of the coils neither skew 
multipole terms nor even-ordered normal multipoles are 
present in the field expansion. Grading of the current 
gives a difference of 0.44 units for the sextupole in 
comparison to the uniform current density case.  

3.2.2  Transient case 

The geometry of the coils defined in ROXIE served 
as a reference for the transient model implemented in 
OPERA-2D [4]. In addition to the conductor blocks the 
model includes the copper wedges, the collaring shoe, 
and the collars (Fig. 5). OPERA-2D uses FEM approach 
to solve the electromagnetic problem and calculate the 
redistribution of the currents due to the eddy current 
effects.  

The effective conductivity of the collars was adjusted 
in the model in order to fine-tune the computational 

results to the experimental data acquired by measuring 
the peak field induction inside magnet’s aperture and 
around the collars. For setting the correct value of the 
conductivity of the cables an additional test was carried 
out to evaluate the magnitude of the eddy current effects. 
Separate layers of the coils were excited one at a time to 
analyze the screening effects. Matching between the 
model and the experiment was achieved by assigning to 
the conductors the conductivity values measured with 1 A 
direct current, i.e. 3.63⋅107 S/m for the inner layer cable, 
and 3.23⋅107 S/m for the outer layer cable.  

Relative multipole coefficients obtained during 
harmonic analysis of the magnetic field are of the order of 
10-4 and their computation requires high accuracy. The 
validity of the results relies on the precise definition of 
the coil geometry and correct implementation of the 
current density distribution into the model. Therefore the 
optimized OPERA-2D model was verified in the static 
case to check the convergence of the results with the 
ROXIE reference model.  

 
Table 2. Comparison of static models at r0 = 10 mm 

Static Case B1 [⋅ 10-4 T] b3 b5 b7 

ROXIE  -122.2 -0.52 0.017 0.013 
OPERA-2D -119.3 -0.55 0.020 0.013 

  
 
Table 2 shows that the model implemented in 

OPERA-2D and analyzed in the static case corresponds to 
the ROXIE analysis without current grading. The results 
of the harmonic analysis for the transient case are listed in 
Table 3. 
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Fig. 4. Magnetic vector field computed with ROXIE 



 

Table 3. OPERA-2D transient field analysis 
Transient Case B1 [⋅ 10-4 T] b3 b5 b7 

10 mm -74 -201 20.1 0.04 

 
The effect of the eddy currents induced in the transient 
case deteriorates significantly the quality of the field and 
attenuates the main dipole component in comparison to 
the static case. 

4. SHORT CIRCUIT INDUCED FIELD 
DISTORTIONS  

In case of short circuit the current follows a path 
different from the nominal one. Fig. 6 depicts 
schematically an inter-turn short circuit occurring 
between turns 30 and 31 of the magnet. The current is 
redirected at the point of fault through the short circuit 
path. In the cross-section preceding the fault (X-section 1) 
the current flows in conductor 30 but not in 31. It returns 
in opposite direction carried by conductor 154 only. In 
the cross-section behind the short-circuit (X-section 2) 
conductor 30 is deprived of current.  

 
Table 4. Short circuit analysis at 10 mm 

Normal Reference X-section 1 X-section 2 
B1 -74⋅10-4 T -59⋅10-4 T -59⋅10-4 T 
b2 0 3.3 0 
b3 -201.0 -257.9 -260.0 
b4 0 0.9 0 
b5 20.1 23.1 22.7 
b6 0 0.2 0 
b7 0.04 -0.06 -0.11 

 
Skew Reference X-section1 X-section 2 

a1 0 6.4 0 
a2 0 37.1 33.1 
a3 0 1.2 0 
a4 0 5.5 5.2 
a5 0 0 0 
a6 0 0.7 0.7 
a7 0 -0.03 0 

 

Table 4 illustrates how the short circuit affects the 
multipoles of the magnetic field in comparison to the 
reference field in this particular example. In cross section 
1 the distribution of the current on both sides of the coil is 
asymmetric due to the fault. As a result measurable 
normal multipoles of even orders like quadrupole (b2), 
octupole (b4), and skew field harmonics (an) with high 
value of skew quadrupole (a2) are developed. These field 
harmonics normally are not present in a dipole magnet 
without electrical faults. In cross section 2 the current 
distribution becomes symmetric again; even orders of the 
normal multipoles and odd orders of the skew harmonics 
vanish from the field pattern. This effect can be used for 
the longitudinal localization of the point of fault.  

5. EXPERIMENTAL SET-UP 
5.1 Detection method 
  

The development of the field harmonics during a 
pulsed discharge can be detected by a system of pick-up 
coils (Fig.7). The detection method takes advantage of the 
vector field geometry characteristic for the even order 
multipoles. When the coils are positioned on the median 
plane in the center of the aperture the pulsed magnetic 
field will induce the same voltage in the coils C1 and C3 

if the even orders of the normal field harmonics are not 
present in the field pattern. Otherwise, if the even-ordered 
harmonics are developed, a difference in the voltage 
induction between the two coils will be observed. The 
contribution of the even order multipoles cancels out in 
the central coil. Since higher order odd multipoles are 
negligible close to the center of the aperture, coil C2 
picks up mainly the dipole field.  
 
5.2 Instrumentation 

 
One of the MBSMS dipole magnets was equipped 

with micro-relays soldered on the internal layers in two 
clusters centered around the cross section in the middle of 
the magnet, and 280 mm away from the head region of 
the coil (Fig. 8). The relays, excited with 12 V DC one at 
a time, create short circuits between adjacent cable turns 
in well-defined positions. Pulsed current is supplied from 
a discharge generator by releasing the energy 

Fig. 7. Printed circuit pick-up coils 
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accumulated in a 1µF capacitor, charged at 1 kV, into the 
magnet. The voltage induced in the pick-up coils is 
measured during the discharge and integrated thereafter to 
obtain the time evolution of the magnetic field induction. 
The pick-up coil platform slides on two vetronite rods 
aligned inside the aperture of the magnet. The entire 
detection system can be rotated inside the magnet for the 
measurement of skew fields.  
 
5.3 Results  

 
Experimental results concerning the short circuit 

discussed in previous section (Fig. 6) are presented in Fig. 
9. A measurable difference between the peak field 
inductions indicated by the coils C1 and C3, higher than 
the one predicted with the model, was registered in the 

area preceding the position of the short circuit (X-section 
1). The induction difference vanished immediately, as 
expected, when the outer edge of the pick-up platform 
was moved behind the point of fault (X-section 2).  

Indications of the central coil (C2) reflect further 
attenuation of the dipole field under fault conditions. As a 
consequence of the current redistribution and increased 
frequency of the current oscillations the field-screening 
effects in the magnet are enhanced and a degradation of 
the dipole field occurs. Increased difference between the 
indications of the coil C2 and the remaining coils of the 
pick-up system in comparison to the reference signals are 
attributed to the influence of the large negative normal 
sextupole predicted in the model. The magnitude of the 
sextupole at 10 mm is enhanced by 30% due to the short 
circuit. 

 

6.  CONCLUSIONS  
Transient magnetic field distortions created by 

electrical faults in superconducting collared coils were 
analyzed in view of the localization of inter-turn short 
circuits. The detection method was based on the study of 
the development of the field harmonics induced by 
current redistribution. The experimental procedure has 
been simulated with OPERA-2D and tested on a 
dedicated dipole magnet equipped with micro-relays 
capable of activating artificial short circuits in the internal 
layer of the coils.   

The longitudinal position of the short circuits was 
successfully established for all of the installed micro-
switches with the precision of a few millimeters. An 
abrupt change of the normal even-ordered magnetic field 
harmonics was observed in the proximity of electrical 
faults. The magnet pole affected by the short circuit was 
also identified in each case. The possibility of an exact 
azimuthal localization of the inter-turn short circuits is 
under study. 
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Abstract

Self-interaction of electron bunch in circular motion is
numerically studied. It has been shown that the self-
interaction is expressed in terms of Li´enard-Wiechert
potential formula and can be calculated with three-
dimensional particle tracking. The relation between
shielded radiation force and complex impedance of beam
pipe is also discussed.

1 INTRODUCTION

In resent years several studies have shown that emittance
growth due to self field of electrons traveling through cir-
cular motion may become a severe problem in the design
of X-ray free-electron lasers, where electron-beam of ex-
tremely low emittance generated by photo-cathode RF-gun
is accelerated in a linear accelerator without dilution of
emittance and compressed by magnetic bunch compressors
to achieve high peak current. The self field in circular mo-
tion is called as coherent synchrotron radiation (CSR) force
or noninertial space charge force.

Coherent synchrotron radiation has been studied since
1940s when high energy accelerators were innovated [1].
The early studies were conducted mainly to estimate the
amount of energy loss caused by radiation, because the
analysis of energy loss was relevant to the construction of
a high energy accelerator. In the present days CSR is an
important issue regarding to emittance growth in a bunch
compressor for X-ray FELs.

There have been several studies on this subject: one-
dimensional analysis of CSR force on short electron
bunches [2], transient analysis including finite length of
magnets [3], and CSR in the motion of small period such
as undulator [4]. As for numerical studies, it has been
shown that Liénard-Wiechert potential together with par-
ticle tracking can be applied to the calculation of CSR and
noninertial space charge force [5]. Emittance growth by
shielded CSR has also been discussed [6] [7] [8].

In the present study, self-interaction of microbunch
in circular motion is numerically studied with a three-
dimensional particle tracking code. The relation between
emittance growth due to shielded CSR force and complex
impedance of beam pipe is also introduced.

�e-mail: hajima@q.t.u-tokyo.ac.jp

2 ENERGY CHANGE AND EMITTANCE
GROWTH IN A CIRCULAR PATH

When a relativistic electron bunch moves along a straight
path, filed generated by each electron is propagating with
speed of light and hugging the source electron, then it does
not much affect on the motion of other electrons. Self-
interaction of the bunch, therefore, can be neglected for a
relativistic energy.

In a circular path, however, field generated by tail of
bunch can overtake head of bunch as shown in figure 1,
and this self-interaction may affects the electrons motion.
Electric field applied on single electron can be obtained by
integrating contribution from whole of the bunch which is
expressed in Li´enard-Wiechert potential formula. In one-
dimensional model, electron bunch can be expressed with
line charge along the circular path. For line charge of Gaus-
sian distribution, averaged energy loss of an electron in the
bunch due to the self-interaction is given by

�Eave =
0:34 qe Ld

�2=3�4=3
; (1)

whereq and� are charge and characteristic length of the
bunch,Ld and� are path length and radius of the circular
motion. Total energy loss of the bunch is consistent with
the power of coherent synchrotron radiation emitted from
the bunch, then the self-interaction is often called as coher-
ent synchrotron radiation force.

Figure 1: Schematic view of noninertial space charge field.
Estimation of emittance growth is more complicated

than energy loss calculation. Although emittance growth
can be discussed in terms of additional energy spread in the
circular motion and expressed with a simple formula [9],
it is limited to ideal situation. Therefore, numerical sim-
ulation is required for practical design analysis of bunch
compressors.

The emittance growth due to self-interaction in circular
motion can be numerically calculated with particle tracking
method. Radiative and static field of relativistic electrons
is obtained in the form of retarded potential, which is re-
duced to Liénard-Wiechert potential in case of small line



charge of density� traveling through circular trajectory of
radiusR and azimuthal electric field in the static frame is
expressed as [5]:

E� =
�

4�"0

1

rret � ~rret � ~uret=c�
1

2
�

x

�
�2 +

r

�
�2 [1� cos(� 0)]

� ������
�f

�r

; (2)

where the first term is usual space charge force proportional
to �2 which is often neglected for high energy electron
beam, the second term is centrifugal force which does not
appear in one-dimensional analysis, and the third term rep-
resents CSR force. The retarded position of source par-
ticle, � 0, is obtained from geometrical consideration. A
three-dimensional particle tracking codeJPP [10] has been
modified to calculate the self-interaction in circular motion,
where the numerical routine for the self-field is based on
Eq.(2).

We consider an electron beam transport through two-
dipole dog-leg as shown in figure 2. Parameters are chosen
as: radius of circular pathR = 2:292m, path length in each
magnetLd = 20cm, energy of electronsE = 400MeV .
The electron bunch is assumed to be Gaussian shape in lon-
gitudinal direction ,�z = 0:4mm, uniform in transverse
direction,rb = 1mm, andq = 1nC. Figure 3 shows calcu-
lated longitudinal phase plot after the dog-leg, where nega-
tive smeans head of bunch. The results of one-dimensional
theory is also plotted as a solid line. Emittance growth in
the dog-leg is 0.44 mm-mrad, while the growth is 0.002
mm-mrad without the centrifugal force and CSR force.

Figure 2: Two-dipole dog-leg consisting of two rectangular
magnets.

3 EMITTANCE GROWTH BY SHIELDED
RADIATION FORCE

In this section shielded CSR force is calculated byJPP
code and compared with the results of impedance analysis.

The energy loss of electron bunch by CSR force in a
metallic beam pipe, can be expressed as

�
dW

dt

�
CSR

= � (qc�=�)
2

1X
n=�1

jfnj
2 Re[Zn]

= �(qc�=2��)2 R; (3)

whereq is charge of the bunch,Zn is complex impedance
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Figure 3: Longitudinal phase plot of electron bunch after
the dog-leg.

of the beam pipe,R is radiation resistance andfn is a lon-
gitudinal Fourier component of electron bunch defined as

fn =
1

2�

Z
2�

0

exp(�in�)�(�)d�; (4)

where�(�) is longitudinal charge distribution of the bunch.
For infinite two metallic plates placed parallel to the orbit
plane, the impedance can be expressed as [1]

Zn

n
=

2�2Z0

�

�

h

X
j=1;3;:::

�
�2J 0

n
(J 0

n
+ iY 0

n
)

+
(j��=h)2

(n�)2 � (j��=h)2
Jn (Jn + iYn)

�
; (5)

whereh is the distance between two plates, the argument
of Bessel functions is

p
(n�)2 � (j��=h)2 and we assume

perfect conductivity of the plates.
The effect of conducting plates on the self field in a par-

ticle tracking code can be completely simulated by im-
age charge method. Although infinite number of image
charges are required to fulfill the boundary condition on
the two parallel plates, we can truncate the number of im-
age charges without degradation of accuracy in the simu-
lation, regarding the field dependency on the distance be-
tween source and observer. The number of image charges
in the following calculations is carefully determined not
to introduce numerical error arising from this truncation.
In the calculation of retarded position, a tentative solution
with “pencil beam” approximation is refined through iter-
ative algorithm, the approximation is, however, not appro-
priate for image particles far from central axis of the tra-
jectory. A special approximation, therefore, is introduced
to obtain a tentative retarded position for image particles
[10].

We consider a two-dipole dog-leg having a beam
line surrounded by infinite two parallel plates to study
the shielding effect on coherent radiation and emittance
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Figure 4: Averaged energy loss of an electron and emit-
tance growth as a function of dimensionless shielding pa-
rameter: energy loss (4) and emittance growth (Æ) calcu-
lated byJPP code, energy loss calculated from impedance
analysis (solid line).

growth. The energy loss of electrons and normalized emit-
tance growth are calculated with various distance between
two plates. Figure 4 shows the calculated energy loss and
emittance growth as a function of dimensionless shield-
ing parameter��2=h3, where the simulation parameters
are chosen as:E = 400MeV , rb = 0:1mm, q = 1nC,
�z = 0:4mm, � = 2:292m,Ld = 0:2m.

It can be seen that obtained energy loss byJPP code
agrees with the result of impedance analysis, where energy
loss can be neglected for large shielding parameter as pre-
dicted before [11]. It seems that the reduction of emittance
growth by shielding of metallic walls is not as drastic as
the energy loss. While the energy loss due to coherent ra-
diation forh = 10mm (��2=h3 = 0:37) is less than 1keV,
1/30 of energy loss without shielding, the emittance growth
is about 1/3 of open duct. This different property of shield-
ing effect between energy loss and emittance growth can
be explained by longitudinal phase plot after the dog-leg as
shown in figure 5.

It shows that relatively large energy modulation still ex-
ists, while total energy loss of the electron bunch is al-
most zero. This energy modulation arisen in the dog-leg
results in emittance growth. The estimation of emittance
growth, therefore, requires amount of energy modulation
of the electron bunch. It means that we should consider
the imaginary part of impedance in the emittance analysis
as well as the real part which is directly related with total
CSR power. We introduce a concept of complex radiation
resistance to include imaginary part of the impedance:

Rc = (2�)2
1X

n=�1

jfnj
2 (Re[Zn] + i Im[Zn]) : (6)

Figure 6 shows obtained emittance growth byJPP code as
a function of inverse of magnitude of complex radiation re-
sistance calculated from Eq.(6). It seems that the emittance
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Figure 5: Longitudinal phase plot of electron bunch after
the dog-leg.
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Figure 6: Obtained emittance growth byJPP code as a
function of inverse of magnitude of complex radiation re-
sistance.

growth of an electron bunch due to shielded coherent syn-
chrotron radiation can be expressed as a function of com-
plex radiation resistance.

4 SUMMARY

In the present study we have applied three-dimensional par-
ticle tracking together with Li´enard-Wiechert potential to
the calculation of self-interaction of microbunch in circular
motion, which should be considered in the design of bunch
compressors for X-ray FELs. Averaged energy loss of an
electron due to CSR force is calculated with the simula-
tion code and found to be consistent with one-dimensional
analytical results. In the case of shielded CSR force, the
obtained energy loss agrees with the result of impedance
analysis. It is also found that emittance growth of an elec-
tron bunch caused by shielded CSR force can be expressed
as a function of complex radiation resistance of beam pipe.
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Abstract

To design modern accelerators a profound knowledge of
eigenmodes of RF-cavities is required. For normal conduc-
ting as well as for superconducting cavities MAFIA is a
well established tool to determine the eigenmodes by nu-
merical means. However, the 3-dimensional treatment of
multicell cavities lacks from available computer power on a
usual high end workstation. Therefore the present approach
uses a parallel SIMD supercomputer (APE-100) to compu-
te the numerical expensive part of the MAFIA-algorithm.
The system matrix, incorporating geometry and material
information, is transfered to the APE-100 during a normal
MAFIA-session using a command provided by the MAFIA
toolkit (MTK). Then, on the APE-100 the lowest eigen-
values and their corresponding eigenvectors of the system
matrix are determined by means of a conjugate gradient al-
gorithm [3]. The result of the diagonalization procedure is
then read back to the MAFIA host where further data ana-
lysis and visualization can be done.

1 INTRODUCTION

The construction of modern accelerators is usually sup-
ported by the numerical determination of eigenmodes in the
accelerating cavities. Often the rotational symmetry of the
cavity is used to simplify the numerical simulation. How-
ever, in cases where the cavity plus attached rf–components
lacks rotational symmetry a fully 3–dimensional treatment
of Maxwell’s equations is necessary which requires more
computer power than is available on a normal high end
workstation. In addition the 3–dimensional approach al-
lows for the simulation of fabrication errors and surface
roughness which are usually not considered to have rota-
tional symmetry.

In the framework of the Finite Integration Technique
(FIT) developed by Weiland and coworkers[1] Maxwell’s
equations in integral representation are transformed to a set
of matrix equations. Using rectangular grids the discretiza-
tion volume is partitioned in two sets of cells which can be
considered dual. In the case of determining the eigenmodes
of a cavity the grid voltages along neighboring gridpoints
are the degrees of freedom of the resulting eigenvalue prob-
lem. It turns out that the so–called system matrix con-
nects grid voltages of a single cell only to grid voltages of
adjacent cells. This “next neighbor connection”–property
makes the eigenvalue problem especially well suited to be
solved on an APE–100 supercomputer for this type of com-

puter is capable of a very fast data exchange between neigh-
boring nodes.

APE–100 supercomputers are mainly used for in QCD
theory where a profound experience in solving eigenvalue
problems [3] does exist. However, the parallel structure of
the computer requires the use of special programming tools
and a language (TAO) dedicated to the computer topol-
ogy which is inefficient in programming advanced file IO,
string evaluation and managing pointers.

Therefore the parsing of the geometry input, which is
mainly a linear task, is left to MAFIA which is running on a
usual workstation. The resulting system matrix incorporat-
ing geometry and material information is transfered to the
APE–100 by means of the MAFIA toolkit (MTK). Then,
on the APE–100 supercomputer the numerical expensive
task of finding the lowest eigenvalues and corresponding
eigenvectors of a large sparse matrix is performed. The re-
sult of the diagonalization procedure is then read back to
the MAFIA host where further data analysis and visualiza-
tion can be done.

The paper is organized as follows: in section 2 a short
overview of the Finite Integration Technique and the APE–
100 topology is given. In the next section the matrix vec-
tor multiplication which is crucial for the used algorithm is
considered in detail. In section 4 a performance analysis
of the conjugate gradient algorithm used in this approach is
given.

2 FINITE INTEGRATION TECHNIQUE AND THE
APE–100 TOPOLOGY

The Finite Integration Technique is based on a discretiza-
tion of Maxwell’s equations using a set of two rectangu-
lar grids which can be considered dual to each other [1].
The integral representation of Maxwell’s equations is trans-
ferred to a discrete version by specifying the integration
paths as to be along the edges of the discretization cell. For
the case of area integrals the 6 bordering rectangles of the
cell are chosen as the integration area. The degrees of free-
dom in the discretized version of Maxwell’s equations are
not the fields itself, moreover for example the grid volt-
age along neighboring grid points or the flux over a cell
border are used. Therefore the discretized Maxwell’s equa-
tions remain mathematically equivalent to the continuous
case. There is no discretization error and the discretized
Maxwell’s equations exactly obey the conservation law for
charge and current density.



An important feature of the matrix equations is its lo-
cality. Actually this is due to the fact that the chosen in-
tegration space is restricted to the neighboring cells of the
selected degree of freedom. As a consequence the result-
ing system matrix which eigensystem has to be determined
is sparse with a priori known pattern of entries. A de-
tailed treatment of the theory yields that 13 elements of the
system matrix are non zero for each degree of freedom.
These elements connect to degrees of freedom belonging
to neighboring cells.

The locality of the matrix equations can be exploited on
APE–100 in a quite natural way. The nodes of the APE–
100 supercomputer are arranged on a three–dimensional
rectangular grid (see Fig.1) as is the grid used for the dis-
cretization of Maxwell’s equations. The cells of the dis-
cretization volume are distributed to the nodes so that each
processor is responsible for its own segment of real space.

Figure 1: Topology of the APE–100 (4x4x4 nodes). Be-
tween adjacent processors there is a fast data transfer which
is about 4 times slower than local memory access. The
whole cube is subject to periodic boundary conditions in
x–,y– and z–direction resulting in a hyper torus. Due to the
SIMD character of the APE–100 no latency time occurs on
data transmission.

The matrix–vector multiplication is then mainly a local
operation on each node. Only in cases where the cell lies
on the segment boundary data exchange with neighboring
nodes will occur. The APE–100 is perfectly suited to such
a situation because the SIMD character of the supercom-
puter accounts for a very fast data transfer with neighboring
nodes without latency.

One drawback of numerical determination of eigen-
modes is that the solution space is composed of two so-
lution spaces – one holding the eigenmodes which are
searched for and one holding the so–called ghost modes.
For FIT there is a workaround excellently described in [2].
Another difficulty arises from the periodic boundary con-
ditions which are built in to the APE–100 topology but are
not implemented in the MAFIA package for all coordinate
directions. Therefore boundary flags are necessary in the
present approach.

3 DATA DISTRIBUTION STRATEGY OF THE
SYSTEM MATRIX

Heart of the conjugate gradient algorithm described in[3] is
the Ritz method applied to the functional�

�(~z) =
h~z; Â~zi

h~z; ~zi
; (1)

whereA denotes the system matrix andz is the vector of
grid voltages. Given a random initial vector the algorithm
searches for the minimum of� in the orthogonal subspace
of all previously determined eigenvectors. Acceleration of
the algorithm is achieved by using exact diagonalization in
the subspace spanned by the numerically computed eigen-
vectors.

As usual for algorithms determining the eigensystem of
large spares matrices the efficient coding of the matrix vec-
tor multiplication routine is crucial for a high performance
of the algorithm. Therefore the matrix–vector multiplica-
tion routine was coded using the extract–replace method of
TAO allowing for efficient use of all of the 128 registers of
the FPU.

Figure 2: To avoid “IF” statements and flags in the TAO
source code the total number of cells residing on one node
is divided into 27 parts with definite neighboring relations.
For the bulk region (fully inside the box) all neighboring
cells are in the local memory of the node. For cells in other
pieces it is known at programming time which part of the
matrix–vector multiplication requires remote data access.

In addition care had to be taken in the multiplication rou-
tine where boundaries of the segments were involved. To
simplify the coding of the multiplication loop by avoid-
ing IF statements and flags definite neighbor relations of
the cells were introduced by splitting up the whole seg-
ment into 27 pieces (see Fig.2). As a consequence the
source code of the matrix–vector multiplication is some-
what blown up since every single multiplication operation
has to be written 27 times for every piece of the segment.



4 PERFORMANCE OF THE ALGORITHM

The APE–100 supercomputer is mainly used for long run-
ning simulations in the field of lattice QCD and similar the-
ories in high energy physics. To give easy access to a com-
munity familiar with MAFIA a software interface to the
APE–100 has been written. After defining the geometry in
the M (mesh) module of MAFIA, the E module is started
and a new command “MaxqSolve” is issued which writes
the system matrix to disk and submits the appropriate script
to the APE–100 queue. After the solver on the APE–100
has finished the user can read in the resulting eigensystem
by giving the “MaxqGetResults” command to the E mod-
ule. The whole data transfer to and from the APE–100 is
hidden from the user.

Final

Geometry

Input

usual workstation

running on APE-100

MAXQMAFIA

running on 

Visualization

Figure 3: Schematic view of the software interface

The total number of gridpoints which can be used in the
discretization is restricted due to memory limitations. Fur-
thermore the used eigensolver needs additional memory for
every eigenvector to be found. The memory needed per
gridpoint is 28 octets for the system matrix and 12 octets
for every eigenvector. This leads to

Mtotal = 12 � N � (n+ 5) octets (2)

for an expression for the total memory used.N is the num-
ber of gridpoints andn denotes the number of eigenvectors
to be found.

On the QH2 (8x8x4) with 16 MB per node eq. (2) results
in:

number of eigenvectors available gridpoints
1 60.000.000
2 51.000.000
5 36.000.000
10 24.000.000
20 14.000.000
50 6.500.000
100 3.400.000

In principle the last table shows the applicability of the
proposed approach. However, investigations considering
the role of the single precision floating point arithmetic of
the APE–100 are to be done. The scalar products are re-
ported to be sensitive to the single precision / double preci-
sion problematics. Therefore the scalar products are coded
using a software emulation of double precision arithmetics.

The same procedure has already been applied in the orig-
inal MAFIA package to save memory and keep rounding
errors at a minimum.

5 CONCLUSIONS

The calculation of eigenmodes on a three–dimensional ba-
sis is crucial for the simulation of accelerating cavities.
Only a fully three–dimensional treatment of Maxwell’s
equations can account for effects connected to fabrication
errors and surface roughness and most important to effects
which arise from devices such as input couplers or HOM–
couplers. These coupling devices inevitably break the ro-
tational symmetry of the cavity cannot be neglected for the
determination of eigenmodes of the cavity. However, the
lack of computional power on high end workstations nor-
mally avoids the inclusion of the three–dimensional effects
described above. Therefore in the present paper an ap-
proach to a supercomputer solution of the eigenmode prob-
lem of superconducting cavities has been made.

Though there is no real example of the approach until
now the performance analysis of the algorithm shows that
determining the eigenmodes of superconducting cavities on
APE–100 supercomputers is a reasonable idea to overcome
the limits of high end workstations. Work for the applica-
tion to parts of the TESLA structure is in progress.
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Abstract

The impedance and wakefield effects and higher order
mode losses have been investigated for the Luminosity Up-
grade Project at HERA for three regions where only min-
imal heating can be tolerated. These are two versions of
the beam pipe configuration at the interaction region of the
experiment Zeus and also for a region where superconduct-
ing magnets are to be installed. As the structures are very
long (up to 4.9m) it was not possible to calculate all modes
up to the cut-off frequency directly, thus long term wake
calculations (100nsecs) in the time domain were used to
pinpoint potentially dangerous modes. The frequency and
band-width information thus obtained could be used to ob-
tain the impedance of these modes in the frequency do-
main. The calculations were carried out using the MAFIA
[1] programs.

1 IMPEDANCE CONSIDERATIONS

Impedance calculations were carried out for the beam tube
of the interaction region at ZEUS and also in the adjoining
region of the superconducting magnets, using the MAFIA
programs [1]. Both wakefield (time domain), and resonant
field (frequency domain) calculations were made. In the
frequency domain the resonant fields were calculated for
as many modes as possible, these fields can then be used
to obtain the loss parameter, shunt impedance and power
loss. Assuming that only one mode will be excited exactly
on resonance at any one time, the maximum values give a
good worst case estimate of the potential power loss.

Figure 1: Version I: A foreshortened view of the interaction
region at Zeus, the absorbers are shown as dark arcs.

As the damping time of the wakefields is longer than the
time between bunches, the single pass loss, calculated from
wakefields, does not give an absolute value of the power
loss which can be expected. It is possible that the wake-
fields from each bunch accumulate and that the final figure

is higher than the calculated transient losses, however this
figure has been used as a measure of comparison for dif-
ferent beam tube geometries and for different longitudinal
bunch lengths.

The Version II design entails considerable geometrical
alterations. A much smoother beam tube, with tapers at
either side of the collimators helps to reduce the losses due
to wakefields and an asymetrical absorber at z = 1:65m

has the effect that many fewer modes are actually trapped in
the interaction region. However the change from normal to
superconducting magnets reduces the tolerance to heating
due to resonant and transient losses further along the beam
pipe. Thus it was necessary to consider the impedance in
the region of the superconducting magnets in addition to
that in the interaction region.

2 DEFINITIONS

2.1 Time Domain

The wake potential of a point charge, q, travelling at the
speed of light, c, as seen by a test charge at a distance, s,
behind it, is defined as [2],

W (s) =
1

q

Z
1

�1

Ez(x; y; z � s; t = z=c)dz (1)

Provided that the wake fields from one bunch have died
away when the next bunch arrives, then the power loss, P ,
is given by

P =
U

T
= �

1

T

Z
1

�1

W (s) � c�(s)ds (2)

where T is the time between successive bunches, U the
energy and �(s) the charge distribution (usually Gaussian).

2.2 Frequency Domain

In the frequency domain it is unusual for modes where
! > !cutoff to be trapped. The loss parameter k� for a
particular mode, �, with frequency, f� and !� = 2�f� is
given by

k� =

j

R
1

�1
Ez�(z) � dz � e

i!�z=c
j
2

4 � TotalEnergy(�)
(3)

and Q� the quality factor.

Q� =
!� � StoredEnergy(�)

TotalLosses(�)

(4)



Thus the worst case power loss for a single mode is given
by

P = 2 � I
2
0 �Rshunt (5)

where Rshunt = 2kQ=! represents the shunt impedance
at a resonant frequency with I0 = DC beam current and
2�� � c=f� .

These quantities are all obtained from the MAFIA eigen-
mode calculation and are, in addition, only weakly depen-
dent on changes in frequency caused by small geometrical
changes. The maximum shunt impedances occur mainly at
lower frequencies.

It has been assumed that the probability, that the fre-
quency of more than one mode coincides with a line of the
beam spectrum at any one time, is very small, so that one is
justified in using values for the mode with the highest shunt
impedance for the worst case estimate.

3 GEOMETRY

3.1 Version I:

A 3.2 meter long section was modeled around the ZEUS In-
teraction Point (z = 0:0m), which formed a resonant cav-
ity due to the changes in cross section at either end. It was
only necessary to model half the structure as it is symmetri-
cal with respect to the x-z plane. The electron (or positron)
beam travels in the positive z-direction.

The geometry consisted of, from left to right, (see Fig-
ure 1):
� keyhole beam pipe, an elliptical beam tube inside the

combined function magnet with lateral extension for
synchrotron light;

� opening up into a conical section with an entry ra-
dius of 54mm at z = �1:3m and an exit radius of
46:25mm at z = �0:62m;

� this is followed by a long cylindrical central beam pipe
from z = �0:62 to 1:3m;

� at z = 1:3m there is a sudden change in cross section
to an elliptical beam tube inside the other combined
function magnet with a wider extension than on the
left hand side.

� Two synchrotron radiation absorbers were positioned
at z = 0:75m and 1:3m.

� keyhole beam pipe

A second configuration was also investigated using an el-
liptical central beam pipe from z = �1:3m to 1:3m. The
height of the beam tube at the interaction point was 20mm
as opposed to 46:25mm for the cylindrical cross-section,
the width remained unchanged.

3.2 Version II - Interaction Region:

A 3.9m stretch of beam tube was calculated. The geometry
consisted of, again starting from the left, (see Figure 2):
� an elliptical beam tube 30mm high with a small post

or ”finger” absorber on one side of the horizontal axis
at z = �1:75m;
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Figure 2: Version II: A diagram of the Interaction Region.

� a step-wise increase in width from 91 to 123mm at
z = �1:7m, masked by r.f. shielding, is followed by
an elliptical cone which continues until z = �0:6m

where the height is 21mm;
� this is followed by a long elliptical central beam pipe,

width 108mm from z = �0:6m to 1:55m;
� at z = 1:55m there is an assymetrical tapered ab-

sorber;
� a pair of tapered synchrotron radiation absorbers were

positioned either side of the horizontal axis at z =

0:8m and a single absorber at z = 1:4m.
The symmetry with respect to the x-z plane could also be
taken advantage of here.

3.3 Version II - Superconducting Magnets:
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Figure 3: Version II, Superconducting Magnets: A diagram
(not to scale) of the beam tube at the Superconducting Mag-
nets . (The last 2 absorbers at the end of the interaction
region can be seen at the beginning of this section.)



For the superconducting magnets the section from 1:3m to
6:2m was modelled, from left to right (see Figure 3):
� the rightmost end of the interaction region beam tube

including the absorber at 1:4m and the staggered ab-
sorbers between 1:55m and 1:66m

� the elliptical beam tube in right hand side magnet with
vertical height of 40mm

� the conical connection between the magnets, where
the vertical height changes from 40mm to 60mm be-
tween z = 3:9m and 4m

� the larger elliptical beam tube continues through the
second magnet to z = 5:6m. As the path of the beam
is curved in this section, slight shifts were included in
the geometry so that the distance of the beam from the
walls remained correct.

� a gradually tapering section starting at 5:6m connects
to the keyhole chamber of next magnet at 6m where
extra space is needed to accomodate the synchrotron
radiation

4 TIME DOMAIN - INTERACTION REGION

For the Version II configuration, the damping time for
a typical mode trapped in the Interaction Region with
frequency 3954MHz and Q-factor 14000 is given by

� = 2Q= ! � 1�sec (11bunches):

As the bunch separation time is only 96 nanoseconds, this
means that the wakefields from one bunch are still present
when the next bunch arrives. The two extreme cases are
when these fields are either in phase or out of phase by
� with the wakefields from the next bunch. In the former
case the fields accumulate while in the latter case they can-
cel. The losses drop dramatically with increasing bunch
length, so that maximum losses can be expected at injec-
tion. In HERA the longitudinal bunch length of the elec-
trons or positrons (in contrast to the protons) is shortest at
injection and longer at higher energies. The longitudinal �
for positrons or electrons varies with beam energy as shown
in Table 1.

Table 1: Variation of Longitudinal� for positrons/electrons
with beam energy

Energy: 12 GeV 27.5 GeV 29.8 GeV
Voltage: 90 MV 110 MV 140 MV
Sigma: 3mm 12.3mm 13.4mm

In order to simulate the beam, the time domain pro-
gram represents the bunch as a rigid longitudinal Gaussian
charge distribution. For Version I, 4mm was the smallest
value of the � of the distribution which could be calcu-
lated directly, as the extreme ratio of height to length of the
beam tube begins to cause computational problems. The
3mm bunch length was calculated in two sections. For the
left hand side section it was necessary to take the group

velocity of the wakefields into account and to calculate to
the point where the tail of the bunch has outstripped the
wakefields, z = 0:9m.

These very lengthy calculations were only repeated for
the Version II geometry for a � of 4mm, all other Version
II calculations were carried out with a bunch � of 8mm.
The Version I values which are included in Table 2 indicate
the relationship between bunch length and transient losses
and the effect of reducing the height of the beam tube. The
steep increase of transient losses with a 3mm bunch length
is expected to be similar for the Version II configuration.
The Version II single pass transient losses were calculated
to be 47 Watt for a � of 8mm. The bunch spectrum for a
3 mm and an 8 mm � bunch only differ in their high fre-
quency content, for frequencies well above 5 GHz. The
increased transient losses need not be trapped in the inter-
action region, although there will be reflections at absorbers
and other changes in cross-section. Thus only a small por-
tion of the losses are deposited in the walls.

Table 2: Summary of the Single Pass Losses and of the
Maximum Single Mode Resonant Power Losses

Beam Tube Bunch Single Pass Resonant
Length Power Loss Power Loss

Version I: mm Watt Watt
Cylindrical 3 1870 1993

4 1338 1978
7 597 1910
8 493 1881
13 203 1684

Elliptical
3 873
8 138 420

Version II:
Interaction
Region 4 187

8 47 3
s.c. magnets 8 108 10

Present Set-up
8 395 1212

5 FREQUENCY DOMAIN - INTERACTION
REGION

The first 75 modes which lie between 2.2 and 4.14 GHz

could be calculated. The majority are not trapped and the
energy can flow away and dissipate in the rest of the ring,
however one trapped mode was identified which resonated
at the ”finger” absorber at 2:58GHz. If this mode were
to be excited, 94Watt would be dissipated at that posi-
tion. Two variations of this absorber were calculated, the
first extending it to the walls on both sides so that it could
not so easily resonate and the second adding an additional
taper on the down-stream side. In the former case a sim-
ilar mode was found at 2.83 GHz, reducing the losses to



Figure 4: Three versions of the absorber at z=-1.75m. Top:
the original ”finger” design - resonant loss=94.5 Watt, fre-
quency=2.58 GHz. Middle: ”sector” design - resonant
loss=17 Watt, frequency=2.83 GHz. Bottom: ”sector with
taper” - resonant loss=3 Watt, frequency=2.82 GHz.

17 Watt, while the taper produced a further reduction to 3
Watt at a frequency of 2:82GHz (see Figure 4). The long
range wake was calculated for 80 nsecs. Examination of
the fourier transformation showed no sharp resonances be-
yond the range of frequencies which could be calculated in
the frequency domain, so no trapped modes are expected at
higher frequencies.

5.1 Time Domain - Superconducting Magnets

It was possible to calculate the longitudinal wake fields
with reasonable accuracy, although, with an over 4m sec-
tion, one enters a regime where the step size has to be cho-
sen much smaller in relation to � in order to keep the nu-
merical dispersion error small, on account of the asynchro-
nisation of the bunch and the wakefields. For � = 8mm a
transient loss of 108 Watt was calculated.

5.2 Frequency Domain - Superconducting Magnets

As the beam tube is only 21mm high at the right hand
side of the IP region and 20mm in the keyhole section,
the superconducting magnet section forms a quasi-cavity

for the beam. Table 3 shows the chamber heights and
cut-off frequencies for the various sections. Due to the
greater vertical height of the beam tube in the right hand
side superconducting magnet and the small opening of
the keyhole vacuum chamber beyond, a large range of
modes can be trapped in this region. Thus the 80 modes
which can be calculated without overstepping the file and
memory limitations lie below 2:5Ghz and another 200
modes can be expected to lie between 2:5Ghz and the
cut-off frequency, 4:39Ghz. Within these 80 modes all
resonant losses were very moderate, (< 4Watt).

Table 3: Vertical chamber height and cut-off frequency
from IP to the keyhole vacuum chamber

IP beam pipe, (-2, -1.6): 2.97Ghz .0295m
IP beam pipe, (-0.6,1.55): 4.19Gh .021m
first s.c.magnet beam pipe: 2.2Ghz .04m
second s.c.magnet beam pipe: 1.46Ghz .06m
Keyhole: 4.39Ghz .02m

Modes can be calculated at higher frequencies but the re-
liability of the results depends on knowing the number of
modes which lie in a particular bandwidth. Thus there is no
guarantee that all modes have been found, whereas when
the whole frequency range is used modes are only rarely
missed. 10 modes spanning 70 MHz were calculated at
4 Ghz using this method and a maximum resonant loss for
a single mode was found to be 10 Watt, this is the figure
which is entered in Table 4 but the possibility of higher
resonant losses cannot be excluded.

Table 4: Superconducting Magnets: Resonant Losses for
10 modes near 3950 MHz

Frequency Q-factor Kz Rshunt Loss
(MHz) (V/C) (Ohm) (Watt)

3942.351 4540 1.035E+09 379.0 2.73
3944.285 6143 3.595E+08 178.0 1.28
3945.393 4265 2.653E+08 91.3 0.657
3947.076 8359 1.031E+08 69.5 0.500
3950.215 5345 2.807E+09 1209.0 8.71
3951.592 4810 3.288E+08 127.0 0.917
3960.004 6958 3.850E+08 215.0 1.55
3963.570 5705 1.311E+09 600.0 4.32
3965.430 5136 1.456E+09 600.0 4.32
3979.007 4415 5.219E+07 18.4 0.133
4012.014 5312 3.420E+09 1441.0 10.4

To aid in the analysis of the resonant losses in the su-
perconducting magnets at higher frequencies, a long range
wake calculation was carried out. A similar method was
used in reference [3]. The wake potential was calculated



Figure 5: Left: The wake potential, calculated for 30m af-
ter the bunch head, plotted against distance from the head
of the bunch, abscissa: 0 to 30m.

Figure 6: Superconducting magnet beam tube: Long term
wake calculation for 100 nsecs. Fourier transformation of
the long term wake in the frequency domain, ordinate: 2�k-
parameter, 0 to 8 � 10

9, abscissa: 0 to 5 GHz.

for 100nsecs and the amplitudes of the fourier transforma-
tion were analysed. The wake potential is shown in Fig-
ure 5 while Figure 6 shows the fourier transformation of
the long range wake. The first 80 modes, which were di-
rectly calculated in the frequency domain, can be seen as
distinct peaks in the frequency range up to 2:5GHz, while
there is also a band of sharp resonances which can be seen
at 4GHz.

The wake potential is given by

W (s) =

X
�

2k� � cos
!�s

c
� e
�(!�=2Q�)�s=c for t > 0

(6)
The amplitude normalisation in Figure 6 is chosen so that
the ordinate corresponds to the amplitude of an undamped
oscillation. Assuming that the damping (exp(�!=2Q �

s=c)) can be neglected for the calculation range (s=
0 : : :30m), the spectral peaks can be taken as 2 �k� (V=C).
An approximate shunt impedance can be calculated for a
mode with a sharp peak in the frequency spectrum. For ex-
ample the highest peak of the spectrum at 3.9 GHz has an
amplitude of � 7:3 � 10

9. The shunt impedance is given by
2kQ=! so using Q = 5500 (obtained from the frequency

domain calculations for this band mentioned above) gives
a shunt impedance of 1683 Ohm and a power loss of 12
Watt, for the HERA design current of 60mAmp for elec-
trons. This value is of the same order of magnitude as that
obtained from the frequency domain calculations and thus
one would expect the maximum resonant mode loss to be
not greater than 12 Watt per excited mode.

6 COMPARISON WITH THE PRESENT
CONFIGURATION

Similar calculations were made for a change in the beam
tube at the interaction region at the end of 1994, the config-
uration which is now in place. Modes were then trapped in
the region from z = �2:24m and z = 2:5m. The Version
I calculations showed an increase in single pass impedance
of approximately 20% for a bunch length of 8 mm. For Ver-
sion II these losses have been reduced to a third of the value
which was calculated for the Version I configuration with
an elliptical beam tube.

7 CONCLUSION

The resonant losses are caused by modes which are com-
pletely trapped in the part of the beam pipe with the
largest cross-section and therefore with the lowest cutoff
frequency. The losses of higher spectral components (e.g.
above 10 GHz) are estimated by the 'single pass power
loss'. This quantity describes the power loss of the beam,
but only a fraction of this energy is absorbed in the walls
of the interaction region. Most of the energy propagates
upstream and downstream into the beam pipe and is dis-
sipated over a great length. The intersection of absorbers
can be tolerated, if their surfaces are small compared to the
pipe cross-section. The following modifications could re-
duce the transient losses in the superconducting magnets

� A more gradual taper into the keyhole section,

� A reduced vertical dimension in the right hand side
section

� A more gradual taper between the sections

� Breaking the x-z symmetry so that fields can couple to
lower waveguide modes.

The main problems are likely to occur at injection when the
electron or positron bunch is shortest.
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Abstract

We have studied a multi-mode Delay Line Distribution
System (DLDS)[1][2] as the RF power distribution
system from klystrons to RF structures for linear
colliders. In particular, a 2×2 DLDS has been proposed
and studied at KEK for Japan Linear Collider(JLC). It has
been proved that the 2×2 DLDS is simple, bus has good
transmission efficiency. We have designed RF
components of a basic unit of a DLDS using the High
Frequency Structure Simulator (HFSS) code[3]. They
include the TE01 extractor, the TE11 to TE01 converter, and
the TE11 to TE12 converter for TE12 mode. HFSS
calculation of the system, which consists of TE01 extractor
and TE11 to TE01 converter, shows that the transmission
efficiency of each mode is better than 95%. A low power
test model for the mode stability experiment in 55m long
wave guide in DLDS is also being developed. Further
study is underway.

1  INTRODUCTION

The Delay Line Distribution System (DLDS) invented by
KEK has been considered for the compression and
distribution of the RF power from klystrons to accelerator
structures in the proposed projects of linear colliders, such
as the Japan Linear Collider (JLC)[4] and Next Linear
Collider (NLC)[5]. In DLDS, the long pulse of combined
klystron output is subdivided into a train of shorter pulses
by proper phasing of the sources and each subpulse is
delivered to accelerating structures at varying distances
from the sources through a delay line distribution system.
This system utilizes the delay of the electron beam in the
accelerator structure of the linear collider to reduce the
length of the waveguide assembly. A conceptual
improvement is proposed by SLAC to further reduce the
length of waveguide system by multiplexing several low-
loss RF modes in a same waveguide. Thus, the subpulse
in the distribution waveguide are carried by different
waveguide modes so that they can be extracted at
designated locations according to their mode patterns.
Based on the SLAC multi-mode DLDS, a 2×2 DLDS[6]
is proposed in KEK for JLC. The advantage of 2×2 DLDS
is that it's simple and easy to be expended to
accommodate combinations of more klystrons, and also it
has good transmission efficiency.

In this paper, we present the design of  the main RF
components of a basic unit of  2×2 DLDS. Since the

present schemes of multi-mode DLDS have similar
feature to handle the over-moded waveguide system, the
components may be of common design. The main
components include the mode launcher, the TE01

extractor, and the TE11 to TE01 mode converter. The mode
launcher converts the power from four rectangular
waveguide feeds to separate modes i.e. TE01 and TE11

modes, in a multi-moded circular guide through coupling
slots. The TE01 extractor extracts the TE01 mode in the
circular waveguide but is transparent to other modes. For
long distance transmission, the low loss TE12 mode is
preferred, so a TE11 to TE12 mode converter is also
presented. The High Frequency Structure Simulator
(HFSS) code, which evaluates in frequency domain with
3D finite element method, is used to design the above
components. A basic system of DLDS that consists of
TE01 mode extractor and the TE11to TE01 mode converter
is also studied. The results show that the transmission
efficiency in the system for both TE01 and TE11 modes are
better than 95%.

2  TE01-TE11 MUlTI-MODE LAUNCHER

For TE01-TE11 multi-mode launcher, we adopt the same
design as that proposed by Zenghai Li, et al[7]. The
launcher has four rectangular input ports and one
cylindrical output port. The input power is TE10 mode of
rectangular waveguide, but the output power can be either
TE01 or TE11 mode due to the phase coding of the input
signals. Fig. 1 is the HFSS 1/4 geometry solid model.

Figure 1: 1/4  geometry solid model of TE01-TE11 mode
launcher.



The four rectangular waveguides run parallelly to the
cylindrical waveguide and are spaced 90° apart
azimuthally around it. Each of the rectangular waveguide
is coupled to the cylindrical wavguide through a single
coupling slot. The original design is modeled with
MAFIA[8], so HFSS is used to check the performance  of
the same geometry as the MAFIA model. But the result
got by HFSS is not so good as that predicted by MAFIA:
though the power transmission efficiency from the
rectangular waveguide to circular waveguide for TE01

mode in the can be 97.4%, the efficiency for TE11 mode is
only about 90%. We think that the deviation may be
caused by the different mesh method between MAFIA
and HFSS. By perturbation study [9], we found that it's
possible to improve the HFSS result either by increasing
the length of the coupling slot on the circular waveguide
for 0.35mm or adjusting both short positions in the
rectangular and circular waveguide for 0.35mm from the
original MAFIA geometry. Then the requirement for high
efficiency and low surface field can be satisfied. Table 1
gives the comparison of the results. This confirms that the
launcher design has the flexibility to improve the
performance practically by adjusting the short position,
and suggests that the prototype of the launcher should
have the short position tunable. The test result of the
prototype will come out soon.

Table 1:  Comparison of the transmission efficiency of the
mode launcher between MAFIA and HFSS results.

HFSSMode MAFI
A Id. M Sl+0.35 Sh+0.35

TE01 98.5% 97.4% 99.5% 99%
TE11 98.5% 90% 98% 98.7%

   Id.M: The identical model as MAFIA
   Sl+0.35: Slot length increases 0.35mm
   Sh+0.35: Short position adjusts 0.35mm

The present launcher scheme consists of two parts: the
TE21 extractor and the TE01-TE11 launcher, so the MAFIA
model of the TE21 extractor[7] is also checked with
HFSS. The HFSS result coincides with the MAFIA
simulation.  The TE21 extractor extracts 97.2% of the TE21

mode power and is transparent to other modes, thus meets
the requirement.

3  TE01 EXTRACTOR

The TE01 extractor design is based on the so called wrap-
around converter[2]. When TE01 and TE11 modes pass
through the extractor, the TE01 is extracted  into another
parallel waveguide, while the TE11 mode is not affected.
The circular waveguide is tapered down to cutoff the TE01

mode while allowing the TE11 to go through, and the
parallel one was shorted at one end to control the
direction of TE01 mode transmission. Fig. 2 is the HFSS
solid model. The rectangular waveguide is warpped
around the circular waveguide as shown. There are 6
coupling holes spaced 60° apart in the azimuthal direction
around the circular wave guide. The size of the coupling

hole is the same as the cross section of the rectangular
waveguide. The distance between the center of every two
holes is near the wavelength of the TE10 mode in the
rectangular waveguide, so that the azimuthal resonant
coupling between the two waveguides can be achieved.
Thus the TE01 mode in the circular waveguide can be
extracted efficiently into the wrap-around rectangular
waveguide. Due to reciprocity, the extracted power in the
rectangular waveguide can be converted back to TE01

mode in the parallel circular waveguide. The symmetry of
the structure prevents the TE11 mode in the circular
waveguide being affected.

Figure 2: Solid model of TE01 extractor.

The performance of the extractor is mainly decided by
the following geometrical parameters: the distance
between the coupling holes in the rectangular waveguide,
i.e. the bending radius of the wrap-around rectangular
waveguide, the distance beteween the coupling holes on
the wall of circular waveguide, i.e. the radius of the
circular waveguide, as well as the radius of the round
nose at the bifurcation of the rectangular waveguide. The
above parameters are optimized with HFSS, and the
present geometrical dimensions of the extractor are: the
radius of circular waveguide 18.034mm, the tapered down
one 12.7mm, the bending radius of rectangular waveguide
26.416mm, and the radius of the nose 4.572mm. The
rectangular waveguide is the 22.86mm×10.16mm one.
The present results show that about 99.4% of the power of
TE01 mode can be extracted, 97.2% of TE11 mode goes
through without perturbation, while 2.3% converted to
TM01 mode. The peak electric surface field at 600MW is
around 80MV/m, which locates in the bifurcation area in
the rectangular waveguide. Improvement of the design
aiming to decrease the peak electric field at high power,
and increase the transparency to TE11 mode is underway.
In stead of using the cutoff section to extract TE01 mode,
the option to cascade two extractor together so as to
handle much higher power is being studied, too.

4  TE11 TO TE01 AND TE11 TO TE12 CONVERTER

In DLDS, the TE11 mode has to be converted back to TE01

mode so that it can be extracted efficiently. The
"Serpentine" style structure is adopted[10]. The radius of



the circular waveguide keeps constant, but the axis of the
propagation is deformed as a sinusoidal wave shown in
Fig. 3(a). The diameter of the waveguide is 20mm, the
amplitude of the sinusoidal deformation is 2.33m, and the
one periodical length is 80.4mm. The conversion
efficiency can be better than 99.5% when four periods
cascaded together. Here, We reproduced the SLAC
design[11]. An novel idea has been proposed which can
simplify the manufacture, that to cut the waveguide
slantingly and then weld them in a right way, as shown in
Fig. 3(b). With the slant angle chosen properly, the TE11

to TE01 conversion efficiency can be better than 99%.
That can be a hopeful candidate in 2×2 DLDS scheme. A
primary design has been confirmed by HFSS. Efforts are
still continuing for further improvement in the
performance.

(a)

(b)

Figure 3: Solid model of TE11 to TE01 mode converters.

In order to reduce the resistive loss in long distance
transmission, theTE11 mode are converted to the low loss
TE12 mode in the circular waveguide. So TE11 to TE12

converter is needed. The structure with rippled
diameters[12] has adopted. The radius of the waveguide
varies longitudinally as sinusoidal wave. To avoid the
conversion between TE01 and TE02, the diameter of the
waveguide is chosen to vary from 50.2mm to 57.8mm.
Nine wave periods are needed. The design procedure is as
follows: the S-matrix of one period is calculated by
HFSS, then the S-matrix of the nine periods structure is
got by cascading the S-matrix of single period given by
HFSS. Optimization is done on the length for one period.
We found that when the length of one period is 64mm,
the converter has the highest efficiency. Then, the whole
structure is modeled with HFSS, it's confirmed that more
than 99.6% of the power of TE11 mode will be converted
to TE12 mode after it goes through the converter. Fig 4. is
the HFSS solid model. In HFSS calculation, only 1/4
solid model is needed due to symmetry.

The diameters of waveguides in the above
components differ from each other, so tapers are needed
to connect them. Tapers are also designed by HFSS. Since

the variation of diameter is not very large, the simple
linear transition of waveguide diameter is feasible to
achieve transmission efficiency better than 99.5%.

Figure 4: Solid model of the  TE11 to TE12 converter.

5  TEST UNIT OF 2×2 DLDS

To verify the principle of multi-mode 2×2 DLDS, a test
unit is proposed and studied. This unit includes the mode
launcher, the TE01 extractor and the TE11 to TE01

converter. Fig. 5 is the schematic layout of the unit.

Figure 5: Schematic layout of 2×2 DLDS unit.

Due to the computer memory limit, we only simulate
the performance of the system consisting of the TE01

extractor, the TE11 to TE01 converter, as well as the tapers
between them. Fig. 6 showes the electric filed pattern
propagating in the system.

(a) TE01 mode input from left.

(b) TE11 mode input from left.

Figure 6: Electrical field patterns in the test unit.



The power of TE01 mode is extracted to a parallel
waveguide with efficiency better than 96% as shown in
Fig. 6(a), while the power of TE01 mode goes through the
extractor directly and then is converted to again to TE01 as
shown in Fig. 6(b). The transmission efficiency is better
than 95%. With the wall loss taken into account, it's
expected that the transmission efficiency in DLDS can be
better than 90%. All the above components are being
manufactured. The low power test will be done soon.
Then the performance of each component, as well as the
whole system will be measured.

An absorber is needed at the end of the test unit to
absorb the residue power. It's also designed with HFSS.
The 1/2 solid model is shown in Fig. 7.  A recycled
product of SiC is put concentrically in a 20mm circular
waveguide. HFSS results show that 99% of incoming
power of both TE01 and TE11 modes can be absorbed. To
check its sensitivity of performance to the assembly
errors, a 1mm displacement of the SiC from the axis of
the waveguide is assumed and then simulated, the
efficiency of absorption is still higher than 99%.

Figure 7: 1/2 solid model of absorber.

The experiment to test the stability of TE12 mode
transferring for long distance and its sensitivity to all
kinds of error is being planed.  The main purpose is to
measure the purity of TE12 mode in a 55m long, diameter
equal to 4.75 inches waveguide. The experiment needs an
TE11 launcher and the TE11-TE12 converter. TE11 mode in
circular waveguide can be converted from TE10 mode in
rectangular waveguide, the converter, whose main part is
the smooth taper from the 22.86×10.16mm rectangular
waveguide to the 50.2mm circular waveguide, is designed
by HFSS. Fig. 8 is the 1/2 solid model of the launcher.
The conersion efficiency is better than 99.2%. The
experiment will be done in KEK in near future.

Figure 8: 1/2 solid model of TE11 launcher.

6  CONCLUSION

The main components have been designed using HFSS
code. According to HFSS result, the power transmission
efficiency in the components can at least meet the
requirement of DLDS at low power, so the DLDS
principle works. A low power test facility will be setup in
KEK, and the components will be manufactured
according to the HFSS design. The performance of the
components as well as the principle of the DLDS will be
test experimentally in near future. Meantime, the
experiment to study the mode stability after long distance
microwave transmission in DLDS is being developed.
Improvement on the design of components of DLDS for
high power test, or practical use is continuing.
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Abstract

High current and stringent restrictions on beam losses
in the designed linac and storage ring for the Spallation
Neutron Source (SNS) require clean and fast – with the
rise time from 2% to 98% less than 2.5 ns – beam chop-
ping in the linac front end, at the beam energy 2.5 MeV.
The development of new traveling-wave deflecting cur-
rent structures, based on meander lines, for the SNS fast
chopper is discussed. Three-dimensional time-domain
computer simulations with MAFIA are used to study
transient effects in the chopper and to optimize current
structure design.

1  SNS CHOPPER SYSTEM

The SNS is a next-generation pulsed spallation neutron
source designed to deliver 1 MW of beam power on the
target at 60 Hz in its initial stage [1,2]. It will consist of a
1-GeV linear H– accelerator and an accumulator ring. The
SNS storage ring accumulates the linac beam during a
few hundred turns (a macropulse, about 1 ms) using H–-
injection through a carbon foil. The beam injected into the
ring is stacked into a single long bunch, and the linac
macropulse must be chopped at near the ring revolution
frequency 1.188 MHz to provide a gap required for the
kicker rise time during a single-turn ring extraction. The
final clean beam chopping in the linac is to be done in the
Medium Energy Beam Transport (MEBT) line.

The MEBT transports 28 mA of peak beam current
from a 2.5-MeV 402.5-MHz RFQ to a drift-tube linac. A
0.5-m space is allocated for the chopper that deflects the
beam into a beam stop during the 35% beam-off time.
The chopper parameters are summarized in Table 1.

Table 1: MEBT Chopper Specifications
Parameter Value Comment

Beam energy 2.5 MeV β=0.073
Length ≤0.5 m shorter is better
Gap ≥1 cm adjustable
Pulser voltage ±900 V currently achievable

with FETs
Deflection angle 18 mrad
Chopping period 841 ns
Duty factor 35 % 65 % beam on
Rise / fall time < 2.5 ns 2–98 % (final goal)

To mitigate the effects of a partial chopping or small
errors in the timing system, an identical “anti-chopper”
will be placed in the MEBT line at an optically symmetric
point from the chopper to return uncollimated beam to the
axis. The preliminary chopping stage in the Low Energy
Beam Transport (LEBT) line, at 100 keV, see [2], is in-
troduced to reduce the beam power deposited at the
MEBT beam stop. While the LEBT electrostatic chopper
system has much slower rise and fall times (tens of ns)
than the MEBT one, it is easier to absorb the bulk of the
chopped beam at the low LEBT energy.

At any given moment as the beam passes through the
MEBT chopper, there are about ten bunches along the
chopper length. Even with an “ideal” pulse generator, the
only way to avoid partially chopped bunches is to apply a
traveling-wave current structure. The deflecting electric-
field pulse fills the chopper with the phase velocity along
the beam path matching the beam velocity and propagates
together with the beam. The bunches following the pulse
front are fully deflected while those ahead of the front are
not disturbed. Providing the field-pulse front (and its end)
shorter than the bunch-to-bunch spacing (2.5 ns, or about
5 cm) is the most challenging requirement to the chopper
system. As an initial goal, the rise/fall time below 5 ns is
acceptable; it will lead to one partially chopped bunch at
the front and the end of each chopper pulse.

2  CHOPPER CURRENT STRUCTURE

2.1  Coax-to-plate LANSCE chopper

A traveling-wave chopper for H± beams at 750 keV [3]
has been working successfully for many years at LAMPF
(now LANSCE) in Los Alamos. It provides the rise time
of about 7 ns, mostly due to the pulse modulator. The
coax-plate current structure itself is capable of providing
a pulse front about 2-3 ns with an overshoot on the 10%
level ringing for a few ns. The 1-m long structure consists
of two parallel plates, each interfaced with many small
strip segments connected with coaxial cables on the re-
verse side of each plate to form a continuous circuit along
the structure, see Fig.1.

The voltages on the upper and lower plates are syn-
chronized and have opposite signs so that the resulting
vertical electric field deflects the beam that travels be-
tween the plates. The structure rise and fall time limita-



tions are caused by stray capacitance between the seg-
ments and by multiple coax-to-segment transitions.

Figure 1: Photograph of traveling-wave current structure
used in the LANSCE beam chopper.

2.2  Meander-line current structure

A new current structure based on a meander line with
separators (Fig.2) has been proposed [4]. A strip trans-
mission line forms the meander, which works as a slow-
wave structure. The strip itself can be either straight or
notched, as the one shown in Fig.2.

Figure 2: 1/4-length MAFIA model of meander current
structure: notched meander strip line (blue) above the
ground plate (green) with separators (red), cf. Fig.3. Only
the lower plate is shown. The arrow indicates the beam
path in the upper plane of the box drawn.

The line parameters are adjusted to provide the line
characteristic impedance 50 Ω. The meander bends are
chamfered to avoid pulse reflections. The separators (or
guard barriers) rising from and electrically connected to
the ground plane are used to reduce the coupling between
the adjacent sections of the meander line, see in Fig.3.
The new design has no multiple coax-to-plate transitions
and is easier for manufacturing.

A proper ratio of the meander period to its width pro-
vides the required phase velocity of the voltage pulse, v =
βc, along the beam direction. For a straight strip, the me-
ander width transverse to the beam is simply b =
(w+g)(1/β-1), where w is the strip width and g is the gap
width between the adjacent strips.

g r o u n d  p l a n e

s t r i p
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Figure 3: A partial vertical cut in the beam path plane of
the meander current structure: the separator is inserted
between two adjacent pieces of the transmission line.

3-D time-domain modeling with the electromagnetic
simulator MAFIA [5] has been used to study transient
effects in the current structure. The simulations [4] used
MAFIA version 3.20 package. Essentially, it was done
similar to S-parameter calculations: the strip TEM wave
was loaded into the structure, and the voltages and the
electric fields on the beam path were recorded as it
propagated along the chopper. This approach required
additional calculations of the 2-D eigenmodes at the en-
trance and exit ports. And these ports themselves had to
be artificially introduced to simulate waveguides con-
nected to the structure. The time dependence of the TEM-
wave amplitude can be chosen as required. We used ei-
ther harmonic signals at a fixed frequency to analyze fre-
quency response, or step-function pulses to study the rise
and fall times. In the last case the step was smoothed by
sin2 for about 0.1 ns to filter out very high frequencies.
The same smoothing was applied to finite-length pulses.

It was shown [4] that even without separators, the me-
ander structure has a rise time 2–2.5 ns; with separators it
can be reduced down to 1–1.25 ns, depending on the
separator height, see Fig.4. The structure fall time was
found to be about the same as the rise time. High separa-
tors, however, reduce the effective field on the beam path
by 10–20% depending on their height hs, cf. Fig.4.
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Figure 4: Vertical electric field, in arbitrary units, at a
fixed point on the beam path versus time in the half-
length meander structure with separators hs = 2h (solid),
hs = h (dash-dotted), and without them (dotted). The volt-
age amplitude is the same for all cases.



2.3 Simple prototype test

To check our simulation results, a very simple model
structure with a straight-strip meander line on a printed-
circuit board (PCB) has been manufactured at LANL. The
PCB with the meander on its bottom surface was placed
on 1.25-mm barriers-separators sticking out of the alumi-
num ground plane, see Fig.5. The prototype length is 12.5
cm. Obviously, the presence of the dielectric introduces
some additional dispersion, and it will stretch the voltage
pulse front and end. Nevertheless, this prototype was cho-
sen because of manufacturing simplicity.

Figure 5: Photograph of the prototype structure: straight-
strip meander line on PCB (left) and ground plate with
separators (right).

Corresponding MAFIA time-domain simulations have
been performed for the prototype structure taking into
account the dielectric properties of the PCB material. The
transient effects in the prototype have been measured with
a TDR and were found to agree well with the MAFIA
calculations, with all transitions within a 2-ns range, see
Fig.6. Some small differences in the pulse shape in two
pictures are due to stronger high-frequency components
(tens of GHz) in calculation results. Clearly, these very
high frequencies have been filtered out in the experimen-
tal setup by wires and connections.

Figure 6: The voltage pulse front in the prototype struc-
ture: TDR measurements (top) and MAFIA simulations
(bottom).

2.4  Notched-strip meander line

 Our early work [4] dealt mostly with straight-strip me-
ander structures. Using a notched strip line in the meander
instead of a straight one has some advantages. First, the
notches provide an additional inductive load that slows
down the wave along the strip. A notch of depth d and
width a≤h adds the inductance L1=(π/2)µ0hd2/w2 [6]. In a
first approximation, the capacitance per unit length C’
remains the same as for the straight strip, i.e. C’ ≈
C’0=ε0w/h, while the inductance increases from
L’0=µ0h/w to L’=µ0h/w +2L1/p, where p is the notch
spacing period. Then we estimate the phase velocity vph=
1/(L’C’)1/2 and adjust the impedance Z=(L’/C’)1/2 to be
50Ω. The ratio vph/c ≈ (L’0/L’)1/2 depends on the notch
depth and the number of notches per unit length. For ex-
ample, the TEM wave propagates along the notched strip
shown in Fig.2 and Fig.7 with the phase velocity about
0.75c.

Figure 7: One quarter of the full-length MAFIA model
for the notched-strip meander current structure with sepa-
rators (red lines): 2-D cross section in the strip plane, cf.
Fig.2. All dimensions are in meters.

Figure 8: Details of Fig.7 (upper left corner) with mesh
lines shown.



As a result, we need a smaller number of bends in the
notched-strip meander and can use wider strips for a fixed
meander width. The larger ratio of the strip width w to the
strip-to-strip gap width g increases the structure field effi-
ciency. For the meander in Fig.7, the notched-strip width
w is 8 mm compared to 5 mm for a straight line. The me-
ander width transverse to the beam is about 11 cm, h=1
mm and g=2 mm in both cases. In addition, the notches
also reduce the magnetic coupling between adjacent strips
since the wave magnetic field is concentrated closer to the
strip center. Our recent efforts [7,8] have been directed
toward optimizing the notched-strip design.

In modeling the full-length structure, the detailed mesh
– like the one in Fig.8 – included up to 3 millions mesh
points. Most of our MAFIA computations have been per-
formed on SUN workstations Ultra-1 and Ultra-2. In ear-
lier simulations [4] with MAFIA 3.20 we needed to load a
pre-calculated TEM-mode into the structure. The MAFIA
version 4 [5] allows simply to feed the strip with a volt-
age from a filament with some RLC-parameters, which
connects the strip to the ground plate. The voltage can be
an arbitrary function of time. We have used voltages pro-
filed as either step-functions (smoothed by sin2 to filter
out very high frequencies) or as finite-length pulses. As
the voltage pulse propagates along the structure, the elec-
tric field on the beam path is recorded. As an example,
Fig.9 shows the deflecting field created by a voltage pulse
with 1-ns sin2 front, flat top at 1 kV for 3 ns, and 1-ns sin2

end, in the full-length 50-cm model of the type shown in
Figs. 2, 7 and 8. Such a pulse would kick out exactly two
linac bunches.

Figure 9: Deflecting field on the beam path versus time
and position in the notched-strip meander structure for a
1-3-1-ns 1-kV driving pulse.

As the pulse propagates, its shape is slightly distorted
by developing an overshoot. However, the pulse front and
end both remain well within 2-ns range, see also Fig.10.

Cross-sections of the surface plot in Fig.9 for a given
position x along the structure show the time dependence
of the field at this location, see Fig.10, left. The develop-
ment of the overshoot is clearly visible for the pulse in the
middle and near the structure end. Straight-strip meanders
produce slightly larger pulse distortions [7], as one can
see in Fig.10, right. The same driving voltage pulse was
used for simulations in both cases. Comparison of the
pulse amplitudes in Figs.10 (also Figs. 11) confirms that
the notched-strip meander provides slightly higher field
efficiency than the straight-strip one.
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Figure 10: Deflecting field versus time in 3 different points on the beam path in the notched-strip (left) and straight-strip
right) meander structures.

Cross-sections of Fig.9 taken at given time t produce
snapshots of the deflecting field as shown in Fig.11, left.
Small wiggles on the pulse tops are due to differences of
the field in points above the middle of the strip and above
the separators. In fact, these field variations will even

help to spread the deflected beam slightly on the beam
stop. A similar picture for the straight-strip meander is
plotted in Fig.11, on the right side. The number of wig-
gles in this case is larger because the structure has a



shorter period along the beam axis, w+g=7mm, compared
to 10 mm for the notched-strip meander.
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Figure 11: Snapshots of the deflecting field on the beam path in the notched-strip meander structure (left), cf. Fig.9, and
in the straight-strip meander structure (right).

While Fig.11 presents only three “snapshots” of the
field pulse shape, it is relatively easy to produce a movie
showing how the pulse propagates along the structure. It
can be done by recording a large number (a few hundred)
of frames – similar to those in Fig.11 – separated by short
time intervals. The MAFIA postprocessor provides such
an option for video recording; however, the correspond-
ing movie file is extremely large. We found a more con-
venient way to keep this information: recording the
MAFIA movie from the screen (we use an X-windows
emulator on PC) with a simple PC utility Hypercam pro-
duces a very compact avi-file, which can be played later
with any media player.

Our design optimization [7,8] leads to the notched-
meander structure shown in Figs.2, 7 and 8. Starting from
initial analytical estimates for the geometrical parameters,
we used MAFIA simulations to adjust the line character-
istic impedance and the pulse phase velocity along the
beam. The notches are 3-mm deep, 1-mm wide, and
spaced by 4 mm. Additional 2-mm deep notches on the
bends have been introduced to eliminate pulse reflections.
To increase the effective field on the beam path without
increasing the rise time, the profiled separators have been
introduced: they are low (i.e., flush with the strip line) in
the middle, near the beam axis, and higher near the sides,
see Figs.2-3.

3  CONCLUSIONS

A new current structure based on a meander line has
been developed. The 3-D time-domain modeling shows
that the structure is capable to provide the rise and fall
times on the order of 1 ns. Further simulations will in-
clude more engineering details like mechanical supports,
as well as beam dynamics and PIC-simulations. Manu-
facturing of the full-length prototypes and their measure-
ments are also planned.

The voltage generator development for this fast chop-
per remains an important and challenging issue. We will
proceed with the proof-of-principle pulser design using
currently available technology, while continuing to work
with manufacturers on development of faster powerful
FETs.
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Abstract

XOOPIC [1] (Object Oriented Particle in Cell code for
X11-based Unix computers) is presently a serial 2d 3v
particle-in-cell plasma simulation. This effort focuses on
using parallel and distributed processing to optimize the
simulation for large problems. The benefits include in-
creased capacity for memory intensive problems, and im-
proved performance for processor-intensive problems.

The MPI library enables the parallel version to be easily
ported to massively parallel, SMP, and distributed comput-
ers. The philosophy employed here is to spatially decom-
pose the system into computational regions separated by
“virtual boundaries”, objects which contain the local data
and algorithms to perform the local field solve and particle
communication between regions. This implementation re-
duces the impact of the parallel extension on the balance of
the code.

Specific implementation details such as the hiding of
communication latency behind local computation will also
be discussed, as well as code features and capabilities.

1 GOALS FOR PARALLEL XOOPIC

XOOPIC has been successful as a single-processor code,
and is able to simulate many interesting devices includ-
ing relativistic klystron oscillators, electron guns, DC dis-
charges with gas chemistry, plasma display panel cells,
and highly relativistic beams in accelerators. However,
particle-in-cell simulations are very computationally inten-
sive, and on a single processor, some problems may take
months to complete. The goals, therefore, for parallel
XOOPIC are:

� Reduce run-times for large, complex simulations from
weeks to days.

� Distribute memory demands across machines, allow-
ing larger simulations than possible otherwise.

� Cross platform portability (networks of workstations,
massively parallel machines, and SMP machines).

� Identical usage and feature set for parallel and non-
parallel versions of XOOPIC, and largely shared
source code.

� Complete source code availability to the general pub-
lic.

2 PARALLELIZATION STRATEGY

The strategy for parallelization of XOOPIC is a coarse-
grained spatial decomposition of the physical model into
computational regions, as shown in Figure 1. Each compu-
tational region has its own mathematical mesh and particle
arrays. A coarse-grained partitioning as shown has advan-
tages over other partitioning strategies: in order to update
the electromagnetic fields on the mesh points, it is neces-
sary to know the fields on neighboring mesh points. If the
neighboring mesh points are on other CPUs, communica-
tion is required between CPUs, and typically, communica-
tion is slower than computation on a parallel machine. In
a block-cyclic decompositioning, for example, many more
mesh points would have to have non-local data communi-
cated in order to update fields, than would with a coarse-
grained partitioning.

A sample partitioning

Computational partitions

Physical model

Computational region

Figure 1: Example of partitioning a model into computa-
tional regions.

Another advantage of coarse-grained partitioning is re-
use of code. Boundaries of the computational regions are
treated as boundary conditions. Therefore, the special case
of updating the fields on a computational boundary may
be encapsulated in a new boundary condition called Spa-
tialRegionBoundaries (SRBs), minimizing the number of
modifications to the existing, already tested non-parallel
version of XOOPIC.

Coarse-grained partitioning also allows ready identifi-
cation of mesh points with only local dependencies: i.e.,
mesh points which require no data from remote CPUs to
update. These “interior” mesh points may be updated while
data from other CPUs is transmitted, allowing useful work
to be done while messages are in transit. This is an impor-
tant optimization to perform if parallel resources are to be
used efficiently, and has been done in parallel XOOPIC, as
shown in Figure 2.
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Figure 2: Hiding communication time behind local compu-
tation.

Particles also require field data in order to update their
positions. Communicating field data every time a parti-
cle needed it would be a fatal mistake if performance were
a consideration. However, particles only need field data
from adjacent mesh points, so if particles are assigned to
the same CPU on which the fields it needs reside, com-
munication is not required to update their positions. The
exception to this is when particles cross from one region to
another: in this case, the particle data is communicated to
the destination CPU. In XOOPIC, particles are distributed
this way, so that the fields are nearly always local, but it
is not possible to easily identify which particles will cross
an SRB. This is unfortunate, because it makes another op-
timization difficult: if crossing particles could be identified
early enough, they could be moved first, communicated to
their destination, and while the data was in transit, parti-
cles needing only local fields could be updated (see Faster
implementation, Fig. 2).

XOOPIC at present uses the Faster implementation for
the fields, and the Slower implementation for the particles.

Coarse-grained partitioning strategies lend themselves to
the use of parallel libraries such as MPI [2] (Message Pass-
ing Interface) or PVM (Parallel Virtual Machine). The MPI
library in particular is widely portable and gives good per-
formance, and is the library used for parallel XOOPIC.
Other tools for parallel programming exist, such as split-
C and High Performance Fortran, but these require special

compilers which are often not freely available on platforms
of interest. Use of the split-C and HPF compilers would
also require extensive modifications to the XOOPIC code.

3 SPATIAL REGION BOUNDARIES

As remarked above, much of the work in parallelizing
XOOPIC is encapsulated in a special boundary condition:
the Spatial Region Boundary (SRB). Figure 3 shows the
fields on the mesh near and on an SRB. SRBs are cre-
ated in linked pairs, with each virtual boundary (a boundary
defining a computational region, not a physical boundary)
requiring two SRBs, one per computational region. Each
SRB is responsible for sending and receiving the necessary
fields and passing and receiving particles which cross them.

In order to compute the field components correctly on
the SRB (the fields in the dotted box), the field components
external to the region must be communicated to it (the fields
lE1, lE2, lE3, lB1, lB3, and the currents, J1 and J3, which
are in the same locations as E1 and E3 respectively).

Region interior

Region exterior

SpatialRegionBoundary

E3

lE3 lE3

E3

B2

E1

lE2 lB1 lB3

Fields the virtual
boundary needs to
calculate

lE1

∆ x

∆ y

Figure 3: Fields on and near a horizontal Spatial Region
Boundary.

The field solve on the boundary is actually a three-step
process: lE1, lE2, and lE3 from the region exterior are used
to update lB1 and lB3, which are stored in the SRB. E1 and
E3 on the SRB are then computed using the updated ghost
values of lB1 and lB3. B2 on the SRB is updated using the
updated E3s on the SRB by the interior field solve. It is
only necessary for the SRB to set E3 properly. These are
the computations performed by the SRB shown in Figure
3:
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�t

2�y
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��x
� J3

�
(4)

where J1 and J3 are current densities from particle mo-
tions, �t is the simulation time step, and the subscripts
j � 1, j + 1,k � 1 are mesh point indices. The update
of B is split into two phases, a half-update of B, an update
of E, and another half-update of B: this scheme achieves
2nd order accuracy for the field solve, and makes E t and
Bt available for the particle update. This is the reason for
the use of �t=2 in the update of B. Note that the both of
the paired SRBs are redundantly calculating the fields on
the SRB itself, to avoid the necessity of having to commu-
nicate the result.

XOOPIC tracks the trajectories of particles, and when
particles cross boundaries, they are removed from the sim-
ulation and given to the boundary for disposition. Conduct-
ing boundaries simply remove the particles, and dielectric
boundaries may collect the charge of the particles on them.
SRBs, when given particles, transfer them to the paired
SRB on the CPU which is handling the adjacent computa-
tional region, and completes the particle update, so that the
particle motion continues unperturbed through the SRB.

Figure 4 shows a flow diagram for the XOOPIC code
which details when the SRBs send and receive messages.
In step 1, XOOPIC updates all the particle positions. Par-
ticles which are crossing virtual boundaries are identified
by the fact that they intersect an SRB. At the end of this
stage, when all the particles have been moved, the SRB
sends crossing particles to its counterpart SRB (msg #2).
When this message arrives (the dashed arrow), the SRB
places any particles sent to it into the simulation (step 2.)
Also in step 2, boundaries which emit particles (such as
secondaries, a thermionic cathode, or a beam of particles)
place their particles in the simulation.

When step 2 is completed, the field solve may begin. The
current density, J, is required for the field solve, and cannot
be computed until all particle positions are updated: it is
when the particle positions are updated that the current due
to particle motion is calculated. The first step of the field
solve (step 3) is for the SRBs to communicate fields to their
counterparts. A message is sent (msg #1) which contains
the necessary field components. Computation is immedi-
ately begun on updating fields interior to the computational
region, which proceeds while msg #1 is in transit, since
those fields do not depend on external data. If computation
reaches the “Boundary” stage before msg #1 has arrived,
execution will halt until it arrives. Whether time is wasted
or not depends on the comparison of the time it takes to up-
date all interior points (T ) and the time it takes to transmit
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Figure 4: Flow diagram for parallel XOOPIC.

and receive the message (t). If t > T , time is wasted. T
and t are both highly dependent on the specific CPU and
parallel architecture, and on the ratio of boundary points to
interior points. In general, performance is best when there
are many more interior points than boundary points.

4 PRESENT STATUS OF PARALLEL XOOPIC

Parallel XOOPIC is presently available to the general
public at http://ptsg.eecs.berkeley.edu/xoopic/xoopic.html.
The parallel version has these additional features over the
non-parallel version:

� Partitioning in either x or y direction. Partitioning in
both simultaneously is implemented but not tested.

� Parallel electromagnetic field solve.

� Parallel particle push.

� Particle passing across virtual boundaries.

� Automatic partitioning of a given model.

� Diagnostics by computational region.

Parallel XOOPIC has been tested on a well-load-
balanced case on several SMP machines, and on a single-
processor DEC Alpha. Near-linear speedup or even super-
linear speed up has been observed (Figure 5). In particular,
2 CPUs on a 4-CPU Pentium Pro machine performed more
than twice as well as 1 CPU. This may be due to the larger
amount of cache available. The two 8-processor runs ex-
hibit the difference between the GNU g++ compiler and
the proprietary Sun compiler on an Ultra Enterprise 5000.
940,000 particles were used in all tests, so the 8-CPU tests
had roughly 120,000 particles per CPU.

The parallel version (as of XOOPIC 2.51) has these
shortcomings:
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Figure 5: Parallel XOOPIC displays near-linear scaling
with number of CPUs.

� No electrostatic models work.

� Dielectric triangle objects are not split correctly across
regions.

� Beam emitter boundaries cannot be split by virtual
boundaries.

� Particles see nearest-grid-point B3 near SRBs rather
than linearly weighted B3.

5 FUTURE WORK

Efforts to extend parallel XOOPIC are ongoing. Areas be-
ing worked on include:

� Fixing identified bugs.

� Checkpointing of simulations to allow recovery of
data should XOOPIC be interrupted.

� Improved diagnostics.

� A parallel Poisson solve, so that electrostatic models
may be treated.

� Dynamic load balancing, for best use of parallel re-
sources.

� Elimination of the need to wait for the particle update
to complete before identifying which particles must be
communicated.

� Extension of XOOPIC to 3-dimensional models.

Checkpointing of simulations is an important capability.
Parallel machines have a statistically increased probability
of hardware failures, simply because there are more com-
ponents which may fail. Having the simulation preserve
its state to disk may allow recovery of most computation:
only the computation done since the last checkpoint would
be lost.

Implementation of the parallel Poisson solve is under
way, using the the PETSc library [3] with BlockSolve95
[4]. This will allow parallel electrostatic models as well as
electromagnetic models. Completion of the parallel Pois-
son solve is anticipated by early 1999.

Elimination of the need for the particle update to com-
plete and dynamic load balancing are performance op-
timizations which will extend the usefulness of parallel
XOOPIC. Presently, scalability to many CPUs is limited:
all computation must wait for the particles to be trans-
ferred between SRB pairs, and no dynamic load balancing
is done. Efficient use of parallel resources thus requires
some planning on the part of the user at present: the type
of auto partitioning used can ensure good load balancing,
and for some models, reasonable load balancing may not
be possible. Dynamic load balancing will improve matters
by distributing workload at runtime.
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Abstract

Without collisions, the largest contribution to the beam life-
time in LEP is Compton scattering off thermal photons.
Even if only a few particles are scattered in a single pass,
the potential background generated could make this effect
important for the NLC as well. We used a modified version
of the tracking program DIMAD, which includes a Monte
Carlo simulation for the Compton scattering on thermal
photons, to calculate the fraction of scattered particles that
are intercepted by downstream aperture restrictions and to
determine the loss locations. We also studied particle losses
due to other scattering processes. For all processes, the ef-
fect of additional collimators in the final focus was investi-
gated.

1 INTRODUCTION

Without collisions, the largest contribution to the beam life-
time in LEP is Compton scattering off thermal photons.
The effect was predicted by Telnov [1]. The backscat-
tered photons were measured [2], they were observed also
at HERA [3]. The beam lifetime measured at LEP is in
good agreement with the simulated effect of scattering on
thermal photons. The typical energy loss induced by this
`inverse' Compton scattering increases in proportion to the
beam energy. Even if only a few particles are scattered in a
single pass, the potential background generated could make
this effect important for the NLC. Assuming a typical pho-
ton energy, in the Zeroth Order Design Report (ZDR) [4]
we estimated that about 36 particles per bunch train would
scatter over a distance of 2 km, the length of the final focus.
If this number is approximately correct, the Compton scat-
tering on thermal photons could become a significant (and
unavoidable) background source for the NLD detector.

We give the basic formulae describing the thermal-
photon scattering and improve our previous crude estimate
of the effect, by numerically integrating over the actual
photon energy and angular distributions. We then use a
version of the tracking program DIMAD [5], which was
modified at CERN [6] and SLAC, and which includes a
Monte Carlo simulation for the Compton scattering on ther-
mal photons [7], to calculate the fraction of scattered parti-
cles that is lost and to determine the loss locations.

In Section 3, we employ the same version of DIMAD
to study particle losses caused by two other scattering pro-
cesses, namely by elastic and inelastic beam-gas scattering.
Also here we discuss the total number of lost particles and

�Work supported by the U.S. Department of Energy under the contract
DE-AC03-76SF00515.

their distribution. The effect of elastic scattering on atomic
electrons is also estimated.

2 SCATTERING ON THERMAL PHOTONS

The total cross section [1] for Compton scattering of a
beam electron and a photon is
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with � the incident photon angle with respect to the beam
in the laboratory system, E the beam energy, and !0 the
incident photon energy. For x � 1 the total cross sec-
tion � is roughly equal to the Thomson cross section �0 =
8�r2e=3 = 6:65� 10�25 cm2.

The energy spectrum of the scattered photons (and hence
the energy loss of the electrons) is given by [1]
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where y = !0=E is the relative energy of the scattered pho-
ton, and r = y=(x(1� y)) � 1.

The energy loss spectrum extends between 0 and a max-
imum value ymax

0 � y � ymax =
x

1 + x
(4)

Only if x is sufficiently large can the scattered particles lose
enough energy to hit some aperture. This becomes more
likely the higher the beam energy and the higher the tem-
perature of the vacuum chamber.

In Fig. 1 the total Compton scattering cross section and
the maximum relative energy loss per scattering event are
depicted as a function of the beam energy. In the following
we always assume a beam energy of 500GeV, unless noted
otherwise.

The density and energy distribution of the thermal pho-
tons is given by the Planck formula:

dn =
!20d!0

�2c3�h3(e!0=kT � 1)
(5)

and the total number of photons per cm3 is n �
20:2 T 3 cm�3 [1] with an average photon energy of �!0 =
2:7kT . At 300 K, this is about 70 meV.



Figure 1: Total Compton cross section in units of the Thomson
cross section (—, �) the maximum relative energy loss for head-
on collision with a 0.07 eV thermal photon (- - -, squares), and the
average relative energy loss (� � �, triangles), all as a function of the
beam energy. The total cross section and the average relative en-
ergy loss were obtained by a Monte-Carlo simulation generating
10

5 scattering events.

We consider a beam of N particles propagating through a
distanceL. The energy distribution of the scattered photons
is obtained by integrating the product of cross section and
Planck spectrum over the solid angle and over all photon
energies [1]:

dN
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= NL

�Z
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1Z
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(6)

where the factor (1+cos�) accounts for the relative motion
of electron and photon.

The minimum photon energy is a function of y,

!min =
y m2

ec
4

4(1� y)E cos2 �=2
(7)

and, to integrate Eq. (6), one must express x in terms of !0
and � using Eq. (3).

Figure 2 shows the energy loss spectrum, dN=dy or
dN=d� (where � = y is the relative energy loss of the
electron), for N = 1012 particles, a total length L =
5 km, and three different beam energies. By integrating
dN=d� over �, we estimate a scattering probability of about
2:7� 10�14 m�1 per particle, so that that about 100 parti-
cles will be scattered per bunch train. A significant fraction
of these will suffer an energy loss large enough to hit some
downstream aperture.

Figure 3 compares the energy-loss spectra for thermal-
photon scattering with that for inelastic beam-gas scatter-
ing, assuming 10 nTorr of CO, both obtained from a Monte-
Carlo simulation.

To gain more insight, we have performed simulations us-
ing a special version of DIMAD developed for LEP [6]: We
tracked a few thousand particles through the NLC beam de-
livery system, with an optics as depicted in Figs. 4 and 5.
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Figure 2: Energy loss spectrum due to Compton scattering off
thermal photons The curves were obtained by numerical integra-
tion of Eq. (6). A beam pipe at room temperature was assumed.

Figure 3: Energy-loss spectrum due to thermal-photon scattering
(- - -) and inelastic beam-gas scattering (—).

The nominal number of NLC collimators was used : 4 hori-
zontal plus 2 vertical spoilers, and 8 horizontal plus 6 verti-
cal absorbers. They are adjusted to collimate at 5�x, 36�y ,
and 4% in energy. Table 1 lists more details, including the
locations of spoilers and absorbers in the collimation sys-
tem (the first 2:5 km of the beam line). The collimation pa-
rameters chosen agree with the prescription of the ZDR. In
order to explore the effect of additional collimation in the
final focus proper, we consider 6 optional absorbers, two
each for horizontal, vertical and energy collimation. Ta-
ble 1 lists parameters of these final-focus collimators. Their
locations are indicated in Figs. 4 and 5. For the three differ-
ent scattering processes (thermal photon scattering, elastic
and inleastic beam-gas scattering), we compare the particle
losses obtained without any collimation in the final-focus,
with all 6 final-focus collimators, and with only 4 trans-
verse final-focus collimators.

The DIMAD simulations predict about 117 � 2 scatter-
ing events per bunch train and 5 km distance. For 500GeV
beam energy, 51�1 (44%) of these particles are lost some-
where along the beam line. The loss distribution as a func-
tion of longitudinal position s is shown in Fig. 6. As can
be seen by comparing with Fig. 5, most of the scattered
particles are lost in the high dispersion regions of the col-
limation section and in the horizontal chromatic correc-
tion section (CCX) of the final focus. On average only



coll. half gap locationcollimator type
depth [mm] s [m]

collimators in the collimation system
IP 1, hor. spoil. (Ti) 5�x, 4% 2 383, 603
IP 1, vert. spoil. (Ti) 36�y 1.8 441
IP 1, hor. abs. (Cu) 5�x, 4% 2 499, 719
IP 1, vert. abs. (Cu) 36�y 0.75 509
IP 1, vert. abs. (W) 36�y 1.8 661
FD 1, hor. spoil. (Ti) 5�x, 4% 2 910, 1130
FD 1, vert. spoil. (Ti) 36�y 1.8 968
FD 1, hor. abs. (Cu) 5�x, 4% 2 1026, 1246
FD 1, vert. abs. (Cu) 36�y 0.75 1036
FD 1, vert. abs. (W) 36�y 1.8 1188
IP 2, hor. abs. (W) 15 �x 2.4 1431, 1652
IP 2, vert. abs. (Cu) 150�y 4.3 1490
FD 2, hor. abs. (W) 6 �x 1.2 1967, 2187
IP 2, vert. abs. (Cu) 40�y 1.1 2025

optional collimators in the final focus
hor. abs. at SX1 (2nd) 6 �x 3.6 4097
hor. abs. at QY2 (2nd) 5% 4.5 4630
vert. abs. at SY1 (2nd) 45�y 4.8 4715
hor. abs. at SI1 5% 4.5 4798
hor. abs. at QFT6 7 �x 3.3 5040
vert. abs. at QFT5 50�y 4.4 5056

Table 1: The collimators included in this study. The beam line
starts with the post-linac diagnostic section at s = 0m. The inter-
action point (IP) is at s = 5210m. The labels 'IP' and 'FD' refer
to collimators at the same betatron phase as the IP and the final
doublet, respectively.

2 � 0:3 particles are lost over the last 500m, primarily in
the quadrupole QFT6M (at 5041m), and also near Q2M,
the first quadrupole of the final doublet. At the latter place
only about 0:2 � 0:08 particles are lost per bunch train.
These particle numbers do not change dramatically with
beam energy: at 250GeV about 40 � 1 particles are lost
per train, and at 750GeV the number is 56� 1.

The simulations are performed with a version of DI-
MAD which correctly treats the transverse dynamics even
for large energy deviations. Figure 7 presents a result that
was obtained for identical conditions with the original DI-
MAD program that is accurate only to 2nd order in �. The
difference between Figs. 6 and 7 is small.

Figure 8 presents the results of simulations including
6 or 4 final-focus collimators, shown in the left and right
picture, respectively. In these two cases, about 66% of
the scattered particles are lost, compared with 44% in the
absence of final-focus collimation. But now, there are no
particles lost near the final doublet, whereas without final-
focus collimation the loss there was about 0.2 per train.
This suggests that the additional final-focus collimators
would be effective.

3 BEAM-GAS SCATTERING

3.1 Elastic Scattering

The cross section for elastic scattering (Mott scattering) is
given by [6]
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Figure 4: Horizontal and vertical beta functions in the NLC beam
delivery system. The locations of spoilers and absorbers in the
collimation system (the first 2:5 km) and possible locations in the
final focus proper (the last 1:8 km) are also indicated, along with
the respective collimation depths.
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Figure 5: Dispersion function in the NLC beam delivery system.
The locations of spoilers and absorbers for energy collimation are
marked as in Fig. 4.
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Integrated above some minimum angle �min the total cross
section is approximately
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A minimum angle determined by the screening due to the
atomic electrons is given by �min � �h=(pa) � 20 nrad,
with a � 0:22��c=�Z

1=3 and assuming Z � 7 (nitrogen,
or carbon monoxide molecules)1. The total cross section is
then �el � 10�23 m�2. At a CO pressure of 10 nTorr, this
translates into a scattering probability of 8� 10�9 m�1, or
4� 107 scatters per bunch train. The simulations show that
the particles scattered at angles below 1�rad are not lost.
Instead of 20 nrad, we thus assumed a limit �min = 2�rad,
for which the scattering probability is 8 � 10�13 m�1, re-
sulting in about 4000 scattering events per train. About
30% of these lead to a particle loss (1000 particles per

1The minimum beam divergence at the high beta points is much
smaller than this, only about 0:5 nrad.



Figure 6: Number of particles per bunch train lost due to thermal-
photon scattering at different locations along along the beam line.
Top: the entire beam-delivery system, bottom: the last 200 m
prior to the IP.

Figure 7: Same figure as Fig. 6 but calculated with the original
DIMAD program. The latter is chromatically correct only to 2nd
order in �.

train in the entire 5 km beam-delivery section). The loss
distribution is illustrated in Fig. 9. Most losses occur at the
spoilers and absorbers of the collimation section.

In Fig. 10 we depict simulation results obtained includ-
ing final-focus collimators. With or without these collima-
tors, there are no losses in the immediate vicinity of the
final doublet. The losses 150–200m upstream of the final
doublet are reduced by the additional collimation. The frac-
tion of scattered particles (at an angle larger than 2�rad)
which are lost is about 43%, a factor of 1.5 higher than
without final-focus collimation.

3.2 Inelastic Scattering

The differential cross section for inelastic scattering
(Bremsstrahlung) is approximately given by
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where NA is the Avogadro number, A the atomic mass, and

Figure 8: Number of particles per bunch train lost due to thermal-
photon scattering at different locations along along the beam line.
Left: with 6 additional final-focus collimators; right: with 4 final-
focus collimators.

Figure 9: Number of particles per bunch train lost due to elas-
tic beam-gas scattering at different locations along the beam line,
without final-focus collimation.
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the radiation length. The total cross section for scattering
with a relative energy loss larger than �min is given by [8]
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For �min = 1% and CO or N2 molecules, this cross sec-
tion is about 6 barn. At a pressure of 10 nTorr, the scat-
tering probability is 2 � 10�13 m�1. This corresponds to
1000 events per bunch train over 5 km. About half of these
(500 per train) are lost by hitting aperture or collimators,

Figure 10: Number of particles per bunch train lost due to elas-
tic beam-gas scattering at different locations along the beam line.
Left: with 6 additional final-focus collimators; right: with 4 final-
focus collimators.



and almost 20 � 3 hit apertures within 200m from the IP.
The simulated loss distribution is shown in Fig. 11.

Figure 11: Number of particles per bunch train lost due to in-
elastic beam-gas scattering at different locations along the beam
line, without final-focus collimation.

Figure 12 again shows the effect of final-focus collima-
tors. Also in this case, considerably more scattered parti-
cles are lost in the final focus than would be without final-
focus collimation. In total, about 80% of the particles scat-
tered with an energy loss above 1% are lost. Without final-
focus collimation this fraction was 58%. The final-focus
collimators do however reduce the number of particles lost
within 50m from the final doublet by roughly a factor of 2,
from about 10 to about 5 (note the different scale of the two
bottom pictures).

Figure 12: Number of particles per bunch train lost due to in-
elastic beam-gas scattering at different locations along the beam
line. Left: with 6 additional final-focus collimators; right: with 4
final-focus collimators.

3.3 Scattering on Atomic Electrons

If an electron scatters elastically on an atomic electron, in
the laboratory frame it can lose a significant fration of its
energy. The cross section for scattering on atomic electrons
is

d�

d�
= �2�r2enatomZ



�
1� 2� + 3�2 � 2�3 + �4

�2(1 � 2� + �2)

�

� �2�r2enatomZ

�2
(13)

where Z is the atomic number of the residual gas atoms,
na the number of atoms per molecule, re the classical
electron radius and � > 0. Integration yields the to-
tal cross section for losing an energy larger than �min:

� = 2�r2eZ)=�min). For example, with Z = 8 and
�min = 1%, the cross section is � = 8 � 10�28 cm2.
This would amount to only 0.1 scattered particles per bunch
train, a negligible effect. The energy loss � and the scat-
tering angle in the center-of-mass frame are related by
� = (cos �� � 1)=2. The scattering angle in the labora-
tory frame is

tan � =
1p
2

2
p
� + �2

1� 2�
(14)

As an example, for � � 0:1% the scattering angle would
be � � 44�rad.

4 CONCLUSIONS

In the 5 km long NLC beam delivery system, about one
thousand particles per train are lost due to elastic beam-gas
scattering and about five hundred due to inelastic beam-
gas scattering (Bremsstrahlung), assuming 10 nTorr aver-
age CO pressure. Of these particles, only about 10 and 20,
respectively, are lost over the last 200m prior to the IP.
These are 10 times more than the number of particles lost
by scattering on thermal photons, which are about 50 in
total, and 2 over the last 200m. At a vacuum pressure of
about 1 nTorr, the losses due to beam-gas scattering and due
to thermal-photon scattering would be equal.
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