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Abstract

An e*e~ collider designed to serve as a B factory requires a
luminosity of 3 x 10°3 em~2 s~1—a factor of 20 beyond that
of the best present collider (the CESR ring)—and thus presents
2 considerable challenge to the accelerator builder. To
optimize the experiment, it is necessary that the BE system
have a moving center-of-mass, which implies different energies
for the two beams (hence an “asymmetric” collider), This
feature dictates that a two-ring configuration be used.
Accelerator physics issues that arise in such a design are related
to the need to tightly focus the beams to a vertical beta
function on the order of 1 cm, to bring the beams from two
different rings into collision and then cleanly separate them
again, and © mask the detector region sufficiently to permit
measurements with very large beam currents passing through
the interaction region. In addition, the process of optimizing
the luminosity for asymmetric collisions breaks new ground

Because the luminosity is limited by the beam-beam
interaction, any large improvement must come from
considerably increasing both the beam current and the number
of bunches in the ring. These choices place many demands on
accelerator technology as well as accelerator physics. Vacuum
systems must be designed to handle the thermal load from a
multi-ampere beam of 8-9 GeV and to maintain an adequate
running pressure (below 10 nTorr) in the face of a large gas
load from synchrotron radiation induced photodesorption. An
RF system capable of supporting the high beam currents must
be developed. To reduce the growth of potentially strong
multibunch instabilities, the cavity higher-order modes
(HOMs) must be highly damped to Q £70. Even with a well-
optimized RF system, the high beam currents typically mean
that wideband multibunch feadback systems (both longitudinal
and transverse) are needed to maintain beam stability.
Effective approaches to deal with these issues have been
identified by the various B factory design groups, and
representative examples will be mentioned.

L. INTRODUCTION

There has been growing interest in the past several years
in the design of a high-luminosity e*e™ collider, operating at
the T(4S) resonance, to serve as a “B factory.” The primary
physics motivation for such a facility is to determine the
origins of CP violation. This phenomenon is expected to be
easily observable in the B system, and determining its origins
will provide a stringent test of the Standard Model. CP-
violation studies benefit considerably from having a moving
center of mass for the BB system, so an asymmeiric collider is
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preferred. The physics capability of such a facility is not
restricted solely to CP-violation studies; rich programs in rare
B decays, T spectroscopy, charm and tau physics, and two-
photon physics will also be available.

Although both dual-storage-ring [1~6] and linac-plus-
storage-ring [7] designs have been studied, the focus here will
be on the former configuration, storage-ring-based systems.

All presently active proposals have chosen this design

II. REQUIREMENTS

To study CP violation at the T(4S) resonance with an
asymmetric collider, a peak Iuminosity of 3 x 1033 ¢m=2 s-1
is needed {8]. The actual figure-of-merit.for the collider,
however, is not the peak but the integrated luminosity. This
is because the physics measurements require the study of an
abundant sample of B decays to obtain statistically significant
results. It is in this sense that we refer to the collider as a
The luminosity can be expressed in terms of the

appropriate collider parameters as [5]
Llem%1] =217 x 10 (1+ 1) [LE )

1.

where 1 is the total beam current (A), By is the vertical beta
function at the interaction point (cm), r is the beam aspect

ratio (6}/q?, i.c., 0 for flat, 1 for round beams), E is the beam
energy (GeV), and £ is the beam-beam tune shift parameter,
The subscript on the rightmost factor in Eq. (1) signifies that
it can be evaluated using the parameters from either the
electron (=) or positron (+) ring. The beam-beam tune shift
parameter is not really under our control, and the beam energy
is constrained by the need to run at the T(4S) resonance,
requiring that E,E_ =28 GeV2,

It is clear from inspection of Eq. (1) that a twentyfold
increase in luminosity compared with existing colliders
requires high beam currents and small beta functions at the
interaction point (IP). The requirement for low beta functions
leads to some practical difficulties. For example, Jow beta
functions are produced by strong quadrupoles, and these make
the chromaticity correction difficult. Moreover, to take
advantage of the low beta functions, there is a concomitant
need for short bunches, such that oy < B*. To produce the
short bunches takes a high RF voltage, and thus considerable
RF hardware. Taken together, these considerations imply a
practical limit corresponding to B, = 1-2 cm.

Because of the limitation from the beam-beam interaction,
that is, the limit on the maximum value of €, a large increase
in beam current implies the use of many more bunches than is
typical of today's colliders. (Clearly it is possible to put high
current in fewer bunches, but the single-bunch intensity is
limited by the transverse mode-coupling instability, and the
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beam-beam limit pushes the design towards an unreasonably
large emittance.) Given little maneuvering room, it is
reasonable for the designer 1o choose the number of bunches to
be sufficiently large that the parameters of a single bunch
remain relatively standard. This is the approach followed by
essentially all B factory design groups. Typical parameter
ranges for the designs considered here appear in Table 1.

Table 1
Typical B Faclory Parameter Ranges
Bammsater Value
Total current, [ (A) 1-3
Single-bunch current, I, (mA) 1-5
No. of bunches, kp 100-2000
Horizontal emittance, €x (nm-rad) 100
Bunch length, oy (cm) 1
Energy, E_/E. (GeV) 83.50r9/3.1
Luminosity, L (cm=2 s=1) 1-3 x 1033

I, PHYSICS CHALLENGES
The design of a high-luminosity asymmetric B factory
leads to physics challenges primarily in the areas of lattice
design and the beam-beam interaction. In the first area, the
issues are related to the production of low f, values, the
separation of the two beams, and the design of the masking
system. In the second area, the physics issues are centered
around the techniques for optimizing the luminosity for the

new parameter regime of asymmetric collisions.

Lactice Design

Low beta function. To provide the required luminosity, it is
necessary to produce low [, values, on the order of 1 cm,
without introducing excessive chromaticity into the lattice.
To accomplish this, the low-beta quadrupoles must be located
as close as possible to the IP, as shown in Fig. I for the
SLAC/LBL/LLNL design [5]. Although the permissible
chromaticity can only be determined by actual particle tracking
simulations, a good rule to apply is that B/sq should be less
than 100, where s() is the distance of the quadrupole from the
IP and § is the beta function at the quadrupole location. As
can be seen in Fig. 1, the low-energy beam (LEB) focusing
does not present a problem, but the high-energy beam (HEB)
is more difficult To locate the HEB quadrupole closer to the
IP, it is designed as a superconducting Panofsky-style septum
quadrupole. Equivalent design approaches with conventionat
magnets have been followed by other groups [2, 3, 4.
Because the LEB focusing quadrupoles are close to the IP,
they lie within the solenoidal field of the detector, This
restricts the choice of technology to either permanent magnets
or superconducting magnets. Solutions using one or both of
these lechnologies have been adopted by various designers. An
example of an interaction region layout based on

“superconducting magnets is shown in Fig. 2, taken from Ref.
‘_-{4]. In this case, the solenoid field is compensated by means

of “anti-solenoid” windings to avoid coupling the horizontal
and vertical beam motions. When using permanent magnets,

as in Fig. 1, coupling is compensated with skew quadrupoles
located outside the detector region. The placement and
dimensions of the low-beta quadrupoles are restricted by the
“deteclor stay-clear™ area, usually defined as a 300 mrad cone.
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Figure 1. Anamorphic plan view of a B Factory
interaction region for head-on collisions {5].

Figure 2. Configuration of a B factory interaction region
(for a non-zero crossing angle geometry) with

superconducting magnets [4].

Beamn separation. The technique used for beam separation in
an asymmetric B factory depends in large measure on the
design approach. For the commonly adopted head-on collision
case, the separation is accomplished by means of dipoles
located close to the IP followed by offset quadrupoles. The
separation dipoles could either be run in a symmetric or an
asymmetric configuration; the latter case, illustrated in Fig. 1,
is referred to as an “S-bend” geometry, The advantages of the
S-bend geometry are that it decouples the masking solutions
for the two rings, and it permits the synchrotron radiation fans
generated by the separation magnets to exit the interaction
region without creating severe background problems. It is
worth noting here that an S-bend layout of the type shown in
Fig. 1 lends itself well to being converted into a non-zero
crossing angle scheme (cf. Fig. 2) without major hardware
rearrangements.




Masking. A successful masking scheme must take into
account all sources of backgrounds, including synchrotron
radiation from the separation magnets and offset quadrupoles,
lost particles from beam-gas interactions, and lost particles
during injection [9). It is also important that the solution
adopted be insensitive to the details of the beam tail
distribution and to small displacements of masks, magnets,
and beam orbits. In general, backgrounds are never completely
understood, so it is desirable 1o aim for safety margins of more
like a factor of ten than a factor of two. It is good practice for
designers of high luminosity accelerators to have close
involvement with the detector users. The machine-detector
interface is one of the most crucial aspects of the machine
design, and the effort and care spent on it are evident in the
various design reports that are now available [1-5].

Beam-Beam Interaction

Choice of Tune Shifi. The beam-beam tune shift in the case
of an asymmetric collider has not been studied experimentally.
In the absence of such data, most design groups have taken
guidance from the existing body of data on symmetric
collisions [10]. It can be seen from such data that the beam-
beam tune shift parameter & lies in the range from 0.02 to
0.06 for present colliders. Because most machines have
reached § = 0.03, this value has generally been adopted by B
factory design groups as a prudent target figure. (The KEK
group {2] has adopted a larger tune shift value of 0.05, based
on their choice to use very short bunches, 0.5 cm.) Note that
this value is nor intended to represent a beam-beam limit, it is
merely a design parameter. To stay closer to the existing body
of knowledpe, head-on collisions are the initial design choice
of all but one group [4]. For each case, beam-beam
simulations are being carried out to demonstrate that the design
choice is a realistic one. Thus far, it is fair to say that no new
physics issues have arisen that are related to the asymmetry
itself.

Energy Transparency. At present, most designers have adopted
some set of conditions intended to make the asymmetric beam-
beam collisions behave similarly to the well-studied
symmetric case. The so-called “energy transparency”™
conditions postlated by Chin [11] reguire equality of beam-
beam parameters, beam sizes, tune modulation from
synchrotron oscillations at the IP, and damping decrements, A
= To/tsr. Thus, we choose parameters such that

Exs = Ex- and §ys = gy.-.

Cre = Ox - and Oy+ = Oy~

sl

e = A

TV
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Further constraints have been put forth by Krishnagopal and
Siemann [12) and these “equal tuneprint” conditions have been
adopted in some designs [2,4). The present view is that such

symmetrization attempts aré convenient (in the sense of
restricting the parameter space available), but may not be
entirely necessary. It is also unclear whether the restricted
parameters corresponding to the symmetry conditions
guarantes the optimum luminosity. It has been shown in one
case [5] that the effects of parasitic collisions intrinsically tend
to break the symmetry between the two beams anyway. This
aspect of the parameler optimization needs further work.

Crab Crossing. To permit & non-zero crossing angle while
avoiding the excitation of synchrobetatron resonances, it is
attractive to consider the possibility of crab crossing. This
scheme [13] involves the use of a transverse deflecting mode of
crab RF cavities, located at a phase difference of

Ad = (n £ 1/4) 2%

from the IP, o rotate the head and tail of the bunches such that
they collide head-on at the IP, but in a transversely moving
reference frame.

The voltage required to perform the rotation is given by

v, = (B
2x VB ®

For rypical parameters, V, is about 2 MV. Simulations done
to date [4,5] suggest that voltage and phase tolerances are
reasonable, so the technique should be viable. Nonetheless,
prudence dictates that a small crab angle, on the order of 10
mrad, is the best choice. Such an angle is sufficiently small
that it does not obviate the need for common quadrupoles for
the two beams, as shown in Fig. 2. It is clear that crab
crossing is a promising technique, though it has not yet been
tested. Because of the absence of separation dipoles, the
synchrotron radiation liberated near the IP is reduced with the
crab crossing scheme compared with the head-on case; this
should be of benefit in terms of detector backgrounds.

IV. TECHNOLOGY CHALLENGES

The physics issues discussed in Section I make certain
implicit assumptions about the hardware capabilities in 2 B
factory. For example, beam lifetime estimates assume that the
average pressure in the storage rings will remain below about
10 nTorr (N2 equivalent) despite the high gas loads associated
with possibly several amperes of circulating beamn. Similarly,
luminosity estimates assume that these high beam currents can
be supported without melting anything, The assessment of
growth times for coupled-bunch instabilities is based on the
ability to damp the dangerous HOMs of the RF cavities to Q
€ 70. Perhaps most importantly, we assume that the
integrated luminosity can be maintained, that is, that the
reliability of the components is such that the collider does not
“spend all of its time in the shop.”

In this section we discuss the technology areas where the
main challenges arise. These include the vacuum system, the
RF system, and the feedback system. It is worth commenting
here that some other items, such as the separation magnets
indicated in Figs. 1 and 2 (and the equivalent components in
each of the other interaction region designs), are nontrivial
design tasks as well.
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Vacuum System

There are two main challenges for a B factory vacuum
system:

« withstanding the high thermal flux from the
synchrotron radiation power
+ maintaining a low pressure in the face of considerable
synchrotron radiation induced gas desorption
The average linear power density for the chamber is given
by
P = P o El G)
o ¢

This quantity varies widely among the various designs, as it
depends on both the beam current requirement and the bend
radius of the ring magnets. The lowest power density is that
of the KEK design [3], 1.5 kW/m; the highest value, 25
kW/m comes from the “hard-bend” region of the Cornell
design [4). In terms of thermal management, the more
important quantity is the areal density. The height of the
synchrotron radiation fan at the chamber wall is typically
about 0.4 mm, in which case the areal power densities range
from 0.4 to 5.6 kW/cmZ2,

The photodesorption gas load in the B factory rings can be
written as

Qpss = 242 x 102 Ejgev Lma) T [TorrLss] @

where the desorption coefficient, n|F, represents the number of
molecules produced per incident photon. The desorption
coefficient depends on the chamber material, its history, and
the photon dose o which the material has been exposed. After
exposure to & few hundred ampere-hours of beam, values of
low-to-mid 10~ are expected for a copper chamber.

The two approaches that can be adopted for the B factory
are a standard chamber shape, with a pumping channel on the
inner radius, or an antechamber design in which the
synchrotron radiation photons exit through a slot in the wall
into an external pumping chamber. For cases where the design
pressure can be achieved with a pumping speed of § = 100
L/s/m, no antechamber is needed. For cases where S 2 500
L/s/m is required, standard distributed ion pumps will not
suffice. Then the system of choice is 1o use non-evaporable
getter (NEG) or titanium sublimation pumps (TSPs). In a
difficult case, such as the hard-bend region of the Comell
design, where the photon flux is high and where the pressure
has been held to 1 nTorr to reduce backgrounds, both types of
pumps are used with an antechamber configuration (see Fig, 3)
to give a total pumping speed of about 2500 L/s/m.

Most designers favor a chamber made from copper or a
copper alloy, similar to the chamber installed in the electron
ring at HERA. In addition to the low desorption coefficient
mentioned above, copper has good thermal properties and is

- self-shielding for the synchrotron radiation emited by the

eams (thus obviating the need for a lead liner on the outside

““"of the chamber),
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Figure 3. Vacuum chamber for the transition region {4]
where the bend radius is only 45 m and the pressure must
be held 1o less r.han 1 nTorr of CO and CO4.

RF System
‘The main challenges for the RF system include:
» replacing the large synchrotron radiation power loss
» minimizing the HOM impedance per cell

The synchrotron radiation losses for an 8 or 9 GeV beam
in the high-energy ring of a B factory could be 5 MW at a
design luminosity of 3 x 1033 cm-2 s-1. The issue is not
the power per se, however, but is related to the need for
controlling the HOM impedance by reducing the number of
cavities. This results in a requirement for high input power
through the cavity window—up 10 500 kW for a room-
temperature system. (To put this value in context, it is only
half of the power transmitted through the output window of a
modem klystron.) Special windows are being designed to
handle this power level. It is also important 10 minimize the
HOM impedance of an individual cavity by damping
techniques in order to ensure practical parameters for the
feedback systern.

Both room-temperature [1-3,5] and superconducting [4)
cavity designs are being actively developed for B factory use.
In the room-temperature case, single- [1,3,5] or two-cell [2)
cavities are being considered. Waveguides or slots in the
cavity body are used to couple out the dangerous HOMs, With
this technique, damping to a Q of about 30 has been
demonstrated (at low power) in a pillbox cavity [5]. It is not
possible (o use the waveguide technique with superconducting
cavities, but in this case it is not necessary to optimize the
shunt impedance of the cavity and a large beam aperture is
acceptable. In the Commell approach, the aperture is
sufficiently large that the HOMs propagate to a room-
temperature ferrite load on the inner surface of the beam twbe.
Calculated damping to the level of Q = 70 is obtained [4).

The choice of superconducting technology will minimize
the number of RF cells required. However, in the heavily
beam loaded regime of a B factory, the advantage is only about
30% (assuming the same limitation on cavity window power
as in the room-temperature case), In designs involving crab
cavities, the use of superccnducting technology is likely to be




preferred. For this application the requirements are high
voltage and low power, which match well with the strengths
of superconducting RF, To serve as a crab cavity, the cell
must be driven at a trangverse deflecting mode (TM110) rather
than at the fundamental.

Feedback System

The requirement here is to control the growth of
potentially strong coupled-bunch instabilities driven by the
HOMs of the RF system. Due to the high beam current and
large number of bunches, the instabilities can grow rapidly
(=~ 1 ms), and the bandwidth requircments can be high (= 100
MHz). It is worth noting that the response of the feedback
system to injection transicnts may dominate the power
requirements. This issue favors an injection system that is
phase-locked to the ring RF systems. It also helps to inject
the beam in many small portions rather than large amounts of
charge all at once,

A promising approach is to use a bunch-by-bunch system
operating in the time domain {14]. An advantage of this
choice is that the system can damp dipole motion from any
source, including injection transients and beam-beam
disturbances as well as coupled-bunch instabilities

V. SUMMARY AND QUTLOOK
The construction of a high-luminosity asymmerric B
factory provides excellent scientific opportunities, combining
first-rate particle physics incentives (1o study the origins of CP
violation) with equally exciting challenges in both the
accelerator physics and accelerator technology areas.
Chalienges in accelerator physics include:

* development of lattices to collide and then cleanly
separale two unequal energy beams

 achieving high luminosity in asymmetric beamn-beam
collisions

* designing effective masking techniques to protect the
detector

Challenges in accelerator technology include:

* designing vacuum systems capable of handling large
thermal loads, providing adequate pumping speed, and
having acceptable impedance characteristics

* designing RF systems capable of handling high beam
power and providing greatly reduced HOM impedance

* designing wideband bunch-by-bunch feedback systems

Effective approaches to all of these challenges have been
identified and R&D activities are being vigorously pursued at
many laboratories to optimize designs and finalize design
choices. Extensive simulation studies of accelerator physics
issues are also being carried out 10 better understand the beam-
beam interaction and beam instabilities,

It is recognized by the various B factory design groups
that making a large jump in luminosity will noi be an easy

task. Perhaps the most important ingredient in ensuring the
success of a B factory will be to constantly remember to treat

these challenges with proper respect.
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INTRODUCTION

An Asymmetric B Factory to be installed in the PEP
tunnel has been under study at SLAC, LBL, and LLNL for
several years [1-4]. A mature design for a9 GeV x 3.1 GeV
electron-positron collider with a design luminosity of 3 x
1033 em=25-1 is presented. Solutions now exist for all the
technical problems, including issues related to high currents
{e.g., beam instabilities, feedback systems, vacuum chamber
design, lifetime degradation, and radiation power dissipation in
the interaction region) and those related to the different energies
of the beams (e.g., beam separation, beam-beam interaction,
and detector requirements). The status of this project, which is
being proposed for funding in FY 1993, will be discussed.

MAIN PARAMETER CHOICES

{::;B Factory Physics Requirements

The PEP-1I B Factory is a two ring e*e™ collider designed
to operate at the T(4S) resonance (center-of-mass energy 10.6
GeV). To enhance the study of CP violations, different
energies for the two beams have been adopted (9.0 GeV for the
electrons and 3.1 GeV for the positrons). The important
detection requirement is to differentiate and separately identify
the decay products of the B and the B mesons. This means a
vertex resolution of about 60 microns, requiring that the inner
radius of the vertex chamber be about 2.5 cm. Alhough the
magnitude of the CP violation is expected to be large in the B-
meson system, the cross sections of the important processes
are small, so the design luminosity of the B Factory is 3 x
1033 ¢m—2s-1.

Machine Design Strategy
The luminosity of an asymmetric collider is given by [1]
L =2.17x10* (1+r) Eﬁ_’ em?st (1)
-

where 1 is the aspect ratio, I is the beam current in amperes, E
is the beam energy in GeV, &y is the beam-beam tune shift and

By is the vertical beta function in cm. The expression in

/rackets can be evaluated for either beam.

' Work supported by U.S, Department of Energy contracts
DE-ACO03-76SF00098, DE-AC03-76SF00515, DE-AC03-81-
ER40050, W-7405-Eng-48 and DE-AS03-76ER70285.
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The basic strategy is to choose single-bunch parameters
(Table 1) similar to those obtained routinely in existing
storage rings. This ensures that the beam-beam interaction is
similar, the machine optics problems are tractable, and the
single-bunch instabilities are manageable. New problems are:

1) Interaction region layout (two rings, backgrounds).

2) Vacuum chamber design (high currents).

3) RF and feedback systems {multibunch instabilities).

Design challenges are restricted to high-current and multi-
bunch problems, which are either engineering problems or, in
the case of the multibunch feedback system, in an area where
there have been enormous improvements in the electronics
available on the market. This means that, for the most part,
no new accelerator physics issues must be addressed that would
be less likely to provide definitive solutions.

TABLE 1. PARAMETER LIST

Electron Positron
Energy 9.0 3.1 GeV
Luminosity 3 x 1033 cm—25-1
Tune shift § 0.03
No. of bunches 16587
Bunch spacing 1.26 m
By 3.0 1.5 cm
B 75.0 37.5 cm
Separation Horizontal
Beam current 1.48 2.14 A
Bunch current 0.89 1.29 mA
Oy 74 pHm
or 186 um

tallows for 5% gap for ion clearing

INTERACTION REGION

The interaction region (Fig. 1) has been laid out to be com-
patible with either a head-on or a crossing-angle configuration
[5]. Our initial choice is head-on collisions with flat beams,
separated magnetically. This configuration is closest to that of
conventional circular colliders so our luminosity estimates are
the most reliable. Since the magnetic separation produces
synchrotron radiation from which the detector must be
shielded, the detestor masking is easier with a crossing angle,
and this option is maintained for a future upgrade. Permanent
magnets are used for the LER focusing; a septum quadrupole is
needed for the first HER quadrupole, 4 m from the IP.
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Background conditions are one to two orders of magnitude
better with flat beams than with round beams, because the
quadrupoles are weaker, the beam angular d1vergence is smaller
(so that the beam size in the quadrupoles is smaller), ancl the
separation angle can be smaller [6].

Completely satisfactory masking solutions for the head-on
case have been obtained using an “S-bend” geometry to reduce
backgrounds. The synchrotron radiation conditions are
acceptable, and particle background rates from bremsstrahlung
and beam-gas interactions have been evaluated and
demonstrated 10 be acceptable 7).

FIGURE 1. THE INTERACTION REGION LAYOUT
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We now have a detailed layout of the IP region, including
all magnets, supports, collimators, and the innermost detector
elements. The permanent-magnet bends and quadrupoles for
the LER are based on SmyCoj9 (which has the best radiation
hardness and temperature stability) and meet all of the aperture
and strength requirements. The synchrotron radiation power
density on the masks and collimators is reasonable and
preliminary engineering designs have been made, including
thermal and stress analyses. All of these elements, as well as
the vertex detector, fit inside a2 31.2-cm diameter support tube
that spans the entire detector. All elements will be prealigned
within this tube prior to its installation into the detector.

We are studying two different solutions to the septum
quadrupole for the HER. We have a detailed design for a
superconducting Panofsky septum quadrupole, which would be
Jjust outside the detector and is compatible with all of the
constraints. We also have a conceptual design for a room-
temperature, Collins-type septum quadrupole, which we are in
the process of engineering.

RING LAYOUT
The PEP-II B Factory will be based on the present PEP

ring [8], taking advantage of the existing components and
infrastructure. This leads to significant reductions in the cost
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and the scheduling uncertainties usually associated with
conventional construction.

The HER arcs have a completely regular periodic structure
containing 12 identical cells [9]. These celis are slightly
longer than in PEP (15.125 m instead of 14.35 m) allowing
room for vacuum flanges (PEP had only one 14.35-m vacuum
chamber per cell). There are two dispersion suppressor cells at
the ends of each arc, each slightly longer than the arc cells
(16.013 m). The straight sections consist of 8 FODO cells,
each 15,125 m long, except in the special straights.

The LER layout is based on that of the HER. The length
of the standard period is exactly the same as the HER (15.125
m) and the quadrupoles are stacked vertically to simplify
installation, The short (1-m) bend magnets increase the
radiation damping. Each bend is placed close to its quadrupole
on a common support raft, and is always down-beam from the
quadrupole so that its synchrotron radiation strikes the chamber
wall downstream of the bend.

The HER magnets are recuperated from PEP: 192 5.4-m
dipoles, 20 low-field dipoles, 192 quadrupoles, and 144
sextupoles. All of these magnets will be taken from the PEP
tunnel and the coils removed and refurbished. The mechanical
shape of every magnet will be measured in an automated
measurement facility and some fraction (=20%) will also be
measured magnetically and the results compared with the
original data to confirm the validity of the procedure.

The LER magnets (and some HER magnets) are new and
will be based on the designs used for the PEP magnets,

VACUUM CHAMBER

The vacuum chamber, which is based on the HERA
approach [10], is designed for a maximum current of 3 A,
corresponding to ~10 kW/m or =2 kW/cm2 (PEP was

designed for 10 kW/m). A phosphor-bronze alloy with 2% tin

is being considered for the beam tube and the pumping
channel. An octagonal shape beam chamber with § mm walls
is completely self shielding. Temperature profiles across the
chamber and thermal stresses have been evaluated. The
photodesorption rate should be ten times lower than aluminum
(11-13]. A copper test chamber will be built this year and its
synchrotron radiation outgassing properties confirmed at BNL .
In the HER, lumped ion pumps will be used as well as
distributed ion pumps in both bends and quadrupoles. In the
LER, only lumped pumps will be used, as there is no
magnetic field in the region where the gas load is greatest.

RF SYSTEM

The RF cavities will be powered from 1-MW commercial
klystrons at the B-Factory frequency of 476 MHz. Each
klystron will be attached to two cavities via a circulator. This
will require windows capable of transmitting 500 kW, which
we are developing. We are also studying the possibility of
modifying the present PEP klystron design to produce 500 kW
at 476 MHz. If this is successful, the klystrons could be built
at SLAC.

.
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The cavity design is such that trapped higher-order modes
are strongly coupled to outside loads using waveguides that are

. beyond cutoff for the fundamental accelerating mode [14). We

‘are adopting a copper cavity with “noses,” similar to the
Daresbury and ALS designs. This choice maximizes the
cavity shunt impedance and minimizes the RF power required
to establish the voltage. A computational method has bean
developed for estimating the shunt impedance of the
fundamental mode in the presence of the waveguide couplers,
and this technique is being used to optimize the cavity design.
A model (pill-box) cavity has been built to measure waveguide
coupling, check the computations, and investigate the practical
difficulties involved. Calculations of the higher-order-mode
damping and measurements on the model cavity agree, and
show that damping of the higher-order modes to a Q of 30 is
achievable.

The mechanical design of the cavity is proceeding with
calculations of the thermal loading. Other cavity components,
such as the tuners and couplers, are also being studied. We
have funds for the design and construction of a high-power
cavity to investigate the manufacturing issues.

FEEDBACK

The feedback system detects the phase offset of each bunch
and feeds back after 90° of synchrotron oscillation (about 7
turns later). A front-end detection circuit has been built to
evaluate signal-to-noise capabilities of a fast detection system

~~(15], and a tracking program has been developed incorporating
Al longitudinal effects (including thosc of the feedback system)

o

[16]. Analytic calculations and simulations have been
performed to understand the effects of limiting the output
power of the kicker amplifier.

The results show that our concept works and that only 2
kW are required to stabilize the beams. The front-end detection
circuits have demonstrated the capability to measure phase
errors of 0.5° at 476 MHz, with 27 dB rejection between
adjacent bunches.

SLC AS INJECTOR

The injection system (Table 2) is based on the transfer of
single bunches of electrons and positrons on each pulse of
SLC into single buckets in each ring {17]. These bunches
contain 20% of the total required charge when filling from
scratch, but only contain 4% when topping up. Bypass lines
will be added to the linac so that the B-Factory beams need not
traverse the full length of the linac accelerating structure,
which would lead to energy jitter and emittance degradation,

- Adjustable collimators will be provided in the arcs to limit
the acceptance to +10¢. Adjustable collimators will also be
provided in the straight section upstream of the detector, set to
$12.50. The physical apertures in the interaction region allow

*150 and an additional 2 mm for closed-orbit errors. We have
cked injected particles with large energy and transverse

“position errors for 20,000 wrns in the ring and find no

particles being lost in the interaction region.

TABLE 2. INJECTION PARAMETERS

Ring energies
HER (&™) 9 GeV (10 max, 8 min)
LER (e*) 3.1GeV (4 max, 2.8 min)
Ring currents
HER 148A — 69x1013¢
LER 212A — 97x1013 ¢+
Ring particles/bunch (with 5% gap)
HER =4 x 1010 &~
LER ~6x 1010 ¢+
Linac repetition rate (pps) 60 - 120
Linac current (e¥/bunch/pulse)t 0.2-1x 1010
Time between bunches (ns) 4.2
Ring kicker pulse (start-to-finish) <300 ns
Topping-off time {from 80 to 100%) 3 minutes
Filling time (from zero) 6 minutes
tsLc presenily operates with 2 — 3 x 1010
SUMMARY

We have a conservative design that achieves all of our
goals. Key technical aspects of the design have successfully
undergone independent technical reviews, The budget (Table
3) has been evaluated in great detail, and has been validated by
the DOE. There is no technical impediment to starting in 18
months and we are aggressively seeking funding.

TABLE 3. BUDGET

ED& [ $ 32,241,000
M&S and Labor $101,537,000
Total $133,778,000
Contingency =25%

Construction time could be 42 months
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Abstract

A magnetic beam-separation scheme for an asymmet-
ric-energy B-Factory based on the SLAC electron-positron
collider PEP is described that has the following properties:
the beams collide head-on and are separated magnetically
with sufficient clearance at the parasitic crossing points
and at the septum, the magnets have large beam-stay-
clear apertures, synchrotron radiation produces low detec-
tor backgrounds and acceptable heat loads, and the peak
f—function values and contributions to the chromaticities
in the IR quadrupoles are moderate.

I. INTRODUCTION

The APIARY B-Factory design calls for electrons and
positrons to be stored in two rings, separated vertically,
and located in the PEP tunnel. The 2-ring system is forced
by the high currents and small bunch spacing required for
high luminosity. The parameters of the system are shown
in Table 1.

Table 1. APIARY Parameters
Low Energy |High Energy
Beam Beam _
Energy 3.1 4 9.0 GeV
Current 2.14 1.48 A
Betas at IP, Bx/By 37.5/1.5 75.0/3.0 {cm
Emittance, €x/ey 96.5/3.9 48.2/1.% |nm-rad
Bunch separation 1.26 1.26 m
Vertical separation 0.895 m
Collision mode head on
Separation scheme magnetic: horizontal,
then vertical

IP aspect ratio, ox:0y 25:1
Luminosity 3 x 1032 cm-2 gec-!

The separation scheme must solve three interwoven
problems: to separate the beams and lead them into
the two rings, to focus the beams without unacceptable
f—function values or chromaticity contributions, and to
contro] the quantity and distribution of synchrotron radi-
ation (SR} produced so that sensitive components can be
shielded by the masking system.

II. DESCRIPTION OF THE SEPARATION SCHEME

The separation scherne is briefly as follows: the beams
collide head-on and are separated after leaving the in-
teraction point (IP) by the dipole magnet Bl starting
20 cm from the IP, a triplet common to both beams with
quadrupoles QD1, QF2, and QD3 centered alternately on

+ Work supported by Department of Energy contract DE-
AC03-76SF00515 and DE-AS03-76ER70285 and DE-
AC03-765F00098.

SEPARATION SCHEME
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Figure 1. Schematic diagram of the APIARY separation
scheme.

the high, low and high energy beams to increase the separa-
tion, a septum quadrupole QD4 focussing the high-energy
beam (HERB) only, and a vertical septum dipcle that de-
flects the low-energy beamn (LEB) upwards, see Figs. 1-3.
This dipole together with three others beyond bring the
LEB to a level 83.5 crn above the HEB. Seven quadrupoles
between these vertical bends focus the LEB and bring the
horizontal and vertical dispersions to zero. Just beyond
the vertical septum, the quadrupole QF5 focusses the HEB
horizontally (see Fig. 4), and bending magnets begin the
steering of that beam toward the arc and contribute to
the dispersion suppression. Additional horizontal dipoles
and quadrupoles in both beamlines complete the steering,
dispersion matching, and matching of the beams to the §
functions in the arcs.

The system design satisfies the following constraints:
The beam-stay-clear (BSC) in the interaction region
(IR) magnets is defined to contain both beams with
150: y envelopes, plus 2 mrmn for orbit distortion, where
0z, 0y tefer to uncoupled, fully-coupled beams respec-
tively
At Jeast 2 mm spacing between SR fans and the nearest
surface
A 5 mm allowance for beam pipe, cooling. and trim
coils between the BSC and SR fans and any magnetic
material -

The ratio 8, /(distance to 1st quadrupole) ~ 100, in
order to keep the chromaticity reasonable

15 mm is allowed for the QF4 septum between the BSCs
of the two beams

Contributed to the IEEE Particle Accelerator Conference, San Francisco, CA, May 6-9, 1991
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Figure 2. Plan view of the magnets and beamlines near the [P.
Note the distorted scale.

111, OpTics, BEAM MATCHING AND STEERING

The four common elements Bl, QD1, QF2, and QD3
are permanent magnets, with 1.05 T remnant fields, and
inner radii satisfying the BSC and other constraints listed
previously. Fig. 2 shows a diagram of the IR in plan view.
The bearnlines are shown as heavy lines, and the 15¢;
envelopes as light lines. The (H) or (L) near each magnet
indicates on which beam (HEB or LEB) the quadrupole is
centered.

Dim)
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Figure 3. Lattice {unctions of the LEB from the IP to the end
of the vertical step.

The triplet is adjusted to focus the LEB so that it is
small at the QD4 septum and enters the vertical-step re-
gion in a nearly parallel state with small #—function values
(see Fig. 5). The triplet is also quite useful for some initial
focusing of the HEB. The quadrupole QD1, though cen-
tered on the HEB, is tilted with respect to it in order that
one of the SR fans not strike its inner surface.

The first ‘parasitic’ bunch crossing point occurs 63 cm
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Figure 4. Lattice functions of the HEB within the first 10 m of
the IP.
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Figure 5. Lattice functions of the LEB through the common
magnets and the septum quadrupole.

The horizontal bending pattern is antisvmmetric
about the IP, which produces an S-bend beamline—a ge-
ometry that is conducive to extracting the synchrotron ra-
diation.

Figure 6 shows the first 60 m from the IP to the start
of the arc for the HEB. The dispersion function D and
its slope are brought to zero by the dipoles B2 and B3
whose bending is very weak (€.ris & 1 keV) to avoid prob-
lems with the SR in the IR. These dipoles are followed
by quadrupoles QD6 and QF7 that match the 8 functions
into the arc. Two additional dipoles in the dispersion sup-
pressor at the end of the arc steer the HEB to the proper
direction.

The strength of the B2 dipole of the LEB (originally
set to bring D, and its slope D to zero at the end of B2).
together with the strengths of three additional dipoles, are
adjusted to steer the LEB from the arc to the IP with
the correct radial position and slope, while preserving the

~Jfrom the IP, just inside QD1, where the beamlines are
¢ parated by 7.5 times the largest g-value of either beam

“i&»(LEB)).

dispersion matching. The remaining —function matching
for the LEB, is done with quadrupoles QD8 QF 13, located
between the end of the vertical step and the arc.




path length (m)

Figure 6. Lattice functions of the HEB from the IP to the be-
gining of the arc.

IV. CONTROL OF THE SYNCHROTRON RADIATION

The LEB generates SR (ans as it passes through QD3,
QD1 and Bl on its way to the IP. Figure 7 shows the LEB
radiation fans near the IP. The mask labeled AB in Figs. 7
and 8 is designed to prevent any SR generated by the up-
stream magnets from directly striking the detector beam
pipe. The QD1 magnet, in the LEB downstream direction,
is tilted with respect to the HEB axis by 22 mrad, so that
any SR generated by the LEB upstream magnets that goes
by the AB mask tip clears the beampipe.

As can be seen in Fig. 7, the AB mask absorbs all of
the fan radiation from the upstream QD3 magnet. The
fans generated by the two Bl dipoles and by the down-
stream QD1 and QD3 magnets pass through the IR with-
out striking any surfaces. The first surface that intercepts
the QD1 fans is the “crotch mask” in front of the QD4
septum. Table 2 summarizes some of the properties of the
LEB and HEB radiation fans.

200
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o

-100

-200
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Figure 7. Radiation fans generated by the LEB near the IP.
Darker shading indicates higher radiation intensity.

Table 2. Propertes of the synchrotron radiation
generated  within 3 meters of the IP.

Magnet Fan pwr (kW) Ny (1019

LEB:
Upstream QD3 0
Upstream QD1 0
Upstream Bl 2
Downstream B1 2
Downstream QD1 0
Downstream QD3 0
subtotal 8.
B
2
3
3
1
6
5
3
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HER:
Upstream QF2 2
Upstream QD1
Upstream Bl 13,
Downstream Bl 1
Downstream QDI
Downstream QF2 2
subtotal 8
Total 9
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Figure 8. Radiation fans generated by the HEB near the IP.
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The SR fans generated by the HEB as il passes
through the QF2 and B1 magnets also pass through the de-
tector region without striking any surfaces. Figure 8 shows
the HEB radiation fans near the IP. The mask labeled CD
in Figs. 7 and 8 is located to prevent quadrupole radiation
produced by the HEB in QF5 and QD4 from directly strik-
ing the detector beam pipe. The CD mask tip is positioned
2 mm outside the upstream QF?2 radiation fan thal passes
through the IR. The other QD1 magnet, in the HEB down-
strearn direction, is tilted with respect to the HEB axis by
15 mrad, so that this fan clears the beampipe. Therefore
the first surface struck by the upstream QF2 fan is the
crotch mask in front of QDA4,

Only 6% of the total generated SR strikes surfaces
within 4 m of the IP: 4.3 kW on’the erotch mask from
the HEB and 1.2 kW on the AB mask from the LEB (see
Table 2). This leads to an estimated detector background
level that is 50 times lower than acceptable limits.

; M

e pem e g Lt |l e




e
;
h

N’

i,

\\"‘ﬁnf"

An Isochronous Lattice for PEP"

slAaL-PLDB-b0dn
LBL-3066%
Aprif 1991

(A)

W.J. Corbett and M.H.R. Donald
Stanford Linear Accelerator Center, Stanford, CA 94309

and

A. A Garren
Lawrence Berkeley Laboratory, Berkeley, California 94720

Abstract

With e*e~ storage rings operating in a quasi-
isochronous mode, it might be possible to produce short
bunches with length ¢; < 1 em. The unique charac-
teristics of the short bunches could then be utilized for
synchrotron radiation applications or colliders with mm-
scale #*. In principle, the design of a quasi-isochronous
storage ring is relatively straight-forward, but experimen-
tal studies with electron storage rings in this configura-
tion have not been carried out. The purpose of this pa-
per is to demonstrate that an isochronous lattice design
is compatible with PEP given a minimum of hardware
modificatiens.

I. INTRODUCTION

In addition to being a prime candidate for 8 B Fac-
tory, 1] PEP is well recognized as a high brilliance syn-
chrotron radiation source. [2] To further explore new di-
rections in B Factory design and the capabilities of PEP
as a light source, [3] we have begun to investigate the po-
tential for short bunch operation in a quasi-isochronous,
or low momentum-compaction mode. Since we are work-
ing under the constraint that magnets may not be moved,
the configuration requires periodically driving the disper-
sion function negative throughout the arcs to compensate
for positive values. Using this approach, a preliminary
solution has been found for the present PEP magnet ar-
rangement. Following further refinement of the design,
valuable short-bunch machine studies of interest to both
the high energy physics and synchrotron radiation com-
munities might be possible.

The principle behind using a low momentum-
compaction lattice for bunch length compression pro-
ceeds from the observation that for high energy electron
storage rings the bunch length scales as [4,5]

O’;K\/E (1)

for a given RY voltage and frequency. Here, the momen-
tum compaction factor

AL

AL 2
2

o = =
¥e

x 3”; = 1/(27R) f Dijpds  (2)

* Work supported by Department of Energy contract DE-
AC03-765F 00515 and DE-ACO03-76SF 00098,

gives (to lowest order} the path length deviation due to
small energy excursions from the central valve. If o is
made sufficiently small, the phase slip factor

1 1
[ 3
n= 7 {3)

tends to zerc and the synchrotron oscillation ampli-
tude is reduced. For PEP, the lowest value achieved
to date is @ = 1 x 1072 in a low-emittance configura-
tion. [6] The isochronous condition implies a lattice with
a=1/y*25x10"% at 10 GeV. In the following Section,
& solution for a low-a lattice in PEP which maintains
the proper phase advance between chromaticity correc-
tion sextupoles is discussed, and a two-family solution for
sextupole strengths is found. In Section III, the bunch
length is estimated based on an analysis of the longitu-
dinal acceptance for a small, energy dependent, momen-
tumn compaction factor. [7,8)

The results are summarized in Section V along with
recommendations for future work.

II. LaTTICE DESIGN

The PEP lattice consists of six long straight sections.
connected by 2-cell dispersion suppressors to arcs con-
taining 12 FODO cells. The regular FODO structure of
each arc is broken at its center to accommodate a short
5 m “symmetry” straight. In the “colliding beams” mode
the insertion quadrupoles, close to the center of esch long
straight, focus the beams to low 8 values, while in the
“low emittance” light source mode weak focussing is used
across the interaction points. The basic constraint in de-
signing any alternative lattice for PEP is not to move
any magnets io the arcs. It is also advantageous not to
exceed the power dissipation of the present magnets.

One way to obtain a low momentum compaction lat-
tice [9,10] is to force the dispersion function D, to nega-
tive values through some of the dipoles to compensate for
the positive values of D, in other dipoles. The require-
ment is that ¢ = 1/(22R)} § D, /p ds be close to zero for
the whole ring. We achieve this by making super-cells.
consisting of several FODO cells, that repeat in regular
fashion through the arcs. We have found (so far) that the
most suitable arrangement for PEP is a super-cell made
of three PEP FODO cells and having betatron phase ad-
vance p;/(27) = 0.75 and g, /(2x) = 0.25. There are
thus four super-cells in one PEP arc. The phase advance
is arranged so that self-compensating pairs of chromatic-
ity correcting sextupoles can be placed with a phase ad-
vance of (2n + 1)7 between them. The basic super-cell is
shown in Fig. 1.

It was found that this particular super-cell matched
nicely into the symmetry section and, through the disper-
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Figure 1. The standard supercell is made up of three FODO
cells with symmetry about the middle of the center cell.
The strong quadrupoles QFA drive the dispersion function
through the center of QDA to negative values.
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Figure 2. Dispersion Function for one half Superperiod.

sion suppressor, into the long straight sections (Figs. 2,3).
The phase advance through the symmetry straight re-
quired an adjustment to the super-cell phase advance,
so that the phase advance through the combination of
super-cell and symmetry straight equalled 0.75(2r) and
0.25(27). Figure 4 shows the phase advance between typ-
ical sextupole pairs.

1
0 40 80 120 160 200

e Path length  (m) o

Figure 3. Beta Functions for one half Superperiod.The beta
functions of the supercells match easily into the symmetry
straight and into the long straight secticn.
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Figure 4. One of the six Sextants of PEP. (a) The phase
advance is adjusted to be 90* and 270° across the supercel).
(b, c) Chromaticily correcting sextupoles may be placed in
pairs with phase advance of 0.5 and 1.5 times 27,

Some lattice parameters for the 6 superperiod PEP
ring are:

P =9 GeV
Q- = 25.526 Q, = 15.861 Q, = 0.0022
£ =-38.32 £, = —39.13 (uncorrected)

Vrr = 15 MeV/rev og = 0.06% (-df)

Preliminary particle tracking results are promis-
ing, showing a dynamic aperture of 1204 for both on-
momentum particles and those undergoing synchrotron
oscillations with 6 momentum deviation. The chro-
matic properties (d3)/3)/(dp/p) and (dv: y)/(dp/p) were
also good.

The lattice as shown is mote of a demonstration of a
lattice with zero o than a finished design. As explained in
the following section, a lattice with o this small would not
be stable in synchrotron motion at this energy deviation.
A more realistic lattice design would have a larger value
of a. In addition, we must explore alternative ways of
changing the betatron tune of the machine, either by
adding quadrupoles in the long straight sections or by
having a conventional FODO [attice in one or more of
the arcs.

I11. BUNCH LENGTH SCALING

Analysis of the longitudinal dynamics for short
bunches is inherently a non-linear preblem and has been
discussed by Pellegrini and Robin.[4, 7] In principle.
since the bunch length scales as ¢ o /a, a factor of
> 100 reduction in momentum compaction is reguired
to cornpress a § ¢cm bunch into the range of interest for
short bunch B Factory designs, or advanced synchrotron
radiation applications. Expanding the momentum com-
paction as a function of energy deviation, a = a; + a»é
where

_ .1 1 (D2)
o —m'/Ds/PdS , ﬂz*—’m/—p"fk

and § = Ap/p, the authors [4, 7] have found that the ratio
a;faz gives a rough estimate of the longitudinal bucket
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size along the energy axis. To estimate the lower bound
on aj;, we assume the RF acceptance must exceed the
energy spread of the bunch by a factor of 10 to preserve
quantum lifetime.

Since D; can be energy dependent, we use the com-
puter program MAD [11] to find the off-energy closed-
orbit and plot @ as a function of energy deviation. For
our lattice, including chromaticity sextupoles, we find
a3 = 0.027, as shown in Fig. 5. Imposing the lifetime
condition ay/a; ~ 108, the lower bound on a; is about
1.6 x 10=4. The design bunch length is 3.3 mm for this
lattice. By adding more families of sextupoles, it may
be possible to reduce the longitudinal chromaticity (a2}
and thus obtain shorter bunches.

bd
'

I 1 0.1

- Momentum .
Compaction

o
o

~ a=aq+as
" O = 0.027

e

[ )
o
L
(=)
[ =)
Tune Shift
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0.4 1 1 ! 4
<10 05 0 0.5 1.0
Momentum Deviation (%)

§ Momentum Compaction (x103)

Figure 5. (1) @ has an energy dependence & = &y + Q’géﬂ

that governs the size of the RF bucket. (2} Two sextupole
families (SD and SF) are used to correct chromaticity.

IV. CoNcLUSIONS

is about 3.5 mm at 9 GeV (Vpr = 15 MV), but smaller
values could in principle be reached by correcting the
longitudinal chromaticity with additional sextupole fam-
ilies.
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1. ABSTRACT AND INTRODUCTION

The proposed asymmetric epergy B Faciory to be built in
the PEP tunnel at SLAC will require a highly effective and
profuse source of low emittance electron and positron bunches.
The B Factory will consist of twe rings of equal size, 2 9 GeV
electron ring and a 3.1 GeV positron ring. each with 1658
bunches with total circulating currents of 1.5 and 2.1 amperes
respectively. As the luminosity lifetime of the collider is
expected (o be about two hours, the injector should be capable
of filling the rings in a small fractioo of ap bour. It turns out
that witb some simple modifications, the SLC linac with its
damping rings and positron source is ideally suited 1o fulfill
this function effectively. The overall injecton system is
described below.

H. SYSTEM SPECIFICATIONS AND DESCRIPTION

The specifications and required parameters of the injection
sysiem are shown ip Table 1. 1t is seen that each of the 1658
stored buncbes will require about 5 x 1019 particles. In the
topping-off Glling mode (80— 100%). assuming that each
bucket receives about S single bunches from the injector with
50% filling efficiency, the linac will bave 1o provide single
bunches of 4x109 particles/bunch as compared to 2-5 x 1010
panicles/bunch in the regular SLC mode. This should be very
easy. In the full filling mode, the first 80% of each bucket
will be filled. also with 5 linac bunches. but at the rate of
2x1010 particles/bunch. and the remaining 20% at the (opping-
off rate as above. Assuming that botb rings are filled by
aliernate linac pulses. each at a 60 pps rate, it is easily seen
that the filling operations will take op the order of 3 and 6
minutes respectively.

A schematic of the SLC injection system is shown in
Fig. 1. The injector will consist of the first 19 seciors of the
linac, the two damping rings and the positren source. The 3.1
GeV positrons will be extracied ai the eod of Sector 3 through
3 DC chicane which will let the electrons continue on, either
to the end of Sector 7 for extraction at 9 GeV via a slowly
pulsed magoet, or to Seclor 19 at about 30 GeV for positron
production. Tbe remaining I sectors of the linac may be

*Wark supporied by Department of Energy. contract DE-AC03-76SF-
00515.

twork upported by Department of Energy, contract W.7405-ENG -
48.

TABLE 1

o

B FACTORY INJECTION SPECIFICATIONS

AND PARAMETERS

Beam Energy:
High-energy ring (HER ) (¢7} [Ge V)
Low-energy ring (LER) (¢t} |GeV}

Beam current:
HER ring (A/1010e-
LER ring {A/1010c+)

Particles per bunch:
HER ring| 1010¢-]
LER ring [10}Ue+)

Linac repetition rate [pps)
Linac current {1010 & per pulsc]**
Invariant linac emintance [m-rad)

Filling times:
Topping-off (80-100%) |nun)
Full Filling (0- 100%) [min|

Magnet siandardization time [min]

Ring circumference |m]
Revolution period |us]
Revoluson frequency [kHz|)
Bunch frequency [MHz)
Time between bunches [ns]
Harmonic number
Number of bunches
{leaving 5% pap)
Horizontal damping time:
HER [ms]
LER with wigglers fms]
LER without wigglers {ms]

Geometric beamn emittance [nm-mad]):

HER horizon!al/vertical
LER horizontal/vertical

** Assuming 50% filling efficiency.

9 lrange: 8-10)
A |ranpe: 2.84)

1.4R/6T7T
2.14/579%

4.
59

s
&0/120 \_:}

0.42
Sx107°

15

2§09.31R

7.3

136310

476/2 = 28

4.20

M2

1746 - 5%
= 165K

®
®
150

48/1.9

96/ 8 “"":
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- Existing Positron Return Line (PRL)

HER

+
19£ e* source

C; 23 4567, «
SLC Damping / e~ bypass B;E:argt;ery
Injector rings \ o broass _
n
DC chicane for Pulsed magnet P Srp nngs
e+ extraction for e— extraction
po LER
8912A8

Fig.1. Schematic of the B Factory ¥ injection system, based on use of the SLC linac with bypass lines. The numbers along the
linac indicate the location (not to scale) of each sector. Each of the 30 sectors is 100 m long.

turned off. Once extracted, the respective buncbes of electrons
and positrons will be transmitted through two separate bypass
lines to the existing NIT and SIT lipes presently used to fil!
PEP from the end of the linac. The NIT and SIT lines are well
instrumented and will pot be described in this paper. The
advantages of the system proposed bere are oumerous: a) it
preserves all other High Energy Physics opportunities at
SLAC: b) the bunches leave the linac at the desired epergy,
thereby eliminating the peed for backpbasing and minimizing
wakefields in unnecessary accelerator structures: c) by
altemating e* and e- pulses at 60 pps, only one bunch will be
stored at a time in each damping ring: d) no additional fast
kickers (ofien unreliable) will be needed: e) between filling
times, it will be possible 10 "park” e+ and e- bunches at 2 low
rate in NTT and SIT Faraday cups to optimize readiness for
,~“Uing on demand: f) finally. by selecting a ring RF frequency
476 MHz, i.e., 1/6 of the linac RF frequency of 2856 MHz,
\%chrouizauon will be greatly simplified.

The bypass lines will consist of 10 cm-diameter
aluminum pipe (for adequate pumping speed) with 2.5
cm-diameter constrictions every 50m where a FODO array of
quadrupoles and beam position monitors will be located.
These apertures will be fully adequate since the low-emittance
beams wifl have o¢'s of less thao 1.5 mm. A cross-section
of the linac housing with the overbead-suspended quadrupoles

PRL

-1

I S

! " * wite

Fig. 2. Crosc section of linac housing showing the
location of the electron and positron FODQ amray
quadrupoles. Note the tilts of the extraction planes.

showing the respective tilts of Lhe extraction planes is given in
Fig. 2. The existing positron return line (PRL) is shown for
reference in the upper right-hand cormmer. Table 1] gives a list
of the components in the bypass lines. The maiching
quadrupoles are pan of 360 degree-phase advance achromatic
bends joining the linac to the bypass lives. and these 10 NIT
and SIT.

TABLE 1}
LINAC BYPASS LINE COMPONENTS AND
SPECIFICATIONS
POSITRON ELECTRON
LINE LINE

Length (km) ~2.6 -2.2
Energy (GeV) 284 R-10
No. of quadrupoles

Matching 24 Rt

BODO armay 52 &
Steering correciors ] ¥
Beam position monitors ] %

{64 readouts| {56 readowts)

Profile monitors 2 2
Pumps (120L/s) b n
Vacuum roughing

comnections P n
Fast valves 1 1
Isotarion valves 14 5

I11. INJECTION INTO THE HER AND LER

In contrast to the single PEP ring. for which the imection
lipes come down vertically into the plane of the ring and arc
tangent to tbe inside, the HER and LER injectuon lines will be
brought down on the outside of the two rings - into the plane
of the HER at IR-10 and ioto the plane of the LER a1 IR-&.
The proposed method of injection is very similar to the one
used in PEP. It assumes Bx = 80 m and Py = 20 m in 40-m-
long injection regions. Horizontal injection occurs as shown
in Fig. 3. The closed orbit of the stored beam is temporarily
distorted by means of four DC bump magoets and (hree
kickers. Details of the horizontal phase space (x.x') for the
stored and injected beam are shown al three sequential points in
time following the (um-on of the DC bump magnets: (i)
stored beam is moved by 0.5 cm to DC bumped position.
106 away from the inner edge of the 3-mm septum: (i}
stored beam is within 6 oy of the scplum inner edge:
incoming beam from the finac is tangent to the stored-beam

i P T Iy SR ] e i e i Yo A 4
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orbit and within 2 oi of the outer seplum edge: (iii)
approximately four turns later, the stored beam is back to ns
DC bumped orbit: the incoming beam is inside the ring within
2ax of the inper septum edge, ready (o damp and merge with
the stored beam. It is assumed that the injected beam has a fix
of 30 m.

B Factory Injaction:
Schematic of HER & LER Injection

D.C — D.C
Bump Bump Kickar Saptum Kickar Bump Bump
Kicker
i Seplum
! —-1 amm l--
1
1
1
) m l i
Stored
Beam
b 100+
i .
i [
! |
@ m 20, .
[ Dwpiacec H
H Stored \
! Seam 'mf‘r:%n
ot & 60—t 3‘“’.
H K:I'& T : Linac
H 1
H '
-— ~80: ' Kn:k—-!
: !
1
: 25[ 2 i x
Storld B..m ¥
Kachaﬂ ]
' Incoming !
: Beam | |
£y =48 nm -« mad. LER £y = 36 NM - rad.
N o [ 2= 80M  lntton | Bxe 8OM
Straight { 9y ~ 2mm Straight | a; ~ 28 mm
Eyj= 3NM-rad. = 3nM-rad
. ] i " ¥ . i
Injection ' o~ 03mm iy n o, -~ a5mm

o D=0 D0 -

Fig. 3 Schematic of Injection Kicker System. and
horizontal Iransverse phase space (3.x') of stored and
incoming beams during three successive steps of the
injection process (HER and LER). The diameters of the
slored and incoming beams are not drawn to scale.

For injection purposes, each ring is divided into aine .

rotaling “zones” of equal length as shown in Fig. 4. A zone
has a length of about 244 m (or B15 ns) and cootains 194
bunches. One of these zopes in each ring will remain about
half empty Lo leave a gap for ion control. We describe here the
process for filling the LER at a 60Hz rate; the HER is filled in
a similar way. The transverse damping time for the HER is

38 ms and for the LER 36 ms. If the damping contribution of
the wigglers in the LER is ignored. a worst-case situation in
terms of injection, then the LER has a damping time of 150
ms. The beginning of each zone is determined by the time
onset of the kicker current pulses. All three kicker pulsers are
identical, consisting of critically damped RLC circuits that rise
and fall to practically zero within less than 1500 ns. The first
bucket to be filled in zone o is located roughly 200 ns after the
beginning of the kicker pulse so as to ride on the flat top
where sensitivity to time jitter is minimized. Since the rise
tme of the pulse is much shorter than the fall time. bunches
recently stored i zone o - | are unaffected. Bunches in zone
D + 1 (at least 815 ns later) are kicked slightly. but since they
have been in the ring for the longest time, their orbits are
almost fully damped. and, to the exient that the kickers are
matched, these bumps are closed. Tbus. single buckeis in
zoges | through 9 are filled in succession, afier which. 9 tmes
1/60tk of a second, or 150 ms Jater (tbat is, ope damping time
in the LER in the absence of wigglers), the aext adjacem
buckets (4.2 ns later) in each zope are fitled, and so on. With
this method, damping in the LER, even without wigglers. is
adequate. The entire filling sequepce wiil be compuler
controlled and automated for both rings.

4
5
-]
& ) Zones
7
8
\\ ) 1658 Bunches
194 Bunches/Zone
LER
5 t~ 1800 ns
2 Preciagne
-— 0.4 Kicker
5 Curent
s Pulse
O 0 1 1 1 ] 1 1l
0 0.4 0.8 1.2 1.6
Time  (us)

Zone Filling Sequence: 1,2,3,4,5,6,7,8,8 (partially), 1.etc. ...

Fig. 4 Azimuthal zone filling sequence for the LEK,
showing nine zones. The kicker pulse shown {equal for all
kickers) was computed by assuming charged. critically
damped RLC circuits [R = 2 (L/C} /2] in which the current
reaches its maximum at t = 2 L/R after a thyratron is fired
and allows the circuil to be discharged.
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Hourglass Effects for Asymmetric Colliders *

Miguel A. Furman
Lawrence Berkeley Laboratory, Berkeley, CA 94720

Abstract

We give the expressions for the geometrical reduction
factor of the luminosity and the geometrical beam-beam
“aggravating factor” for the general asymmetric case, for
tri-gaussian bunches colliding head-on, With these for-
mulas we attempt a (limited) analytic understanding of
the multiparticle tracking simulations carried out for the
proposed SLAC/LBL/LLNL B factory [1] when parasitic
crossings are ignored. We conclude the following: (a) the

- geometrical reduction in Juminosity is ~ 6% relative to

the zero-bunch-length (nominal) value; (b) only the verti-
cal beam-beam parameter of the LER is significantly al-
tered by the hourglass effect: the geometrical enhancement
of the central positron’s vertical beam-beam parameter is
~ 10% relative to the nominal value, and (c) the positrons
at the head or tail of the bunch have vertical beam-beam
parameters much larger than nominal. We discuss the elec-
tromagnetic disruption effect only qualitatively. This ef-
fect probably compensates (or overcompensates) the ge-
ometrical reduction of the luminosity, and it is possibly
detrimental for the beam-beam parameters. This article
summarizes Ref. [2].

I. INTRODUCTION

Although proposed B factories [1] call for designs that
are asymmetric in energy, beam current and emittances,
they also invoke to a greater or lesser degree a “trans-
parency condition” by virtue of which the beam sizes are
pairwise equal (3]. Because of the beam-beam interaction,
however, the beams become different in size at least to
some degree. Expressions availablein the literature [4, 5, 6]
for the hourglass factors for the luminosity and beam-beam
parameters assume some sort of equality among the beam
sizes or lattice functions. Ip this note we provide general-
izations that are applicable to the most general asymmetric
case, when the four beta-functions and ‘the six rms beam
sizes are arbitrary. With these formulas we attempt a (lim-
ited) analytic understanding of the multiparticle tracking

. results for the proposed SLAC/LBL/LLNL B factory [1]

when parasitic collisions are ignored.

*Work supported by the Director, Office of Energy Research, Of-
fice of High Energy and Nuclear Physics, High Energy Physics Di-
vision, of the U.S. Department of Energy under Contract Number
DE-ACQ3-76SF0008S.

II. LuMINOSITY

Consider two bunches moving in equal and opposite di-
rections with speed ¢, with tri-gaussian particle distribu-
tions, such that the centers collide at the optical interac-
tion point (IP, s = 0) with no displacement. We assume
that the interaction region is a dispersionless drift section
and that the IP is a symmetry point of the lattice, Then
the transverse rms sizes ¢4, oy, 0.~ and oy_ have an
s dependence of the form ¢? = o2 x (1 + 52/8°%). The
hourglass reduction factor for the luminosity is [2]

T exp(-t?)
Rtz )= — = v
(beity) = £ _Z \/?\/(1+t2/t3)(1+f’/f§)

where £ is the actual luminosity and Lp is the luminosity
in the zero-bunch-length limit,

Lo = fo N NL
0 —
2w\/(a;1 +o:2)(opt +o32)

)

where f; is the bunch collision frequency, and ¢, is defined
by
2= 2(o2% +0:2
T (ol +02) (02583 + 022 /52)

with a corresponding expression for #;. The superseript *
refers to the IP and 0,4 are the rms bunch lengths. We
exhibit R(t:,1,) in Fig. 1.

It is easy to see from Eq. (1) that R is always < 1, except
that R(oo,00) = 1, as it should.

If both beams are flat, with 0.4 » oyx, then £, 3 1
and (1) can be expressed in terms of a modified Bessel
function. This result is of similar form to that of Ivanov et
al. [5] but is of more general validity because it does not
assume 85, = By ot o,y =0,_oroy, = oy_.

If the beams are such that ¢{; = ¢; (which may hap-
pen naturally in a round-beam design), then (1) can be
expressed in terms of the complementary error function.

(3)

III. BEAM-BEAM PARAMETERS

We focus on a single particle, say a positron, as it passes
through the opposing electron bunch. In a first-order cal-
culation we can assume that the particle follows a straight
line trajectory with constant speed ¢. We assume that
this particle is ¢lose to the collision axis and is displaced
longitudinally by a finjte distance z from the center of its
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Figure 1: The luminosity reduction factor, Eq. (1), plotted
vs. 1y for various values of f,.

own bunch. We assume that z is constant during the colli-
sion process (or during several successive collisions), which
is & very good approximation in practice. Then the “ag-
gravating factor” [4] for the positron’s vertical beam-beam
parameter is [2],

Rys(2) = &y (2)/Soy+ =

(1+1£2/t3) exp(—(t - to)*)

T at
_.o/o 7?,/1+t2/t§ (v\/1+t2/t§+h\/1+tﬂ/fg) @

where h = o;_/(e;_ + o) ), v = oy /(o2 + 03_),
to = 2/V20,-, ty = V2B, /0,-, t2 = 2B;_ /0. and
ts = V24, /0,~. The nominal (zero-bunch-length) ver-
tical beam-beam parameter £o,4 of the central positron

is
roN-5ys
dnyyoy_{o:_+oy_)

§oy+ = ()
where rg is the classical electron radius and v, is the usual
relativistic factor. The expressions for the remaining three
beam-beam parameters £, £:— and §,- are obtained
from Egs. (4) and (5) by the substitutions £ «~ y and/or
+ + ~in A, v and the {;'s. .

It should be noted that the aggravating factors can be
> lor < 1, as opposed to the luminosity reduction factor,
which is always < 1. However, if 87, = Bor =B =85
we obtain

Rey(2) = Ry (z) = R (2) = Ry_(z} =1  (6)

for all z regardless of the beam sizes. This allows, in princi-
ple, for the possibility of designing the lattice so that there
is no hourglass effect on the beam-beam parameters.

If the beams are flat such that oz4 » oy, 02 > 0y,
Bz4 » By, and Bz_ > f;_, Eq. (4) yields, for the central

O O 0 S PP Y SO S ST T PSSR P Sy NI

particle, Rz4(0) ~ R._(0) ~ 1, and

Ry (0) = 5 2= /2 [(2 - p)o(e}/2) + pK(63/2)] (7 »

where p = ({3/t1)® and K;, K) are Bessel functions.
Ry_(0) is obtained from (7) by exchanging ¢, « ¢,.

If t; = 13 for both beams (such as for round beams),
then 8;, = G, and B;_ = B;-; we allow, however, for
the possibility that 85, # Bi_ and we assume nothing
about the six rms beamn sizes. Then we find that

Re4(0) = Rys(0) = p+ (1 — p)v/m iz exp(t3) erfe(tz) (8)

where erfc(z) is the complementary error function.
R._(0) = Ry_(0) is obtained by exchanging ¢; « ¢5.

For particles away from the bunch center, Eq. (4) im-
plies that £(z) = &(—z) for each of the four beam-beam
parameters. This means that the particles at the head and
the tail of the bunch suffer the same beam-bearn tune shift.
This property follows from the assumed lattice symmetry
about the IP and the assumed lack of bunch disruption.

The aggravating factors saturate [2] to a limit when z —
co. In practice this limit applies to particles with |z{ 3> g°,
where £° is here any of the four beta-functions at the 1P;
therefore this limit may or may not be sensibly reached
in specific machine designs. Furthermore, this property
follows from a first-order calculation; it may not hold in
higher orders if £(o0) is large.

IV. THE SLAC/LBL/LLNL B FACTORY :}

For nominal parameters of the APIARY 6.3-D design
for the proposed SLAC/LBL/LLNL B factory [1] we obtain
t; = 4743 and ¢y = 1.897, so0 that R ='0.945. This implies
that the luminosity is 5.5% smaller than the zero-bunch-
length estimate.

We also obtain Ry, (0) = 1.093, so that the verti-
cal beam-beam parameter of the central positron is 9.3%
larger than the nominal value. The other three aggravat-
ing factors are slightly smaller than unity [2]. For parti-
cles away from the center of the bunch, Ry grows almost
linearly with z. Fig. 2 shows £,4 as a function of the
positron’s longitudinal distance away from the center of
the bunch. The remaining three aggravating factors devi-
ate significantly from unity only for z 2 10¢,. Fig. 3 shows
all four aggravating factors as a function of the particle’s
distance away from the center of the bunch.

A qualitative estimate of the electromagnetic bunch dis-
ruption can be obtained from results for multiparticle sim-
ulations for single-pass, symmetric, beam collisions [7]. For
flat bunches that are uniform in 2 and gaussian in y and
s, one obtains, from Chen’s empirical fit, that the disrup-
tion is Hp = 0.998 with an estimated accuracy of +£10%,
for nominal APIARY 6.3-D parameters (A = 0.53 and
D = 0.20). Since Hp takes into account both the ge-
ometrical and the electromagnetic disruption effects, we
conclude, to this accuracy, that the geometrical reduction
in luminosity is compensated by the pinching effect. This
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Figure 2: The vertical beam-beam parameter for the
positron, £y4(z), for nominal APIARY 6.3-D parameters.
The nominal value is & = 0.03 for all four beam-beam
parameters. The almost linear rise is explained in [2].

result is consistent with the multiparticle tracking simu-
lation results for the SLAC/LBL/LLNL B factory when
parasitic collisions are ignored [1]. One should keep in
mind, however, that since Chen’s results apply to single-
pass collisions, a potentially important dependence on the
tune of the machine may be missed in this interpretation.

V. CONCLUSIONS

As in the symmetric case, the luminosity reduction fac-
tor is a sensitive function of 8*/¢,. Unlike the symrnetnc
case, however, this factor depends explicitly on the trans-
verse bunch sizes in addition to the bunch lengths and
beta-functions.

A numerical application to the SLAC/LBL/LLNL B fac-

tory shows a 5.5% geometrical reduction of the luminos-
ity and a 9.3% geometrical enhancement of the central
positron’s {4 relative to the nominal values.

Positrons with 2 ~ y =~ 0 at the head or tail of the
bunch have higher &, than the central positron due to
the fact that they sample, on average, a higher B4 dur-
ing the collision process (8;+ = 1.5 cm is the smallest of
the four #*’s). Positrons with |2] > 60, have £, > 0.1;
this number can be made smaller, however, by a modest
increase in 47 [2].

We estimate the electromagnetic pinching effect to be

- small, since it modifies the results of the geometrical cal-

culations by ~ +10%. It is probably beneficial for the
luminosity, and it is probably detrimental for the beam-
beam parameters.
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Figure 3: The aggravating factors for both beams for nom-
inal APIARY 6.3-D parameters. The saturation property
is seen at (unphysically) large values of z (0,5 =1 cm).
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Abstract

Efiects of parasitic crossings ("near miss” collisions
of two counter-rotating beams at unwanted positions near the
IP) are studied in terms of computer simulations for an
asymmetric B Factory, APIARY-6.3d. Beams are separated
horizontally at the first parasitic crossing points by about 7.6
times the horizontal rms size of the low energy beam (the
larger in size of the two beams), Opx, 4. Simulations,
including both the beam collision at the IP and parasitic
crossings, have been performed for different separation
distances, 4. It is found that the ratio d/opy, + is a good scaling
parameter of beam blowup behavior. The results show that
beam blowup due to the parasitic crossings is diminished for
d 2 760x,+, in agreement with the bunch separation
experiment at CESR. Thus, the nominal separation 7.6 opx,+
turns out to be acceptable, but with only a small margin.
Some methods to mitigate the effects of the parasitic crossings
are discussed.

1. INTRODUCTION

The atrainable luminosity in an asymmetric storage-
ring collider for a B Factory will be determined to a large
extent by the physics of the beam-beam interaction. Extensive
studies of the beam-beam dynamics under asymmetric energy
conditions have been done, and the idea of the so-called "energy
transparency symmetry” was suggesied to put the two beams
on an equal footing as far as transverse dynamics is concemned
[1). Most of those studies consider only primary head-on
collision of two beams at the IP. For the APIARY-6.3d, the
bunch spacing is only 1.26 m, so that the bunches experience
long-range collisions on the way into and out of the IP region
{where both beams travel in a common vacuum pipe). These
collisions are called "parasitic crossings." There are six
parasitic crossings symmetrically located on either side of the
IP. Of these, the first parasitic crossing (the one closest to the
IP) on either side has the dominant effect on beam dynamics
due to the small beam separation and the large vertical beta
function. The nominal parameters at the IP and the first

- parasitic crossing point for the two rings of APIARY-6.3d are

et

'\..;./

listed in Table 1. In this table, As is the distance between the
IP and the first parasitic crossing, d is the separation

* Supported by Director, Office of Energy Research, Office of High
'Energy and Nuclear Physics, High Energy Physics Division, of the
U.S. Department of Energy under Contract No. DE-AC03-
765F00098.
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distance between the two orbits at the parasitic crossing, 4v is
the une advance between the IP and the first parasitic crossing,
B is the beta function, and &g is the rms nominal beam size.
Horizontal and vertical quantities are denoted by the subscripts

x and y, respectively.

Table 1
APIARY-63d nominal parameters at the IP
and the first parasitic crossing
Low Energy Ring High Energy Ring
(LER, e¥) (HER, ¢

4s (m) 0.63
4 {mm) 2.82

P 1st PC IP 1st PC
Avy 0 0.1643 0 0.1111
dvy 0 0.2462 0 0.2424
B (m) 0.375 1.51 0.75 1.30
By (m) 0.015 25.23 0.03 13.01
Cox (1m) 186 373 186 245
gy (pm) 7.4 302 7.4 153
diow — . 1.6 _— 11.5
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Parasitic crossings have the potendal to induce
significant blowup in the vertical beam size of the low energy
ring (LER), because they excite odd-order resonances and
because the vertical long-range tune shift of the LER is as
large as the head-on tune shift at the IP. Obviously, if the
separation is large enough, effects of the parasitic crossings
diminish. We carry out simulations to see if the present
nominal separation d = 7.6 ooy, + gives acceptable
performance. A more detailed description of the present study
can be found in Ref. 2.

IL SIMULATION TECHNIQUE

Once the two rings are filled with bunches, pairs of
collisions at the IP are fixed; that is, each bunch of one ring
collides only with the same partner in the other ring.
Therefore, the beam-beam dynamics can be simulated with one
bunch per ring. However, when parasitic crossings are
included, all the bunches can "talk" to each other directly or
indirectly. A completely faithful simulation for APIARY-
6.3d would require 1658 bunches per ring, pushing the CPU
time beyond practical limits. If the coherent beam-beam
oscillation does not play an important role in beam blowup,
the "talk" between bunches may not need to be simulated
exactly. At the same tim.e, the particle distributions do not

1 e i o4 127 s g



differ much from bunch to bunch. Under these assumptions,
we may adopt the following technique to allow us to use only
one bunch per ring. Two bunches are counter-rotating in the
two rings (see Fig. 1). When the e~ bunch is at the parasitic
crossing PC+, the e* bunch is at the other parasitic crossing,
PC-. To calculate the beam-beam force on the ¢~ bunch from
the e* bunch at PC+, we use the particle distribution of the e*
bunch at PC-. The same technique is applied io the e* bunch.

PC+

|
\ ‘ P

.«

, /4_3

Figure 1. Schematic layout of the interaction region.
TH. SIMULATION RESULTS

The main parameters of APIARY-6.3d used in the
simulations are listed in Table 2,

Table 2
Main parameters of APIARY-6.3d
LER (¢*) HER (e7)

Energy, E (GeV) 3.1 9
Circumference, C (m) 2200 2200
Nomina! emittance, % 4

&0z (hm-rad) 36 1.8

£py (nm-rad)
Bunch length, o, (cm) 1.0 1.0
Damping time, )

=71 ({tumns) 4400 5014
Bunch current, /; (mA) 1.23 0.848
Synchrotron tune, Q. 0.0403 0.0520
Nominal beam-beam
tune shift, £ox = &oy 0.03 0.03

We have selected the fractional tunes of the working point to
be v = 0.09 and vy = 0.05 for both beams at the present
time; a thorough tune scan remains to be carried out for actual
operation. For these parameters, the primary sirmulation result
without parasitic crossings shows 23% beam blowup in the
vertical size in the LER. The other three beam sizes remain
practically unchanged from their nominal values. Figure 2
shows the beam blowup factor as a function of the separation
d/ogx,+ where all other parameters are kept fixed. The
corresponding luminosity as a function of d/0gx + is shown in
Fig. 3. From Fig. 2, it can be seen that the separation d =
7 O0x,+ should be enough to consider that the effects of the
parasitic crossings are negligible, Accordingly, the luminosity
is only reduced by about 10% from its design value. This

e R A T FIEL O RS

result agrees with the separation experiment at CESR (3] that
concludes that at least 6 "effective™ opy (practically, 6 +
1 opz) separation is required to maintain 2 one~-hour beam
lifetime.

T o
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Figure 2. RMS beam sizes as a function of the -
relative separation d/0p; 4. for the nominal APIARY- 7
6.3d parameters. The subscripts label HER {-) and

LER (+). The nominal beam separation at the

parasitic crossing is indicated by the arrow.
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Figure 3. Luminosity as a function of d/dox,+. for
the nominal APIARY-6.3d parameters.

Although the nominal separation d = 7.6 gz + tums |~
out to be large enough, the safety margin for closed—orbit b
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distortion and so forth is not that great. A simple solution for
this would be to increase the separation distance, and that
approach is now under study. Here, however, we intend to
explore other possibilities in order to improve luminosity,
particularly for a large value of §p. The first such possibility
is to increase the beta function at the IP, ﬁ', of the LER. The
idea is to make the tune modulation due to the synchrotron
motion at the IP closer to the energy transparency condition,
and simultaneously to reduce the beta function of the LER at
the parasitic crossing. Therefore, the beam size at the parasitic
crossing is also reduced and the relative separation d/Gpx +
increases. The penalty is a large low-energy beam current. A
preliminary simulation result without parasitic crossings
shows that the two beams blow up more symmetrically and
the luminosity gets closer to its nominal value.

Another possibility is to increase the bunch spacing
from 24,7= 126 m 10 34,7 = 1.89 m by filling the rings with
bunches every third rf bucket, instead of every second bucket,
while other lattice parameters are kept fixed. Here, 4, is the
rf wave length. This pushes the parasitic crossing farther away
from the IP and the separation distance becomes larger. Now,
the separation d at the first parasitic crossing increases from
2.82 mm to a considerably large value of 7.41 mm. The beta
function at the parasitic crossing increases also, so that the

relative separation d/oyy 4 increases from 7.6 to 92. In order

to maintain the nominal £y and keep the luminosity constant,
the bunch current and the emittance also must increase by
50%. These changes are still acceptable in terms of beam
instability thresholds and dynamic aperture considerations.
The simulation results are shown in Figs. 4 and 5. We can
se¢ practically no beam blowup at the nominal separation, and
the luminosity is close to the nominal value. The safety
margin of d is now sufficiently greater than the previous case
(note that the beam size at the parasitic crossing increases by a
factor of about 2). Good luminosity performance remains even

for a larger £y = 0.05.

——d
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Figure 4. RMS beam sizes as a function of d/opx,+
for APIARY-6.3d, in the case where bunches are
filled every third bucket instead of every second
bucket.
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Figure 5. Luminosity as a function of d/op; 4 for
APIARY-6.3d, corresponding to Fig. 4.

1V, CONCLUSIONS

Simulation results including the effect of parasitic
crossings for APIARY-6.3d show that the nominal separation
is large enough that beam blowup due to the parasitic
crossings disappears and the luminosity reduction is only 10%
from its nominal value for £y = 0.03. However, the safety
margin in terms of separation tolerance is low. To mitigate
the effects of the parasitic crossings, one such possibility is to
change the lattice parameters, such as the beta functions at the
IP and at the parasitic crossing, so that the relative separation
d/ g, increases. Another possibility is to increase the bunch
spacing from 24,r= 1.26 m to 34,7 = 1.89 m by filling the
rings with bunches every third bucket rather than every second
bucket. In this way, the optics parameters can be kept fixed.
Preliminary simulation results for the case of filling every
third bucket show improvement in the beam sizes and the

luminosity.

The auwthor would like to thank M. Zisman for
helpful discussions and proofreading of the manuscript.
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Control of Coupled-Bunch Instabilities in High-Current Storage Rings*

G. Lambertson

Lawrence Berkeley Laboratory
1 Cyclotron Road
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ABSTRACT

Intense particle beams may be subject to coupled-bunch
instabilities that would grow at ratcs greater than the bunch
oscillation frequencies. The suppression of this growth requires
both reduction of the driving impedances and active feedback of
bunch motions. The shunt impedances of higher-order cavity
resonances can be reduced by passive dampers and the beam
impedance within the band of the fundamental resonance can be
reduced by rf feedback around the cavity and power amplifier.
The feedback of bunch motions composed of numerous coupled-
bunch modes requires broad-band systems for which the
amplificrs are costly. Examples proposcd for electron storage
rings arc presented.

L. INTRODUCTION AND GENERAL RELATIONS

In the intense stored clectron beams of light sources and
large e*-¢- colliders, the strongest collective instabilities are
expected to be the coupled-bunch (c.b.) motions. This is
largely a response to the presence of strong rf systems needed to
produce the many short intense bunches. Suppression of c.b.
growth calls for both reduction of the norma! resonant
impedances of rf cavitics and the provision of strong broadband
feedback of longiwdinal and transverse bunch motions.

The fact that the bunch length is usually much shorter than
the wave length of the highest resonances below the beam tube
cutoff frequency simplifies some relations. The effective
driving voltages for the rigid-body moltions, which grow most
rapidly, are simply the voltages excited in high-Q resonators by
the bunch molions. A longitudinal mode amplitude A,
measured at {5, provides a cavity exciting current of

f:onAcpofcb/frf (1)
where fif is the frequency of the accelerating voltage, feyp is a
synchrotron-sideband frequency for the mode, and I, is the
average current. This current will excite voltage Vy = I Ryin a
resonator that has shunt impedance Ry at the frequency feb
Similarly for the transverse case we have

Vi=loks XRL 7))

*This work was supported by the Dircctor, Offlice of Energy
Rescarch, Qffice of High Encrgy Physics, Advanced Encrgy
Projects Division, of the U. §. Dept. of Encryy under Contract
No. DE-AC03-768F00098.

where V) is the transverse vollage impulsc from a resonator
with transverse shunt impedance R, (Rt = Ru /{kea)? ,C.8. as
given by URMEL} when cxcited by a ¢.b. mode with ampliwde
X. key is the wave number 2nf.p/c.

From these driving excitations, we {ind the growth rawe for
a given ¢.b, mode:

=03 ¢, g R
268 Efe
L f, ©
or L=lolo BikcbﬁﬁRl
T 2BE/cz

where the summation is of the real impedances of all resonators
at all + and - frequencies of the ¢.b. mode.

To damp the mode, we must reduce 1/t 10 below the
radiation damping rate by some combination of (1) reducing the
shunt impedances, (2) tuning to avoid overlap of mode
frequencics and rcsonator (requencies, or (3) active feedback to
oppose Vior Vo .

The strongest resonators in the storage ring are usually the
higher order modes (HOM) of the accelerating cavities.
Example spectra of longitudinal resonances for accelerating
cavities are shown in Fig. 1. The {requencics of ¢.b. modes are
separated by about ong half the orbital frequency f5, so that if
the ring is of small radius they are spaced sufficiendy apart that
it may be practical to tune 1o avoid coincidences between c.b.
modes and HOMSs. For large colliders or synchrotron radiation
sources this is not practical and one must reduce impedances of
the HOMs or usc active feedback, or both.

I[I. REDUCTION OF EXCITING IMPEDANCES

Considering the cost and complexity of components of a
suong active fcedback system, particularly the kickers and
power ampliflicrs, the reduction of the shunt impedances of
resonators is of grcat advantage. Morcover, it can be a
necessity as a means of reducing the growth raies to the order of
the bunch [requencies (£ or ) to avoid great sophistication if
not infeasibility in the feedback design.

With the assumption thar resistive damping can be
provided for the HOMs, it is the values of R/Q of those modes
in the basic cavity shape that is of importance. For cavitics
made of normal-conducting (NC) metal, such as copper,
cconomy ol rf power calls for a large value of R for the
fundamental, accelerating mode; then one sceks a favorable ratio
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Fig. 1 R/Q of resonances of two cavily shapes

of this to the R/Q's of HOMs. Fig. 1 compares the spectra of
R/Q for cavities of closed or open configuration. We sce that
for the same bore diameter, as shown, the usual shape having
nose cones is more favorable. This shape is chosen for the
Advanced Light Source and the design of the SLAC/LBL/LLL
B-Factory [1,2). With larger bore, the number and strengths of
the HOMs decrease but the power-efficiency of the cavity at the
fundamental becomes uneconomically low. If the cavities are
superconducting (SC), power cost is less important and the
open shape is more suitable for other rcasons. A large bore is
the best choice for low R/Q of HOMs and best as a port for
damping those modes. The valuc of R/Q may be as low as a
few ohm. The open cavity is choscn for the design of a B-
‘actory at Cornell [3].

A waveguide auttached to the cavily can couple to the
HOMs and carry power to a terminating load. For damping of

all HOMs, the cutoll frequency of the waveguide should be
between the fundamental and the lowest HOM. For calculating
the performance of this method, Slater’s analysis [4] has been
used as adapied for e.m. ficld caleulations by Krolt and Yu {5).
Fig. 2 shows a NC cavity with three attached waveguides.
Compultations for the first 4 modes yicld Q-valucs in the range
12 10 64. This represenis a reduction of > 1000 over the
undamped shunt impedances {1} and brings the c.b. growth ratcs
well within the range of [easible and alfordable feedback
systems. The loss of impedance at the lundamental is about
10%. This arrangement of daimpers has been modeled on a test
piitbox and Q-vaiues of < 37 were measured (6] comparcd with
25 - 55 predicted. For the damping of SC cavities for a B-
Fac:ory [2], the scheme of Fig. 3 is proposed. The waveguide
in this case is the enlarged bore tube with fluted walls Ieading
to a resistive-surface load. Longitudinal Q-values of < 70 are
calculated. With this damping and the relatively sirong
radiation-damping from a 120 meler radius, the nced for active
damping would be greatly reduced or zero.

fli|:,.‘

il = |

Fig.2 Onc half of cavity wilh threc damping waveguides

In a large ring with NC cavitics, the low orbital frequency
may bring the frequencics of longitudinal ¢.b. modcs with low
mode numbers within the response width of the fundamental
cavity resonance. For the zeroth (phasc oscillatron) mode this
is always true and has commonly been stabilized by detuning
the cavity so as to provide nct (Robinson) damping by the
shunt impedances at the mode {rcquencics frf + f5. Other
modes, at frequencics fif + mfy + €5, as shown in Fig. 4 are
either damped or driven depending upon their positions on the rf
resonance curve. Not only can this net driving impedance be
greater than that from the typical HOM, but as part of the
fundamental cavity resonance, it must not be resistively
damped. However, the shunt impedance seen by the beam can
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be reduced by active feedback of the tf around the cavity and
power amplifier (7]. The degree of impedance reduction
available from such a technique is limited by the unavoidable
time delay of elements in the feedback loop, notably the power
amplifier, which may amount to hundreds of nanoseconds,
Feedback stability analysis of such a circuit for the B-Factory rf
system has predicted a possible reduction of R of a factor 10.
A comb filter added in the rf loop allows greater loop gain at
the harmonics of fy; studies indicate that this schecme may
further reduce the impedance, at least to the point where the net
excitation is comparable t that of a damped HOM [8).

Ill. FEEDBACK OF COUPLED-BUNCH MOTION

Cancellation of the residual c.b. excitation after reduction
of the driving impedances is done by active feedback that
provides voliage kicks to cancel the resonator voltages IR,
This view sugacests the usc of narrow-band feedback at the mode
frequency, i.c. made-to-voltage kick. But we note that stable
and unstable mede {requencics arisc closcly spaced at the sides
of harmonics of f, and therefore narow filicrs are needed to
avoid positive fcedback. Nevertheless, this mode-by-mode
feedback has been the method of choice for those cases where
only a few ideniifiable ¢.b. modes arc growing. The narrow-
band fecdback in this casc permils the use of efficient narrow
bandwidth clectronics and kickers and hence, minimum cost.
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of fundamental

In the case of a large, high current ring, many modes may
grow and the economics of a few narrow band channels is not
available. A single HOM that has been broadened by damping
can drive about 100 ¢.b. modes. The alternative to hundreds of
circuits tuned to ¢.b. modes is the bunch-by-bunch system in
which signals from individual bunch motions are kept scparate
in time and feed back to those same bunches alter one or mare
turns delay. To address in this way M bunches circulating at
rate f, requires a bandwidth of at least 1/2 Mf,. (Note that this
same bandwidth would be required of the output stage of a
mode-by-mode system that could feed back signals from a
substantial fraction of the possible M modes.) Itis the sensible
and economic design of the single-bunch detection systcm,
processing circuits, and output stages that is the challenge.

The gain that is required is straight forward to define for a
given, expected shunt impedance R. One calculates the mode
current [ for a given mode amplitude and provides a kick
V2IR And in the abscnce of noise, gain is no problem to

provide. In contrast, the output kicker power is costly and
depends upon the initial mode amplitude one needs 1o
overcome. The kicker powcer is

2 7202
P=V/2R,=1R2R;
where Ry is the combined shunt impedance of the kicker or
array of kickers to be powered.

For perspective, we can cstimate the power and its cost for
some sample parameters. A typical single longitudinal kicker
has RiAf/f = 100 ohm and for specific example parameters we
may choose for a large ring with NC cavilics:

Ry = 20 k€ lor onc HOM in 10 cavities at
2 kQ cach.

fev'fer = 2 atthe HOM (~1000 MHz)

Adg = 10 psecat 500 MHz = 0.03 radian c.b.
amplitude

Io = 1 ampere average current

Al/f = 12at~ff
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Then

I
P

(1)(0.03)(2) = 0.06A
1/2 (0.06)2 (20,000)2/200 = 3.6 kW

At $150 per watt the power amplifier costs 0.5 MS. These
numbers point out the imponance of the initial amplitude that
must be suppressed and the driving shunt impedance.

In operation, once the feedback has suppressed the c. b.
motions, power demands should be very low. It is the
oscillations of the injected beam and possible transients that are
the most demanding. If the full ring current were injected in a
time short compared to the c. b. damping rate with feedback,
very large power could be demanded. Therefore it is worthwhile
to damp beam as it is injected over many damping periods.
Even then, a few bunches that have large excursions can readily
call for large power from a broadband system. Here we note
that perhaps only one tenth of the ¢. b. modes are unstable and
hence not every frequency component in a few-bunch
disturbance must be strongly damped. In the bunch-by-bunch
scheme, tolerance for large local oscillatons is provided by a
design for controlled limiting of the output beyond a specified
maximum. This non-linear behavior is most convincingly
studied by numerical simulation; this has been carried out in the
case of the B-Factory.

The components and parameters for longitudinal damping
in the B-Factory at SLAC illustrate a bunch-by-bunch system.
Transverse feedback is similar and usually less difficult and less
costly. '

Table 1 Parameters of B-Factory at SLAC
E = 90GeV electron energy
L, = 1.48 ampere average current
M = 1746 (less 5% gap = 1658 bunches)
frf = 476 MHz = 2x bunch rate
fo = 136 KHz orbital frequency
fs = 7 KHz synchrotron frequency
foo = 750 MHz for strongest HOM (TMO011)
Rt = 27 MQ without dampers
= 57 KQ after damping to Q = 70
T = 18.5 msec from radiation damping
= (.04 msec growth time with full Ry
= 5.1 msec growth time with reduced Ry
A¢ = (.44 radian error in 1/5 bunch injected at
60 Hz rate
AQo = 0.03 radian maximum amplitude of

confrollable ¢, b. osc.
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Fig. 5.

The pickup electrode produces an 8-cycle burst at 2856 MHz
from each passing bunch. This signal is the combined pulses
from an array of 8 short pickups. A phase detector has been
built that at this frequency can measure the phase of each bunch
with < 0.5 degree resolution at 476 MHz.[9] These signals are
processed, delayed, and amplified by the power amplifier to
drive the kicker structures.

Four kickers are used, each consisting of four drift tubes
connected in series by half-wave delay lines. This provides a
combined shunt impedance of Rk = 4 x 1600 = 6400 ohm and a
bandwidth of 200 MHz at 1.07 GHz. Installed kicker power is
2KW, 1.25 of which is nominally needed to provide kicks that
are limited at 4 KV/tum. Although each injected charge is
small, its exrror would, if response were linear, call for 12 KV
per tum. The performance of the amplitude-limited feedback at
injection as calculated by a simulation program [10] is shown
in Fig. 5.
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IV. SUMMARY

The damping of HOMS of accclerating cavities is necessary
as part of sysiems (o swabilize ¢. b, oscillations in new electron
storage rings, Mcthods for this damping have been
demonstrated in low-power cavitics. Fast bunch-by-bunch
feedback is possible and wcll suilcd for rings with many
unstable c. b. modes. In that application it can damp
disturbances from injection, noises, and beam-beam interactions
as well as suppressing ¢. b. motion,
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Abstract

The paper describes the proposed design for the 476 MHz
accelerating cavity for the SLAC/LBL/LLNL B-Factory. This
machine will require a high power throughput to the beam
because of the large synchrotron radiation losses, and very low
impedances for the higher order modes because of the high
current proposed. Use of conventional construction in copper
means that careful consideration has 10 be paid to the problem
of cooling. The need for a high shunt impedance for the
accelerating mode dictated the use of 2 re-entrant shape. This
maximized the impedance of the fundamental mode with
respect to the troublesome longitudinal and deflecting higher
order modes, when compared to open or "bell shaped™ designs.
A specialized damping scheme was employed to reduce the
higher order mode impedances while sacrificing as little of the
fundamental mode power as possible. This was required to

suppress the growth of coupled bunch beam instabilities and’

minimize the workload of the feedback system needed to
control them. A window design capable of handling the high
power was also required,

I, INTRODUCTION

The B-Factory RF system is required to meet the demands
of a high luminosity, and therefore high current, while
operating in a reliable manner befitting the "factory”
philosophy of the project [1). Choices of the parameters of the
RF cavity are intended to be conservative and reasonable
extrapolations from existing technology. The chosen frequency
of 476MHz is a subharmonic of the SLAC linac frequency, to
allow for stable injection. Commercial IMW Klystron designs
can be made to work at this frequency The very large beam
currents, 1.48A in the High Energy Ring (HER) and 2.14A in
the Low Energy Ring (LER), require up 10 10MW and SMW
respectively to replace the energy lost to synchrotron radiation,
cavity wall heating, and other effects. The need for short
bunches (o) =lcm), requires a voliage of 18.5MV for the
HER, 9.5MV for the LER. Unfortunately the number of
cavities over which the power can be distributed must be kept
0 2 minimum because, with such large currents, the
impedances of higher order modes (HOMs)} will cause very

~large longitudinal and transverse coupled-bunch instablility

growth rates. Even so it is necessary to provide damping of

* Work supported by the Director, Office of Energy Research,
Office of High Energy Physics, Advanced Energy Projects
Division of the U.S. Department of Energy.

# Lawrence Berkeley Lab.,,DOE contract DE-AC03-765F00098
t Stanford Linear Accelerator Center, DE-AC03-765F00515
1 U.C.5an Diego, DOE contract DE-AC03.83ER80726

these modes in the cavities and an active bunch-by-bunch
feedback sysiem in each ring to control this. Since most of the
power gocs into the beam, the saving in RF power from using
superconducting cavities would not be large, and has to be
weighed against the increased complexity associated with the
cryogenic system. Also the technology for coupling such large
drive and HOM power to and from a superconducting cavity is
not yet mature. For these reasons and because expertise in the
project team is primarily with room temperature structures,
conventional copper construction was preferred. Single cell
cavities of a re-entrant design were chosen to maximize the
shunt impedance of the fundamenta! mode with respect to
HOMs. It was decided to limit power to 500kW in each cavity
(and window), of which up to 150kW is dissipated in the
walls, yielding 20 cavities in the HER and 10 in the LER.
This gives a gap voltage in the cavities of less than 1MV and
an average field of about 4.3MV/m. The high wall dissipation
requires careful attention to be paid to the cooling system,
especially around structures such as the damping waveguides,
which may have localized concentrations of current

30 Deg.

lcm I4.825cm

Fig.1: Basic B-Factory cavity shape

II. CHOICES FOR CAVITY PARAMETERS

Cavity designs and commercial IMW CW klystrons are
available at around 350MHz and 500MHz. PEP, LEP and APS
use 350MHz, while Daresbury (SRS), KEK and ALS operate
at SO0MHz, A frequency in the higher region was chosen
because less overvoltage is required in the cavity to achieve the
short bunch length and more bunches can be circulated.

The type and shape of the cavities is determined by the
need to maximize the fundamenta! mode shunt impedance with
respect 10 HOMs. This is best achieved with a re-entrant or
"nose-cone” shape. With conventional copper construction, an
open or bell shape, as often used in superconducting cavities,
does not work as well in this respect. The shape chosen (fig.1)




is similar to those used in the SRS, KEK and ALS, with a
beam pipe internal radius of 4.825¢m, (coming from the
internal dimensions of a standard sized 10cm OD pipe used for
the vacuum chamber in the RF straight ). Analysis of the
basic shape was done using the 2D URMEL code [2] Single
cells were chosen to keep the number of HOMs to a
minimum, in multi-cell structures the coupling between cells
results in more modes.

URMEL calculates the transit time corrected shunt
impedance Ry (=V2/2P) for the basic shape w0 be about
5.3MKQ with a Q of 45,000 and R/AQ of 116<2. In a real cavity
this impedance is degraded by the addition of ports and
damping waveguides and by the effect of wall temperature on
the conductivity of the copper. Experience with other designs
suggests about 10% will be lost with the addition of the tuner,
drive and other ports. Using MAFIA {3] and ARGUS [4] to
study the 3D shape shows a loss of 10% or less in the
fundamental mode R, and Q when the damping waveguides are
added (RAQ stays about the same). Based on exirapolation from
existing cavities and thermal studies using ANSYS [5], loss of
efficiency due to surface temperature rise may be as high as
14% with 150kW dissipated in the cavity. Thus a practical
shunt impedance of 3.5MQ with a Q of about 30,000 should
be achievable, (table 1).

To get the required match at the nominal operating
currents requires a coupling factor B of about 3.7. Loop and
aperture couplers were considered, the loop has the advantage
that the coupling factor can be adjusted by rotating it, but it
must be well cooled because of the very high surface current
densities. An aperture has the advantages of simplicity and
lower surface currents but may need a larger opening in the
cavity and requires a sliding short circuit in the waveguide o
adjust the match which may be a problem because of limited
space in the tunnel. A loop is favored because of the
compactness and adjustability and because of the experience of
the SLAC team with this type of coupler.

Either type of coupler requires the use of a vacuum
window at some point. Existing designs using a ceramic
window in the aperture or as part of the loop structure are not
well suited o such high power levels, It was decided to locate
the window well away from the harmful cavily standing wave
fields, which may evanesce some distance into the waveguide,
using & simple waveguide window. Designs are being
developed commercially for S00kW CW operation. The
location of the window in these designs requires that part of
the waveguide be evacuated which may increase conditioning
time. Anti-multipacior coatings will be applied to the
windows and may be used on other surfaces if any problems
are encountered with excessive multipactor during
~ conditioning.

Active tuning of the cavities is proposed to be done by
motorized plungers of the type used in PEP. These have
carbon brushes to prevent HOM power from getting into the
bellows. An interesting alternative is to distort the cavity
slighly by extemnal pressure t0 change its frequency, This has
the advantage that no hole needs to be cut in the cavity wall.
Both of these methods will be investigated in more detail.

Table 1: RF Parameters for the high and low energy rings.

Parameter HER LER
RF frequency (MHz) 476
Beam current (A) 1.48 2.14
Number of cavities 20 10
Shunt Impedance Rs* (MQ) 3.5
Gap Voltage (MV) 0.93 0.94
Accelerating gradient (MV/m) 42 43
Wall loss/cavity (kW) 122 130
Coupling factor without beam (B) 3.7 38
Unloaded Q of cavity 30000
* Rs =V2/2P

The high beam currents have the potential for very high
coupled-bunch instability growth rates, requiring special
attention to be paid 1o the HOM impedances of the cavities.
Existing damping techniques using externally applied tuned
couplers have not proved effective enough to meet the B-
Factory requirements, and reduce the growth rates to a level
where an economically feasible feedback system could take
control. For this application damping waveguides were
included in the design of the cavity right from the start. These
waveguides are designed (o propagate at the HOM frequencies
and are positioned to couple most strongly to the most
troublesome modes while avoiding the field nulls of all the
other modes (so that no modes, however innocuous, remain
trapped). The waveguides are below cutoff at the fundamental
mode frequency and result in only a small perturbation of the
accelerating field. The effect of the size, shape and location of
the damping waveguides has been studied experimentally on a
simple pillbox cavity [6] and calculated using MAFIA and
ARGUS, for the pillbox case and realistic B-Factory cavity
shapes. Neither MAFIA nor ARGUS is currently capable of
solving the complex eigenvalue probiem created by lossy
materials in the damping waveguides so the method of Kroll
and Yu [7,8] was used to calculate the mode frequencies and
Q's of the loaded structures. Three waveguides are used, spaced
120 degrees apart around the cavity azimuth so that all HOMs
up to sextupole (m=3), and many higer orders, can be damped.
This maintains symmetry, avoiding introducing low order
(m=1,2) multipole components into the fundamental mode .

Experiments on the pillbox cavity showed that strong
damping of HOMSs can be achieved, and the measured Q's
agreed well with those calculated by MAFIA/Kroll-Yu,
Initially it was intended to get the Q's down to below 100 for
the worst modes, on the pillbox this was achieved with only a
8% (calculated) loss in fundamental mode. Loaded Q for the
longitudinal (m=0) TM011 mode was calculated to be between
15 and 35, measured to be 31. The dipole (m=1) TM110 mode
was calculated 10 have a Q of 55, measured to be 37.

. The first auempt to calculate the damping of the B-
Factory cavity used a model having three rectangular
waveguides with a cut-off frequency of about 600MHz. These
waveguides were too broad to join directly 1o the cavity wall
S0 an iris was used. Results for this geometry show strong
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damping of the worst HOMs, with a Q of about 30 for the
TMO011 mode, with about 12% loss of the fundamental mode
Q (table 2). It may be possible 1o reduce this degradation of the
fundamental mode by smoothing out the sharp comers in the
iris. In an auempt to dispense with the iris altogether a scheme
was developed using smooth ridged waveguides which can be
made small enough to open directly into the cavity. Using this
scheme the Q of the TMO011 mode is reduced to less than 26
(possibly as low as 12 - there is some uncertainty due to the
limited number of data points used in the Kroll-Yu method),
while the fundamental mode Q is lowered by only 7%. The
ridged waveguides have a slighily larger area, which may
account for the stronger damping, while the smoothing of the
comers and the lack of iris could explain the reduced
perturbation of the fundamental mode. Other HOMs are reduced
10 Q's in the range 30-50, except for the TM020 which was
accidentally missed by the placement of the ridged waveguide.
(When the waveguide shape was changed the effective center of
the waveguide moved slightly, onto a null of the TM020

magnetic field).
Table 2: Damping of prototype cavity by waveguides.

No Waveguides Rect wg+iris  Ridged wg
mds  frq Qo RT2  Freq Q  Freq Q
MHz) MQ)  (MHz) (MHz)
TM010 480 40003 4.71 475 35248 473 37344
TMO11 750 33270 1.35 745 30 738 12-26
TM020 993 38700 0.009 997 >1000 992 >5600
Trans.*
MQ/m)
TE 111 685 54844 0.191 680 ~65 678 30-47
TM110 794 57762 18.3 795 ~73 793 31.-64
TM111 1068 51836 33.2 1040 >50 1038 >49

* R/k(r)2 (where r is the beam pipe radius=0.04825m)

Work is continuing on the optimization of the shape and
position of the damping waveguides to get the lowest Q's for
the most significant modes and to check all the higher order
modes to make sure none are missed. Additional damping may
be achieved by using higher order mode filters in the drive
waveguide as there will be significant transmission through
the power coupler for many HOMSs. As a last resort any single
mode which still has a significant impedance may be tackled
by a tuned antenna inserted through a service port.

The high power dissipation and multiple apertures in the
B-Factory cavity require careful attention o the problem of
cooling. It is proposed to use a construction similar to that of
the Daresbury and ALS cavities where the cooling water is
channeled between two shells forming the inner and outer
surfaces of the cavity. Particular care must be taken to ensure
adequate cooling of the nose-cones and the damping waveguide
apertures. The surface power dissipation is available from the
numerical codes and this information can be transferred to a
finite element program to perform thermal and, ultimately,
stress analyses of the proposed designs. Early investigation

suggested there might be strong local heating in the nose-cone
region and around the rectangular waveguide iris, Current work
is laking account of these results and the present design
iteration is including a wider nose-cone angle (30 degrees)
which allows easier access for the cooling water, and will
feature a smoothed iris or rounded ridged waveguide.

Field enhancement on the small radjus of the cavity nose-
cone, as calculated by URMEL, leads to local surface electric
fields about 5.9 times the average accelerating field in the
cavity. At about 25MV/m this is comparable to the Kilpatrick
number at this frequency, 20.9MV/m, so sparking should not
be a problem after conditioning.

IIl. DEVELOPMENT PROGRAM

The current design effort is targeted on optimization of the
RF performance of the cavity shape and the damping scheme,
while keeping in mind the problems of cooling and mechanical
construction. The first test of the design will be the
construction of a low power test model to measure the
effectiveness of the damping scheme and confirm the calculated
mode spectrum. An automatic bead-puller is being constructed
to allow detailed investigation of the HOM impedances. This
mode! may also be used to test the RF control loops, using a
low power amplifier instead of the klystron. At the same time
programs will be under way to evaluate high power window
and coupler designs, leading ultimately to their verification in
a high power test stand at SLAC. Any lessons learned from
the Jow power tests will be included in the next design
iteration of the cavity which will concentrate on the
engineering of a high power prototype.
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HIGHER ORDER MODE DAMPING IN A PILL BOX CAVITY

F. Voelker, G. Lambertson, and R, Rirnmer
Lawrence BerkeleyLaboratory
University of California
Berkeley, CA

ABSTRACT

We have substantially damped the higher order modes
(HOM's) in a pill box cavity with attached beam pipe, while
reducing the Q of the principal mode by less that 10%. This
was accomplished by cutting slots in the cavity end wall at a
radius at which the magnetic field of the lowest frequency
HOM's is large. The slots couple energy from the cavity
into waveguides which are below cut off for the principal
mode, but which propagate energy at the HOM frequencies.
Three slots 120 degrees apart couple HOM energy to three
waveguides, We are concerned primarily with accelerating
and deflecting modes: i.e. the TMp,,, modes of order m=0
and m=1. For the soongest dampmg. only three m=0 and
m=] modes were detectable. These were the principal
TMg1p mode, the TMyy; longitudinal mode, and the
TM) g deflecting mode. In addition the HOM Q's and the
reduction of Q for the principal mode were determined by
computer calculation. The principal mode Q for an acmal f
cavity could not be measured because the bolted joints used
in the construction of the cavity were not sufficiently good
to support Q's above 6000. The measured Q of the first
longitudinal mode was 31 and of the first ransverse mode
37. Our maximum damping was limited by how well we
could terminated the waveguides, and indeed, the computer
calculations for the TMp;; and TM; 1o modes give values
in the range we measured.

L. INTRODUCTION

A large number of modes can be excited in an rf cavity
by a bunched beam. Energy at frequencies below the cut off
of the beam pipe will be trapped in the cavity, and interact
with successive beam bunches. The voltage induced in the
cavity at these higher order mode (HOM) frequencies is
proportional 10 the shunt impedance of the mode, Shunt
impedance is the product of a geometrical factor (RAQ) and
the Q of the cavity; reducing the Q by damping the mode
reduces the voltage excited at that frequency.

We are presenting a method to damp the HOM's
without excessive damping of the principal mode. This has
been demonstrated in a pill box cavity with three slots
coupled to waveguides that carry HOM energy to
terminating loads,

*  Work supported by the Director, Office of Energy
Rescarch, Office of High Energy Physics, Advanced
Energy Projects Division, U.S. Department of Energy.
Contract DE-AC03-765F00098.

HOM Damping

Imagine a typical rf cavity as a globe with the beam
passing through the poles. The magnetic field of the
principal mode at the wall is a maximum at the equator, and
falls off toward a pole. On the other hand, most of the
HOM's have zero H field at the equator, and the H field on
the wall is a maximum at some distance away from the
equator. The HOM's have broad maximums, and it is
feasible 10 find a position where a slot couples strongly to
most of them. The coupling is strongly dependent on the
length of the slot, and less on height of the slot. A narrow
aspect slot couples adequately, and it perturbs the
fundamental mode less than a square aperture. Care must be
taken not to place the slots on a zero of one of the HOM.

The width of the waveguides is greater than the length
of the slot, and was chosen 10 propagate the lowest
troublesome HOM, but not the fundamental mode. The
evanescent fields of the fundamental mode will reach a short
distance into the waveguides, and the terminating loads must
be far enough away in the guide to not damp the principal
mode. The slots cause additional loss at the fundamental
frequency because the wall currents are concentrated at the
edges of the slots. Nevertheless, it is possible to have
adequate coupling for the HOM's and still lower the
fundamental Q less than 10 percent.

Experimental Sep

A pill box cavity with a 38.3 cm diameter and 2 25 cm
height was available from another mode damping
experiment, and it was modified by adding 16.5 cm (inside
diameter) beam pipes to each side, See figure 1. The beam
pipes were terminated in 20.3 cm long crossed-wedges of
1cm thick Eccosorb AN-73 material. Three 2.54 ¢cm x
19 cm rectangular waveguides are attached to one end wall at
a 14 cm radius and spaced at 120 degree intervals. The
waveguides are coupled to the cavity through 2.54 cm x
15.24 cm rectangular slots, and are terminated by lossy
elemcms at the far end. In an r.f. accelerator cavity the

011 longimdinal mode is excited very strongly because it

has a large R/Q. Because it is usually lower than the beam
pipe cut-off frequency, it is rapped, and also has a high Q.
We targeted our slot geometry to couple srongly to this
mode, and the damping-waveguide cut-off frequency was
chosen to be well below its frequency.

To sense beam coupling to the longitudinal modes, we
need an antenna that couples o the Ez fields on the axis of

the cavity. On the other hand, we don't want to perturb the
fields on the axis with a metal coaxial line. Qur solution
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Fig. 1. Pillbox Cavity with One Damping Waveguide

was 1o use four 5 mm long electric-probes in the end walls
as close (o the beam pipe as mechanically feasible, These
were spaced 90 degrees apart. Making them alike reduces
coupling to modes with m=1, 2, or 3. The signals from
these four probes are combined and become one port of the
cavity. A similar electric-probe was placed on the opposite
ead wall and becomes the other port.

The probes are purposefully very short 1o simplify the
Q measurements. The signals from the each pair of adjacent
probes were combined in separate 180 degree hybrids. The
sum signals from these hybrids are combined in another 180
degree hybrid, and for longitudinal modes the sum output is
used as the port to the cavity. To measure transverse modes,
Le. m=1 modes, the difference signal is used as the cavity
port. For both cases 821 was measured using an HP 85108

Network Analyzer. With the dampers in use, the signals for
some modes were very weak, and the readings were enhanced
by averaging 128 readings and smoothing the data slighdy.
We later lengthened the fifth probe to 9 mm o improve the
signal-to-noise on some of the readings.

Measured Resulis

We started our measurements by covering the slots with
metal tape to enable us to identify the basic cavity modes,
and to allow us w0 determine the undamped Q's. Modes up
10 2 GHz were identified by comparing with calculated

T T P T

frequencies from URMEL code. We also saw some
quadrupole and sextupole modes, because the probes were
not exactly symmetrical. These should not couple to the
beam.

Our initial goal was to damp the HOM's sufficiently to

' reduce the Q's to less than 100. Our first waveguide

terminations consisted of four 18 cm long wedges of
Eccosorb material across the 2.54 ¢m dimension of each
guide.

The damping greatly reduced the amplitude of most
modes, and it was necessary o average the signals from the
weakest signals to reduce the noise background. Even so,
many modes disappeared into the noise background
completzly.

Waveguide Terminat

Preliminary measurements were made with a single

waveguide, and a variable length slot. We observed that as
the slot length was increased, the TM())1 mode became
smaller in amplitude to a point where it split into two
frequencies. Further damping resulied in a greater separation
in frequency, but no further reduction in Q.

For the final measurements using three slots, most of the
HOM Q's were below 100, but the TMO]I mode was split

in two parts, one with a Q of 50.5 and the other a Q of 105.
After some experimentation, we found that the mode
splitting was caused by reflection from the waveguide
termination. Reflections between the slot and the
termination cause the waveguides to act like resonant
cavities over-coupled t the main cavity.,

The wedges were removed, and terminations made of
Eccosorb NZ-51 (.5 ¢cm x 3 cm x 6 cm) tiles inserted into
the comer of each waveguide. The character of the split
mode was observed as the number of tiles was increased. As
tiles were added, the split mode coalesced and a final Q of 31
was reached. With these improvised terminations, the first
tiles reached into the evanescent field of the principal mode
and lowered its Q. However a longer waveguide with ferrite
loading could be designed to give a sufficiently good match
and without increasing the principal mode loss.

Calcplated Values:

Using the MAFTA code together with a computational
method developed by Kroll [1), the shunt impedance and Q
of the pillbox cavity was calculated with three damping
waveguides. Figure 2 shows the three dimensional model
used to calculate these parameters, The cut-off frequency of
the damping waveguides is 787 MHz, and the TMyg mode
at 841 MHz is well damped. There is a TE|1] mode in the

cavity at 708 MHz that is not damped. We expected the
symmetry of the probes (o reject it, but it was quite visible
as an undamped mode: For a typical accelerating rf cavity
shape this mode occurs at higher frequency with respect to
the fundamental, and it would also to be well damped even
though we expect TE modes to couple only weakly to the
beam,
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Fig. 2. Three Dimensional Model Used for MAFIA
Calculations

The table below summarizes the results of both the

calculations and the measurements. The frequencies of the
damped modes were peruurbed very little by the dampers, and
there was no difficulty in identifying them.
Calculated Q values indicated that the principal mode was
perturbed a minimal amount; the Q was reduced by only 8
percent. The first longitudinal mode (TM011) and the first
transverse mode (TM111) were reduced to Q's of less than
40, and agreed closely with the calculated values. None of
the other longitudinal or transverse modes were strong
enough to see, but there was one quadrupole mode with a Q
of 152. (We don't expect the beam to couple to quadrupole
modes.)

Calculated Measyred
mode freq Q AQ freq Q
T™M(10 611 33400 -B% 609.5 649+
TMO1Il 840  15.35 8362 31
TE111 708 39300 7% 7042 667
T™I110 907 56 8988 37
T™M111 1021 31 b b
TE211 957 55 b .-
T™M211 - - - 1366 152

* Waveguide load sees evanescent field
** Not visible.
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Absimct

In this paper we describe the determination of the properties of
the above refercnced cavities with particular emphasis on the
damping of the higher order modes (HOM). Because mode

frequency spectra were determined for a large number of shorted -

waveguide lengihs, rather complete analyses are possible. Phase
frequeney plots have proved to he an invaluable aid in sorting out
overlapping resonances and separating cavity resonances from
waveguide resonances Algorithms for the determination of the

parameters of several resonances simultaneously have been .

developed. Determinations of G from multiresonance analyses are
compared to thase from single resonance analyses, and the changes
are typicaily found to be small.

l. INTRCDUCTION

The damping of higher order modes in acceleraior cavities has
been a subject of extensive study for many years. The primary
technique employed has been to couple the energy out through wave
guides to be (erminated in matched loads. Compulter programs such
as MAFIA (as in this paper) have been extensively employed to
assist in the design of such structures, To obtain values of the Q.
and the shified resonant frequencies due to the wave guide loading,
it has been necessary to develop special analysis techniques to be
applied 1o the results obtained from a program such as MAFIA. The
methods of Kroll-Yul (KY) and Kroll-Lin2 (KL, or KYL when
referring to them coilectively) are exemples of such techniques and
will be employed for the two problems which we discuss in this
paper. The thrust of KYL was aimed towards minimizing the
number of computer runs needed. The two examples discussed here
are, however, considerably more complex than (hose discussed in
those papers, and the rather large number used here have permitted a
more complete overall analysis of the mode spectrum.  Also, since
we are still acquiring experience with these methods, the larger "data
sample” is very useflul for providing validation.

A problem which we have experienced in applying KYL has
been the scparation of waveguide resonances from cavily
resonances. One deals here with the spectrum of a lossless coupled
cavity waveguide system, and any run at a particular waveguide
length will produce a series of resonances, some cavity associated,
some waveguide associated, and some, when the two occur at
neighboring frequencies, strongly coupled. When the waveguide
coupling is not too strong, these cases can be readily distinguished
by inspection of field plots. Current interest, however, centers
about the strongly coup{.‘:d case where this method has not always
been convincing. We have found phase-frequency plots to be of
greal assistance in sorting out this problem.

The phase of a given computer determined mode at 2 particular
waveguide length is given by

@-ZRUX‘

As the length is varied each mode traces out a section of a
phase-frequency curve. As pointed out by KY each such section is
<displaced by a multiple of n from a single universal curve that
applies to all of the modes. The designation “phase-frequency plot”
is intended to refer to that single universal curve. An example is

*Works supported by Dapartment of Energy contracts AS03-89ER40527Y,
ACD3-765F005151, and ACT)-765F0009ES.

provided by Fig. 1. Itis based on data reporicd by Higo et. al at the
LINAC 99 conference3. We were provided with a list of the lowest
seven modes arising from MAFIA runs at twelve different
waveguide lengths. The quantily n x was subtracted from the phase
of the n'th mode at each length and the entire set of 84 points
plotted. As is apparent from Fig. 1, the points do indeed trace out a
smooth curve. The high density of points in the low frequency
portion of the curve results from the high degree of overlap which
results from (he n & shifts. The smallness of the scatter is an
indication of the high quality of the computer output. The cavily
resonances are associaled with the steeper portions of the curve, and
as we shall discuss later, the low frequency portion is indicative of
overlapping resonances. The presence of these overlapping
resonances has been the motivation for the development of
multiresonance fitting procedures. Both single mode propagation
and a unique symmetry relation between (he fields in the two outpuls
has hcen assumed in the above discussion. Thete were assured by
the boundary conditions applied in the MAFIA caleutations.
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Fig. I Phase frequency plot for JLC prototype cavity.
2. THE ILC CAVITY

The KYL methods are based upon the following tepresentation
of the phase-frequency relation:

v
o(w) = Y arctan (——) - x (@)
t T

=2+ 0y

For each mode, u/2v is the ( value and u the resonant frequency.
The branches of the arctangents are 1o be chosen so as lo obtain 2

smooth curve. The function x is intended to represent the effect of
resonances nol taken into account explicitly, If one ignares x, it is

apparent that as the frequency passes through a resonance the phase
decreases by ®. I all resonances occurring within 2 given

»
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frequency inlerval are recognized and included explicitly in eg. (1),

then x may be presumed to be due (o resonances outside the interval
and therefore to vary by substantially less then ® over the same
inferval. Thus we do not consider a "feature” in the phase-l’requenc_y
plot to correspond (o a resonance uniess a phase change of rt is
involved, and strongly overlapping resonances produce phase
changes which are mulliples of x.

Applying these considerations to Fig. 1, we conclude 1hat the
region below 18000 Mliz contains three overlapping resonances,
the region 18000-24000 MHz is resonance free, and the region
24000-26000 MI1z contains two resonances, The isolated point
above 26000 suggests an additional resonance, but beecause of
inadequate supporting information we ignore it in our analysis. We
determined resonance parameters for the three Jow frequency and
two high frequency parameters separately. To obtain paramelers for
the low frequency resonances we chose eight mare or less cvenly
spaced data points between 15340 and 18236 M1z, and determined
the six resonance parameters and two X paramelers so that the
theoretical curve passed through the eight selecied points. The
resuits of this procedure are shown in Fig. 2. The resultant fit is
seen o be excellent, and the theoretical curve fils the data accurately
until the high frequency resonances are approached. Atlempits 1o fit
the data with only two resonances failed and showed clearly that the
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Fig. 2 Three resonance eight point fit for the low frequency
resonances.
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Fig. 3 Composite plot of the low frequency fit of Fig. 2 with a owe
resonance $ix point fit to the high frequency resonances. The break
point is ar 24100 Mtlz.

Mode Number

phase span in the resonance region combined with the slope of the
resonance free region is inconsistent with the assumplion that only
two resonances are involved. For the high ftequency resonances we
selected six points in the range 25006 to 25956 MHz and determined

four resonance parameters and two x parameters so that the
theoretical curve passed throwgh the six selected points. A
composite curve containing both fits is shown in Fig. 3. The break
between the two representations occurs at ~ 24100 M1{z where the
two curves cross.  Frequencies and Q values that yielded Fig. 3 are
shown in Table I. The figures in parentheses are those obtained
from single resonance four parameter fits carried out with data
points selected from the neighborhood of the resonance as
determined by visual inspection of Fig. 1. Mode 2 is not discemible
in this way and attempts to find it with the four point method after its
position had been determined were not successful. Nevertheless the
resulis show that the four paint method can give quile reliable resulrs
even in the presence of severe overlap. It appears that the free <oy
parameter doces a quile effective job of taking account of the effect of
omitted resonances on the Q values.

Table I. Frequencies and Q's for the JI.C Cavily

Frequency (MHz) Q
1 15375 (15552) 109 (12.0)
2 16077 71
3 17048 (16927) 14.8 (13.5)
4 25121 (25138) 43.1 (42.0)
5 15814 (25814) =~ 1000 (~1000)

We have not identified the modes because we have not seen the
associated field plots. Fig, 1 of ref. 3 plus the symmetry imposed in

the MAFIA calculations suggest TM10- for mode | and TE -0
for mode 2 or 3, We suspect that the other of these two modes is
associated with the radial slot in the disk.

3. THE PROTOTYPE B FACTORY CAVITY

The cavity referved (o in the heading above consists of 2 pill box
with three waveguides mounted symmetrically on one end,
emerging perpendicular to the end. and with the wide dimension
perpendicular (o the radius. In addition it includes a cylindrical
section of smaller radius intended to represent the beam pipe.
symmetrically disposed on the two ends and terminated with 3 short,
A computer simulation of half the cavity is shown in Fig. 4. ltisa
B factory prototype only in the context of a study of higher order
mode damping.

Fig. 4 MAFIA simulation of the prototype B Jacrory cavity wsed for
the MAFIA computations.

Because the cavily is symmetric under 1207 rotation about the
beam axis, its modes can be characterized by an m=-1, m«0, or
m=1{ symmetry index correspond ing to the lowest fourier
component in the azimuthal fourier expansion of the fieids. The
m=+-/ modes are degenerate, but because only half the cavily is
modeled only a single linear combination of this pair appears. Thus
wecan analyze the m=0and ma/ modes separately.

MAFIA calculations were carried out for 14 different lenpgths
of waveguide, beginning with zero. The results of the calculation
are summarized in Fig. 5. Connecting lincs have been drawn which
preserve the mode order of m=/ and m=0 modes separalely.
identification was based upon the fact that fields at the end of the
waveguide should be equal for the m=0 case and in the ratio -1 1o 2
for the ma=/ case (the -1 refers lo the amplitude in the full width
waveguide). Because the computer mesh does not accuraiciy reflect

o
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Fig.5 MAFIA compuied made specira of the Pratotype B factary

cavity shown as a finction nf the lengeh of the shoried waveguides,

Connecting lines join points belonging 1o the same symmerry class.
m=0 square paints. m=[ x poinis.

the symmetry of the physical structure, these relations are satisfied
only approximately, and large deviation occurs at the crossing

poinis. ‘The a x displacement procedure is applied o the m=0 and
m=] sequences separately, and the phase-frequency curves
illustrated in Fig. 6 emerge. The squares mark m=0 snd the x's
m=]. The four "star” points are from the crossing regions and have
ambiguous symmetry. Both points appear on each curve. These
points were avoided in carrying out frequency-Q determinations.
The figure also contains points from a caleulation carried out at
length 61.29¢m with 2 magnetic boundary condition imposed ar the
waveguide ends. These fall on the sniversal curves if their phase is

displaced by an extra n/2.

The me curve exhibits a maximum at the low frequency end
instead of the usual monotonic decrease. This is due to & mode
trapping phenomenon which has plagued t(he application of
waveguide damping. The mode involved here is the TMgyr. Tt has a
frequency of 868.36 Mz for the ciosed cavity, well above the
waveguide cutoff of 786.86. As the waveguides emerge from the
cavity end and lengthen, the frequency of the mode is pulled down
and eventually falls below the guide cuto!f frequency. When this
happens the phase-frequency plot is guaranieed to exhibit a
maximum as a function of frequency. (The reality of this
phenomenon has been confirmed with an analytically solvable
model.) The mode did not actually f2ll betow cutoff at the largest
length (61.29cm). However, the appearance of the maximum is
considered to be the indication that it will eventually do so.
Replacing the electric boundary condition with & magnetic one at the
waveguide end has an effect similar to increasing tie length, and
such a caiculation was performed to see whether it would exhibit an
extre trapped mode. Indced such a mode was found at 773.87
MHz, which we take (o be a confirmation of the above. Apart l[rom
the trapped mode, the m=0 curve shows only one resonance, a
detrapped and low @ counterpart of the trapped TMg;; mode. The
determination of the resonance parameters of this mode is degraded
by the fact that the KY phase-l‘n:cwency formula does not include the
trapping phenomenon, so that the (J determination appears to be
uncertain up to a factor two or so,

The m=1 phase-frequency curve is of the expecicd form and

clearly shows the seven lowest waveguide damped m=/ modes,

Four parameter single resonance fits have been carried out using
both the KY and, where adequale data was available, the KL
method, The phase-frequency plot identifies appropriate regions for
the selection of data poinis for fiting and enables one to avoid the
study of waveguide resonances. The two methods are found to be
in excellent agreement except for the low @ TMg;; mode. As
mentioned belore, we consider this to be due {o the fact that the
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Fig.6 Phase-frequency plot for the prototype B facinry caviry.
m=0 squarc points, . mel xpoints,
amhiguons (plotied nwice} star points.

phase-frequency formela does not include the trapping
phenomenon. These results are summarized in Table 1. The
waveguide loaded frequencies £ for the trapped modes are taken
direetly from the MATTA results. ;

Table II. Frequencies and Q's for the Prototype B
Factory Cavity

Mode type Tp FLKY)  FUKL) Q(KY) Q(KL)
{Mliz) {MHz) (MHz)
TMoi0 617.17 610.94 trapped
TEn 711,61 708.00 trapped
T™ar) 868.36 <773.87 trapped
T™Mait B41-842  B40-845 15.17 24.35
T™i0 909.58 906.7 906.7 55 56
TEng 959.92 936.9 956.6 56 55
™ 1027.22 1021.3 1021.4 2 k]|
TMyz 1073.44 1073.0 1073.7 338 316
TMy3  1090.53 1090.0 1090.0 401 411
T™ne 110939 1108.6 1107.5 300 Ji8
un:rnm;m 1163.15 1162.0 333
m=1)

The TM ;14 modes xbove 1070 Mi1z are sssociated with the
sudden opening of the beam pipe to propagalion in the TE ),
waveguide mode (cutoff at 1064 MElz). The buik of the stored
energy as well a5 the extra nodes are in the beam pipe for alf three.
An experimental investigation of this cavity has been carried out by
Voelker et al4, Absorbers were placed in the beam pipe so that
agreement with computed Q's of the "beam pipe™ modes is not
expected. Otherwise reasonable agreement was obtained.

We thank T. Higo and M., Takao for providing as with Lthe
MAFTA generated data for the JLC cavity, and X-T. Lin for
assistance with the graphics.
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DAMPING OF HIGHER-ORDER MODES IN A THREEFOLD
SYMMETRY ACCELERATING STRUCTURE

D.

Yu'

DULY Consultants, Rancho Palos Verdes, CA 90732
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Abstract

We investigale a waveguide-coupled dampingstructure
with threefold symmetry using the 2-D and 3-D MAFIA
codes. Within the frequency range considered, all higher
order modes except the TMOI1 and TE111 modes are
heavily damped. Possible ways to detrap these by using
asymmeiric waveguides offsetl with respect 1o the accelerat-
ing cavity in the dircction of the beam are studicd, Exter-
nal Qs and resonant frequencies are calcufated using
recently developed computer methods.

INTRODUCTION

Much work has been done since the first workshop on
Future Linear Collider held in SLAC in 1988 on the design
of damped accelerating structures using various waveguide
loaded cavities. Accelerating structures in which higher
order modes (HOM) are damped by coupling to wave-

~~guides via radial and circumferential slots have been

\\w)roposed by R. Palmer!l.

P

4

We have studied several of these
damped cavities with radial or circumferential couplers and
have calculaled, in each instance, the exicrnal Qs and
resonant frequencies of the dam ?cd structurc using a
theory developed by Kroll and Yu“, based on frequencies
and phase shifts for shorted waveguldes A useful exien-
sion nnd variation of this theory has been recently devel-
oped and is also used in our evaluation.

We begin by recapitulating some results for cavities
with twofold-symmetry radial or circumlerential siots which
have been reported previously. The calculated Q for the
principal transverse mode of the radially slotied cavities Is
beiween 8.7 10 13.2, depending on the waveguide cutoll
frequency. Results for the Q values using the Kroll-Yu
method are highly accurate and convincing, and oompare
favorably with those obtained with other methods®. In
addition, the Kroll-Yu method determines the resonance
frequencies accurately. A problem with the radial slot
cavity is the existence of a slot mode which persisiently has
a lower frequency than the acceleraling mode. Because it
has a diiferent symmetry from the accelerating mode,
however, it can be strongly coupled out by use of a double
ridge waveguide? having a fower cutoff frequency than the
fundamental mode, without significantly damping the latter.

' An advantage of circumferentially coupled cavities is

the abscnce of any slot modes. Not restricled by clearance
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considerations, use of smaller irises in these cavities also
helps preserve accelerating field structure and depress
HOM longitudinal coupling. A potential problem of these
cavities is that the lowest transverse [requency Is very near
the waveguide culoff. It is important 10 design the struc.
ture with extreme care in order to avoid trapped transverse
modes. The possibility exists that a transverse mode Is
trapped even when its frequency, in the absence of damping
waveguides, is above the waveguide cutofl. Idcally, the
waveguide cutoff lfrequency should be far enough below the
HOM 1o avoid trapping, and yet be sufficiently high above
the fundamental so that the acceleraling mode is welt
prescrved

Recently, Arcioni and Conciauro® (AC) proposed a
threefold symmetric, circumferentially coupled, waveguide
loaded cavity. They showed that the shunt impedance and
the Q of the acceleraling mode are degraded by 20% and
12%, respectively, from those of a closed cavity, while most
of the HOMs were effectively damped. In this research we
applied our compuier method to furiher anatyze this S-
band cavity. The resonance [requencies and external Qs of
the HOM for this structure were calculated. Then we
studied a similar X-band waveguide loaded accelerating
structure with a threefold symmetry, and showed that in the
frequency range considered, two HOMs (TMO11 and
TEI111) remain trapped. Finally, we studied methods 1o
detrap these modes.

3-FOLD SYMMETRY CAVITY

The AC cavity shown in Figure 1 has a radius (r) of
3.0 cm and 8 height of 3.5 cm. The cylindrical cavity is
coupled to three square waveguides, 120° apart, each
having a width of 3.5 cm. We calculated the frequencies of

R

Fig. 1 A threclold symmetry cavity (rcl. 6)

the TM and TE modes of this structure with URMEL-T for
waveguide lengths (L) of 7.3, 7.9, 8.5, 9.1 and 18.0 cm. For
case of mode identification, only halfl of the structure was
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modcled with reflection symmetry imposed on the haif
plane. A 32000-point mesh is used for the half model with
the longest guide length. The number of mesh points for
shorter guide lengths was reduced to maintain compatible
mesh fincness. The beam pipe was not Included in the 2.D
model as its effect on the external Q was judged 10 be
negligible. Table 1 lists the frequencies of the TM modes,
with principal elcctric ficlds along the axis of the resonator,
shoricd at various guide lengths:

Table I Modal irequencies vs guide lengths for AC cavity

Mode 13¢m 3I%cm B85em 9.1 180 cm
TM™MO310 335430 336094 335205 335640 3175
T™110 463798 4603.07 455638 452522 433570
T™O020 5104.74 498996 4B865.69 478528 437692
T™M120 3699.26 552912 S37489 528220 45512
TM030 668262 636792 6101.79 5BBASE 466438
TM130 6€955.29 673032 649838 629242 489136
™10 795685 768332 744807 725565

‘TMO40 837152 7192796 754596 720379 5101.62
TM140 8161.31 5340.50
TMOS0 854202 5640.47
T™M150 5865.92

> SEDG . o0 - efXe c 00

Fig. 2 Electric field plots from URMELT-T

A typical set of axial electric field plots is shown in Figure
2 for the L=9.1 cm case. The phase shifts, defined as:

L
o= qu’-wf + mn
c

are plotted in Figure 3 for both the monopole (TMOn) and
dipole (TM1n) modes as a function of frequency. In the

above expression, w is the angular frequency for a given
mode, w, is the waveguide cutoff, L, is equal to L-r, and ¢
is the speed of light. The integer m depends upon the
branch on which the mode appears. When properly chosen
all the points for a specific symmetry fall on a single curve.
This is illustrated in Figure 3, which includes all data from
four guide lengths (excluding the longest length). The
phase shifts for the monopole modes (represented by data
points on the upper curve) undergo e change less than n in
the frequency range considered. The data were fitied 10 a
single-resonance 4-point formula? with a frequency of 9309
MHz and a Q of 2.3. The data for the dipole modes (lower
curve) clearly show that there are two resonances in the
same [requency range. The phase shifts in this frequency
range undergo @ change of 2o. The lower curve on Figure
3 is a theoretical fit obiained with a two-resonance form-
ula? for (he phase shifts:

Plw) = m"l(_..vl_]-om‘l i..]-x(u)-l-mﬂ
O-Ill =ity

2w) = x ¢ X0

‘The resonance frequencies of 4459 MHz and 7350 Mhz,
and their corresponding Q of 2.7 and 6.3 were obtained
{rom the six parameters uy, u,, vy, vy, xo and y, fitted to
the data. A high degree of consistency for these results is
evident by selecting data points from different crossed
branches. We also used the data points from a single run
with the longest guide length to calculate the dipole
resonance {requency and Q. We obtained, using the four-
point formula of reference 2, a resonance at 4311 MHz
with Q=2.6, or 4385 MHz with Q=2.9, depending on the
selection of the four points. These were consistent with the
results for the lower resonance obtained from Figure 3
using data from four different runs. Data for the monopole
modes using only the jongest guide length were insufficient
1o yield a four-point solution. The extremely low Q values
for the single monopole and two dipole resonances lead us
to conclude that principal T mode resonances in the AC
cavity are indeed highly damped.
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TRAPPED MODES AND DETRAPPING

A review of the AC cavity URMEL-T plots of the
«clectric fields in the plane perpendicular 10 the axis of the
resonator shows that there are two possible trapped modes.
These are shown in Figure 4, identified as (a) a TE11!1
mode, and (b) & TMO011 mode in the cavity, To assess
possiblc impact of these trapped modes on the accelerating
cavity, we considcred a «-mode, X-band accelerating
structure with a threefold waveguide symmetsy, similar to
the AC cavity, using 3-D MAFIA models with up to 460000
mesh points. The 3-D models included long waveguide
lengths (up to five times the cavity radius) and a finite
cavity and waveguide height (=, where 4 is the fundamen-
tal wavelength). The waveguide width was chosen so that
the cutoff frequency is above the fundamental and below
the HOM. The MAFIA models confirm that the TE111
and TMO!I1 modes are in fact trapped in the cavity. The
TEI111 mode may not require damping because its imped-
ance arises only from the probably very smail TM contami-
nation. On the other hand, damping is required for the
TMO11 mode. In order 10 minimize emitiance growth of
efectron bunches over 8 very long distance, as in a

* linear collider, it was desirable to eliminate as much strayed

-
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Fig. 4 Trapped modes in the AC cavily

fields in the structure as possible. We therefore considered
methods to detrap the TE111 and TMO11 modes. In a first
unsuccessful atiempt we tried to shift each of the three
waveguides by a small offset (about 1/10 of the cavity
height) with respect to the cavity along the beam direction.
This proved insufflicient to detrap the modes. In a second
attempt, we tried 1o break the symmetry of the waveguide
with respect to the cavity by reducing hall of its height.
This detrapped the TMO11 mode (though not the TElll
mode), bul it also distorted the accelerating mode’. In a
third attempt we increased the waveguide height by 50% in
an unsymmeltrical way with respect to the cavity. The
results of this calculation are shown in Figures 5a and 5b,
showing (wo views of the detrapped TE111 and the TMO11
mode, respectively,. By making two MAFIA runs at
dlrrcrem guide lengths, we were able to use the derivative
method® 10 calculate the foaded Q. The TE111 mode is
effectively detrapped with a Q of 10.9. The Q of the
TMU11 mode is substantially reduced, but still over 100.
Oversized waveguides preclude installation on adjoining
tavilies. But damping wavcguxdcs may not bc needed in

wcvery mv:ly il they are used in combination with other

methods® of wakefield suppression.
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Fig. 5 Detrapped TE111 and TMO11 modes

CONCLUSIONS

The problems of trapped modes which have persisted
in previous damped structure designs have been partially
solved with a threefold symmetry. Some progress has been
made in detrapping the newly found trapped TMO11 and
TE111 modes unique to this geometry.
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Fast Phase Measurement”
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Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309 USA

and
G. Lambertson
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Abstract: An electropic system is presented which de-
tects synchrotron cscillations of individual! bunches with
4 ns separation. The system design and performance are
motivated by the requirements of the proposed B Factory
facility at SLAC.

Laboratory results are presented which show that the
prototype is capable of measuring individual bunch phases
with better than 0.5 degree resolution at the 476 MH:z
RF frequency.

INTRODUCTION

Many accelerator facilities bave incorporated feedback
systemns to suppress the growth of coupled-bunch oscilla-
tions [1.5] . The proposed SLAC-LBL-LLNL B Factory
design presents several challenges in the design of trans
verse and longitudinal feedback systems. To achieve a de-
sign luminosity of 3*10**33, the B Factory will contain
1658 bunches per ring (total current 1.5 A for the high en-
ergy ring, 2.1 A for the low energy ring), spaced every other

bucket at the 476 MHz RF frequency. This large num-
ber of bunches, plus the short (4.2 ps) inter-bunch period,
forces difficult constraints on the detection, processing and

1 H
T 2 - .‘mOd Stap -
RF  recovery
AmMps  diodes
HHH
¢-mod
Adjust relative phases of 102 MHz for 4 ne impulse spacing.
Phasa modulate bunch timing at the synchrotron frequency.
RF
amp
M.MHZ—D__ Ly 1=  ¢-adj
® 2856 MH2
2056 MHz F
locked souroe

correction stages of the feedback system. Our pro-
feedback design uses a bunch by bunch (time do-
main) strategy that treats each bunch as an independent
oscillator . [6-11] This approach has the additional ad-
vantage that it damps not only coupled bunch oscillations,
but any disturbance, such as injection timing errors, that
may induce energy oscillations.

PRINCIPLE oF QOPERATION

Figure 1 presents a sysiem constructed to test and
evaluate various signal detection schemes for the longitu-
dinal feedback system. In this laboratory prototype we
have implemented a two bunch system with a time strue-
ture similar to the planned accelerator. The master oscil-
lator of this model uses a 102 MHz oscillator that is hat-
monically multiplied by a factor of 28 to generate a phase
synchronous 2856 MBz reference. The 102 MHz oscillator
provides the excitation for two step recovery diodes which
generate 60 ps FWHM impulses to simulate beam bunches.
Two analog phase shifters are used to adjust the spacing
of the bunches relative to the 102 MHz master oscillator,
and these phase shifters allow simulated synchrotron oscil-
lations to be impressed on the 60 ps impuises. We space

ener
pose

Impulse 1o Comb Combiner

Video
; RF ] DAC

350-750 MHz :
p
Timing _E_
; generater 238 M samples/sec
Trombone
delay

Figure 1. Block diagram of the prototype front end circuitry. This system converts a beam signal impulse into a 2856 MHz 8-

cycle tone burst, and compares the phase of the burst against a

reference oscillator. A 250 MHz A/D digitizes the phase each

bunch crossing. The proposed B Factory design has 1658 bunches with a 4.2 ns bunch interval. The laboratory prototype uses 2

Elep recovery diodes and phase shifters to simulate bunches with

independent synchrotron oscillations.

* Work supported by Department of Energy contract DE-AC03-T6SF00515.
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the nominal positions of the bunches with a 4.2 ns interval
which corresponds to the B Factory ring design, however
in our test there is an extra 2 ns gap following the second
bunch, after which the sequance repeats. With this system
we can simulate independent synchrotron oscillations of
the two bunches at frequencies up to 100 kHz, and study
the performance of the detection system.

e e — - S SRS & PGS S .y
-

3 IA " Rigid Coszial Trerumission Line ‘\

Figure 2. The eight quarter wave couplers are aligned 10
cm apart along the transmission line. Their outputs are
connected to the power combiner with semi-rigid cables of
equal length.

Figure ] also shows the detection circuitry. A periodic
coupler is used to generate a short eight cycle tone burst
from each bunch. The phase of each burst is compared
against the 2856 MHz reference oscillator in the double bal-
anced mixer. The output of the phase detector is filtered
with a 750 MHz low pass filter to remove the second har-
monic and to imit the bandwidth for noise reduction. A
fast analog to digital converter (with an internal track and
hold )rdig:tizs the phase error signal at & 238 MHz rate
L12]. his process provides a unique error signal for each

unch crossing. In a complete feedback system this digital
data stream would undergo further digital processing, but
in our laboratory model we reconstruct the digitized val-
ves with a fast digital to analog converter which allows us
to use traditional lab instruments to study the system per-
formancel!13]. A digital timing system, constructed with
100K ECL logic, is clocked by the 102 MHz master oscilla.
tor and provides the timing for the A/D and D/A stages.
This system allows us to measure the resolution, noise, and
inter-bunch isolation of the bunch phase measurements.

RESULTS

The beam pick-up generates a short (less than 4 ns)
tone burst at the 2856 MHz frequency. We use a periodic
coupler, rather than a tuned resonant structure, to avoid

“coupling between adjacent bunches. We have studied two

possible configurations. We have constructed a comb gen-
erator in a coaxial geometry, using an array of quarter
wave couplers aligned 10 cm apart along a coaxial trans-
mission line. All the coupler outputs are then combined
coberently in a power combiner as shown in Fig. 2. As an
alternative, we have also fabricated and measured a struc-
ture constructed of periodically coupled stripline circuits.
This latter approach minimizes the number of RF connec-
tions, and in the case of a beam coupled structure, would
also minimize the number of vacuum feedthroughs.

The measured response of the coaxial generator is
shown in Fig. 4. We see the signature of the time of ar-
rival of each bunch as an eight cycle tone burst. There
is a small amount of residual ringing ( approximately 5-
10%) evident in the time domain measurements. In com-
parison, the stripline fabricated generator produced fewer
reflections, but due to its larger design coupling value and
skin effect Josses displayed less amplitude uniformity dur-
ing the output burst.

LB MEASUREMENTS OF COMBINED SYSTEM

This periodic coupler output has been used to study
the performance of the electronic systern. Fig. 4 presents
the analog output signal of the mixer for the two bunch
systern; also shown in the figure is the reconstructed analog
output of the D/A converter. We can see that the bunch
spacing alternates between 4 and 6 ns, as produced by
our beam simulator. The response shows the bandwidth
required for independent measurements on bunches with
the 4.2 ns spacing.
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Figure 3. Measured response of the coaxial comb generator
for two simulated beam signals with 4 ns bunch spacing.
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“ 57.24ns
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Figure 4. Meusured response of the mixer (phase detector)
for two bunches nearly 180 degrees apart. Also shown is the
digitized phase signal afier reconstruction in the D/A.

Figure 5 shows the system response for six indepen-
dent DC phase offsets of the bunches. The top traces
show the analog mixer response for 3 distinct DC phases
of bunch A, with bunch B left undisturbed. Similarly, the
lower pair of traces show three DC phases of bunch B, with
bunch A left undisturbed. Again, the lowest traces are the
reconstructed D/A output showing excellent isolation of
the bunches.

Figure 6 is an oscilloscope photograph which shows
the AC response of the system. In these measurements a
10 KBz AC sine wave is impressed on the control signal
of the step recovery diode of a selected bunch. The AC
modulation exactly simulates a synchrotron oscillation. In
the figure bunch A is modulated with an amplitude cor-
responding to 0.7 degrees p/p (+/-0.006 radians) st the
476 MHz ring RF frequency. We note the prompt in-phase
detection of this oscillation, which corresponds to a +/-
2ps time displacement of the bunch. The rms noise floor
in this measurement is found to be better than 0.1 degrees
at the 476 MHz RF frequency within the 10 kHz oscilla-
tion bandwidth.

The bunch to bunch coupling in our system is mea-
sured using a variant of the technique used in Fig. 6. By
driving bunch A with a large oscillation, and detecting the
bunch B output signal at the modulation frequency we can
measure the coupling from A to B. ‘
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Figure 5. The upper trace shows the analog output signal of
the phase detector (mixer) foz three phase offsets of Bunch
*A”, while the next trace shows the digitized and recor-
siructed waveform of the npper trace. The Jower traces are
the same measurement of three phase offlsets of bunch *B"
with bunch *"A® undistnrbed.

Table 1 -
Isolation, Resolution, and Noise Measurements :

Comb Generator Configuration Isolation T,
Coaxial A B 259 dB -’
Coaxial BtoA 28.5 dB
Microstrip AtcB 26.7 dB
Microstrip Bto A 294 dB
Phase Detector Range +15° at 476 MH:

Phase Detector
Resolution 1.3 mRad at 476 MH:
or 0.08° at 476 MH:z
Phase Detector Noise 1.55 mRad tms
at 476 MH:z

or 0.09° rms at 476 MHz

of individual bunch phases for a luge number of bunches
(1658) with & 4.2 ns interval is feasible.

ACKNOWLEDGMENTS

The autbors would like to thank J. Dorfan, A. Hutton,
and M. Zisman for their encouragement and support for
this project, and H. Schwarz and J. Judkins for the loan
of specialized laboratory equipment.

Figure 6. The upper trace shows the signal applied to a step
recovery diode phase shifter, and represents & nynchrotron
oscillation amplitude of 0.7 degrees { +/- 0.006 radians)
at the 476 MH:z RF frequency. The lower trace shows the
reconstructed D/A output.

Table I presents a summary of the measured perfor-
mance of our various system components for the configu-
sation of Fig. 1. We see that the performance of the two
comb generators is similar. We also note that the coupling
between the bunches for the A to B and B to A cases is
very similar, notwithstanding the extra 2 us present for
the B to A case. The noise performance of the system is
consistent with the eight bit quantization of the digitizer,
and suggest that a system using this technique could easily
achieve measurement tesolutions of better than 0.5 degrees
at the 476 MH: RF frequency.

SUMMARY AND CONCLUSIONS

We have demonstrated a signal processing system de-
signed to detect longitudinal oscillations of stored bunches
in 2 B Factory like storage ring. Our prototype system
has been shown to be capable of measuring the phase of
individual bunches separated by 4.2 ns with better than
0.5 degree resolution (at 476 MHZ). We have shown that
the periodic coupler is capable of generating isolated tone
bursts from the simulated bunches, and that the detection
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Abstract

The SLAC B-factory design, with over 1600 high cur-
rent bunches circulating in each ring, will require a feed-
back system to avoid coupled-bunch instabilities. A com-
puter model of the storage ring, including the RF system,
wake fields, synchrotron radiation loss, and the bunch-by-
bunch feedback system is presented. The feedback system
model represents the performance of a fast phase detec-
tor front end (including system noise and imperfections),
a digital filter used to generate a correction voltage, and a
power amplifier and beam kicker system.

The combined ring-feedback system model is used to
study the feedback systern performance required to sup-
press instabilities and to quantify the dynamics of the sys-
tem. Results are presented which show the time develop-
ment of coupled bunch instabilities and the damping ac-
tion of the feedback system.

I.  INTRODUCTION

The large average current in the SLAC B-factory de-
sign is distributed into many bunches of sufficiently small
charge to minimize the beam-beam interaction and single-
bunch instabilities. Although the cavity higher-order-
modes (HOMs) will be strongly damped (Q < 70), there
will stil] be significant coupling of the longitudinal and
transverse motion of adjacent bunches via wakefields. Fur-
thermore, the high-Q accelerating mode can also strongly
couple the bunches longitudinally. The resulting instabili-
ties will be controlled via wideband, bunch-by-bunch feed-
back. Such a feedback system can handle disturbances to
the bunch motion arising from any source, including but
not limited to wakefields and injection errors.

The feedback systems to control the longitudinal and
transverse coupled-bunch instabilities will be similar in ar-
chitecture. Since the signal detection and kicker require-
ments are more stringent for the longitudinal system and
for the high energy ring %-'[ER), we shall concentrate our
discussion on this case. Basic longitudinal-feedback sys-
tem specifications are shown in Table 1. The proposed
system implementation, its block diagram and description,
and hardware tests are discussed elsewhere (1}

Table 1: Basic feedback system specifications
F freq. 476 MHz

Max. mode amplitude 10 ps = 0.03 rad
Injection scheme 1/5 bunch at 60 pps

% injection error 0.002
8t injection error 100 ps

* Work supported by Department of Energy contract
DE-AC03-765F00515.

II. SIMULATION MODEL

The simulation model (see Fig. 1) consists of a model
of the feedback system electronics, combined with 2 model
of the dynamics of the bunches in the ring.

The feedback system mode! simulates the transfer
function of the feedback system and includes: 51) the elec-
tronic properties of the phase detector, mixer, low-pass fil-
ter, and A/D converter, (2) input noise, gain and offset
errors, bandwidth limitations, and dynamic range of the
analog components, and (3) the algorithm running in the
set of digital signal processors (DS farm), that takes as
input the digitized bunch phases and calculates the longi-
tudinal kick.
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Figure 1. Block diagram of the feedback simulation model.

The model of the DSP farm emulates a 20-tap finite
impulse response (FIR) matched filter. The coefficients &,
of the taps comprise a sinusoid with the synchrotron period
of 19.3 turns, that is,

fj =Ap_gpsin (2#11;;) , (l)
wherej e 1,..., Tieamples, ald we take Nyampies = 20. Given
measures g;(k) = (,a.-(kg ~ ¢, (where ¢, is the synchronous
phase) of the phase of bunch i on suceessive turns £ as
input, the result of the DSP algorithm is the output:

Presented at the IEEE Pa:ticle Accelerator Conference, San Francisco, CA, May 6-9, 1991
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This result is clipped to an 8-bit signed integer and used
to set the phase of the kicker oscillator for that bunch on
that turn. The kicker model is implemented as a phase-
modulated RF kicker with a nominal 4 keV maximum out-
put amplitude.

The measurement of the phase of a bunch is assumed
independent of its charge, i.e., it is assumed that a sepa-
rate measurement of bunch charge is available for normal-
ization. A propagation delay of at least one turn (7.33 us)
is enforced in the feedback transfer function.

In the ring simulation model, a discrete kick is given to
each bunch at a single point in the ring; that is, the system
is modelled as though there were a discrete change in en-
ergy at a single point on each turn. This simplification is
justified since the synchrotron frequency is small compared
to the revolution frequency. The kick given to bunch i is
comprised of several components: (1) the RF cavity volt-
age Vsinp; + Veou-JtE. where V, is the peak generator
voltage, ; is the phase of bunch ¢ with respect to the zero
crossing of the RF, and V¢o* -/} is the RF cavity feedback
needed to control beam loading in the fundamental mode,
(2) the wake field voltage V¥t (including both the accel-
erating mode and the HOM’s) accumulated in the cavity
up to the present moment, (3) the i{'nchrotron radiation
loss per turn, and (4) the voltage V;-" * wpplied to bunch i
by the bunch-by-bunch feedback system. Thus, the equa-
tion for the total kick is

. awes [ .
Ay = --E-o;—': V, sin i + Veev-Sbk.

i 3
U ake | yrak| _ 270 . ®
= Uo/e+ VI VT = —6i

where a is the momentum compaction factor, wry is the
RF frequency, and 7¢ is the longitudinal radiation damp-
ing time; Ep is the ring energy, To the revolution period,
and U the synchrotron radiation less per turn, for a par-
ticle on the design orbit. In the present simulations it is
assumed that the cavity feedback is perfect, so that the
part of V¥2¥¢ due to the fundamental mode is exactly can-
celled by Veev-7¥:. More realistic models, including the
cavity phase, amplitude, and tuning loops, and modifica-
tion of the impedance at coupled-bunch frequencies that
fall within the bandwidth of the fundamental mode (2] are
under study [3].

III. SIMULATION RESULTS

Parameters used in the simulations are shown in Ta-
ble 2. The harmonic number of the HER is 3492, with
every other bucket filled except for a 5% gap; the to-
tal current is 1.48 A. The initial conditions used were
@5 = 0.2915 rad, that is, bunch 5 starts at an 0.1 rad offset
from the remaining bunches f, which were started at the
synchronous phase p; = 0.1915 rad, The feedback gain in
the examples described here was set so that a 5 mrad sinu-
soid on the input (at the synchrotron oscillation frequency)
corresponds to a 4 keV sinusoid on the kicker output.
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Figure 2. Plot of the maximum bunch ofiset reached in 3000
turns for the first 100 bunches after the gap, with and with-
out feedback.
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Figure 3. Plots of the longitudinal phases of (a} the injected
bunch {(#35) and (b} the bunch immediately following (#6),
vs turn number, in the presence of feedback. Note the ex-
panded vertical scale in {b).

In Fig. 2, we show a plot of maximum bunch off-
sets reached after 3000 turns, with and without feedback.
Note that the time between injection pulses is 1/60 second,
which is about 2300 turns. In the abscuce of feedback, the
disturbance shown would grow even larger and propagat
further back in the bunch train. With the feedback systen
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Figure 4. Plots of the input and output of the DSP model for
(2) bunch #5, and (b) bunch #6, shortly after the injection
of bunch #85.

Table 2: Simulation parameters for HER

Bunch charge 4 x 1010
Number of bunches 1658
Bunch interval 4.2 ns
Number of cavities : 20
Freq. of strongest HOM 750 MH:z
Q of HOM 70
R/Q of HOM (per cav.) 33Q
1A "18.5 MV
a 0.00241
Ug 3.52 MeV/turn

turned on, the coupled bunch excitation does not extend
beyond a very few bunches.

Fig. 3 shows the phases of the injected bunch (#5) and
the immediately following bunch, vs turn number. The
envelope of the phase of the injected bunch damps linearly,
reflecting the fact that the kicker saturates, and the phase

b ] B B 103 I | Sl A i S [P [ S

of the following bunch grows quickly to a maximum and
then slowly damps. The excitation of subsequent bunches
is strongly suppressed.

Fig. 4 shows the input and output of the DSP model
for bunches #35 and #6 shortly after injection. The DSP
output saturates for bunch #35, but maintains the proper
90° phase lag. Such benign saturation behavior is difficult
to realize with conventional analog approaches.

- Fig. 5 compares the amplitude of the injected bunch
#b5 and following bunches, first without (Fig. 5a) and then
with (Fig. 5b) a 10% bunch-to-bunch coupling in the front-
end electronics and a 3% coupling in the kicker. With
coupling, bunch #6 suffers a greater disturbance, but still
damps, while subsequent bunches suffer only slightly. Thus
the system is tolerant of a reasonable amount of bunch to
bunch coupling in the analog components.
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Figure 5. Plots of the phase-space error amplitude for the
injected bunch (#5)and following bunch(es), (a) with no
coupling, and (b) with 10% bunch-to-bunch coupling in the
front-end electronics and 3% coupling in the kicker.

In conclusion, our simulations indicate that the present
conceptual approach to bunch-by-bunch feedback is satis-
factory. Simulations to support the detailed design effort
are in progress.

We thank D. Boussard, J. Galayda, Q. Kerns, F. Ped-
ersen, and P. Wilson for reviewing this work, and J. Dor-
fan, A. Hutton, and M. Zisman for their interest and en-
couragement.
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ABSTRACT

We present a simple phenomenological model of photo-
desorption that includes effects of dose dependence and diffuse
photon reflection to compute the leveling of gas loads in
beamlines of high current storage rings that typify heavy
flavor factories. This model is also used to estimate chamber
commissioning times.

I. INTRODUCTION

High luminosity flavor factories are characterized by high
fluxes of synchrotron radiation that lead to thermal
management difficulties. The associated photo-desorption from
the vacuum chamber walls presents an additional design
challenge, providing a vacuum system suitable for maintaining
acceptable beam-gas lifetimes and low background levels of
scattered radiation in the detector. Achieving acceptable
operating pressures (I - 10 nTorr) with practical pumping
schemes requires the use of materials with low photo-
desorption efficiency operating in a radiation environment
beyond that of existing storage rings. Extrapolating the
existing photo-desorption data base to the design requirements
of high luminosity colliders requires a physical model of the
differential cleaning in the vacuum chamber. We present a
phenomenological model, including dose dependcnce of
desorption and diffuse photon reflection, to compute the
leveling of gas loads due 1o non-uniformities of radiation
absorption in realistic beamlines. The model also allows one
to estimate collider commissioning times.

II. WALL HEATING AND DYNAMIC GAS LOAD

To scale the vacuum system charcteristics as a function of
collider performance one writes the thermal and photon loads
on the chamber walls in terms of the luminosity, L;

N.N. fe

L = *
4n Gx Oy

1

where f¢ is the collision frequency, N. and Ny, are the charges
in the electron and positron bunches, and oy and oy are the
horizontal and vertical beam sizes respectively. For beam-beam
~ tune Shlfl.S &x = &y = &, L scales with the beam cuwrrent, I, and

the ﬁ y at the interaction point as

S 7 vk
.‘"C“‘ )(lGev)(l+r)t:.m‘25'1 .

where r is the ratio of vertical to horizontal beamn sizes.
The synchrotron radiation, Pgr, generated per beam is

Psr =88.5 Wats E*Gov Ima fom. _ O

where pm is the bending radius in the ring. In terms of the
dipole field strength, BT, one can rewrite (3) as

P = 26.5kW Edgey14BrT, @

If the radiation is generated over 2% pp, the linear power
density generated by each beam, P, is

Pl =126 kxW/m E2g.v 1o B2, 5
Combining Eq. (1) and (5) yields the scaling law,

_lzkw ( )(OOS)BZTEG‘-,V' ©
1034 Icm l+r

In high current electron storage rings the dynamic gas load
due to photo-desorption is generally much larger than the
static thermal outgassing of the chamber. The number of
photons([1] incident on the chamber is

Ny=8.08x 10'7 Egev Ima photons/sec, . (7)

A fraction, nf, of the photons cause a gas molecule to be
desorbed to produce a dynamic gas load (for an ideal gas) of
Qpus = 24x 102 EGev Imanp Toz=L.  (3)

Combining Eq. (8) with Eq. (2) yiclds the scaling law for the
pumping needed to maintain an operating pressure, P,

§=67x10° L (5"T°”)(
1.5x10°
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The scaling laws show that large thermal and gas loads are
the price of high luminosity; however, they are only estimates
useful to scope the size of the gas and thermal management
tasks. To locate and size the pumps one must account for
localization of the gas load due the actual distribution of
radiation deposited along the chamber walls, Naively, one
might apply Eq. (7) and (8) directly using the radiation
deposition profile with the adopted design value of nF to
compute the distributed gas load, Doing so, however, neglects
the strong variation of 1 with dose.

. PHENOMENOLOGICAL MODEL OF DESORPTION

The desorption coefficient is a property of the chamber
which depends on several factors: 1) the chamber material, 2)
the fabrication and preparation procedures, 3) the cumulative
prior radiation dose, 4) the photon angle of incidence, 5) the
photon energy. Given these complexities, rather than
considering Mg to be a fundamental material property, one
should regard it as an effective engineering characteristic that
accounts for the differential illamination of the chamber walls
both by direct @i.e., beam-produced) photons and by secondary,
diffusely scariered and florescence photons. {Using a single
value of N in Eq. (8) predicts 2 gas load which is valid only
to the extent that the desorption coefficient is constant along
the beamline. Ignoring the non-uniformities can lead to a
significant underestimate of the pumping required.

Recent experimental measurements[2, 3, 4] of ng for
samples of Al, stainless steel, and oxygen free Cu indicate
minimum values of N ranging from < 2 x 106 for Cu and
stainless steel to 2 x 10-3 for Al From a typical set of data[3]
in which effects of secondary photons are minimal one
obsarves that for large exposures, TiF tends to follow a power
law dependance on dose (photons/cm?); i. e.,

Nne (It+ty)"P (10)
where t is the exposure time and 0.4 < p < 0.7 {(depending on
material and preparation). Assuming that p = (0.6 for copper,
one can compute a local value of nf(s) along the beamline.
Then the gas load at a position, s, is

Qgas(s) = NF(S) Ny (s). (1

In the literature most workers present desorption data as a
{function of photons per ¢cm or merely of Amp-hours. To
compare data or to apply the data to a chamber cond:uomng
scenario one must convert the dose to photons/cm2.

As an example, consider the arcs of the 9 GeV ring of the
asymmetric B factory based on PEP{5] (APIARY). The
maximum allowed current is 3 A and the bending radius is
165 m. From Eq. (5) the maximum power is 102 W/cm with
a distribution as illustrated by the dark curve in Fig. 1. By
assuming that nF assumes its design value where PgR
assumes its maximum value, one compute the relative gas

load along a half-cell of the arc. This figure becomes a system
specification for the vacuum engineer, The elfect of the non-
uniform exposure of the chambex is to level the gas load along
the beamline and thus to require substantially more pumping
capacity than would be needed if Qgas were a constant
multiple of the synchrotron power. For convenience this effect
is iermed *eta-leveling.”

To extend the zanalysis one notes that although the
synchrotron radiation fan cleans a thin band of height, H,
around the mid-plane of the chamber, a large number of
photons, from 20 - 50% of the number of primaries, are-re-
radiated or diffusely scattered. These secondary photons due o
the effective albedo, R, illuminate rather uniformly the
remainder of the chamber cross section of perimeter, P, as
shown schematically in Fig, 2.
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Figure 1. Relative distribution of synchrotron radiation, 1,
and gas load in arcs of 9 GeV APIARY ring.

Figure 2. A cross section of the vacuum chamber in a bend

Though secondary photons have a much softer spectrum
than the primaries, their photo-desorption efficiency is similar
for energies exceeding a few tens of V. Thus the remainder of
the chamber perimeter is an important source of photo-
desorbed gas, albeit one illuminated much more weakly, i. e.,
by a factor RH/P. With ime, the effective desorption
probability at a given location will vary as

N e (It410)P « RREL1) P a2

As illustrated in Fig. 3, the effects of albedo and chamber
geometry delay significantly the time at which the chamber
autains a very low effective nf. As the original power law
behavior is eventually recovered for exposures >10 Amp-hr,
the implications of the simple “eta-leveling™ of the gas load
remain accurate with respect (o the pumping required with a
well conditioned chamber.
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Figure 3. The effect of scattered photons on the dose
dependence of the effective photo-desorption for a copper
vacuum chamber.

The predictions of the phenomenological, eta-leveling
model have been compared to the recent data of Ueda, et al.[4],
which unlike exposures of Ref. 3 are dominated by secondary
photons. Figure 4 compares data for lightly etched Cu,
compared with a calculation with Eq. (12); the fit is very good
for 0.5<p<0.6. For p = 0.62 Fig. 5 shows the effect of
chamber albedo on the effective 1. The data are for an etched

stainless steel chamber of which only 0.1% is directly -

illuminated. The authors estimate the albedo to be =50%. The
model again displays good agreement. Note that if R< 50%
for the storage ring, basing the vacuum design on the data of
Ref. 4 represents a conservative choice.
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0.001 001 0.1 1 10 100 1000 10000
Exposure {(A-h)
Figure 4. Comparison of the eta-leveling model with data
from an etched copper test chamber
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Figure 5. The dependence of 1 on chamber albedo

One use of the model is to specify a commissioning
scenario for a high current storage ring. For a given the
installed pumping the ring initially will be unable to main-
tain high current for a long lifetime. For the scattering
lifetime to exceed =1 hour, one will be forced initially to store
very low currents until i becomes sufficiently small that
raising the current do¢s not increase the operating pressure.
Eventually, the chamber will be cleaned sufficiently by the
radiation to allow operation at the full design current. A
calculation for the high energy ring of APIARY, Fig. 6,
shows that the design current (1.5 A) can be stored for >3
hours after =200 hours of operation.

10T 4 15A
E 8+ n=10
% o w 60 hr
5 6+ @038
= =60 hr
§ T .@5 {!;Il A @4
I b “‘a’-‘f's'g::,-/

@02 A
0 } t -1 } -
0.01 0.1 1 10 100 1000
Figure 6, Commissioning scenario for the APIARY ring
with an etched Cu vacuum chamber

In summary, a phenomenological model of the evolution
of the effective photo-desorption coefficient, ng, in high
current storage rings is both a useful and necessary design
tool. Without an adequate appreciation of the evolution of N,
one is likely to underestimate the required pumping by as
much as a factor of two and misjudge the commissioning time
by an order of magnitude or more.

The author thanks Manuel Calderon (LLNL), Jonathan
Dorfan and Andrew Hutton (SLAC), Henry Halama (BNL),
Oswald Gr&bner and Alastair Mathewson (CERN), and
Michael Zisman (LBL) for their critical comments. This work
was partially supported by Lawrence Livermore National
Laboratory for the U, S, Dept. of Energy under contract W-
7405-eng48.
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VACUUM DESIGN FOR A SUPERCONDUCTING MINI-COLLIDER

William A. Barletta
Lawrence Livermore National Laboratory, P, O. Box 808, L-630, Livermore, CA 94551;
Dept. of Phys., University of California, Los Angeles, 405 Hilgard Avenue, Los Angeles, CA 90024-1547
and
Sergio Monteiro
Moorpark College, Moorpark, CA 93021
ABSTRACT The half-height, h, of the radiation fan on the walls is related

The phi factory (Superconducting Mini-Collider or SMC)
proposed for construction at UCLA is a single storage ring
with circulating currents of 2 A each of electrons and
positrons. The small circumference exacerbates the difficulties
of handling the gas load due to photo-desorption from the
chamber walls. We analyze the vacuum system for the phi
factory to specify design choices,

I. INTRODUCTION

To limit gas scattering that can limit collider performance one
must maintain a low pressure in the vacuum chamber despite
the copious synchrotron radiation generated by the high current
beams. The heart of a sound vacuum system is a well designed
vacuum chamber. The chamber must 1) withstand large
thermal loads, 2) present a tolerable gas load to the pumps, 3)
remain within the electromagnetic impedance budget. The
designer of the vacuum system is faced with several options.
The chamber may be of conventional “elliptical” shape or it
may have an antechamber. The chamber material may be Al,
stainless sieel, or a Cu alloy as in HERA at DESY and as
proposed for B factories by CERN, SLAC/LBL/LLNL
(APIARY)[1] and Cornelt (CESR-B). Each material allows
alternate fabrication techniques.

II. THERMAL LOADS AND DESORPTION
Each beam generates a synchrotron radiation power, Py,

P:; =88.5 Waus E *gov I ma /om » )
where pm is the bending radius in the ring. In terms of the
dipole field strength, BT, one can rewrite (1) as

Pe =26.5kW E3gevI4 BT, @
If the radiation is deposited over 2r pp, the linear power
density deposited by each beam on the walls, P, is

PL =126 kW/m E2GevIA B2T. (3
For SMC[2),E=0.51, BT =4 T, and I = 2 A. The thermal
load per beam is = 10 kW/m. As both beams circulate in the
same ring, the radiation fans overlap at the center of the bends
yielding a local thermal load of =20 kW/m for an conventional
ellipical vacuum chamber.

The power per unit area incident on the chamber wall
depends on the height of the radiation fan at the wall, The
height is a function of both the vertical angular spread, 6, of
radiation from the beam elecirons (or positrons) and on the
distance, d, from the beam orbit to the wall. The angular spread

_from a clectron of energy, E, is

e=mEC3=T1. @

to the rms beam height, oy, the vertical emittance, €y, and the
distance from the beam to the wall, d, by

h=%| o2 d2(§-2+82)]“2. &)]
R (E

Figure 1. Geometry of chamber and radiation fan,

With the geometry of Fig. 1, which describes a2 beam
chamber of width D, connected via a thin duct of length, L, to
an antechamber of width, 1, and using p =042 m, D =
027m,L=02m,andl = 0.14 m, we find d = 0.79 m.
Thus, from Eq. (5) h =+5 mm in the central dipole of the arcs
and + 2 mm elsewhere. These values are dominated by the
heights of the electron and positron beams, which are 4.7 mm
in the cenmral dipole and 1.6 mm in the remainder of the
collider. For the SMC, the Py = 60 kW; thus, the maximum
power density is 280 W/em2, one third the design value for the
PEP ring at Stanford. In contrast the P, for the 3 GeV ring of
APIARY is =10 kW/m. For Cu ailoys linear power densities
~20 kW/m and areal densities =2 kW/cm? can be cooled with
conventional techniques. Stainless steel, with its poor thermal
conductivity, must be thin and backed by a OFHC Cu cooling
bar. Forced water circulating in multiple channels keeps the
vacuum chamber at a low enough temperature (<120° C) to
cause negligible thermal desorption of gas into the system,

As the synchrotron radiationt is not deposited uniformly,
due to the alternation of bends and drilts in the ring, Eq. (6)
represents the maximum P on the chamber. Applying an
analytical formulation[3] for computing the distribution of
radiation to the lattice of the SMC yields Fig. 2. The
distribution is symmetric about the center of the detector (z =
0); the position of the detector and the superconducting dipoles
are shown as boxes.

Following Grébner, et al.[4], we compute gas load from
the number of photons incident on the chamber:

I;JY = 8.08x 1017 EGeV Ima photons /sce,  (6)

[T ———



of which, a fraction, NE. cause a molecule to be desorbed from
the wail. For an ideal gas,
Qgas = 2.4x10°2 EGev ImanE T'O—'r;'L )

The desorption coefficient decreases with the cumulative
exposure of the material to synchrotron radiation. Several
groups(5] have measured the photo-desorption from Al, Cu,
and stainless steel, for conditions similar to the ones expected
for the vacuum chamber of the SMC. As nF depends only
weakly on photon energy, our estimate of gas loading based on
these data should be conservative,
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Figure 2. Distribution of radiation in the antechamber.

For the SMC, the dynamic gas load in an Al chamber
with F = 1.5 x 1075 is 7.2 x 10°4 Torr-I/s. To obtain a
pressure of 5 nTorr requires 145,000 I/s or =20,000 1/s/m of
pumping. These values are impractically high. In contrast, the
use of an elliptical stainless steel chamber with nf = 2 x 10-6

reduces the gas load to = 10-4 Torr-I/s. The total required
pumping would be = 20,000 Is or roughly 2,500 I/s/m of
pumping distributed along the arcs. Therefore, we choose
stainless steel as the chamber material. A more conservative
alternative to stainless steel is copper which has excellent
thermal conductivity and photo-desorption properties similar to
stainless steel. Using Cu does require a considerably more
difficult fabrication , )

Even for an elliptical chamber of copper 2500 I/s/m is
impractically large for either sputter ion pumps or non-
evaporable getters (NEG). To lower the distributed pumping
further we adopt an antechamber design in which the
synchrotron radiation escapes from the beam chamber via a
thin slot in the wall of the beam tube though a thin channel to
an aniechamber where it impinges on-the wall. As the
antecchamber extends beyond the dipoles, large pumps can
casily be located where the gas loads are produced. With the

. two chambered system of Fig. 3, the pumping speed can be
reduced by a factorof = 5.

The pressure in the inner chamber depends on the con-
ductance(6], C, of the duct between two chambers. As the
circumference is much larger than the duct height, we can
approximate the slot as a thin, rectangular duct using the
circumf{erence as the width to obuin C = 900 ¥/s. To obtain
pressure in a stainless steel outer chamber of 25 nTorr, the

required pumping speed is 3.8 x 10 Ifs. In that case the gas
load in the inner chamber, where the beam is circulating is:

q = C(Poy - Pin) - ® e
The gas load in the beam tube is =1.8 x 10-5 Tormr-/s with an .
antechamber. The required pumping for an ultimate pressure of
5 nTorr in the beam tube is 3.6 x 103 I/s.

Beam channel

Ante-chamber

P

ot

L N, i .

Ton pump ooling Cooling
channel channels channcls
Figure 3. Ante-chamber cross section for the phi factory.

With a stainless steel chamber the combined pumping is
7,300 I/s or =600 1/s/m in the arcs, of which 400 I/s/m must
be pumped from the beam tube. Although 400 V/s/m is well
within the capability of NEG pumps, our estimate of the time
between regeneration of the NEG is =100 hours, an
unacceptably short interval. Even the difficulty of pumping the
inner chamber may be surmounted, If we raise the pressure in
the beam tube to 10 nTorr and lower the pressure in the outer
chamber to 20 nTorr, the pumping requireed in the beam
chamber falls to 90 I/sm well within the current practice in
storage rings such as PEP which use distributed ion pumps
requiring no regeneration.

The preceding discussion does not account for the variation
of photo-desorption coefficient due to the non-uniformity of -
illumination of the walls of the chamber. The desorption:
efficiency decreases with long exposures, It, (in Amp-hours)
approximately following MF e« (It)"P where 0.4 < p < 0.7.
Applying this variation increases the gas load (“eta
leveling[7]™) vis 4 vis a value simply proportional to Py_. The
resulting gas load shown in Fig. 4.
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Figure 4. Distribution of gas load and pumping in SMC.
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The antechamber is pumped with 600 !/s/m by either turbo-
molecular, cryo-, or Ti sublimation pumps. The beam tube
requires 100 Ifs/m of pumping by a combinaticn of turbo-
molecular and distributed ion pumps. The pumping for the -
antechamber can be localized between the dipoles where the gas \j
load is the highest. With our pumping scheme, the pressure =’
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Such low values of nF have been measured in pure Cu.
Confirming the practicality of our design choice for nf is a
key part of an experimental validation program.

To pump this gas load, we have selected an all sputter ion
pump design. We show the inventory of pumping capacities
for each pumping element in a typical cell in Table 2. At
1.5 A the desired average pressure (5 nTorr) is maintained with
distributed pumping of 125 I/s/m. To achieve these speeds the
distributed ion pumping in the dipoles of PEP has been
redesigned to operate in a 0.18 T field. The anode was increased
to 1.8 cm diameter, and one more row was added, increasing
the number of anodes by 33% with a packing factor of about
90%. Distributed ion pumping (DIPs) has been added at the
quadrupoles in stainless steel housings 10 one side of the beam
tube and below but none on the top to preclude particles
dropping into the beam chamber. As the available space is
restrictive, the anodes have been reduced in size, The cal-
culated pumping speed in the beam tube will be about
75 I/s/m from each of the steel housings. However, the total
pumping speed for the defocusing and focussing quadrupoles
are different owing to their different lengths. To augment the
DIPs we have added 60 I/s lumped ion pumps in each of the
quadrupole spaces of the cells, Given the low conductance of
the beam pipe, larger pumps would not improve system
performance. Moreover, the pors are designed to accommodate
additional pumps if neaded.

Table 2. Pumping inventory of HER arc cell

2 Dipole DIPs 800 Ifs
1 Quad DIP 110 1fs
1 Quad DIP 80 i/s
1 Lumped ion pumps 60 /s
Total distributed pumping 125 Vs/m

VI. STRAIGHT SECTIONS & SPECIAL COMPONENTS

To keep the contribution of the ports to the machine
impedance negligible the pons are shielded with perforated
screens with longitudinal slots 10 ¢m long by about 0.2 ¢cm
wide. The pumping slots in the septum between the pump
channel and beam tube have been calculated as rows of slots
9 cm long by about 0.2 cm wide at a pitch of 10 cm, similar
to HERA, giving a conductance of about 500 l/s/m. These
slots contribute a negligible amount o machine impedance.

Each bend cell contains a beam position monitor (BPM)
located at and anchored to the defocusing quadrupole. The BPM
for APIARY follows the HERA design with minor
modifications. The housing will be accurately machined from a
solid Cu block having recesses on its end faces to index the
ends of the beam tube for alignment during brazing. Cooling
on both sides will preclude a temperature asymmetry belween
lateral sides.

Changes in cross section between the arcs of octogonal

- cross section and the straight sections of ¢ircular cross section

are made with tapered transition elements. To keep the total
contribution to the chamber impedance within the impedance
budget, the taper angle is <10°,

A typical cell in the straight sections is 15,125 m in
length. The vacoum conduit is a 10 cm diameter, stainless
stee] be of circular section sized to clear the 100 mm bore of
the magnets. To produce an average pressure <3 nTorr in the
straight sections we will install lumped sputter ion pumps

rated at 230 Us spaced by ~8 m- We have calculated the pump
size and spacing assuming a thermal outgassing rate of 1011
torr-l/em</s and a pressure differential in the beam tube of
0.5 nTorr. In situ baking compatibility to 150° C is provided
to reduce the initial outgassing and to allow for pressures in
the 0.1 nTorr range if such low pressures are required.

To aid in the assembly both bend and straight cells contain
bellows designed to permit 130°C of thermal expansion. In
their extended position at room temperature, the bellows are
22.9 cm long. They can compress =4 cm to 18.9 cm at the
maximum temperature (150° C) to which the ring can be baked
in situ without disassembly. The inner bellows which carry
the surface currents is fabricated as one piece with formed
convolutions in the plane of the beam tube flats and has
narrow slits at the intersecting corners to permit axial
movement. A narrow slit permits synchrotron radiation to
shine through to thick-wall, water cooled, Cu absorbers
cantilevered from the flanges 10 carry away the thermal load.

A calculation of a commissioning scenario [2] shows that
the time needed to store the design current for >2 hours varies
with the initial value of N as determined by fabrication
procedures. For NE(0) = 103, commissioning the Cu chamber
requires =500 hr. For an appropriately cleaned chamber we
expect NF(0) = 104, in which case the full design current can
be stored after 150 hours (Fig. 3).

10 1.5A
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Figure 3. Commissioning scenario for an eiched Cn chamber.
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distribution in the antechamber with 2 A per beam circulating
is as shown in Fig. 5. The 100 lfs of distributed pumping in
the beam tube reduces the pressure to less than 10 nTorr as
required.

30 | ]
5 10

0 2 4 6 8
Distance along beamline (m)
Figure 5. Pressure in the antechamber.
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To assure an adequate quantum lifetime for the beams under
all operating conditions, the vacuum chamber must be large
enough to avoid depopulation of the wings of the beam. The
physical aperture set equal to 12 times the beam size plus a
closed orbit allowance and 5 mm for fabrication and alignment

tolerances. For an elliptical chamber, one determines the
horizontal and vertical radii from the maximum By and By, the

maximum dispersion, €x and ey, and the closed “orbit
P X y

allowances. The most conservative assumption is to use the
uncoupled gx and the fully coupled €y. Then, the radius of the

beam stay clear is

5705
L= Iz[ei Bi. mu+n,2nax(é-5f=) ] +C0;+0.5cm (9

where i = x, y. Inserting the relevant lattice characteristics[2] of
the phi factory (Table 1) into Eq. (12), we obtain chamber
radii, Zx = 13.5 ¢cm and Zy=10.5cm.

Table 1. Characteristics of phi factory optics

Uncoupled horizontal emiuance 4 um

Fully coupled vertical emittance 2um
Maximum horizontal beta 24m
Maximum vertical bera 28 m
Maximurmn dispersion 08m
Natura] energy spread, AE/E 10-3

Closed orbit, CO,, CO,, +£1,£05em

We have computed a conservative commissioning scenario
for the SMC choosing an initial nF of 10-3, which is several
times larger than achievable with good preparation techniques.
Figure 6 shows that after =250 hours of operation the collider
can be operated at the design current of 2 A with acceptable
beam-gas scattering lifetime. '

Engineers at LLNL have estimated the hardware cost of a
stainless steel chamber with a copper cooling bar to be

- 175 KS plus 120 KS for the pumps, bellows and special

hardware, Fabrication costs add an additional 130 KS. Use of
copper for the entire design is likely to raise these costs by an
additional 150KS. Hence, a stainless steel (copper) vacuum
system for the SMC will cost =425 KS$ (575 KS$).
Engincering, design and inspection adds an additional 650 K$

Lx.- regardless of chamber material.

The SMC vacuum system, while more challenging than
that of existing storage rings is within the bounds of sound
engincering practices. The antechamber moves the gas load
away from the beam thereby lowering the required distributed
pumping. To minimize photo-desorption we have selected
stainless steel backed by a Cu cooling bar for the chamber
material. The x-ray opacity of stainless steel is sufficiently
high over the entire range of photon energies that additional
lead shielding is not needed to protect the superconducting
magnets from the intense synchrotron radiation. Our design
allows for chamber commissioning in ~300 hours of ring
operation. The cost per meter is relatively high, =50 KS/m,
reflecting the considerable engineering effort required for this
highly integrated and complex design.
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Figure 6. Beam lifetime during commisssioning.
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ABSTRACT

The multi-ampere currents required for high luminosity
operation of an asymmetric B factory Ieads to extremely
siressing requirements on a vacuum system suitable for
maintaining long beam-gas lifetimes and acceptable
background levels in the detector. We present the design for a
Cu alloy vacuum chamber and its associated pumping system
for the 9 Gev electron storage ring of the proposed B factory
based on PEP. The excellent thermal and photo-desorption
properties of Cu allows handling the high photor flux in a
conventional, single chamber design with distributed ion
pumps. The x-ray opacity of the Cu is sufficiently high that
no additional lead shielding is necessary to protect the dipoles
from the intense synchrotron radiation generated by the beam.
The design allows chamber commissioning in <500 hr of
operation.

I. INTRODUCTION

The vacuum system of the asymmetric B-factory based on
PEP (1] (APIARY) presents a technical challenge beyond that
of any existing electron storage ring. Each technical sub-
system must meet demanding design criteria to meet the
overall system requirements, The sub-systems for the high
energy (electron) ring {HER) are the beam chambet, the
pumping sub-system, the cooling sub-system, and the special
components.

The 9 GeV HER will have a circulating beam current of
=1.5 A for a design luminosity of 3x10°3 cm-2s-1, To allow
for possible upgrades and to provide for luminosity “breathing
room”, we specify a maximum limiting current of 3 A. This
value is an order of magnitude beyond that which typifies
present colliders. As such it presents an appreciable challenge
to the system designer. The system requirements specifying
pressures during collider operation at a maximum limiting
current of 3 A are as follows:

+ £ 10 nTorr in the dipole arcs,

* =3 aTorr in the straight sections,

» =] nTorr in the straight upstream of the detector,

+ = {).] nTorr base pressure with no beam.

The circulating electron beam subjects the walls of the
vacuum chamber to copious synchrotron radiation. As the
angular distribution of the radiation fan is narrow, the
associated thermal flux is high enough to require considerable
cooling of the chamber wall. The cooling sub-system is
designed to remove the waste heat safely under the conditions
of high radiation flux regardless of machine tune. As is
common, cooling is accomplished by water flowing in
channels exterior to the chamber. In addition to assuring the
mechanical stability of the chamber under thermal loads as

high as 10 MW in the HER maintaining the chamber wall at a
relatively low temperature minimizes the gas load due to
thermal desorption,

0. CHAMBER. SIZE

The HER lattice outside the interaction region is composed
of 48 standard straight cells, 72 standard arc cells and 24
dispersion suppressor cells. The chamber size in the arcs is
determined by the beam’s emittance, its energy spread, and the
lattice functions, For adequate quantum lifetime regardless of
tune, we designed the chamber to accommodate the uncoupled
hotizontal emittance and the fully coupled vertical emittance,
The chamber c¢ross section is kept constant throughout the
bends o minimize the coastribution to the impedance budget
from the chamber. Hence, we use the maximum values of the
optical functions to size the chamber. In the absence of
extensive wigglers, the beam's energy spread should be close
to its natural value, 6.1x10™4. For conservatism, we assume a

value of 10-3. As the optics are similar to PEP, the closed
orbit allowances should also be similar, The emittance and
optical specifications for the HER are given in Table 1.

Table 1. Optical parameters for the HER

Max uncoupled gxq 100 nm
Fully coupled eyo 50 nm
Max. horiz. B in arcs, Bxmax 256m
Max. vert. f in arcs, Byma_x 329m
Max, dispersion, f\max 1.86 m
Horiz. closed orbit, COx + 10 mm
Vert closed orbit, COy +S5mm

The minimum horizontal and vertical sizes are given by

1/2
2
Oxtot = 10 {€xo Bxmax + N&ax (EEE') +COx (1)
Oytor = 10 (Eyo Bymax ,”2 +COy ¥3)

respectively. To include allowances for fabrication and
mechanical positioning, we adopted the following chamber
(inner) dimensions for the HER: BCSx x BCSy = 45 mm x
+ 25 mm. The corresponding conductance of a 1 m section of

beam pipe is 35 I/s.
1, SYNCHROTRON RADIATION LOAD
Each cell of the HER arcs has a length of 152 m and is

divided into two two halves, each containing a PEP dipole
(0.182 T), a quadrupole and a bellows, Our estimate of the
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thermal lcad from the synchrotron radiation generated in the
dipole follows from the analysis of {2]. The relative power
profile is displayed in Fig. 1. At the design current of 1.5 A
maximum power deposited is 51 W/em,

Relative value
(=]
()

Rel. power profile

0 172 3 4 5 6 7 8
Position along ar¢ (m)
Fig. 1. Relative distribution of synchrotron radiation, T, and
gas load in arcs of 9 GeV APIARY ring.

In the arcs the bending radius is 165 m, and the a
maximum angle of incidence of the radiation is 23 mrad. For
conservativism in estimating the power density, we ignore the
contribution to the height of the synchrotron fan due to the
finite emittance. Thus, the minimum height of the luminated
strip is =0.5 mm. The corresponding maximum thermal flux
at 1.5 A is P, 1.14 kW/cm2, two-thirds of the design value
for the present PEP chamber. The corresponding photon flux,
which has a typical synchrotron radiation spectrum with a
critical energy of 9.8 keV, is 4x1019 s-lem-2. This value
provides the basis for the EGS4 calculations of radiation
absorption in the chamber,

IV. ABSORPTION OF SYNCHROTRON RADIATION

Depending upon material and thickness of the beam pipe,
synchrotron radiation may escape and deposit energy in the
surroundings. This radiation can damage magnet insulation,
wire insulation and cooling water hoses. The damage threshold
for the magnets is a function of the potting compound. The
expoxy insulating the PEP magnets is expected (o tolerate
«1010 rad. We have adopted 3x109 Rads as a conservative
criterion, which sets a limit of 108 Rads/yr for a magnet
lifetime of 30 years. For 6000 hr of operation at the 1.5 A
current, the allowed yearly dose translates to 4.9x10-19
Rads/e". This criterion is used to compare with EGS4, which
calculates dose per incident electron, either in terms of
fluences, energy deposited, or Rads (using appropriate
conversion factors).

For most calculations the cutoffs for tracking the
electromagnetic cascade set at 10 keV (photons) and 1 MeV
(electrons). Upper energies for both electrons and photons were

~ 10 MeV. The photon spectrum was sampled uniformly within
an energy range from 0.1 ecrit 10 10 €crit. A weight was
carried along with each photon (and progeny) for scoring
purposes. The final results were later normalized per incident
beam electron,

The beam pipe is an octagonal chamber with a copper
cooling bar as shown in Fig 2. Our calculations show that
only 2.5 mm of Cu is needed to meet the radiation leakage
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criterion at the point of maximum dose (top and bottom of the
beam pipe) for 9-GeV beams. In contrast an octagonal
aluminum pipe that is 5 mm thick requires a lead liner. We
have adopted S mm of Cu as the wall thickness to allow for
sufficient shielding at energies as high as 12 GeV.

Using the details of radiation absorption from EGS4, we
calculate the temperature distribution in the walls using the
thermal analysis program, TOPAZ. For 25° C water flowing
at 3 m/s through stainless steel cooling tubes the maximum
temperature in the beam tube is 160° C. A 2-D stress analysis
with NIKE2D indicates a maximum vertical deflection of
0.021 mm of the flat horizontal faces of the beam tube (an
acceptable value). This analysis also shows maximum stresses
of 90 MPa, exceeding the yield stress of the 98%Cu-2% Sn
alloy in the region where the radiation fan strikes the chamber.
This calculation is overly conservative since it does not
account for stress relief that would be obtained through
bending out of plane axis. We therefore believe that the alloy
will actually have sufficient yield strength to withstand the
thermal load. We are making a 3-D analysis to evaluate the
effects of bending. If the 3-D calculations also indicate that the
material yields, we will make a cyclic fatigue analysis to
determine if there is a structural problem,

Pumping
channel

1]
DIPs

Figure 2. Cross section of the HER arc vacuum chamber.
V. GAS LOAD AND PUMPING

During collider operation photo-desorption from the
chamber walls dominates the gas load. Following ref. [2] we
can translate the thermal load into a dynamic gas load
including the leveling effects due to a non-uniform photo-
desorption efficiency, N (Fig. 1). Measurements of ng (3, 4,
5] for well exposed samples of Al, stainless steel and high
conductivity, oxygen free Cu indicate minimum values
ranging from <2 x 10-6 for Cu and stainless steel to 2x10-3
for Al. Although the beam-gas lifetimes in storage rings with
lower €cri; than APIARY suggest that Al may eventually
develop an effective T = 10-6, we belicve a more reliable
approach is to adopt Cu or stainless steel as the chamber
material despite their higher bulk cost. As the data [5] indicate
that pure Cu can attain N < 2 x 106, we selected this value
as the design basis. Such a low desorp-ion coefficient allows
the vacuum chamber to have a conventional shape instead of
an ante-chamber configuration that is more difficult and
expensive 1o fabricate. The apparent cost disadvantage of Cu or
stainless vis 4 vis Al is more than offset by the relative
simplicity of the chamber shape, by the reduction of.the
required pumping and by the reduced commissioning Lime.

With a minimum nF of 2x10-5, the maximum gas load at
3 A is 1.2x10°6 Torr-l/s/m with the profile of Fig. 1.
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Such low values of g have been measured in pure Cu.
Confirming the practicality of our design choice for ng is a
key part of an experimental validation program.

To pump this gas load, we have selected an all sputter ion
pump design. We show the inventory of pumping capacities
for each pumping element in a typical cell in Table 2. At
1.5 A the desired average pressure (5 nTorr) is maintained with
distributed pumping of 125 I/s/m. To achieve these speeds the
distributed ion pumping in the dipoles of PEP has been
redesigned to operate in a 0.18 T field. The anode was increased
to 1.8 cm diameter, and one more row was added, increasing
the number of anodes by 33% with a packing factor of about
90%. Distributed ion pumping (DIPs) has been added at the
quadrupoles in stainless steel housings to one side of the beam
tube and below but none on the top to preclude particles
dropping into the beam chamber. As the available space is
restrictive, the anodes have been reduced in size. The cal-
culated pumping speed in the beam tube will be about
75 ifs/m from each of the steel housings. However, the total
pumping speed for the defocusing and focussing quadrupoles
are different owing to their different lengths. To augment the
DIPs we have added 60 )/s lumped ion pumps in each of the
quadrupole spaces of the cells. Given the low conductance of
the beam pipe, larger pumps would not improve system
performance. Moreover, the ports are designed to accommodate
additional pumps if needed.

Table 2. Pumping inventory of HER arc cell

2 Dipole DIPs 800 I/s
1 Quad DIP 110 Is
1 Quad DIP 80 I/s
1 Lumped ion pumps 60 Is
Total distributed pumping 125 I/s/m

VI. STRAIGHT SECTIONS & SPECIAL COMPONENTS

To keep the contribution of the ports to the machine
impedance negligible the ports are shielded with perforated
screens with longitudinal slots 10 cm long by about 0.2 cm
wide. The pumping slots in the septum between the pump
channel and beam tube have been calculated as rows of slots
9 cm long by about 0.2 cm wide at a pitch of 10 cm; similar
to HERA, giving a conductance of about 500 1/s/m. These
slots contribute a negligible amount to machine impedance.

Each bend cell contains a beam position monitor (BPM)
located at and anchored to the defocusing quadrupole. The BPM
for APIARY follows the HERA design with minor
modifications. The housing will be accurately machined from a
solid Cu block having recesses on its end faces to index the
ends of the beam tube for alignment during brazing. Cooling
on both sides will preclude a temperature asymmetry between
lateral sides.

Changes in cross section between the arcs of octogonal
cross section and the straight sections of circular cross section
are made with tapered transition elements. To keep the total
contribution to the chamber impedance within the impedance
budget, the taper angle is <10°.

A typical cell in the straight sections is 15.125 m in
length. The vacuum conduit is a 10 cm diameter, stainless
steel tube of circular section sized to clear the 100 mm bore of
the magnets. To produce an average pressure <3 nTorr in the
straight sections we will install lumped sputter ion pumps

rated at 230 s spaced by =8 m- We have calculated the pump
size and sgacing assuming a thermal outgassing rate of 10-11
torr-l/cm</s and a pressure differential in the beam tube of
0.5 nTorr. In situ baking compatibility to 150° C is provided
1o reduce the initial outgassing and to allow for pressures in
the 0.1 nTorr range if such low pressures are required.

To aid in the assembly both bend and straight cells contain
bellows designed to permit 130°C of thermal expansion. In
their extended position at room temperature, the bellows are
22.9 c¢m long. They can compress =4 cm to 18.9 cm at the
maximum temperature (150° C) to which the ring can be baked
in situ without disassembly. The inner bellows which carry
the surface currents is fabricated as one piece with formed
convolutions in the plane of the beam tube flats and has
narrow slits at the intersecting comners to permit axial
movement. A narrow slit permits synchrotron radiation to
shine through to thick-wall, water cooled, Cu absorbers
cantilevered from the flanges to carry away the thermal load.

A calculation of a commissioning scenario [2] shows that
the time needed to store the design current for >2 hours varies
with the initial value of g as determined by fabrication
procedures. For ng(0) = 10-3, commissioning the Cu chamber
requires =500 hr. For an appropriately cleaned chamber we
expect NF(0) = 104, in which case the full design current can
be stored after 150 hours (Fig. 3).

_ loT 4 1.5A

S 8T ns 10 =60 hr

% 64 @08A

5 S he ~50 hr
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0 i ' ' 1 4
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Figure 3. Commissioning scenario for an etched Cu chamber.
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