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Abstract

SUNSHINE (Stanford University Short Intense Electron Source), a facility to
generate high-intensity, sub-picosecond electron bunches hence coherent radiation in
the far-infrared (FIR), is realized. The system is composed mainly of an 1f gun
with a thermionic cathode and an alpha magnet serving as the bunch compressor.
The electron beam is then accelerated to 30 MeV by a linac. The coherent radiation
generated by the electron bunches cover the wavelength ranging from 40 ym to more
than 1millimeter.

Simulations of the beam dynamics in the rf gun are discussed in Chapter 2. The
shock wave instability for low energy beams due to space charge force is studied in
Chapter 3.

The principle of magnetic compression is presented in Chapter 4. The bunch
length calculation, both the simplified first order matrix formulation and actual com-
putation including the divergence effects are also discussed in Chapter 4

Both synchrotron and transition radiation from the electron beam are proved to
be coherent. Indirect and direct measurements for the bunch length in comparison
with simulations are shown in Chapter 5. Various effects that affect the bunch length
and the reasons for discrepancy are described.

My main contributions to this project are the formulation of shock wave instabil-
ity, the first order matrix formulation of bunch compression, computations by six di-
mensional phase space coordinate trackings and collaboration in radiation and bunch
length measurements.

Throughout this thesis, cgs units are used. When conversion to MKS is necessary,

the factors are enclosed in brackets.
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Chapter 1
Introduction

The goal of the SUNSHINE project is to produce sub-picosecond electron bunches
and the coherent far-infrared (FIR) radiation from such bunch distributions. There
is a lack of alternative high intensity FIR sources in this wavelength regime which
could be covered by the source described here. Figure 1.1 [1] shows the availability of
existing light sources. At the low end of the spectrum, there are microwave sources;
at the high end in the ultra-violet (UV) and x-ray regime, there are synchrotron
radiation storage rings. In the middle, visible light, optical lasers are abundant. But
between infrared and microwave in the FIR region, the longest wavelength laser at
10 pm is the CO4 laser which is not tunable.

Coherent radiation from electrons was first predicted by H. Motz in 1951 [2] and
later analyzed theoretically by F. Michel [3] but it was not observed until recently be-
cause bunches in older accelerators are not short enough compared with the vacuum
chamber for the radiation to propagate [4]. Coherent synchrotron radiation was first
observed by a group led by Nakazato in 1989 [5] and Blum in 1991 [6]. Coherent
transition radiation was first observed by U. Happek et. al. in 1985 7] and Y. Shibata
et.al. [8] in 1992. But since the bunch lengths in these accelerators are several pi-
cosecond long, the radiation is in the mm range. If we compress electron bunches
further into the sub-picosecond range, the coherent radiation they produce would be
in the FIR range thus filling the gap in Figure 1.1. In addition, since the radiation

is coherent, we get an extra boost of power, which is proportional to the number
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CHAPTER 1. INTRODUCTION 3

of electrons in a bunch, on top of ordinary incoherent radiation. The condition for
temporal coherence will be derived in Section 1.2.1.

Short bunches hence coherent radiation can be achieved by different methods. For
a circular machine, an isochronous ring can be used [9]. For our beam, this is done
by the combination of an rf gun and alpha magnet which is our bunch compressor.
The principle of bunch compression by an alpha magnet will be discussed in Chapter
4.

My main contributions to this project are the formulation of shock wave instability
which is discussed in Chapter 3, the first order matrix formulation of bunch compres-
sion, actual computations by six dimensional phase space coordinate trackings and
collaboration in radiation and bunch length measurements.

In this chapter, the overview of SUNSHINE including the rf gun and beam line will
be presented and theoretical background for coherent radiation, synchrotron radiation

and transition radiation will be discussed briefly.

1.1 Overview

1.1.1 RF Gun Overview

The rf gun in SUNSHINE was designed and built in a collaboration between
Varian Assoc. and the Stanford Synchrotron Radiation Laboratory (SSRL) [10,11].
It consists of 1-14-cell resonant cavity operating at 2856 MHz ( fi¢), 72 standing wave
mode and a thermionic cathode. It accelerates the electron beam to about 2.5 MeV.
Figure 1.2 shows the cross section of the gun. A side coupled cavity between the
two cells acts as the rf connection between both. Figure 1.3 shows the normalized
accelerating field profile along with the longitudinal cross section of the cavity. The
field in the first cell is chosen to be lower than in the second cell to reduce back-
bombardment which can cause uncontrollable heat up of the cathode. A detailed
discussion of the design criteria for this rf gun can be found in Michael Borland’s
thesis [12] and [10,11]. Some rf gun parameters are summarized in Table 1.1 where

At s the rf wavelength. Indices 1 or 2 stands for the quantity in the first or second
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frf

2855.835

MHz

P 10.50 em
Eye/Ep 2.9 Qo 14000
cathode radius 3 mm |Tgm ~950 °C
Ry 244 MQ | R, 8.45 MQ
A 2.624 cm Iy 5.248 cm
leﬁ‘, 1 1.82 cm leﬁ"2 3.45 cm
filling time 800 ns

Table 1.1: rf gun parameters.

cell. The effective length in the i*® cell legr ; is defined as the voltage divided by the
peak accelerating field Ey; = max E (2) in that cell:

Lo — J;dzE,
eff,i — Epi

l; and R; are the length and shunt impedance of the ith cell. Teaen is the operational
temperature for the cathode and @)y the quality factor for the 72 mode.

-
o
o

] — EJ/E
] zp2 F
0.5 1 —4.0
N O N £3.0 ~
m ] \ - £
. C o
w5 - -2.0 =
-1 J -1.0
: TJ<1— thod - :
-1.5 ""l""??'"el‘"'I'"'I""I""I""I""I"“ 0.0
-1 0 1 2 3 4 5 6 7 8 9

z(cm)
Figure 1.3: Profile of the normalized accelerating field and gun geometry.

- Figure 1.4 shows the azimuthal magnetic field and radial electric field profile at a
radius of 1 mm for a peak accelerating field in the second cell of 75 MV /m which is
the designed value. The radial force was designed to focus the electron beam toward

the exit in order to compensate for space charge force.
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number of bunches ~ 3000 per macro-pulse
N, < 6x10® per bunch
macro-pulse length 1 s

repetition rate 10 H=z

E < 30 MeV

Table 1.2: Electron beam parameters.

1.1.2 Beamline Overview

The side and top views of the beam line are shown in Figure 1.5. There are two
parts: from the gun to the alpha magnet then to the linac (GTL) and linac to the
beam dump at the end (LTD). The first part — GTL, serves several purposes: first to
focus the beam into the alpha magnet, which is the bunch compressor; for an efficient
energy selection and also to maximize the transmission into the linac. After the bunch
is compressed by the alpha magnet, which will be discussed in Chapter 4, the beam
is further accelerated to 30 MeV by a linear accelerator (linac). The source points of
the radiation are located after the linac shown in Figure 1.5. Figure 1.6 shows the
top view of GTL and beginning of the linac. Table 1.2 lists some parameters of the

electron beam.

1.2 Coherent Radiation

There are two types of coherence: temporal and spatial coherence. A finite source
size in transverse phase space contributes to spatial incoherence and a finite longitu-
dinal bunch length to temporal incoherence. If the length and transverse emittance
of the source are much smaller than the wavelength of interest, the radiation becomes
both temporally and spatially coherent; i.e., radiation emitted from different parts
of a bunch would be in phase. This is highly desirable since the brighiness of a
photon beam, which is the photon density in six-dimensional phase space, is greatly
enhanced if the radiation is coherent. For the electron beam considered here, these

two conditions are both true in the FIR regime and will be discussed below.
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CHAPTER 1. INTRODUCTION 10

1.2.1 Temporal Coherence

The criteria for temporal coherence can be derived by superposition of the field
emitted by each electron in a bunch. Suppose the position between the bunch center
and the observation point is R and x; = z;n; = R + r; is the position of the j%®
particle. The field radiated by a bunch of N charged particles is [13]

E(k) = ;Ej (k) e

N N A
— ZEJ (k) eiknj~rje'l.knj-R’ (11)

j=1

where k; = kfi; = (w/c) 1i; is the wave vector of the j*® particle. If R > r;, i.e. if we
consider the far-field limit, then fi; ~ 0 or E; (k) ~ Ej; (k) ni and the square of the
absolute value of the total electric field in (1.1) becomes

2
EJ (k) eikﬁjd‘j

e

E (k)" ~

Il

7j=1

P; (k) + S E; (k) Ef (k) e*@—r0m) (1.2)
J#l

I
M=

J

Il
MR

where P; (k) = |E; (k)|>. There are two contributions in the above: the first term
is the incoherent radiation from the radiation by each particle and the second term
from interference of fields by different particles. The latter is the coherent contribution
which will be shown to become significant under certain limit.

For a monochromatic bunch, P; (k) = P (k), the two terms in (1.2) are simply

Py (k) = NP (k) (1.3)
Pyeme (k) = P(k)g:eik(’f"‘)'a. (1.4)
J#l

If the external field that causes the bunch to radiate is identical for all particles in the
bunch, for example, a dipole field for synchrotron radiation, the global phase is the
same for all particles and the relevant phase between particles is determined solely
by the particle positions, kr;.- 0, if we use a classical approach. So we can pull the

complex fields in the second term in (1.2) together to get (1.4).
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Since N > 1, the summation in the above can be approximated by an integral. For
a given bunch distribution function f (r) such that N = N fdrf (r), (1.4) becomes

PP (k) m N(N=1)P(k) [dr [dree0 (x) £ (x)
~ N2P () |F (k)P (1.5)

where |F' (k)| is the form factor defined by the square of the Fourier transform of
the normalized distribution function,
2

P ®)F =] [ dore3s )

(1.6)

If the bunch distribution is azimuthally symmetric about the propagation direction

Z and 1 || Z, (1.6) can be simplified to

00 . 2
PEP=|[ ace*r )] .7
Note that |F (k)|*> approaches unity in the long wavelength (low frequency) limit, i.e.
|F(k))?~1 fork — 0

so (1.4) becomes
Pz (kY ~ N2P (k) for k — 0, (1.8)

coh

which comes naturally since ek (riTi) o ] gt long wavelengths in (1.4). That is, the
phases between individual particles are temporally coherent and the radiation scales
as the square of the number of particles in a bunch. In the high frequency (short
wavelength) limit, the coherent contribution vanishes since the form factor becomes
zero asymptotically,

|F (k)] ~0 for k — oo,

because the phases of different particles add up randomly to be zero. This causes the

radiation to be proportional to the number of particle only,

Py (k) = P2e™ (k) = NP (k).
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Let us look at the form factors for two typical bunch distributions: uniform and

Gaussian distribution. For a uniform bunch distribution of width 20,, we have
1
5— V2| <20
fz)=4 2= i :
0 otherwise

The form factor is

o - (22 »

ko,

from (1.7). For a Gaussian bunch,

2
1

f(z):\/2—7r'0 )

the form factor is also Gaussian,

|F (k)| = e~ ho=)", (1.10)

Naturally, a uniform bunch has more high frequency components than a Gaussian
bunch because of the sharp edges.

For wavelengths longer than the vacuum chamber dimensions, the radiation is
suppressed and cannot propagate [4]. If the bunch length can be compressed to be
smaller than the vacuum chamber dimensions which is in ¢cm range, the radiated power
is coherent at wavelengths equal and longer than the bunch length. For producing
FIR radiation, with wavelengths between a few um to mm, the electron bunches in
SUNSHINE must be no longer than few hundred pum, or equivalently, in the sub-
picosecond range.

The radiation is in general not monochromatic but has a frequency dependence
which depends on the process creating it and the bunch distribution as in (1.5). A
special case occurs if the spectrum is flat; that is, P (k) is independent of frequency,
then the coherent radiation spectrum is determined solely by the bunch distribution
from (1.5). This is the case for transition radiation which greatly simplifies the task
to infer the bunch distribution since the spectrum resembles the form factor which
is determined by the bunch distribution. We will use this property as a method to
characterize the electron bunches. Transition radiation will be described in the next

section.
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Example of Coherent Synchrotron Radiation
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Figure 1.7: Coherent enhancement compared with incoherent synchrotron radiation
(SR) for a typical storage ring for different bunch distributions.

Figure 1.7 shows the coherent enhancement of synchrotron radiation on top of the
incoherent part for 3000 bunches/pulse, 10 pulses per second (pps), each of length
20, = 0.2ps = 60 um and 5 x 10® electrons in a dipole filed of 1.9kG. The coherent
part of the radiation spectrum which is in FIR is boosted by a factor of 5 x 10® larger
than ordinary incoherent sychrotron radiation, outperforming a typical synchrotron
storage ring. Furthermore, since the bunch distribution determines the form factor, a
uniform distribution creates more high frequency components compared to a Gaussian
distribution as in (1.9) and (1.10). Bunches in a linear accelerator with magnetic
compression are usually sharper than a Gaussian, which give us another advantage

at high frequencies.
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1.2.2 Spatial Coherence

When the transverse source size is finite, the radiation at different parts of the
wave front interferes due to path length differences and displays a diffraction pattern.
The actual pattern depends on the wavelength A and transverse bunch distribution.
For a Gaussian particle beam, when the emittance of the particle beam is smaller
than that of the photon beam [14]

A
€z,y S €ph,zy = E, (111)

the radiation distribution is diffraction limited and spatially coherent. Apparently
this condition is more stringent at short wavelengths. Note that (1.11) is derived
assuming a Gaussian transverse particle distribution. For other distributions, some
similar limitation should be used.

Let us see what the limit in FIR is. At A =100 pm, (1.11) becomes,
€ry < 8% 10 %m. (1.12)

The emittance of the core of our beam at the gun exit is designed to be about
1 mm-mrad, which increases to about 10 mm-mrad in GTL due to higher order terms
in the quadrupoles and alpha magnet. The measured emittance in GTL of the SSRL
injector, which is a similar beam line, was about 10 mm-mrad [12]. During the linac
acceleration, the emittance reduces by factor of 12 to become less than 1 mm-mrad.
So (1.12) is true for our beam in FIR.

Therefore, the radiation from our electron beam is both spatially and temporally
coherent, which means that the radiation from different parts of the electron bunch

are in phase in FIR. At shorter wavelengths than 10 um, (1.12) is less true.

1.3 Characterization of Sub-picosecond Bunches

The fastest streak cameras currently available are of picosecond resolution and
it is not possible to measure the bunch lengths of sub-picosecond electron bunches

directly in the time domain. We can only characterize the nature of them indirectly
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by the radiation they generate. Two types of radiation were observed: synchrotron
and transition radiation which will be discussed briefly in the next section.

The radiation was characterized by three methods: radiation energy in a macro-
pulse as a function of the electron beam current, total radiation measurement and
Michelson interferometer. First, the coherence of the radiation was established by
measuring the radiation energy versus electron beam current. Then from the total
radiation in a macro-pulse, the average bunch length can be deduced for the measured
electron current. Finally, with a Michelson interferometer, the bunch length can
be derived following the discussion in Section 1.2.1 that the particle distribution
determines the spectrum of coherent transition radiation. The experimental results
and principle of Michelson interferometer will be discussed in Chapter 5. Synchrotron

and transition radiation will be briefed below.

1.3.1 Synchrotron Radiation

Synchrotron radiation is emitted by a charged particle when being deflected by
a magnetic dipole fleld. In our beam line, this bending magnet is at the end (see
Figure 1.5). Since the spectrum of synchrotron radiation has been derived in the

literature [15-18], the result is simply given below without derivation. The photon

flux per deflection angle % for a beam of current I and energy F = ymec? is

d’N,y 4o Awl
pdt ?7725 (w/we) , (1.13)

where S is an integral function of the modified Bessel function Ky,

_W3w

8T we

S () [ Z Ky (€) &6, (1.14)

and w, is the critical photon frequency determined by the beam energy and bending

radius p,
3~
We = —C—. (1.15)
2 p
For two extreme cases, w < w, and w > w,, the Bessel function can be approximated

and S is simplified greatly. We get
diN,p

‘ Aw 1
b =1 B . 1.16
T CyEI - 1.3333z (w < we) (1.16)
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42N,y
depdt

A
CwEI—w—w0.77736§ (w > w,), (1.17)

where £ = w/w, and Cy, = 3.967 x 10" photons/(s-rad-A-GeV).

1.3.2 Transition Radiation

Xy
1 Z >
—> % «, 7
e
% e

Figure 1.8: An electron with a constant velocity crosses the boundary of vacuum and
a perfectly conducting, infinite wall.

Transition radiation occurs when a charged particle passes through an interface
of media with different dielectric constants [16,19-21]. The simplest case is a charge
particle hitting a perfectly conducting, infinite wall with normal incidence sketched
in Figure 1.8. At a large distance and in the low frequency limit [19], the problem
reduces to solving the source free radiation fields from the particle and its image
charge of the opposite sign. The radiation is created at the moment when the two
charges collide head-on. Let the velocity of the charged particle be v = fcz. The
source-free fields are plane waves,

1.
H = -Axn
c

E = %(Axn)xn,

where the Lienard-Weichart potential for a moving charge is
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Ry is the distance from the observation point to the origin which is near the charge
and n = Ry/ Ry the unit vector; the subscript r; emphasizes that the expression must
be evaluated at the retarded time when the radiation is emitted. From the fields we
can derive the Poynting vector S = c/ (47r) E x H and after a Fourier transform into
the frequency domain, we get the angular and spectral distribution of the energy
density of the radiation at an angle § = cos™! (nﬁ) with respect to the 2 axis,
d2e
= H
dwdQ 4 7o l (w )l
e? 2sin% 6
- S (1.18)
¢ (1 — (2sin 0)

The radiated energy is azimuthally uniform as expected. Note that the above is valid

for the low frequency limit, w <« 1/7 where 7 is the duration of the collision. This is
true for all frequencies for a perfect conductor since the collision takes place almost
instantaneously.

For an ultra-relativistic particle (8 ~ 1), the radiation distribution has a maximum
at an angle 0§ ~ 1/ with respect to the beam axis and no radiation in the forward
direction (f# = 0) from (1.18). By integrating (1.18) with respect to , the integrated
spectral energy density scales like In+y if v > 1,

de ¢ e? Invy
i P (1-19)

mc 2

where it is divided by 2 because only half of the radiation is collected on one side of
the wall and Zy = 4/(po/€0) = 377 Ohm is the impedance of free space. Eq.(1.19)
is independent of frequency which provides a convenient way of measuring the elec-
tron bunch distribution by measuring the spectrum of coherent transition radiation
as discussed earlier. For a good conductor (€ > 1), the spectrum is approximately
constant over a large range of frequency well beyond microwave region. In the in-
frared and above, the conductivity becomes complex and depends on frequency; until
near ultra-violet a good conductor becomes transparent [16].

The total radiation energy scales inversely with the bunch length for a monochro-

matic particle beam,

dk
puowo N2/|F k —N2/|f Ik dz~——— (1.20)



CHAPTER 1. INTRODUCTION 18

since f (z) ~ 1/l where [ is the bunch length.
For a non-perfect conductor with normal incidence, we have to solve the electro-

magnetic wave equations for a point source by matching the appropriate boundary

conditions,
; OTA 4
V2A - %322— = —%BV(S (I‘ — Vt)
€; 0% 47
V2 —Egi't— = —?6(5 (I‘—Vt),

where ¢; is the dielectric constant in the i*" medium. In our case, the interface is
between vacuum (€; = 1) and an aluminum foil (e2 = € >> 1). The solutions can be
decomposed into two components: the homogeneous solution (@photon, Aphoton) Which
are the radiation fields and the inhomogeneous solution. The boundary conditions at
the interface require that £y and D, are continuous and V - Ejpgton = 0 everywhere.

The fields can be solved more easily by a Fourier transform,
B (rt) = / @ (kw) ™D Q3dy,

where @ stands for A or ¢. The derivation is detailed in [21] and [20], so only the result
is presented here. For a head-on incidence from vacuum into a wall, the intensity of
the backward radiation is
d’¢  e?f’sin’fcos’f
dwdQ ~ 72¢(1 — 2 cos?6)?

(e=1)(1- 2 +pvVe—s’f) |
(1 + Ve — sin29) (ec0s0 +Ve— sin70) .

Note that if € depends on frequency, the radiation is no longer frequency independent

(1.21)

in the above. The special case for normal incidence on a perfect conducting wall in
(1.18) can be recovered by setting € = oo in (1.21).

For a most general case, oblique incidence with an incident angle 1 with respect
to z axis on a non-perfect conducting wall, the velocity of the incident particle be-
comes v = fc (sint,0,cos¢) = ¢(0,0,5;). The derivation is not different except
that the electric field of parallel and perpendicular polarization must be treated sep-
arately when matching the boundary conditions at the interface. The intensity for
the backward radiation is

dZl e?f2 cos? 0 |e — 1|

dwd 2. [(1 — (2 cos?f,)” — B2 cos? 9]2 sind

X (1.22)
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2
(1 — B2+ B, Ve — sin2 § — B2 — B, cosGm) sin% @ — B,/3, cos O,V € — sin 0
(1 + B,\/e —sin? 6, — B, cos0z> (eeosH +Ve— sinEH)
d?et e?B23% cos? 0, cos? 0 |e — 1| y
dwd(2 w2 [(1 — By cosb,)? — 2 cos? 0] sin® 0
1
|(1 + B, Ve — sin” 0 — O cos@z) (\/e — sin% 0 + cos0)l2,

where 0, , is the angle between the observer and the x or y axis which is defined by

(1.23)

cos §; = sinf cos and cos 8, = sinOsinp. ¢ is the azimuthal angle in the z—y plane.
Unlike the case for normal incidence, the energy distribution now has an azimuthal
dependence. The case for normal incidence in (1.21) can be restored by setting ¢ = 0
and G, = f, = 0in (1.22) and (1.23).



Chapter 2

Beam Dynamics in the RF Gun

and Simulations

The dynamics of charged particles in an rf gun is complicated by the variation
of rf fields in space and time, beam loading and in particular, by space charge effect
for a dense and low energy beam. To evaluate the evolution of a beam emitted from
a cathode with thermal energies and accelerated to relativistic energies upon exit,
computer simulation is required.

The simulation was done primarily by the program MASK [22] and additionally
by RFGUN [12]. RFGUN integrates the Lorentz equation using a fourth order Runge-
Kutta method by expansions of the fields around the beam axis to the third order and
does not consider space charge effect. Results from RFGUN agree well with MASK
for a very small current density.

MASK uses a particle-in-cell (PIC) (sometimes referred to as particle-mesh) al-
gorithm to integrate Maxwell’s equations for macro-particles including self-fields in a
user-defined cavity mapped by rectangular meshes. The electron beam is represented
by macro-particles, emitted uniformly and randomly by a cold cathode at a given
cathode current density and cavity fields. Since the code uses rectangular grids, the
ﬁesh sizes must be much smaller than the rf wave length and also sufficiently small
to represent the actual structure in the cavity in order to avoid transient fields. There

is a compromise between accuracy and computational time. The longitudinal mesh

20
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Figure 2.1: Boundary of the first cell in MASK compared with the actual gun.



CHAPTER 2. BEAM DYNAMICS IN THE RF GUN AND SIMULATIONS 22

size was chosen to be 0.4 mm for both cells and radial mesh size to be 0.25 mm for
the first cell and 1.1 mm for the second cell. A smaller radial mesh size in the first
cell is necessary to model the fields in the vicinity of the cathode. Figure 2.1 shows
the comparison of the cavity boundary used in MASK with the actual surface ge-
ometry in the first cell. The rectangles are filled with metal by MASK. An artificial
tuning plug was added in the first MASK cell to allow the adjustment of the resonant
frequency [12].
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Figure 2.2: FFT of the normalized peak accelerating field. The resolution is 0.57 GHz.

The actual gun requires about 800 ns to reach equilibrium which is more than 2000
rf cycles. Since it takes 4 to 6 CPU hours to finish a MASK run on a VAX DEC5000,
to simulate the gun efficiently, the cells in MASK are not driven to equilibrium and
the wall loss is not taken into account. The locations and currents of the antennas in
both cells, which are 180° out of phase, are chosen such that only the fundamental
mode is excited which can be seen from the fast Fourier transform (FFT) of the peak
accelerating field in the first cell (E,;) and second cell (Ep2) in Figure 2.2 when the

if fields were being ramped up. This approach allows the accelerating field to reach
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a steady value after only five cycles before the beam is turned on.

The field distribution at the end of a five cycles MASK run with an empty gun
is saved for later runs with particles. Since the fields deposited by a previous bunch
are small and the effect of steady state beam loading is equivalent to lower fields in
the gun seen by next bunches [12], this allows a simulation to be done for only one
rf period. The jagged geometry of the MASK cells due to the finite mesh sizes gives
resonant frequencies different from 2856 MHz, hence it introduces a phase difference
about 178.6° — 178.9° instead of 180° between two cells at the end of five cycles. This

error is deemed acceptable.

® o MW 10° A go° @ q90°

Figure 2.3: Phases of four electrons emitted at ¢ = 0°, 10°, 90°, 110° relataive to
the rf fields at the cathode a) and exit of the first cell b).

The gun was designed for electrons emitted at 0° of the rf phase to ride in ac-
celerating phase throughout acceleration. At the end of half an rf cycle (180°), the
first particles exit the first cell and enter the second cell when the accelerating field
changes sign. After one full rf cycle the first particles exit the gun. Figure 2.3 shows
the phases of particles relative to the rf fields at four different initial phases ¢o = 0°,



CHAPTER 2. BEAM DYNAMICS IN THE RF GUN AND SIMULATIONS 24

10°, 90° and 110° at the beginning and at the exit of the first cell for a normal
run. Naturally, particles that are emitted at a phase of 180° or later experience only
deceleration and cannot leave the cathode. The ones emitted later than 90° experi-
ence more deceleration than acceleration and are lost within the gun. Only particles

emitted between 0° to 90° can possibly be accelerated out of the gun.

® ¢° W 1 A 90° * 110°

Figure 2.4: Same as Figure 2.3 for higher rf fields.

If the acceleration is larger than the nominal value, particles emitted at 0° by the
cathode exit the first cell earlier than 180° before the field changes sign and slightly
later particles can exit without experiencing deceleration illustrated in Figure 2.4. If
the field is sufficiently high, particles emitted over some range of initial phase undergo
the same overall acceleration. The result is a small energy spread at the head of the
bunch at the gun exit.

- Figure 2.5 shows the longitudinal phase space distributions — momentum ver-
sus exit time at the gun exit by RFGUN with three different accelerating fields of
Ey2 =120, 75 and 50 MV /m. ‘The distributions always have sharp rise times about 10



CHAPTER 2. BEAM DYNAMICS IN THE RF GUN AND SIMULATIONS 25

1 E_.=120MV/m

p(m 0)

|
330 380 430 480 530
t(ps)

Figure 2.5: Longitudinal phase distributions at the gun exit for different accelerating
fields.
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to 20 ps and long low energy tails about 200 ps in time, accompanied by a large mo-
mentum spread from quasi-relativistic energies down to almost zero due the sinusoidal
variation of rf fields in time. At higher 1f fields, besides earlier exit times and higher
momenta, the sinusoidal shape in the distribution is more pronounced leading to a
smaller relative energy spread as demonstrated earlier. This provides a good source
for a free electron laser [12,23] which requires a mono-chromatic particle beam. But
such a distribution does not serve as a good candidate for bunch compression into
shorter bunches because it requires a monotonic and negative slope in longitudinal
phase as will be discussed in Chapter 4.

For optimum bunch compression, normal running conditions for the gun use a
peak accelerating field in the second cell of 75 MV/m and a cathode current density
between 10 and 20 A/cm?. Only about half of the particles, concentrated in the first
10—20 ps, have high enough energies to be really useful. The micro-bunch distribution
repeats every 350 ps for a macro-pulse of about 1 us corresponding to the duration of

the rf pulse.

2.1 Nominal Running Conditions

The bunch distribution for nominal running conditions is optimized for bunch
compression for the gun. In the following, all simulations were done using a peak
accelerating field in the second cell of 75 MV/m and a cathode current density of
12 A/cm? which gives a current of 3.4 A at the cathode. It reduces to about only one
fifth upon exit due to particle loss. However, the peak current at the gun exit doubles
because of rf bunching. Rf bunching and beam parameters at the gun exit which will

discussed in this section.

2.1.1 Bunching by RF Acceleration

The longitudinal phase space distribution together with the projections of the
particle density both in time and momentum are shown in Figure 2.6 through 2.11

at various locations along the gun axis. In these histograms, a bin in time and
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momentum of 1ps and 0.05m.c has been used.
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Figure 2.6: Longitudinal phase space at z = 0.87 cm = A\¢/12.

From Figure 2.6, most electrons are already bunched by the rf accelerating field
both in time and momentum less than 1cm away from the cathode. The bunch
length has a full width at half maximum (FWHM) of 9.4 ps which does not change
significantly during the acceleration. The peak current has increased to 5.2 A, 50%
more than the current (3.4 A) at the cathode.

Of all electrons that are emitted at an accelerating phase (0° — 180°), the ones
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emitted later than 90° are not useful because they experience mainly deceleration
(see Figure 2.3). Of all electrons emitted at proper phases, the ones that are slightly
later than the first particles experience higher acceleration initially hence they get
pushed both forward in time and upward in momentum in phase space resulting the

sinusoidal shape at the beginning of the bunch in Figure 2.6 and a momentum spread
of about +4%.
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Figure 2.7: Longitudinal phase space at z = 1.749cm = \+/6.

As time goes on, later particles inevitably experience some deceleration shown in
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Figure 2.8: Longitudinal phase space at z = 2.624 cm = A¢/4 (exit of the first cell)
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Figure 2.3 so they get pushed downward in momentum as indicated in Figure 2.7.
Eventually in the middle of the drift tube between both cells, at the exit of the first
cell (see Figure 1.3), the distribution becomes almost monotonic again in Figure 2.8.
Also the bunch length becomes slightly longer at the exit of the first cell due to the
drift.

2000 2050 2100 2150 2200
6E+7 T——

L e o by

FWHM =134ps

R AL
2000 2050 2100 2150 2200 2E+8 4E+8 6E+8 B8E+8
t(ps) Ne/bin

Figure 2.9: Longitudinal phase space at z = 4.374 cm = 5A¢/12.

In the second cell, this longitudinal bunching repeats again as shown by Figure 2.9
— 2.11. Notice how little the bunch length has changed throughout the acceleration
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Figure 2.10: Longitudinal phase space at z = 6.123 mm = T /12.
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Figure 2.11: Longitudinal phase space at the gun exit.
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because the bunching happens rather early while particles are still sub-relativistic
shown in Figure 2.6. It only becomes slightly larger at the exit of both cells due to
the drift tubes.

Since electrons emitted near 90° just do not stay in the acceleration phase long
enough, by the time they reach the second cell, the fields already have changed sign;
so they experience very little overall acceleration. The consequence is only less than a
quarter of particles that are emitted by the cathode actually exit the gun. At the gun
exit, the temporal tail of the particle distribution is about 100 ps. The momentum
distribution resembles an asymmetric triangle and about 45% of the micro-bunch is
under the peaks in both momentum and time distribution. The distribution has a
FWHM in time of about 12 ps and a FWHM of about £6% in momentum around the
central momentum pg which is defined as the most populated momentum bin.! We are
bnly interested in the useful part which is the electrons under the shaded peak in the
momentum distribution (see in Figure 2.12) comprising the core. Incidentally, they
are also the ones that are bunched in time. Note in Figure 2.11 the monotonically
negative slope between momenta and exit times and the small area the electron bunch
occupies in phase space. This area represents the longitudinal emittance of the beam
and provides a good basis for further bunch compression to even shorter values as
will be demonstrated in Chapter 4.

To visualize rf bunching in the gun, some beam parameters are plotted as functions
of the distance along the axis in the gun in Figure 2.13 through 2.15. From the central
momentum versus distance in Figure 2.13, we can see that the acceleration is almost
linear except near the exit of both cells in the drift tubes. The relative momentum
spread Ap/po, which is defined as the FWHM in momentum divided by the central
momentum, displays less regularity as a function of the distance. It increases slightly
in the first cell toward the exit because the bunch distribution becomes less sinusoidal
in the drift tube shown in Figure 2.6 — 2.8. At the beginning of the second cell, the

reduced momentum spread is partially due to more sinusoidal shape of the bunch

1The average and rms value are not good descriptions for a highly asymmetric distribution such
as the beam from an rf gun. The beam distribution is neither gaussian nor rectangular so FWHM
and equivalent width are used for both momentum deviation and bunch length. (see Appendix B
for the definition of the equivalent width).
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Figure 2.12: Momentum distribution and useful particles at the gun exit.
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the gun.
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distribution from rf bunching in Figure 2.9, partially because of a higher central
momentum. Again toward the gun exit, the relative momentum spread increases
slightly due to the drift tube.
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Figure 2.14: FWHM and equivalent width (W) versus distance in the gun.

The bunch length — FWHM and equivalent width (W) in Figure 2.14, does not
change much throughout the gun because most of bunching happens early. The
FWHM and equivalent width exhibit slightly different trends because of the difference
in bunch distribution along the gun.

The gun current in Figure 2.15 shows that rf bunching increases the peak current,
which is defined as charges within the full momentum spread around the central
momentum (the shaded area in Figure 2.12) divided by the length of time they occupy,
by a factor of two of the cathode current. The fluctuation along the distance in the
gun is due both to particle loss and change in the bunch length. On the other hand,
the average current, which is the total charge divided by the rf period, decreases

drastically initially to only one third but otherwise gently for most of the gun because
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Figure 2.15: Average and peak current versus distance in the gun.
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DoC 266 MeV 5.3
Bo 0.98
(Tt 062 A I 63 A
FWHM, 123 ps W 240 ps
Ap/po +6.0 %
Table 2.1: Beam parameters at the gun exit for E,y = 75MV/m and J = 12A/cm?.

the particle loss happens mainly in the beginning of acceleration when the energy is

lowest.

2.1.2 Electron Beam Parameters at the Gun Exit

The transverse phase space distribution at the gun exit is plotted in Figure 2.16
along with the beam ellipse of 20’s where 0, and 0, are the root mean squares (rms)
of the horizontal beam size and divergence. Only the horizontal plane is presented
here since the beam is cylindrically symmetric. What distinguishes the useful particles
from those in the tail is not so much the beam size but the divergence. The gun is
designed to focus the beam toward the exit so the core of the beam has a negative
rms angular divergence. But the tail electrons are lower in energy and are therefore
over focused.

The parameters at the gun exit for all electrons in a micro-bunch are summarized
in Table 2.1. o and fp are the energy and speed of the central particles. The average
output current (I ) is the total charge that exits the gun, Qe divided by the rf
period and the peak current fexit is the charge of the useful electrons divided by the
time they occupy. W is the equivalent width.

The parameters of the useful electrons compared with the ones of the whole bunch

at the gun exit are listed in Table 2.2 where the geometric emittance is defined as?

e = 1/ (@) (@?) — (z2)?, (2.1)

Qcatn is the total charge that is emitted by the cathode in an rf period.

From Table 2.2, only about one fifth of charges emitted by the cathode actually
exit the gun; that is, out of an rf period (360°), the ones emitted before about 70°

2Some people include 7 in the emittance.
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all electrons

€x 8.3 mm-mrad
20, 0.67 mm

20, 52.7 mrad
Qexit/Qeatn 18 %

useful electrons

€z 0.94 mm-mrad
20, 0.47 mm

20, 17.8 mrad
Qexit/ Qcath 8.2 %

Table 2.2: Beam parameters of the nominal bunch at the gun exit for all and useful

electrons.
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get out of the gun. Of these electrons, only 45% is actually useful; that is, only the
ones that are emitted by about 30° make up the core of the beam. The emittance
of the useful electrons is much smaller than the overall emittance which is clear from
the transverse phase space in Figure 2.16 since particles at large angles or distances
from the center contribute much to the rms values of x and z/. The main difference
between the useful and tail part of a bunch is the divergence: at the gun exit, the

core of the beam is converging while the tail of the beam is diverging.

60 - : — 60
] : TN i
40 o REERRRREREEEE F2EEEE .\!: P 40 o AR R PR R R R TP,
20t 5’ :
= ] ‘
© ]
’é 0_: ............................
> ]
_20_: ..........
-40—:""."-': : : ! ] ; :
1. o8 N2 g3mmmr ) : . 0.94mm.mr
60— T 11 -60 +————"——T1 1
-2 -1 0 1 2 -2 -1 0 1 2

x(mm) x(mm)

Figure 2.16: Transverse phase space and beam ellipses at the gun exit for all electrons
a) and useful electrons b) for normal running conditions.

2.2 Effect of Acceleration

The central momentum and average and peak output currents at the gun exit are
plotted in Figure 2.17 as functions of the accelerating field for a fixed cathode current
dénsity (12 A/cm2). The vertical bars represent the FWHMs in the momentum
distributions shown along with the relative momentum spread. The currents are

normalized to the cathode cu-rrent.
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Figure 2.17: Central momentum along with relative momentum spread a), and nor-
malized average and peak current b) at the gun exit versus Eyy for J =12 A/cm?.



CHAPTER 2. BEAM DYNAMICS IN THE RF GUN AND SIMULATIONS 42

Both the average and peak output current increase slowly with the field strength
because more electrons are accelerated out of the gun. The average output current
is slightly less than one fifth of the cathode current, indicating that only electrons
emitted at less than about 70° exit the gun. This can be expected because those
emitted later than that experience little overall acceleration. Of all electrons that
exit the gun, about half are really useful (see Table 2.2). So actually, the useful part
of the beam is only about one tenth of all electrons emitted by the cathode in one rf
cycle.

The peak current is taken from the useful electrons which are concentrated in the
head of a bunch in time. Like the average output current, it also increases with the
acceleration and rf bunching increases the peak current by a factor of two above the
cathode current.

The absolute momentum spread does not change much with the field from Figure
2.17, but since the central momentum increases almost linearly with the accelerating
field, the relative momentum spread decreases significantly. This is a result of the
sinusoidal shape in longitudinal phase space at the gun exit for a high accelerating
field (see Figure 2.5).

Figure 2.18 shows the bunch length (FWHM,) and horizontal emittance for both
all and the useful electrons at the gun exit versus the accelerating field. The bunch
length decreases gently with the field due to stronger rf bunching. The emittance
behaves the same except for some statistical fluctuation. The decrease of the emit-
tance with the acceleration is a result of increased momentum, for the normalized

emittance is a constant determined by the emittance at the cathode,

€zn = \/(.’B?) <p3;> - (mpm>2 = Pz,rmsMeC €. (22)

where p, ;ms is determined by the cathode temperature. Note that the rms emit-
tance is only an approximate description for the phase space area of a non-Gaussian

distribution.

2.3 Effect of Cathode Current Density
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Figure 2.18: Bunch length a) and horizontal geometric emittance b) at the gun exit
versus F,p for J =12 A /cm?.
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Figure 2.19: Central momentum a) and normalized average output and peack current
b) versus cathode current density for Epy = 75 MV /m.
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The central momentum, and normalized average and peak output currents at the
gun exit as functions of the cathode current density for a fixed accelerating field
(Ep2 = 7T5MV/m) are sketched in Figure2.19. There is a slight increase in central
momentum with the cathode current density due to longitudinal space charge since
electrons in the front are pushed forward by trailing electrons. The larger longitudinal
space charge force from a higher current density also introduces a larger energy spread,
especially above 10 A/cm?. The average output beam current at the gun exit is mostly
a fixed fraction, slightly less than one fifth, of the cathode current and decreases very
slightly at high current densities. But the peak current reaches twice the cathode
current below 10 A /cm? due to rf bunching and decreases drastically above 10 A /cm?
because charges at the head of a bunch are much denser so they are more affected by

space charge.
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Figure 2.20: Bunch length a) and geometric emittance from all and core electrons b)
at the gun exit versus cathode current density for E,y = 75 MV /m.

Figure 2.20 shows the bunch length and emittance at the gun exit versus the
cathode current density. For high current densities, transverse space charge force

degrades the transverse emittance significantly, again especially above 10 A /cm?.
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Figure 2.21: Transverse phase space and phase ellipse for the core of the beam at the
gun exit for Fyy = 75MV/m, J = 0.1 A/cm?.
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To illustrate the effect, let us compare the transverse phase space and phase ellipses
for the cores of the beam at the gun exit for a very low and very high current density,
pictured in Figure 2.21 and 2.22. The particle distribution becomes much diffused

and beam size larger for a large current density.

'60 1 1 | - l- T | LI i L
-2 -1 0 1 2
x{(mm)

Figure 2.22: Transverse phase space and phase ellipse for the core of the beam at the
gun exit for Fpy = 75MV/m, J = 80 A/cm?.

The effect of space charge on longitudinal phase space is different from transverse
phase space. Compare the longitudinal phase space at the gun exit for a very small or
large cathode current density at a fixed field in Figure 2.23; not only does longitudinal
space charge lengthen a bunch, it also introduces some high frequency oscillations
and structures in the head of a bunch at about 100 — 167 GHz. The magnitude of
the oscillation also increases with the current density. The structures become more
evident after compression comparing the results for J = 0.1 and 40 A /cm? in Figure
2.24. The oscillatory instability compared to the low current case is obvious. At even
higher current density, the “pockets” start migrating and smearing out into each other
and become less distinct. Bunch compression will be discussed in the next Chapter.

Some observations of this oscillation are discussed below in the next section.
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Figure 2.23: Longitudinal phase space at the gun exit for J = 0.1 a), and 80 A/cm2
b).
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Figure 2.24: Longitudinal phase space after compression for J = 0.1 a), and 40 A /cm®
b). ‘
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2.3.1 Oscillations in Longitudinal Phase Space

For a higher and higher current density, longitudinal phase space exhibits some
high frequency oscillation and structures about 100 — 167 GHz shown in Figure 2.23.
This was attributed to plasma oscillation in [12]. However, the angular plasma fre-
quency should be a function of the particle density n which is a function of the cathode

current density [24],

47ne?
2 __
w, = poc (2.3)

Yet, we do not see the frequency of the oscillation change with the current density
which rules out the possibility of plasma oscillation. To show how it depends on the
cathode current density, the particle density n at the cathode can be expressed in

terms of the current density:

(2.4)

where the cathode current density J is a function of the temperature. For normal
operations, Tean ~ 950°C = 0.11€V at the cathode (see Table 1.1), which gives an
rms initial speed of about 8 x 107%c. The particle density at the gun exit is easier
to calculate in terms of the output current. Since the oscillation is present only for
the first 20 ps where the beam is much denser longitudinally, we shall take the peak
output current. The peak output current at the exit is about twice as large as the

cathode current (see Figure 2.17 and 2.19) due to rf bunching,

2Jr?
(20,)% ec’ (2:5)

where ¢, is the rms beam radius and r. the cathode radius. At the gun exit, 20, =
2v/20, = 0.7mm and 3 ~ 0.98 for the core of the beam (see Table 2.2). Figure 2.25

shows the approximate plasma frequency f, = w,/(27) versus the cathode current

Nexit

at the cathode and gun exit.

Here are some observations about the density oscillation:

e Higher current density in MASK causes only larger oscillation and structures,
but does not affect the periodicity. From Figure 2.25, the plasma frequency is

much lower than the frequency of the observed oscillation; also it should increase
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Figure 2.25: Plasma frequency (f,,) versus cathode current densy.
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with the cathode current which is not what simulations show. Therefore the

oscillation is not likely to be plasma oscillation.
e The oscillation is independent of the field strength.
e The oscillation is independent of the time step size in simulations.?

e Changing the weight — the charge each macro-electron represents does not
affect the oscillation frequency. Larger weight, i.e. fewer macro-particles used
in a simulation, only yields a coarser result due to larger statistical fluctuation

of the forces between particles.

e Since the gun is a high- Q) system, the oscillation is unlikely due to higher modes
excited by the beam. Though the cell geometry in MASK does not resemble
the real gun perfectly due to finite mesh sizes, there are no structures of the
dimension (1 — 2mm) which would hint the 100 — 167 GHz oscillation observed.
Also in all MASK simulations, only the fundamental mode is excited and the
FFT of the normalized peak fields shown in Figure 2.26 for a high current
MASK run also confirms that. The higher order modes are higher compared
with the FFT for a no-beam MASK run in Figure 2.2, but still many orders of
magnitude below the fundamental mode; nothing around a few hundred GHz

seem strong enough to cause particle density oscillation.

The oscillation is present only in longitudinal phase space and absent transversely
for a high-current beam shown in Figure 2.22, compared with Figure 2.16 and 2.21
for low currents. Since it increases in magnitude with the cathode current density,
one may suspect that longitudinal space charge force might be the cause.

In fact, the only parameter that has any effect on this oscillation is the longitudinal

mesh size. The longitudinal phase space at the gun exit for a regular (Az = 0.43mm),

3Provided that the time step size At satisfies the Courant condition [25] for numerical stability:

min (Az, Ar) < min (Az, Ar)
VUmax = V2

where Umax is the maximum propagation speed of the system.

At <
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Figure 2.26: FFT of the normalized peak accelerating field in a MASK run with
J = 80 A/cm?. The resolution is 2.9 GHz.
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Figure 2.27: Longitudinal phase spaces at the gun exit for different longitudinal mesh

sizes in MASK.

double and triple longitudinal mesh size are shown in Figure 2.27. For the run with a

double mesh size, the oscillation period becomes longer and almost disappears when

it is tripled. Because fields are averaged over larger areas for a larger mesh size, the

results are not necessarily an indication of a numerical artifact. The output energies
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and slopes are slightly different because larger mesh sizes make the geometry less
smooth hence introduces different phase differences up to 180° +5° between two cells.

This reduced oscillations for a larger mesh is easier to see after compression shown in

Figure 2.28.
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Figure 2.28: Longitudinal phase spaces after compression for different longitudinal
mesh sizes in MASK.
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A more careful analysis of the longitudinal dynamics due to space charge force
shows that this peculiar phenomenon, which we call shock wave instability, is due to

the rapidly changing longitudinal charge density and will be discussed in the next

chapter.
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Figure 2.29: Analytic and discrete dispersion relation for a cicular wave guide.

A word of caution in interpreting the numerical results: like all numerical methods,
the dynamics of electrons in the gun by MASK is discretized and there is a difference
between the analytic dispersion relation and discrete one {26] due to aliasing. Since
the actual dispersion relation for the gun cannot be derived explicitly, we shall re-
solve to a circular wave guide, assuming that new modes introduced by the electron
beam are much smaller in magnitude compared with existing TM or TE modes of
an empty wave guide, which are homogeneous solutions to the Maxwell’s equations.

The analytic dispersion relation for a circular wave guide is [16]

' -ne () s

where P is the m™ root of the Bessel function J,. For the fundamental TM mode,
TM()l, Po1 = 2.405.
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The dispersion relation for a discretized circular wave guide is [26]

) 2 ) 2 ) 2
sin -“3-3-\‘—’: sin 5‘2% sin %GA’:
= | ~\T= ) tl—=— (2.7)
2 2 2

where At is the time step and Az, Ar are the longitudinal and radial mesh size; a
is the radius of the wave guide. A factor of 2 is included in all denominators and
numerators in (2.7) because MASK uses an interleaved leap-frog scheme in both time
and space.

Let us consider the TMy; mode and the parameters used in regular MASK simu-
lations (Az = 0.4mm, At = 0.17ps) for now. The difference between (2.6) and (2.7)
is shown in Figure 2.29 up to the maximum wave number (k; max = 7/Az2) limited by
the mesh size. The radius of the gun body, 4.3cm and the drift tube, 0.38cm, are
used (see Figure 1.2 and 1.3). The discretized system represents the actual one better
at lower frequencies. The errors for the phase velocity at the angular frequency of
the structures in longitudinal phase space in simulations (f ~ 167 GHz, w ~ 1 THz)
are —8.8% and —8.6% at the gun body and drift tube. But the errors for the group

velocity at which the wave energy propagates is much larger. From (2.6) we get

vt = 0.9999¢ for r= 4.3cm,

= 098¢ for r= 0.38cm,

Q> B

v

at 1 THz. The superscript * emphasizes that these are the group velocities for the
analytic system. But the group velocity for the discretized system derived from (2.7)
is only 0.7¢ in both the gun body and drift tube at the same frequency, rendering
an error as large as —30%. That is, the energy at this particular frequency of the
observed oscillation propagates at 30% lower speed than in the actual circular wave
guide.

At higher frequencies, the two curves deviate more until at k, ., the group
velocity for the discretized system is zero. That is, it becomes a standing wave while
the analytic system is always a travelling wave guide. The standing wave mode in a
numerical system can linger for a long time so the numerical result at k, . cannot

be relied on at all.
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Therefore we must interpret simulated results with some caution and the oscilla-
tions in longitudinal phase space in MASK simulations may be only qualitatively but
not quantitatively true. For an even larger Az, such as double or triple mesh size
used in Figure 2.27 and 2.28, the discrete dispersion relation deviates even more than
the ones in Figure 2.29 so the results are less reliable.

Since the discrete system only approaches the analytic one at zero frequency, to
simulate the dynamics of electrons in the gun faithfully, one needs to use as small a
mesh size as practically possible to get a large k, juax to cover the highest frequency
of interest. In our case, this upper limit is set by the smaller of the bunch length and

the dimension of the smallest structure in the gun (d):
Az < min ( FWHM,fc, d), (2.8)

in addition to the familiar Courant condition. d ~ 1 mm for the first cell and d ~ 3mm
for the second cell. Actually the above is stricter for the first cell when the velocity

of the beam is lower.

2.4 Photo-Cathode

Although our gun is not equipped with a laser, simulating a photo-cathode beam
is possible for MASK allows shaping of the pulse at the cathode. The simulation was
done with the same field strength, Eys = 75 MV/m, as in normal running conditions.
The beam pulse at the cathode is assumed to be a 5 ps-long square pulse with a total
charge of 5nC. The initial phase ¢¢ should be chosen to minimize the emittance upon

exit and is given by [27]

T . 1
(5 — ¢0> sin ¢ = b (2.9)
where
_ GEO
*= 2mc2k’

Ep is the peak accelerating field and k¥ = 27/X. Unfortunately, for the field ratio
of 2.9 between the two cells for our gun (see Table 1.2), which was not designed

with a photo-cathode in mind, the above condition has no solution. Obviously, for a
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photo-cathode, one would opt for equal fields in both cells to accelerate electrons as
fast as possible to reduce the initial space charge effect when the beam is very low
in energy but high in intensity. Since (2.9) has no solution, the emitting phase was
chosen arbitrarily to be 20°. The longitudinal and transverse phase space at the gun

exit are plotted in Figure 2.30 and 2.31. The beam parameters at the gun exit are
listed in Table 2.3.
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Figure 2.30: Longitudinal phase space at the gun exit for a photo-cathode beam.

Again in longitudinal phase space, we observe the high frequency oscillation as
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Figure 2.31: Transverse phase space at the gun exit for a photo-cathode beam.

PoC 2.64 MeV

(Tt 079 A Tt 13 A

Qexit 277 PC Qexit/Qcath 5.5 %
FWHM, 1.2 ps w +18 %

Ap/po +18 % €s 1.2 mm-mrad
20, 2.4 mm 20, 6.5 mrad

Table 2.3: Beam parameters at the gun exit for a photo-cathode beam for E,, =
75 MV /m, total charge of 5nC, 5ps-long pulse.
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in the previous case of a thermionic cathode in Figure 2.23. The beam concentrates
mostly in the first 2 ps followed by a rather thin tail. The emittance is slightly larger
than that from the core of the beam in normal running conditions (see Table 2.2)
due to much larger transverse space charge effect. There is a great loss of charge,
mostly happening early in acceleration when the beam is most vulnerable to space
charge force. So only 5.5% of the charge emitted by the cathode remains at the gun
exit, compared with almost 18% “survival” rate for a thermionic gun in Table 2.2.
This results in an average output current in a bunch only slightly larger than from a
thermionic cathode.

From Figure 2.30, a photo-cathode beam can be compressed to a length compara-
ble to or shorter than the one from a thermionic cathode and the peak current can be
in excess of hundreds of amperes. A photo-cathode gun has the obvious advantages
of no back-bombardment, naturally short bunches and small momentum deviation at
the expense of much greater complexity and cost. Also, a photo-cathode gives lower
average electron current in a macro-pulse because not every bucket in a macro-pulse
is filled. This is important if the process being studied involves time-averaged power,

such as spectroscopy.



Chapter 3

Shock Wave Instability

In this chapter a theoretical model is developed to describe qualitatively the charge
-density oscillations in longitudinal phase space in simulations discussed in Section
2.3.1. The variation of the longitudinal particle density can cause the space charge
wave to form a shock wave. The mechanics of this shock wave instability will be

derived and discussed.

3.1 Derivation of the Equation of Motion

The longitudinal equation of motion of a charged beam under its own force is
investigated using a 1D fluid model. Electrons in a bunch are considered as a con-
tinuous fluid because it is easier to see the dynamics. First let us show that this is a

valid approximation.

60
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3.1.1 Continuum Approximation

A particle beam behaves as a continuous fluid only when its plasma parameter A

is much larger than one [24,28]:1
A=n)d > 1, (3.1)

where n is the number density and Ap is the Debye length beyond which the screen-
ing of the Coulomb potential from surrounding electrons becomes significant. It is

determined by the density and temperature, T', of a fluid,

T
Ap = . .
D V 4mne? (3.2)

Eq. (3.1) means that the number of particles in a Debye cube has to be sufficiently

-large. The plasma parameter is important such that when (3.1) is true, the system

has the following properties [24,29]:

e plasma frequency > collision frequency;

e mean inter-particle distance (n'l/ 3) > closest approach between two particles;

probability of large-angle collisions is small;

probability of 3-body collisions is small;

e average kinetic energy > average potential energy.

In other words, the collective behaviour dominates the statistic fluctuation from in-
dividual particles.

If we assume that the radius of the beam is small so that non-linear rf field
components are small, then an electron slice emitted from the cathode at the same

phase would have the same rms momentum spread (Peatn ~ 10™3mec) throughout the

- 1Sometimes the plasm parameter is defined as
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gun at T ~ 950°C = 0.11 eV (see Table 1.2); i.e., we assume that the acceleration does
not change the entropy of the system significantly for particles at small radii, therefore
the temperature stays the same. This is more true for the transverse temperature since
the radial momentum changes little from the focusing by the radial electric field, but
not entirely so for the longitudinal temperature. For a system with a mean velocity

U in the longitudinal direction, the longitudinal temperature is defined as [30,31]

KT = %’J— /dv (v =) f (v), (3.3)

where f (v) is the velocity distribution function. Non-linear fields in the rf gun in-
troduce additional velocity spread thus increase the longitudinal temperature. But
since our beam occupies a very thin area in longitudinal phase space at a given time
(see Figure 2.6 — 2.11), the temperature increase is small. Also, since A o< n~Y/273/2
from (3.1) and (3.2), a constant temperature approximation gives an underestimate
of the plasma parameter, so the longitudinal temperature increase is not a problem.

In the following, quantities with superscript * indicate those in the beam frame
unless otherwise stated and the Greek counterpart of (¢, 2), (7, (), stands for time and
space coordinate in the beam frame.

The number density at the cathode and gun exit in the laboratory system are

expressed in (2.4) and (2.5). In the beam system, the density is smaller by :

n*=—,

=213

So the plasma parameter is larger in the beam frame by a factor of ,/7;

A* = AA.

Figure 3.1 shows the plasma parameter at the cathode and exit of the first cell and
gun exit in the beam frame as a function of the cathode current density. A* throughout
the gun would fall between these curves. We can see that the fluid approximation is
not as good for a cathode current above 20 A/cm?. But this estimate is pessimistic
since we use a constant cathode temperature approximation. Because a larger cathode
current is produced by a higher cathode temperature, all curves would be a little more

convex at higher current densities. Also since the beam is accelerated quickly once it
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Figure 3.1: Plasma parameter in the beam frame as a function of cathode current
density.
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is emitted by the cathode, A* should increase rapidly from the value at the cathode.
We expect that the fluid approximation would extend to even higher cathode current
density for most part of the acceleration. So the condition in (3.1) is still quite true
in both frames for our beam which uses a cathode current density slightly above

10 A/cm? during normal runnings.

3.1.2 Radial Force

Let us show first that the transverse force either from external rf fields or space
charge field is negligible in comparison with the longitudinal force at small radii. If
the radius is small, we can ignore the radial dependence of the magnetic field due to

space charge which scales like
B!, x v, (3.4)

where v is the relative speed to the bunch center and (?) is the azimuthal unit vector.
The ¥ x B;, term is of second order for v < c.
The fields transform like [16],

2
E* = 20 (B+8 x B)— 156y (By B) (35)
. _ _ % .
B' = 10(B B xE) - =16, (B B), (36)

where 3 = [z is the speed and ~y the energy of the beam center in the laboratory
frame. For our gun in the TMg;o mode, only F,, E, and By are non-zero, hence we

have

ELi = E.2— (B, —BoBy)T (3.7)
B., = 7(Bs— KE,) . (3.8)
Since By ~ 1 and E, and By are of the same order (in Gaussian unit) (see Figure 1.4),

so the radial components in (3.7) and (3.8) are small compared with E,. Furthermore,

for a small 7, we know that [16]

r
E,-NquNz,
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where b is the pipe radius. So we only need to consider the longitudinal electric field
E..~E.Z

and may ignore the ¥ X B, term in the force.

3.1.3 Equation of Motion in the Beamn Frame

Let pomc be the momentum of the beam center in the laboratory frame. An off-
momentum particle with a momentum (po + Ap) mc in the laboratory frame has a

4-momentum in the beam frame which moves with Gyc:

PPy _[ Y —po) [ potADp
v’ —Po Yo Yo + Ay
Since Ay & BoAp + Ap?/ (273), we get

. A
pr\ [ AP
~ 2
v* 1+ —%—;“%

1+ %p?

N————

where

s|g

1

is the relative momentum deviation.? If we only keep the first order terms, (3.9)

()=(%)

If the time is short enough, the momentum change in the beam frame dp* ~ Gydu

becomes

because udfp is of the next order. Then we can treat Jy as a constant and the Lorentz

force is
dp*
mce
dr

d
~mefot ~ g (B () + Bl (6,7 (3.10)
The space charge field in the beam frame is

0% 104
e8¢ e o1

2This rather unusual choice of notation will become clear later.

(3.11)
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where the scalar and vector potential are related to the volume charge density 7* like

o, = / d3rp7 (3.12)
1 =~k
A = 2 / d3r-'0r—v. (3.13)

Since v < ¢, we only need to keep ®Z which is equivalent to the long wavelength
limit [32] when the space charge impedance is purely capacitive and the space charge

potential is linearly proportional to the line density of a bunch,

®;. = Nggp* (¢, 7), (3.14)
where p* is the normalized line density,
1= /_ : p*dC.
The line density is related the laboratory system p by

pr=L
Yo

The dimensionless coefficient g, determined by the geometry of the environment and
beam, is of order 1 [32,33] and N is the number of charges in the bunch. For a round
pipe of radius b and beam radius a, the asymptotic value in the long wave limit gives
g=1 /24 21n (b/a) [32]* if a is much smaller than the bunch length. Inserting (3.14)
in (3.10), we get

du _ _Ngg’0p" 4
dr Bome 8¢ Bome

To solve the motion, we need another equation for p*. Let U*({,7,u) be the

¢, 7). (3.15)

normalized density function in phase space so p* is just the integral of ¥* with respect
to u,
PO = [ au ().

- Since we know that the collision frequency is very small compared to the plasma

frequency, which ranges from a few hundred MHz to 10 GHz in the laboratory frame

3There is some controversy about what the first constant in g should be. Different values (0,0.5,1)
can be found in the literature, depending on what beam model is used [32-34].
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(see Figure 2.25), we can use the Vlasov equation [24,33] which is also called the

collisionless Boltzman equation,
dv*  9¥* 9¥*d¢ o¥*du
0= = — —. .
dr or + o¢ dr + op dr (3.16)
Integrating (3.16) over u, the second term becomes
or* 9
d = == [ dpo.
/ Hec T ac)
Using (3.15), the third term becomes
qE:ot 8‘11* — qE:ot /d,u,a\l}* — 0’
Bome O Fome ou
because the total electric field £, = E} + E* has no explicit dependence on the

momentum. We have also assumed that ¥* (u = —o0) = ¥* (4 = 00) = 0. Therefore
(3.16) becomes
dp* 0
— [ dpp¥* = 0. .
5+ 5 / pl* =0 (3.17)

We make a further assumption that the distribution function in momentum is a

delta function,
V(¢ =p(T)0(k—E((T)).
That is, we completely ignore the momentum spread. This is equivalent to saying that
the beam is cold, so there is no momentum spread in phase space. Since the cathode
temperature is pretty low, and the acceleration does not change the momentum spread
of electrons at small radii too much, the temperature is approximately constant. For
a cold fluid, (3.17) becomes the continuity equation:
op* 0

o+

We further write v in terms of the momentum spread and to first order, it scales

vp*) = 0. (3.18)

linearly with the momentum spread,
v & Bocp. (3.19)
Actually, for a circular machine, the relative speed is [14]

v & BocRnoks, (3.20)
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where 7 is the zeroth order slippage factor,

o= = — = (3.21)
0 == = = —. .
B
Ve is the transition energy defined by the momentum compaction factor o,
1
7tr - \/a—c'
Since ¥ = oo for a linear machine, (3.20) just yields (3.19).
Using (3.20), we get the convective derivative of u,
dp _ Op 5 dp
ar a7 T Pecmmon g (3.22)

Since the longitudinal electric field is the same in the laboratory and beam frame, we
can drop *. Eliminating v and keeping only the first order terms, we get a system
of two coupled nonlinear partial differential equations governing the evolution of the
particle density and momentum spread at an instance:

a * o c 2 * 0

ofp + 2 501;707270,0 L . . (3.23)

or \ pu ¢ Nag 5 9B

Bome Bome

From now on, we shall restrict the discussion in the beam frame and I shall drop

* on p*. Properties of this system will be discussed below.

3.2 Discussion

Space charge force, being proportional to Nq?, is independent of the sign of charges
which is expected since it is always repulsive. Also, the variation of the density
modifies the momentum distribution which in turn modifies the density. Naturally,
for an infinitely long bunch with a uniform charge distribution (8p/d¢ = 0), there is

no longitudinal space charge force.

3.2.1 Classification of the System

The system in (3.23) is hyperbolic [35] for a circular machine below transition

(no > 0) or a linear accelerator, which means that the initial conditions propagate



CHAPTER 3. SHOCK WAVE INSTABILITY 69

along two characteristics satisfying

d¢  —Ap=t/(Ap)® +4ABp
dr 2B

(3.24)

in the (¢, 7) plane where A = Bocy3ne, B = Ngq?/ (Bocm). It does not grow exponen-
tially over time. But for a machine above transition (19 < 0), (3.23) becomes elliptic
which grows exponentially for small disturbances as an initial value problem [36].
This is called the negative mass instability for unbunched beams in machines above
transition [33]. For bunched beams above transition, synchrotron oscillation has to be
added in (3.23) which acts as a stabilizing mechanism. Here we limit the discussion
to a hyperbolic system; that is, a machine below transition.

Although for a linear accelerator, or a circular accelerator below transition, the
'system does not grow exponentially, it exhibits a different type of instability which
we call shock wave instability since the system has a tendency to form a shock wave
for any finite density variation. Generally this is not a problem because most particle
bunches in accelerators are rather long (in the centimeter range) with smooth density
profiles. But since we are concerned with short bunches, it can be a limit for the peak

current.

3.2.2 Space Charge Wave in a Uniform, Monochromatic

Beam

Let us ignore acceleration for a while and start with an initially uniform, monochro-

matic beam with a small density perturbation,

p(¢,0) = po+p1(¢,0)
©(¢,0) = 0.

Eq. (3.23) can be linearized into a wave equation,

2
%(’:>—ug(’:)=o, (3.25)
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where the wave velocity depends on the charge density,

22
o = :l:\/gq%@Np . (3.26)

up can be considered as the “sound” speed in the electron gas and any disturbance
travels at up. The space charge wave for a higher density beam has a higher speed.
For our beam N ~ 10° at the gun exit and pg ~ (Boc- 6t - 70) ™" = (19mm) . Using
6t ~ 13ps, fFp =~ 0.98 and ¥ = 5.1, the space charge field is 200 — 300 V/m and the

space charge wave has a velocity

ug ~ 4 x 10°m/s = 0.01c. (3.27)

3.2.3 Symmetry Properties

If there is no acceleration and ( is replaced by —(, the second equation in (3.23)

is invariant for
p(C,m)=—p(=¢1). (3.28)
Consequently, we get

p (C) T) =p (_C’ T) . (329)

That is, if the density is symmetric then the momentum deviation is anti-symmetric.

3.2.4 Shock Wave Instability

Eq. (3.23) is strikingly similar to a one-dimensional isentropic, compressible fluid
[37,38)] except for the convection term vdv/dz which has been left out from (3.22) to
(3.23),

dp 0

— 4+ = =0 3.30

5 T 35 (PY) (3.30)
v d  c2dp

% e = (3.31)

where ¢; = ¢; (p) is the sound speed in the fluid. For an 1D adiabatic ideal gas, ¢, =

dp/dp ~ p where p is the pressure.
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What happens in a fluid like this is that the local propagation speed of the wave
increases with density; i.e., the higher density part travels faster than the low density
part. So the profile becomes steeper and steeper until eventually a shock wave front
forms and the system becomes discontinuous [37].

In general the local propagation speed of the non-linear wave w is a function of
p and p and each point may have a different propagation speed. Let us find the
d’Alembert’s solution for (3.23),

p(¢T) = f({—ur) (3.32)
po= plp), (3.33)

where u = u (p). The partial derivatives of p are straightforward to evaluate:

Op uf’
= = 34
or 1+ Td“ 2f' (3:34)
9 _ f’
Using Op/0t = (dp/dp) (0p/0T), Op/O¢ = (du/dp) (0p/5¢), (3.23) becomes
dp
—u+ Ap + Apd—p =0 (3.36)
du _
—ud—p +B = 0. (3.37)
We can then solve for u as a function of p and p,
Ap + \/(A,u)2 + 4ABp
v = 2
Aaa®~2
= ——ﬂocgmou + \/ (Boergnon)” + =L N, (3.38)

If || <, /ﬁ%N p, the local propagation speed becomes

2 22
~ ﬁi’%ﬂu + \/-Q-%Np. (3.39)

If the beam is almost uniform (p ~ py), then (3.39) becomes

u R g+ g (3.40)
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where we have used (3.20) and (3.26). Note that the local propagation speed is not
Up but up plus half of the relative speed to the beam center.

(3.38) is a monotonically increasing function of p,
ou A A?p
— =4
On 27 9,/(Au)* +4ABp

> 0; (3.41)

i.e., the propagation speed is higher for the high-momentum part than the low-
momentum part. Eq.(3.41) suggests that not only does a bunch spread out but
also the density and momentum deviation in the wave front will steepen due to a
higher propagating speed similar to the phenomena in neutral plasmas [39-41] and
water waves. Eventually a shock front may develop somewhere when 8p/9¢ = +oc;
this happens when the denominator of (3.35) becomes zero. Since different parts of
the wave may travel at different speeds, the breaking time is the smallest non-negative

value that satisfies

1
=7
In general, du/dp = du/dp+ (Ou/Ou) (dpr/dp) # 0 and can be of either sign. Only an

infinitely uniform beam (f' = 0) will never form a shock wave since Tireax = 00 every-

(3.42)

Toreak = —

where. As long as there is a finite density variation (f’ # 0) somewhere, sometime,
(3.42) can have a non-negative solution. For 7 > Tyreax, the shock wave front in p and
i becomes discontinuous and (3.23) can no longer describe the system afterwards.
It is like breakers in ocean leaving ripples behind. This means that certain higher
derivatives which act as diffusion that have been neglected become significant.

The breaking time is not possible to calculate analytically for an arbitrary den-
sity function. We can approximate it for very simple cases. For an initially mono-
chromatic bunch of length I, p ~ 1/l, du/dp ~ Ou/dp = \/gq2’y(2,770N/ (mp) and
Pl ~ 2/1* at T = 0, the breaking time for the front of the whole bunch using (3.42)

becomes

m 3
Toreak ™~ {| —5—5— =" 3.43
Y 9g2mo N (843
This versus bunch length for different numbers of particles in a linear machine

(¥2n0 = 1) is plotted in Figure 3.2. For our beam at the gun exit, Tyreax ~ 1.91s in
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Figure 3.2: Estimated breaking time for the whole bunch versus bunch length for
different N in the beam frame for an initially mono-chromatic bunch.
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the beam frame which is too long for our system. But (3.43) is a very crude estimate
for the breaking time of the front of the whole bunch. Some local fluctuation may
break even earlier.

Since this tendency to form a shock is intrinsic for any beam with a finite density
variation, the difference between a smoother and a sharper initial bunch distribution
is how long it takes to break. For a smoother density profile, the onset of the shock
wave takes a longer time from (3.42). In fact, Funk, et. al. showed that the shock sin-
gularity exists using different numerical methods, including Taylor expansion, method
of characteristics and finite difference methods for different initial density distribu-
tions [38].

Normally the shock wave instability should not be a problem at all if the breaking
time is much larger than the time of interest in an accelerator. Also since a bunch
stretches longer and longer along the machine due to the velocity spread if the initial
momentum distribution is not mono-chromatic, it is not a serious problem unless the
goal is to achieve short and intense bunches. From (3.23), we see that the modulation
to the relative momentum spread Ou /0T is most damaging for a short, intense, low-
energy charged beam, since fp ~ 0 in the coeflicient of p in (3.23), and the larger
the density variation, the less time it takes to form a shock front from (3.42). Hence
it is not preferable to have a very short and intense bunch when the energy is low.
Although this instability is not destructive per se, since the beam is not destroyed or
lost but rather develops wave structures and lengthened, it can cast a limit on how
short the bunch can be for an intense beam current. The best way to combat it is
acceleration as fast as possible. Even though the longitudinal electric field is the same
in the beam or laboratory frame, for higher-energy beams, any effect takes - times
longer to develop.

If one wants to investigate this effect by numerical simulations in a particle-in-cell
code, it is important to choose a mesh size much smaller than the rise time of the
density distribution. That is,

A
ﬂ_oi < rise time, (3.44)

in addition to the condition that Az must be much smaller than the dimension of

the smallest structure in the gun in (2.8) to avoid aliasing in the discrete dispersion
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relation discussed in Section 2.3.1. For our beam, this means Az <« FWHM -
0.98c ~ 3.5 mm at the gun exit (see Table 2.1). This explains why the structures and
oscillation in the longitudinal phase distributions in MASK simulations are less and
less pronounced for a larger and larger mesh size because the density and space charge
field are averaged over larger areas. Actually, the condition in (3.44) is stricter when
electrons are closer to the cathode because the energy is low. Also, the instability
takes some time to build up, which explains why we see the instability developed
later in the gun as in Figure 2.6-2.11. Looking at (3.23) again, we will notice that
the variation of the density plays an important role in driving the non-linear space
charge wave and we expect that the frequencies are determined by the rise time of
the density profile, which is what we have observed in MASK simulations and the
simulations of 1D space charge waves for different initial density distributions in the

‘following section.

3.3 Difference Scheme and Numerical Results

The most natural way, either numerically or analytically, to solve a hyperbolic
system is the characteristics method [35] since the partial differential equation (PDE)
decouples into two ordinary differential equations (ODE). But the difficulties in im-
plementing such a method lie in both defining grids along the characteristics for a
non-linear system and interpolating the boundary conditions and end result between
grid points. So I have elected to use the more usual difference schemes.

Since (3.23) is valid only instantaneously, the time step A7 has to be sufficiently
small which imposes an upper limit on the mesh size A{ from the Courant condition.
For the interior grid points, the simple Forward-Time-Centered-Space (FTCS) differ-
ence scheme is used [25]. This is an explicit method since an implicit scheme would
be very hard for a non-linear system. For two boundary points one-sided difference
scheme is used. The domain is chosen to be large enough such that at the boundary
points, p ~ 0, p = 0, the contribution is too little to influence interior points. The

accelerating field is modeled as

E (t,2) = E (2)sinwt, (3.45)
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where E (z) is piece-wise constant:

—F; Vz € [0,193,1]
E(z) = Ey V2 € (291, 201 + legr 2]
0 otherwise

E; is defined as the voltage difference across cell i divided by the effective length l.g ;
which is given in Table 1.1 and 297 is chosen as the point where the electric field in
the second cell falls to less than 10% of the peak field (see Figure 1.3).

At each time step, the beam parameters (p({,7),1 (¢, 7)) at each grid point ¢
are moved forward in time in the beam frame using a constant central momentum.
Then each grid point in the beam frame ({, 7) is Lorentz transformed back to get the
corresponding coordinate (¢, 2) in the laboratory frame to be accelerated. The new
momentum at (£, z) can then be calculated using the field in (3.45). After the new
averaged momentum is obtained, the momentum deviation p at each grid point is
scaled accordingly. The time step is scaled by the new average energy o to ensure
that the corresponding time step in the laboratory frame is the same each time the
bunch is accelerated to prevent too much variation in the electric field since (3.23) is
only valid instantaneously when there is acceleration. The procedure is repeated for
the next time step.

The more stable Lax method [25] was tested but it introduces a large numerical

viscosity or diffusion for a small time step. The numerical diffusion coefficient is

(AQ)*

T O2AT
Compared with FTCS with the same time step and mesh size, this results in an
unphysical dissipation in density which becomes non-conservative. To reduce the
dissipation, a smaller mesh size had to be chosen requiring an even smaller time step
to satisfy the Courant condition for stability which becomes prohibitively small. So
I decided to use FTCS because it yields more physical results for the same time step

and mesh size provided the time step is sufficiently small.
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3.3.1 Validity of the FTCS Scheme

Since FTCS is unconditionally unstable for travelling waves [25], solutions can
grow exponentially over time; the time step has to be much smaller than the Courant
condition to ensure numerical stability. There is no general method for the stability
analysis for a non-linear system, therefore the linearized wave equation in (3.25) is

used. Following the von Neumann analysis [25], let the solution at { = nA(, T = jAT

be .
Pl — glegihnad P10
I Ho

where § is the amplification factor and k is the (real) wave number. The amplification
factor for FTCS is

A
E(k)=1% iqu—Z sin KA,

and the amplitude of the amplification factor is

(k)| =41+ uﬁsinkAg 2>1 (3.46)
= 0AC > .

for all k. For the chosen time step of 1ps, mesh size of 0.5mm and up from (3.27),
(3.46) yields
£ < Emae = 1.0002,

which is only weakly unstable.

In addition, the FTCS scheme used has been tested by a non-linear, uni-directional
wave equation, w; + ww, = 0, which is one of the very few non-linear PDEs that
are analytically solvable. Another interesting feature about it is that if the initial
condition is simple enough, the breaking time of a system can often be predicted.
So it serves as a good test for a numerical method for hyperbolic systems before
launching into the real problem. Five initial conditions w(z,0) have been tested:
linear (w (z,0) = £z), parabolic (w (z,0) = 1 — 2?%), sinusoidal (w (z,0) = sinz) and
Gaussian with a standard deviation much smaller than the domain of interest. The
analytic solutions and breaking times of the first three initial conditions have explicit

forms and the analytic solutions agree with the numerical solutions rather well up
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to the breaking times as long as an appropriate mesh size and time step are used.
All except the case that w (z,0) = —2z show steepening as time goes on as expected.
Hence we can well trust the numerical result of the FTCS scheme for the real space
charge problem.

In theses calculations, the beam is initially a slug extending from z = 0 to —4 mm
at ¢ = 7 = 0. Unless otherwise stated, the bunch has an initial average momentum
390eV /c with zero initial energy spread everywhere and a total charge of 2.4 x 10%.
When there is acceleration, the average momentum of the bunch is accelerated to

about 1MeV /c. All figures are plotted in the beam frame for ease of comparison.

3.3.2 Gaussian Distribution without Acceleration

Figure 3.3 shows the evolution of the normalized line density and relative momen-
tum spread of a Gaussian beam under its own space charge force without acceleration
in the beam frame. The distribution appears not only to disperse, but also both edges
become steeper with time. The density distribution is symmetric and the momentum
deviation is anti-symmetric at all times following (3.28) and (3.29); the momentum
deviation in the head of the bunch is higher than the average momentum while the
one in the tail is lower since particles at the head are pushed forward by those behind
and vice versa. The momentum deviation, like the density, also steepens and increases
with time. Note also the onset of the oscillation after the density becomes too steep
since any discontinuity propagates along the characteristics for a hyperbolic system.
Naturally one does not expect that (3.23) is still valid when the relative momentum
spread increase above unity. At some point, non-linear effects which have been ne-
glected in (3.23) start to play an important role, which may introduce diffusion. Thus
the growth of the momentum spread would not continue indefinitely. But still, Figure
3.3 shows qualitatively the tendency to form a shock wave even for a Gaussian bunch

given enough time.

3.3.3 Trapezoidal Distribution without Acceleration
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Figure 3.3: Evolution of the density a) and momentum deviation b) of a gaussian
bunch in the beam frame without acceleration.



CHAPTER 3. SHOCK WAVE INSTABILITY 80

— tau=0Ops 0.02
e —}-60
— 160
— 240 | 40
— 320 [ E
400 L 2
-20
—— 480 i
—— 560
a) |
40 0
20
L i
o 0
©
-20
b)
-40 —+— ;
-0.02 0.02

Figure 3.4: Evolution of the density a) and momentum deviation b) of a trapezoidal
bunch in the beam frame without acceleration.



CHAPTER 3. SHOCK WAVE INSTABILITY 81

Figure 3.4 shows the evolution of the normalized line density and relative mo-
mentum spread in the beam frame of a trapezoidal bunch distribution under its own
space charge force without acceleration. Again, we observe the same dispersion and
steepening of the distribution with time. The oscillation also spreads deeper into the
bunch as time goes on.

The numerical difference solution works for a shorter time for a trapezoidal dis-

tribution than a Gaussian one because the breaking time is shorter from (3.42).

3.3.4 Effect of Current Density

To see the effect of a smaller current density, Figure 3.5 shows the same case as
the previous trapezoidal distribution but now with only half the electron intensity
{N,=1.2 x 10°). The oscillation in Figure 3.5 is certainly less prominent than in
Figure 3.4 since the breaking time is expected to be longer because Ty, ., depends on
u which depends on the number of particles in a bunch from (3.42) and (3.38). The

oscillation frequency, however, remains the same.

3.3.5 Effect of Acceleration

Figure 3.6 and 3.7 show the evolution of the density and relative momentum
spread for a trapezoidal distribution in a 3D surface plot when the central momentum
is accelerated to 1MeV/c. The relative momentum deviation initially increases but
then decreases as a result of acceleration. The density spreads less rapidly compared
with the one without acceleration in Figure 3.4. Though less, acceleration does not
entirely prevent either the density or momentum from steepening as time goes on.
This can be seen more clearly in a 2D plot in Figure 3.8 in which the last set is in a
thicker line for ease of comparison. There is still a little oscillation in both the density

and momentum deviation at the edges.
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Figure 3.5: Evolution of the a) density and b) momentum deviation of a trapezoidal
bunch of half of total charges in the beam frame.
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300 -0.02 ' 2(m)

Figure 3.6: Evolution of the density of a trapezoidal bunch in the bunch frame after
the center is accelerated to 1MeV/c.
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Figure 3.7: Evolution of the momentum deviation of a trapezoidal bunch in the beam
frame after the center is accelerated to 1 MeV/c.
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Figure 3.8: Evolution of the density a) and momentum deviation b) of a trapezoidal
bunch in the beam frame after the center is accelerated to 1 MeV/c.
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3.3.6 Conclusion

From the above, a low-energy beam below transition is more sensitive to the shock
wave instability than a high-energy beam and acceleration is a stabilizing mechanism
though it does not cause the oscillation to disappear completely. We also see os-
cillations in both Gaussian and trapezoidal bunches as a result of the shock wave
forming and the frequency of oscillation depends largely on the variation of the den-
sity (0p/9(), especially the rise time of the particle density at the beginning of a
bunch. Note that the instability does not disappear even for high energy beams* and
for almost any bunched beam, it always has a tendency to form a shock wave given
long enough time. Of course, if the density profile is smooth enough, the breaking
time may be longer than the time of interest.

One should note that the first order 1D model is overly simplified for a real beam.
There are approximations such as ignoring the finite temperature of a beam and the
assumption that the space charge force is a line density modulation in the longitudinal
direction, rather than volume modulation, of an average force gdp/d¢ for all particles.
In reality, the modulation from the longitudinal space charge field may manifest in
the transverse directions and the geometric factor g = 1/2 + 21n(b/a) will depend
on the beam radius a; besides, this expression is only true for round beams and
pipes. For a rectangular distribution, this approximation significantly over-estimates
the longitudinal space charge force at both edges (£, = £00). On the other hand,
as a bunch elongates and becomes thinner, a constant g may under-estimate the
space charge force since g becomes larger. But since any change of the beam radius
affects the space charge field logarithmically, a constant g is not an unreasonable
first approximation. Finally, the first order treatment has no diffusive terms; the
inclusion of higher order terms tend to diffuse the beam and prevent the shock wave
to form. With so many simplifications, the treatment is only qualitatively true.
Recently, there were observations of the space charge effect such as the erosion at
the edges of a low energy beam pulse [42], shock wave in a plasma tube [43] and

transmission and reflection of space charge waves at bunched beam ends [44, 45].

4Unless, in a circular machine, the beam can be accelerated to be above transition, then it gets
the nagative mass instability if there is no synchrotron oscillation.
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Further studies are needed to check quantitative agreement with simulations and

actual beam observation.



Chapter 4

Bunch Compression and

Computation

There are various effects that lengthen or decompress a bunch: the velocity spread,
divergence effect and space charge effect. There are two methods to compress, that is,
to shorten a bunch. The first one is by a magnetic dispersive system which utilizes the
path length difference for particles of different energies. The second is acceleration by
an rf field which is often called bunching such as rf bunching in an rf gun demonstrated
in Section 2.1.1. When designing a compression system, the overall compression has
to be greater than the overall lengthening. In this chapter, we will focus mainly on
the velocity effect since it is the most prominent effect for a low energy beam.

When a beam travels through an ordinary component, the velocity spread intro-
duced by the energy spread results in a difference in arrival times at the exit. The

time of flight through a path length s is

At = /03%\/1 (o). (4.1)

where the velocity Gc and transverse divergence ' can be functions of the distance. If
there is no acceleration, 3 is a constant and can be taken out of the integral. The term
involving the transverse divergence, which is of order 1073 radian for a particle beam,

appears in second order, and can therefore be neglected in the first order formulation.

88
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If there is no acceleration, the difference in the arrival times between an off-

momentum and the ideal, on-momentum particle is simply

s(p) _ s(po)

6texi = 6ten rance -— .
it t + /BC /BOC (4 2)

The subscript ¢ represents the ideal, on-momentum particle. For a straight component
such as a quadrupole or drift space, particles with higher momenta always arrive
earlier, so the slope of the momentum-time in longitudinal phase space is negative,
and a bunch stretches longer and longer along the beam line. For a system to serve
as a bunch compressor, high-momentum particles must spend longer times in it than
low-momentum ones so that all of them can arrive within a shorter time interval; that
is,

oAt 0 s(p)

dp Op fc

Such a system can reorient the negative slope in phase space into a positive one. A

> 0. (4.3)

bending magnet has such a property but is not practical because any adjustment
would deflect a beam away from the designed orbit. An alpha magnet satisfies (4.3)
over a large range of energies and therefore can serve as an effective bunch compressor.

The longitudinal phase space area or longitudinal emittance is very small for the
useful electrons at the gun exit under nominal running conditions (see Figure 2.11).
This enables us to rotate the longitudinal phase distribution to achieve a shorter

bunch length using an alpha magnet.

4.1 Overview of the Alpha Magnet

An alpha magnet is just half of a quadrupole with a magnetic field B = —¢(z,0, z)
[12,46]. When a beam enters at a particular angle 8, = 40.71° with respect to the y
axis illustrated in Figure 4.1, the trajectories of particles enter and exit at the same
point (z =y = 0) independent of their energies. This can be seen by solving the

equation of motion inside an alpha magnet:

2" = a’zy

y' = o®(z¢ —z2) (4.4)
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Figure 4.1: Particle trajectories in an alpha magnet for different momenta at a fixed
gradient.
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Z" — _a2zy/’

where a? = ge/ (7Bmec?), 2" = d%z/ds? and s = fct is the path length. Note that the
solution scales proportionally by the square root of the particle momentum divided
by the gradient,\/z%.

The properties of an alpha magnet have been worked out so only the solution is
given here [46]. The solution for an ideal trajectory (z = 0, 2’ = 0) follows a curve in

the x — y plane inside an alpha magnet
1
y(s) = £— [2E (¢, ko) — 2E (ko) — F (i, ko) + F (o), (4.5)

where k2 = (1 +sinf,) /2 and cos ¢ = T/ZTmax; Tmax is the maximum excursion in an
alpha magnet in the z direction and @, is the entrance angle (see Figure 4.1). The +
sign describes the upper and lower half of the loop. E (¢, ko) and F (p, ko) are elliptic
integrals of the first and second kind and E and F are the corresponding complete
elliptic integrals. Eq. (4.5) shows that the ideal trajectories enter and exit at the same
point (z = y = 0) independent of the particle energies.

Other important parameters of an alpha magnet are listed below [12],

0, = 40.71° (4.6)

_ By
ZTmax (cm) = 75.0513 9 (G Jom)
_ [ By
Ymax (cm) = 24.62 3(GJem)
Smax (cm) = 191.655,/%,

where Spax stands for the path length of the complete loop and ¥Ymax the maximum

(4.7)

excursion in the y direction (see Figure 4.1).

The components of the transverse transformation matrices are determined by the

—1 1.277ZTmax
R, = ( ? ) (4.8)

loop size:

0 -1

« —0.737  4.191%ma
R, = Tmax ) (4.9)
—0.109/Tmme  —0.737
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The negative values in the diagonal terms in R, and R, are the result of a coordinate
transformation. From (4.9) and (4.8), an alpha magnet is focusing in the vertical plane
and neutral in the horizontal plane. The focusing strength is inversely proportional
to the loop size. It also deflects a particle with non-zero entrance angles (z',y') with
respect to the ideal trajectory proportionally to the loop size.

Figure 4.1 shows ideal trajectories of electrons of different momenta in an alpha
magnet. There are two energy scrapers inside our alpha magnet which can be posi-

tioned to select particles in a certain momentum bin.

4.2 First Order Matrix Formulation

It is well-known in linear beam optics that the beam coordinate at the exit of a
component of length z can be expressed as the coordinate at the entrance multiplied

by the transformation matrix:
u (z) = Ru(0) + (higher order terms),
or equivalently,

u; (2) = ZRijUj (0)+>_ Tijwu; (0) u (0) + Z Usjrawi (0) ug, (0) u; (0)+- -+, (4.10)

ik F>k>1

where

8

8\

e
I
L@

<

bs

\ #

is the six-dimensional phase coordinate of a particle and p = (p — po) /po- The

bunch length s = Bycbt is defined as positive when a particle is behind the ideal
particle. Note that this definition of sign may not be the same in all literature.

Normally, low-momentum particles (u < 0) are behind the ideal particle (§s > 0) and
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high-momentum ones (g > 0) are ahead (6s < 0) so the slope of momentum-time in
longitudinal phase is negative.

If there is no coupling between the transverse and longitudinal plane, the bunch
lengthening effect from the transverse plane is of order O (r?) which only shows up
in 7, not R. In an accelerator, r' ~ 1073 rad, this term is small.

For now, we are only concerned with bunch compression and only the 2 by 2

matrix for the longitudinal plane is used; that is,
Rss Rese
Ry=
Res Res
os ) '
u =
7

To compress a bunch, we require that high-momentum particles (1 > 0) fall behind

(4.11)

the ideal particle (6s > 0) and low-momentum ones (u < 0) become ahead (§s < 0).

This happens only if the compressive term is positive:

Risg > 0. (4.12)

When designing a beam compression system, the compressive term of the overall
matrix has to satisfy the above condition. And the larger Rsg, the more effective the
compression is. Furthermore, for a magnetic compression system to work, the beam
must have a definite correlation between the momentum spread and arrival time —
0s and p must be of opposite sign — §s < 0 for u > 0 or vice versa at the entrance.
That is, the momentum-time dependence in phase space must have a negative slope
— high energy particles are ahead of low energy ones. For a more monochromatic
bunch obtained by a higher acceleration in our rf gun shown in Figure 2.5, the Rsg
term will have no or small effect on the bunch length.

If there is no acceleration, we have the first order expansion for (4.2):

5t () = 6t(0)+5%3ﬁ(1c)) B0
0
_ 1 @ _3(170)
= 51(0) + 5 [po o ]u. (4.13)
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So we get
8s| _ s(m)
Ree = — ) )
56 pO ap o 7(2) (4 14)

When the path length does not depend on the momentum (8s/0p = 0) like in a drift
space or quadrupole, a bunch will lengthen due to the s/42 term from the velocity
difference. Note that this term is always present. It cannot be ignored because our
beam before the linac (y ~ 5) is not yet ultra-relativistic.

Following (4.12) and (4.14), a magnetic compression system must have the prop-
erty

33 S (po)

— >
opl,~ Who

so it can overcome the inherent decompression due to the velocity spread in a beam.

(4.15)

That is, the path length difference must be large enough for different momenta to
compensate the velocity effect. Transformation matrices for different components will

be derived below.

4.2.1 Drift Space

For a drift of length D, we get from (4.14),

-
RD = 7o . (416)
0 1

Note in most literature [47], Rs¢ = 0 for a drift space because % = 0. It is no surprise
that the longer a drift is, the longer a bunch becomes for a given momentum spread
and the effect is vanishing when vy — oc.

A quadrupole has the same transformation matrix as a drift space since the con-

tribution from a finite beam divergence is of second order.

4.2.2 Dipole

Let the bend has an angle 6, with a bending radius pg and an arc length ly = pg6y

for on-momentum particles. “Since the contribution to the bunch length from the
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transverse plane (Rs;) is non-zero, the relevant matrix here is two by six. For an

upright horizontal sector bend, the transformation matrix is

_ . _ . _ . _ 1

Ry — sinfp —po(l—cosfp) 0 0 1 I (00 sin G 73) ' (4.17)
0 0 000 0

A bend has a fixed, positive Rsg since 0y is fixed. Also Rsg is rather small for not

too large deflection angles which limits the compression for a system consisting of

dipole(s) only.

4.2.3 Alpha Magnet

The path length in an alpha magnet is $pax = Qg \/g , where a; = 191.655 (cm G/cm
from (4.7). Using (4.14), we get the transformation matrix,

(P HEGD) (=)

0 1

There are two effects in Rsg counteracting each other; the first term is the com-
pression due to the path length difference and the second is the velocity term which
is the same as in a drift space in (4.16). Note that the compressive term Rs¢ does
not scale exactly as the square root of the momentum due to this extra term unless
Yo — 00. Also counter to intuition, the weaker an alpha magnet is, the stronger the
corhpression becomes which comes from a larger loop size for a weaker alpha magnet.

Rse decreases with the particle energy which means that the compression is less
effective for a low-energy beam due to the 1/42 term. When o = v/2 which is 723keV,
an alpha magnet becomes “neutral” to the bunch length (Rsg = 0), i.e. the bunch
lengthening due to the finite velocity spread cancels exactly with the compression.
Below 723 keV, it ceases to compress (Rsg < 0) for the velocity spread is too large to
be compensated by the path length difference. Therefore for an alpha magnet to be

compressive, a beam must have a minimum energy of

Yo > V2. (4.19)

Compared with a bend in (4.17), the advantages of an alpha magnet are variable

compression over a wide range of momentum by changing the gradient; also unlike
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a bend, the first order bunch length does not depend on the transverse phase space

coordinate.

4.2.4 GTL

The transformation matrix for the beam line from the gun exit to the linac en-

trance, GTL, is just the product of three matrices,
RerL = RamLR Rara

where Rty is the matrix for the drift space from the exit of the alpha magnet to
the linac entrance and Rgra the one from the gun exit to the entrance of the alpha
magnet since quadrupoles have the same (longitudinal) transformation matrices as
drifts spaces. Using (4.16) and (4.18), we get the total matrix for GTL,

13max g_lD max
R=< EEa <o>1)

: (4.20)

where D is the drift length from the gun exit to the alpha entrance plus the one
from the alpha magnet exit to the end of GTL (linac entrance) and D + ., is the
total drift length including the loop in the alpha magnet (see Figure 5.1). So, for the
compression system to be effective, the alpha magnet must satisfy

s 0( g - 2)2 sﬁO 8

< 1 N — (4.21)

according to (4.12) where we have substituted (4.7) for .. For a compression
system with a given drift length and beam energy, (4.21) sets the upper limit of the
alpha gradient in operation because for higher gradients, the path length differences
become too little. It is important to keep this in mind when designing a compression
system with an alpha magnet. For GTL, D =164m, ¢ ~ 5 and the upper limit for

the alpha magnet is 1.1kG/ecm which is more than our alpha magnet can achieve.
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4.2.5 Travelling Wave Linac

If the phase slippage is ignored, the energy of a particle in a travelling wave linac

increases linearly with the distance,

VA
v(2,9) =7v(0) + EA’Y cos , (4.22)

where ¢ is the phase of the particle ahead the crest of the accelerating field and v (0)
is the energy at the linac entrance; A<y is the energy gain for a particle riding on the
crest and L is the length of the linac. We can get the arrival time at the linac exit
by integrating [ B—?;—)E,

p(L)—p(0)L

H(L) = 1(0) + B

(4.23)

So the energy and arrival time for an off-momentum particle behind the ideal particle

at the exit is

(L) = 7 (1 + ﬂgu) + Ay cos (¢ + wébt (0)) (4.24)

_ pP(L)—po(1+p) L po(L)—poL
5t(L) = 6t(0) Aycos(p+wbt(0)) ¢ Aycosp c’

(4.25)

where 6t (0) = 65 (0) / (Boc) is the time difference between an off-momentum particle
and the ideal one at the entrance. Expanding both 6t (L) and -y (L) in the above to

first order, we get

1 _-mL_ (.1, _ _1,)
Raw = TR BT (4.26)
_A:zsmgk o
Yo+Ay vt

where £k = w/c and ¥ = 7 + A7ycosyp is the final energy for the ideal particle.
Again, there are two conflicting effects in Rgq: the negative term involving 1/42
is the lengthening effect due to the initial velocity spread and the positive term
involving 1/4? is the compressive effect from acceleration. The compression comes
from the reduced velocity difference between low energy and high energy particles
during acceleration. Normally, cos¢ ~ 1 and 7y > ¥, Rse < 0 always, i.e. a travelling
wave linac always lengthens a bunch. The compressive term from acceleration is never

large enough to compensate the lengthening effect due to the initial velocity spread.
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If -y is ultra-relativistic, the 1 /42 term in Rs6 can be neglected. It is kept here just
for completeness. Rs6 in (4.26) can be rewritten as a function of the linac acceleration

Ay so we can see how the bunch length depends on the acceleration more easily:

260L (2 + Ay cos )

6s (L) = 6s(0) —
(o © o (Yo + Ao cos @)

(4.27)

Rse decreases with Ay and approaches zero when the acceleration is infinite. This
means that the more the acceleration is, the less the decompression becomes because
a particle becomes relativistic sooner and the velocity effect becomes less damaging.
Compare our a linac which uses an accelerating field of 10 MeV/m with a drift of

equal length, the bunch decompression, Rse, is only 7% of a drift space.

4.3 Bunch Length Computation

Having derived the first order transformation matrices for different components,
we can now use them to estimate the required strength for the alpha magnet to
achieve a shortest bunch at the linac exit. At the gun exit, po ~ 5, o ~ £5% and
689 ~ F6ps = F1.8mm from Table 2.1; the choice of sign emphasizes the negative
slope between momentum-time in phase space shown in Figure 2.11. These values
will be used for the first order calculation in the next section, and the ideal particle
is assumed to enter the linac on the crest (¢ =0) of the rf travelling wave unless

otherwise stated.

4.3.1 First Order Prediction

Since the linac always stretches a bunch (Rsg < 0 in (4.26)), a bunch compressed
optimally to be of zero length upon entrance would attain a non-zero length upon
exit. We need to compensate this by compressing a bunch to have the right length
and slope in phase space such that it is shortest upon exit.

To see the lengthening effect of the linac, the bunch length at the exit as a function
of the bunch length upon entrance calculated by (4.26) is plotted in Figure 4.2a). Here

only the po = +5% branch is used since the curve for pg = —5% is symmetric. We
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can see that if the bunch is compressed optimally to be of zero length at the entrance
and all particles enter on the crest of acceleration, it spreads to be about —1.7 ps
at the exit. That is, particles with +5% (—5%) momentum deviation entering the
linac simultaneously on the crest with on-momentum particles become 1.7 ps ahead
(behind) at the linac exit due to the velocity spread. To get a zero bunch length at
the linac exit, the bunch length has to be:

bsgrr, ~ £1.7ps = +£0.5 mm. (4.28)

at the end of GTL for +5% momentum spread from Figure 4.2a). The same sign
between the bunch length and momentum spread means that particles that have a
+5% (—5%) momentum deviation should be behind (ahead) the ideal particle upon
entrance. That is, we need to over-compress a bunch to have a positive slope in
longitudinal phase space at the linac entrance.

Now we wish to find the optimal alpha magnet setting to fulfill the condition in
(4.28) at the linac entrance to have a shortest bunch at the exit. Figure 4.2b) shows
the bunch length at the linac entrance (the end of GTL) and exit as a function of
the maximum horizontal excursion (Zpyax) in the alpha magnet. For the same alpha
loop size, the difference between the two curves in Figure 4.2b) is about 1.7 ps which
is how much the bunch spreads along the linac. If we require a zero bunch length at
the linac exit, Tmax has to be about 9cm.

We can also calculate the optimal alpha setting by using the transformation matrix
of GTL in (4.20) to achieve a bunch length in (4.28) at the linac entrance for the

nominal beam, we get a path length in the alpha magnet of
Smax = 23.5 cm, (4.29)

or equivalently, using (4.7), we have

Tmax = 9.2 cm

, 4.30
g 334 G/em (4.50)

for the nominal beam.
Alternatively, the optimal setting of (4.30) for a zero bunch length at the linac
exit can be calculated by demanding the final bunch length §s; in the final particle
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phase coordinate at the linac exit uy = Ruyp, to be zero. R is the overall matrix from
GTL through the linac, which is the product of the transformation matrices of the
linac and GTL in (4.26) and (4.20), R = RywRgrw. The optimal loop size inside the

alpha magnet is
2 D poL 1 1 630
Spax = —T1 |5 +—— |5 =] ——|, 4.31
1-% l’yg Aycosg (73 %2) 3y

where the subscript ¢ indicates values at the gun exit and ; the final value at the
linac exit. The gradient can be calculated from (4.7). With a fixed initial bunch
length 659, momentum spread pp at the gun exit, GTL length D (excluding the
alpha loop), linac entrance phase and acceleration, Spay in (4.31) is a function of the
initial beam energy 7o because of the extra term involving 1/4&. In other words,
the loop size for the optimum compression is not a fixed value for all energies unless
the beam is ultra-relativistic. And the gradient for the optimal loop size in (4.31)
by using (4.7) does not scale linearly with the momentum. Note that this is unlike
the geometric focusing factor, k for a regular quadrupole, which scales proportionally
with the particle momentum.

To see this more clearly, the final bunch length at the linac exit versus the initial
central momentum (po) is shown in Figure 4.3 for the optimal alpha gradient of
334G /cm in (4.30) for a nominal bunch with a central momentum of 5, assuming po
and 63 maintain +5% and F6 ps at the gun exit. The compression only works for a
very narrow range of momentum since the final bunch length varies as much as 44 ps
for central momenta between 4.5 and 5.5; the =+ sign indicates that a bunch with a
+10% (—10%) different central momentum than the nominal value have a negative
(positive) slope in phase space. Or we can say that bunches with higher central
momentum are under-compressed and lower ones are over-compressed at the linac
exit.

The first order formulation for a linac in (4.26) does not predict any increase of
momentum spread due to the non-zero bunch length at linac entrance when the en-
trance phase is zero. But the more exact formula in (4.22) yields an extra momentum
spread of 0.1% at the linac exit for a bunch length at the entrance in (4.28) than if

all particles enter the linac on the crest (6sgrL = 0,0 = 0) at the entrance. This is
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Figure 4.3: Bunch length at the linac exit versus the central momentum for an alpha

gradient of 334 G/cm.
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an acceptable trade-off between short bunches and momentum spread.

4.3.2 Estimation of Bunch Lengthening after the Linac

The above analysis does not consider the lengthening in the drift space after
the linac. Now let us estimate how much it would be. For an accelerating field of

10MV/m, (4.26) gives the final energy and momentum spread after the linac of

Y =~ 65

) 4.32

for 79 ~ 5.1 and py ~ 5% before the linac. According to (4.16), a drift space D

after the linac gives a lengthening effect of
Rse = 2.4 x 1074D,

or +3fs/m. The transition radiator is about 3.8 m downstream of the linac exit and
the dipole for synchrotron radiator at the end is about 8.8 m from the linac exit (see
Figure 1.5), so the lengthening would be only about 11fs at the transition radiator
and 26 fs at the dipole.

It is more efficient to compress the beam before the linac than after. One reason
is GTL, which is about 1.64m long excluding the alpha magnet, would lengthen a
bunch too much due to the velocity spread if there is no compression. If there is no

compression in GTL, the drift using (4.16) would give a bunch length of
§sarL = 8sg + 63.1 X 1073 = £ (1.8 + 3) mm = £16 ps, (4.33)

at the end of GTL where sy and dsgtL are the bunch length at the gun exit and end
of GTL (linac entrance). This is about +16° in 1f phase in the linac. In the linac, the
bunch would stretch by another +0.5mm = +1.7 ps using (4.26) so the final bunch

length at the linac exit becomes
Osf ~ +£5.4mm = +18ps.
This would require an alpha magnet of size

Tmax ~ 0.55cm
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after the linac for ¢ = 65, ps = +0.4% in (4.32) which can be hard to manufacture.
For a compression system for a high-energy beam with a small energy spread, an
achromat composed of bends and drifts may be more suitable than an alpha magnet.

An additional disadvantage of compressing a beam after the linac is the extra
momentum spread due to the large phase difference (16°) upon the linac entrance,
compared with only 1.7° in (4.28) if we compress a bunch before the linac. Even
though the first order formulation for the linac in (4.26) does not predict an extra
momentum spread due to a finite bunch length upon entrance if the bunch enters the
linac on the crest (¢ = 0), the phase difference does introduce an extra momentum
spread. This undesirable momentum spread is about +4% for 16° phase difference
between the bunch head and tail if we use (4.22), compared with only +0.4% in (4.32)

when the bunch is pre-compressed in GTL.

4.3.3 Estimation of the Divergence Effect

A real beam always has a finite emittance therefore a finite transverse divergence.
The slope in the particle trajectory with respect to the beam axis contributes to an
extra path length.! For a particle with a non-zero horizontal and vertical angle of '

and Y’ relative to the ideal trajectory, the extra path length in a drift length D is

D
§s=D (,/1 +a? oy — 1) = (247 (4.34)

which is a second order effect. Inside some components such as a quadrupole or bend,
z' and y' vary with the path length, in which case (4.34) should be replaced with an
integral,

y
§s = / doy/1+22(0) + ¢ (0) - 1, (4.35)
0
where [ is the length of the beam line segment.

For a beam with an rms divergence o,» and momentum spread u, the ratio between

the lengthening effect due to finite divergence to velocity spread is

g = oo) (4.36)

24

1Sometimes it is called the emittance effect. But it is a minomer since a bunch with a zero
emittance can still have a finite divergence.
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| GTL LTD
velocity effect | 8.5 x 107°D 5 x 10~"D
7 4% 0.4

Table 4.1: Bunch lengthening due to finite divergence before and after the linac
compared with the velocity effect.

from dividing (4.34) by Rseu using (4.16). 7 is smaller for a lower-energy beam than
a high-energy one since the numerator yo, & 0,, remains constant and y decreases
linearly with acceleration from (4.26) due to adiabatic damping. This means that for
a lower energy beam, the velocity effect is more important than the divergence effect.
These two effects become comparable when the energy is large enough such that the

denominator and numerator in (4.36) are comparable, i.e. when
Yo & po & J—Z,p, (4.37)

the 1/42 in Rsg can be neglected altogether in the first order matrices in (4.16), (4.17),
(4.18) and (4.26).

The extra bunch lengthening due to finite divergence before and after the linac
can be estimated. Although the divergence of the beam is not a constant along the
beam line, but with a proper focusing, it remains bounded in a range [12]. At the
gun exit, we have v ~ 5, 00 ~ 13mrad, po ~ £5% from Section 2.1.2 and after
the linac, v ~ 65, ps ~ £0.4% from (4.32) and o, ¢ ~ (/%) Oro ~ 1 mrad. The
relative magnitude between the divergence and velocity effect in bunch decompression
is estimated in Table 4.1. The divergence effect introduces +4% extra path length
in GTL on top of the velocity effect. This is about £20 um = £70fs if the bunch
is compressed to be £0.5mm = £1.7 ps long at the linac entrance as in (4.28). Not
surprisingly, the divergence effect is much more damaging in GTL than in LTD when
the beam energy is not yet fully relativistic.

From Table 4.1, the divergence effect on the bunch length becomes almost compa-
rable to the velocity spread effect after the linac. Since we have shown in the previous
section that after the linac, the bunch lengthening due to the velocity spread can be
ignored, this just means that both effects are negligible. Most lengthening either from

the velocity or divergence effect comes from GTL where the electron beam is only



CHAPTER 4. BUNCH COMPRESSION AND COMPUTATION 106

quasi-relativistic and the focusing is strong.

after

. befor
compression ore

after the drift

before
the drift

a) ‘ b)

Figure 4.4: First order effect on longitudinal phase space, after a drift space due to
velocity spread a), and after compression b).

There is a difference between the divergence effect which is of second order and
the first order velocity effect. The latter stretches a bunch distribution in longitudinal
phase space (pictured in Figure 4.4a) because of the negative Rss. The time axis is
relative to particles of highest momentum. This effect can be compensated largely
by an appropriate magnetic compression system with a positive Rsg by orienting the
bunch in the opposite direction shown in Figure 4.4b). Of course, if the compression
system is composed of an alpha magnet, the limits for effective compression in (4.19)
and (4.21) have to be met. On the other hand, the divergence effect is quadratic.
It does not reorient the bunch distribution like the first order effects in Figure 4.4,
instead, it stretches a bunch by “thickening” it in time. Figure 4.5 is the phase space
including the divergence effect after the same drift length as in Figure 4.4a). The
slope in phase space is the same except the thin line of distribution become thicker
horizontally in both direction in time. Hence it cannot be corrected by a magnetic
compression system. And this additional bunch lengthening due to finite divergence

would remain throughout the rest of the beam line.
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t

Figure 4.5: Divergence effect on longitudinal phase space after the same drift length
as in Figure 4.4a).
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4.3.4 Actual Calculation

The optimal setting for the alpha magnet from the first order formulation in (4.30)
only serves as a starting point for iterations in actual calculation. Since the transverse
divergence contributes to the bunch length as dictated by (4.1), it is necessary to
know the values of the transverse as well as longitudinal phase coordinates. To know
the longitudinal phase distribution of a MASK bunch at the radiation source point
requires tracking the six-dimensional phase coordinates of particles throughout the
beam line. In addition, this allows particle loss due to the scraping by aperture limit
and the energy scrapers in the alpha magnet.

In all components except the linac, the transverse phase coordinate for each
particle (z,2,y,v') is calculated by first order transverse transformation matrices
(see [12,14,47] for transformation matrices for drift spaces and quadrupoles and (4.8)
and (4.9) for an alpha magnet). The second order divergence effect on the bunch
length can be included. The transverse matrix components are scaled by the momen-
tum of each particle to take into account the higher order coupling effects between the
longitudinal and transverse plane. Particles with amplitudes larger than the aperture
limits anywhere throughout the beam line are discarded. The space charge effect is
not included in tracking.

For a drift length D, the time of flight for the i*® particle is simply

At; 1+ 22 +y2 (4.38)

D
~ Bic

For the quadrupoles, alpha magnet and linac, more elaborate calculation methods
are required because the divergence is a function of the distance as in (4.1). There are
two types of quadrupoles in our beam line; the longer ones can be treated as hard-
edge [14] since the phase advances in them are small. But for the shorter quadrupoles,
the fringe fields extend longer than the flat top in the longitudinal gradient profile
shown Figure 4.6; it is more like a trapezoid. Also the focal lengths of these short
quadrupoles in GTL are of the same order as the effective length, so the phase advance
in each quadrupole can be as much as 60°, so the thin lens approximation [14] is not
appropriate. To represent such a quadrupole more faithfully, a trapezoidal model is

used [12]. Each such quadrupole is sliced into twenty pieces with linearly increasing
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Figure 4.6: Measured longitudinal gradient profile of a short quadrupole and the slices
in the trapezoidal model.
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focusing in the fringe fields (see Figure 4.6). For those long quadrupoles, each is sliced
into only two pieces with equal strength and length.

Each slice of a quadrupole can be treated as a thin lens — a kick sandwiched by
two drifts of half the length of the slice, or fourth order symplectic expansion which
is three kicks and four drift spaces [48]. It is accurate to O (p?*) where ¢ = \/qu
is the phase advance for a quadrupole of length [, and normalized focusing strength
k. This way, the curvilinear trajectory inside a quadrupole is approximated by short
segments of straight lines. In both symplectic and thin lens approximations, (4.38) is
used for the drift spaces in between kicks.

In the alpha magnet, the transverse phase coordinate for each particle at the
entrance is transformed by the matrices in (4.8) and (4.9). Higher order contributions
to the path length from the transverse planes can be added to the first order path
length in (4.7). Higher order matrices for an alpha magnet are detailed in [12].

For the linac, the coordinate of a particle has to be integrated numerically. The
longitudinal phase coordinate (¢,p) is integrated using the following set of coupled
differential equations by a semi-implicit leap-frog method [49], assuming that G, ~

and p, ~ p,
d 2 EZ
(i = fnec cos (wt — kz (t) — ¢)
dz P2C 1
— = . (4.39)
dt \/pz+1\/1+$/2 + 32
There is another set of equations for the transverse planes,
dz ,
E T ﬂC
' Dz
r = —. 4.40
- (4.40)

The equation for the y plane is the same as for the z plane in (4.40). The accel-
erating field E, in (4.39) is assumed to be constant, independent of the radial and
longitudinal position. There is no radial field for the TMg;o mode in a pill box [16],
thus the transverse momenta p, and p, are constant throughout acceleration. The
transverse coordinates are integrated implicitly. The six-dimensional phase coordi-

nates are interpolated at the linac exit and the results from actual tracking are shown



CHAPTER 4. BUNCH COMPRESSION AND COMPUTATION 111

below.

Result Without the Divergence Effect
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Figure 4.7: Longitudinal phase space at the linac entrance a), transition radiator b).
Alpha gradient = 321.11 G/cm.

Let us ignore the divergence effect for now. Figure 4.7 shows the longitudinal
phase space for a nominal beam at the linac entrance and transition radiator using
an linac acceleration of 8.8 MV /m assuming that the first particles enter the linac at
¢ =0.

As stated earlier, the bunch is over-compressed to have a positive slope in phase
space at the linac entrance to compensate the lengthening in the linac due to the
velocity spread. The final phase distribution becomes mostly upright for the useful
part. The long tail from low-energy particles does not include many particles and
can be discarded by closing the low energy scraper in the alpha magnet shown in
Figure4.8. The bunch still has a finite length even when the bunch distribution is
upright in phase space. One factor is the oscillation in the longitudinal direction due
to the shock wave instability. Also, the bunch length is intrinsically limited by the

finite cathode radius because particles at larger radii undergo larger excursions in the
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Figure 4.8: Same as Figure 4.7b) with the lower energy scraper set at 4.7 m.c.
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gun and non-linear 1f fields for off-axis particles aggravate the spread. Even without
the space charge effect or non-linear fields in the gun, the bunch length is 50 — 85fs
full width because the beam radius is 3mm at the cathode and is focused to about
1mm at the gun exit. This ultimate limit comes from the finite size of the cathode
alone.

Care must be taken in the bunch length calculation from histograms since there
are only a few thousands particles in each MASK run. But to extend the form factor
to high frequencies, the bin size in time has to be small which introduces statistical
fluctuations at high frequency due to a finite number of simulated particles. To filter
out theses spurious high frequency fluctuations, Gaussian running means? of up to
9-point are performed in most calculated histograms. Also to get a better frequency
resolution, large number of zeros are padded on each side of histograms. The resulting
histogram and corresponding form factor which is the square of the FFT (see Section
1.2.1) at the transition radiator for the bunch distribution in Figure 4.7b) and 4.8
are shown in Figure 4.9. In the following, the temporal bin size is 0.05ps and the
frequency resolution is 0.25 THz.

From Figure 4.9, the bunch length has a FWHM of 0.14 ps, or an equivalent width
of 0.18 ps. For a bunch length of 0.18 ps, we expect to see the spectrum at least up
to 1 THz shown in Figure 4.9b). The form factor is determined mainly by the width
of the main peak in time and the low-energy tail contributes only a little more at low
frequency. The bunch distribution is sharper than Gaussian, so there are more higher
frequency components.

Although the space charge effect is not included in these computations, we can
see the effect by compressing MASK bunches with the same acceleration in the gun
but different cathode current densities. For each simulated bunch, there exists a best
alpha compression for the shortest bunch length. For simplicity, these bunches are
not accelerated by the linac. Since to the first order, the effect of the linac on the
bunch length can be compensated by a proper alpha magnet setting shown in Section
4.3.1.

The equivalent width of the shortest bunch length at the linac entrance as a

2See Appendix B for details.
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Figure 4.9: Histogram in time at the transition radiator with bin = 0.05ps a), form
factor of for all electrons and high-momentum electrons. The resolution is 0.25 THz.
b) The alpha gradient = 321.11 G/cm.
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Figure 4.10: Equivalent width of the shortest bunch versus the cathode current density
for a fixed acceleration in MASK.
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function of the cathode current density is plotted in Figure 4.10. The curve is not
constant but convex as expected. The full width of the shortest bunch as the current
density approaches zero is 0.17 ps, but at a current density of 80 A/cm? it lengthens
almost by a factor of three.

We can also calculated the peak current for the above versus the cathode current
density sketched in Figure 4.11. The curve is slightly concave at high current density.
The peak current for a cathode current density of 80 A/cm? is reduced by a factor
of 3.7 compared to the peak current at a low cathode current density. Since our
cathode operates slightly above 10 A /cm?, the space charge effect does not hurt bunch

compression seriously.
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Figure 4.11: Peak electron current of the shortest bunch versus the cathode current
density for a fixed acceleration in MASK.

Result including the Divergence Effect

If the divergence effect is included, proper focusing becomes very important. Fig-

ure 4.12 shows the longitudinal phase space at the transition radiator for the same
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Figure 4.12: Longitudinal phase spaces at the transition radiator of the same bunch
with same alpha magnet but different quadrupoles.
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alpha compression and linac acceleration but different quadrupole settings. Lattice
B focuses better than Lattice A in that the divergence effect hurts mainly low energy
particles which spread longer then 40 um = 0.13 ps estimated in Section 4.3.3 while
the highest-energy particles stay close to centres of quadrupoles so the distribution
still retains the sharp rising edge at the head of the bunch. But for Lattice A in Figure
4.12, the whole bunch stretches including the highest energy particles because they
are over-focused. This is even clearer if we look at the histograms and form factors in
Figure 4.13. The FWHMs are 1.2 and 0.94 ps for lattice A and B so the bunch length
for Lattice A is 28% longer than that for Lattice B also the form factor for Lattice A
is lower in high frequency. There is a little reminiscence of the space charge wave for

Lattice A in Figure 4.12 which becomes more apparent when the bunch is stretched

longer.
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Figure 4.13: Histogram in time a) and form factor b) for Figure 4.12.

The bunch lengthening effect from the velocity effect and compression from the

alpha magnet are of first order and is greater than the divergence effect in GTL.
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The difference between the first and second order effect on the bunch length when
there is no acceleration has been demonstrated in Section 4.3.3. While in the linac,
the divergence effect is two-fold: not only does it spread low energy particles away
from the bunch head, it also decreases the acceleration seen by them since the phase
changes as low energy particles lag behind from (4.39).

The divergence effect is more or less independent of the bunch length or lattice
because the phase advance in the betatron oscillation of the beam does not vary
too much in normal operations. The GTL lattice is largely determined by the beam
divergence at the gun exit, which is determined by the intrinsic emittance of the
cathode in (2.2) and rf focusing in the gun. Tracking the same simulated bunch
through slightly different lattices with the same alpha magnet also has verified that
the bunch spreads due to the divergence effect are fairly close. Furthermore, the
bunch spread from the divergence effect starts accumulating from the beginning of
GTL when the beam is not fully relativistic. After the linac, there is hardly any
extra spread from either velocity or divergence effect and the longitudinal bunch
distribution becomes “frozen in.” If the lattice already focuses properly, there is not
much one can combat the divergence effect by further tweaking quadrupoles. On the
other hand, the velocity effect can be largely compensated by a compression system.

This makes the divergence actually more detrimental.

Effect of the Linac Acceleration

The above calculations all use the same linac acceleration. To see the effect of the
linac acceleration, the longitudinal phase space with 10% higher linac acceleration
(10MeV/m) than previous results without the divergence effect at the transition
radiator is pictured in Figure 4.14.

Comparing Figure 4.14 with 4.7, a higher linac acceleration merely moves the
bunch distribution up on the vertical (momentum) axis in phase space without af-
fecting much in the horizontal (time) axis. The reason is because most electrons
become fully relativistic fairly quickly in the linac; if we ignore the phase slippage
and use (4.22), for an accelerating field of 10MeV/m, an electron with an initial

momentum 5m.c becomes ultra-relativistic (8 > 0.99) after 10 cm — only 150 of the
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Figure 4.14: Longitudinal phase space at the transition radiator with a 10% higher
linac acceleration. The low energy scraper is set at 4.7 mec.
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Figure 4.15: Equivalent bunch length of the nominal bunch at the linac exit versus
linac acceleration.
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length in the linac. Thus for most part of the linac, acceleration only increases the
particle energy without changing the velocity much.

Figure 4.15 shows the equivalent bunch length of the nominal bunch at the linac
exit versus the linac acceleration for an alpha gradient of 328 G /cm from actual track-
ing. The bunch length decreases gently toward high accelerating fields because the
velocity eflect stretches the bunch less and at higher accelerations. But this effect
can be taken care of by a proper alpha magnet setting.

The linac acceleration is unlike the acceleration in the gun, which not only affects
the momenta and exit times of particles but also the slope of the longitudinal phase
distribution (see Figure 2.5). This compounded with the quasi-relativistic beam en-

ergy, the acceleration in the gun greatly affect how the compression works.

Effect of the Linac Entrance Phase

1.15
-15 -10 -5 0 5 10 15
phi(deg)

Figure 4.16: Equivalent bunch length versus linac entrance phase of the first particle
for a MASK bunch.

So far, we have assumed that the first particles enter the linac at ¢ = 0° and now

we wish to see the effect of the linac entrance phase on the bunch length which is of
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second order from the transformation matrix for the linac in (4.26).

If we follow the first order matrix formulation in (4.26) and neglect the phase
slippage, injecting a bunch on the crest at the linac entrance always makes it shortest
at the exit. However, if the phase slippage is considered, injecting a bunch at zero
phase does not always guarantee a shortest bunch at the exit. We expect that the
linac phase effect is larger for a long bunch than a short one.

The calculated equivalent bunch length at the linac exit for a longer MASK bunch
(~ 1ps) after tracking throughout the beam line with a varying linac entrance phase
for the first particles is sketched in Figure 4.16. The divergence effect is not included.
The statistical fluctuation in bunch length calculation is much more serious than
shorter bunches shown in Figure 4.7b) and 4.9 because of smaller number of particles
in each bin in histograms for a fixed size bin in time.

" In these calculations, the bunch is over-compressed so injecting the first particles
on the crest of the linac acceleration does not give a shortest bunch. If the bunch
enters slightly ahead of the crest by about 5° to allow lower energy particles to catch
up, the bunch length is shorter then the one injecting on the crest by only about
5%. Therefore the effect of the linac entrance effect is much less important than the

velocity spread and divergence effect.



Chapter 5

Experimental Results and

Discussion

5.1 Introduction

There are two parts of the experiments: characterization of the electron beam and
the radiation it produces. In order to compare measured radiation with predicted
values from calculation, understanding the electron beam properties is necessary. In
addition, we would like to study the impact of beam loading in the gun on the electron
beam and therefore the radiation.

First, the energy distribution of the beam out of the gun and linac under various
running conditions was measured. Variation of the rf power in both the gun and
linac due to the finite filling time of the rf power and beam loading, especially back-
bombardment, results in a large variation of the central momentum and hence the
bunch length varies in a macro-pulse.

Several methods are employed to characterize the radiation generated by sub-
picosecond electron bunches. Firstly, the radiation energy both from transition and
synchrotron radiation were shown to be coherent. That is, the total coherent radiated
energy from a macro-pulse should be proportional to the sum of squares of the inten-

sity of micro-bunches since each bunch radiates independently and coherently.! Then

1 Coherence between bunches in a macro-pulse has also been achieved by a resonator, for example,

123



CHAPTER 5. EXPERIMENTAL RESULTS AND DISCUSSION 124

the total radiations in a macro-pulse were compared with expectations for measured
electron beam currents. The average bunch length in a macro-pulse can be inferred
indirectly.

Since currently the fastest streak camera is of pico-second resolution which is not
sufficient for our bunches, we measure the bunch length in the frequency domain using

a Michelson interferometer [52]. The principle will be described in the next section.

5.2 Setup

5.2.1 Beamline

ALPHA MAGNET

\‘,‘.

——=lhh

NS4 ENERGY SLIT
SOLENOID c7/c8 %, V CONTROL

Figure 5.1: Top view of GTL.

* The top views of the beamline from the gun exit to the linac entrance (GTL) and
from the linac exit to the beam dump at the end (LTD) are shown in Figure 5.1 and

the FEL in Pantell’s groups [50] and the BRAISER cavity in SUNSHINE [51], or a Michelson scan
longer than 10cm in SUNSHINE.
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5.2. There are five quadrupoles (Q1-Q5) and in GTL and four quadrupoles after the
linac (Q6-Q9) for focusing. For beam steering, 13 correctors are installed along the
beamline.

To monitor the electron beam, fluorescent screens plus cameras and beam current
transformer toroids are used. There are two toroids in GTL: toroid 1 (T1) between
Q1 and Q2, toroid 2 (T2) between Q4 and Q5 and the third (T3) and forth one (T4)
after the linac. T1 is used to monitor the total beam current out of the gun. Tracking
a bunch for nominal running conditions from the gun exit to T1 shows that about
6% of particles are scraped off by the vacuum chamber before reaching T1. Therefore
it is safe to assume that the T1 signal represents at least 90% of the current at the
gun exit. T2 is used for momentum spectrum measurement. T3 measures the beam
intensity at the transition radiator. T4 is for monitoring the beam signal after the
undulator. A Faraday cup (FC) at the end of the beam line collects the total charge
after the dipole that deflects the beam downward.

5.2.2 Radiation Stations

Figure 5.3 shows the side view of LTD with insets of the radiation stations. Two
types of radiation were observed: transition radiation and synchrotron radiation.

Our transition radiator is a 25.4 um thick aluminum foil of 20 mm diameter in inset
a) in Figure 5.3. The foil is supported by a copper ring oriented at a 45° angle to
the beam axis. The backward radiation passes through a 1.25 mm thick high density
polyethylene (HDPE) window of 19 mm diameter and 87% transmission. A copper
cone channels the radiation into a room-temperature bolometer. The downstream
side of the Al-foil is coated with zinc sulfide (ZnS) to monitor the electron beam size
as well as its position.

At the end of the beam line, synchrotron radiation is generated when the beam
is being deflected downward by a dipole shown in inset b) in Figure 5.3. A 100 mm
diameter spherical mirror (M1) which is 1.3m away from the source deflects the
radiation into a copper cone through the HDPE window; another smaller copper

cone again collects the radiation into the bolometer. The radiation originating from
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both the main and fringe field of the dipole sweeps downward across M1. The net
result is that the collection efficiency needs elaborate calculation.

The bolometer consists of a Molectron P1-65 LiTaO3 pyroelectric detector of 5 mm
diameter and a pre-amplifier. The sensitivity is uniform over a spectral range from
visible light to millimeter waves which covers more than the full range of the ex-
pected coherent radiation. The electronic band is set at 20 Hz which is fast enough to
integrate the radiated energy in a single macro-pulse without any interference with
adjacent macro-pulses. The bolometer was calibrated against a Scientech thermopile
power meter which was absolutely calibrated by a known electrical current. This gives
an energy responsivity of 1.21 x 10® V/J for the bolometer. All following bolometer
voltages quoted in this chapter are the non-amplified values.

In the total radiation measurement, the electronic noise from the fast switching
device in the linac modulator were below 100 @V while the bolometer signal from a
macro-pulse was of the order 0.3V which gives a good signal to noise ratio (S/N)
of 3000. In the Michelson interferometer measurements, S/N is lower, about few
hundreds to 1000.

5.2.3 Michelson Interferometer

Since the frequency spectrum of transition radiation is flat and hence is identical
to the form factor for a coherent source, discussed in Section 1.2.1, we can measure the
bunch length by measuring the width of the pulse of transition radiation. Remember
that the form factor is the square of the FFT of the bunch distribution in (1.7).

Figure 5.4 shows the schematic layout of the Michelson interferometer. It fits on
a 50 by 60cm optical table. The first mirror outside the window is a paraboloidal
mirror which transforms the divergent radiation from a focal point at the radiator into
a parallel beam going into the interferometer. A mylar foil is used as the beam splitter.
One moveable mirror can be moved by a Newport 850-B 25 mm actuator through a
Newport PMC200-P 2-axis controller which is controlled by a 486 PC through an
RS-232 port. The bolometer signal is digitized and passed onto the computer by a
AT-MIO-16F-5 data acquisition board by National Instruments. The autocorrelation
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measurement is done using a computer program under the LabView environment.
Assuming that the mirrors reflect perfectly, the combined signal from both arms
is a function of the moveable mirror position A [52,53]:

14) = lm % /_ttdtIRT[E(t)+E(t+A/c)]|2 (5.1)

t—

~ 2[Re/_o:oRTE(t) (RT)* E* (t+A/c)dt+/_o:o |RTE (t)|*dt|

where R and T are the coefficients of the reflected and transmitted field [54], and
|RT|? is the beam splitter efficiency. For an ideal beam splitter |R|* = IT)? = 1. 1
shall drop lim;_,, from now for simplicity.

If R and T are functions of frequency, (5.1) should be rewritten in the frequency
domain,

I(A)~2[Re/

0o ) dw o0 dw
N |RTE (w)|2ewA/cg + /_ _ |RTE (w)|® g] . (5.2)

The radiation spectrum |RTE (w)|” is just the Fourier transform of the interferogram
I(A) - I,
IRTE (w)[? ~ / [ (A) — L] e A/egA, (5.3)

where I, = I (+£o0) = 2 [% % |RTE (w)|* = 2I (0). The width of the central peak
of the interferogram at A = 0 can be used to estimate the electron bunch length, for
example, the central peaks in Figure 5.17a) and 5.18. For a perfect beam splitter, the
FWHM of the interferogram for the path length difference for a rectangular bunch is
simply the bunch length.

To obtain the real spectrum, the raw spectrum in (5.3) needs to be corrected by
dividing the beam splitter efficiency |RT|2 if it depends on frequency. For a beam
splitter of index of refraction n and thickness d mounted 45° to the light pulse, if
there is no absorption, R and T are [54]

1—e*

i/
T = (1-#)5{% (5.5)

R = (5.4)
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where 7 is the amplitude reflection coefficient of the air-mylar interface at an incident
angle of 45°, ¢ = 2kd\/n? —1/2 and k = 27/\. Due to the finite thickness, some
frequencies are suppressed completely because of destructive interference from mul-
tiple internal reflections from both sides. The result is a non-uniform transmission
efficiency in frequency with periodic zeros. In the following, the index of refraction

of the beam splitter, which is made with mylar, is assumed to be 1.85 [55].

5.3 Momentum Spectra of the Beam from the Gun

t(us)

Figure 5.5: Gun power in a macros-pulse versus time.

Figure 5.5 shows how the gun power in a macro-pulse varies with time in a typical
operation. The gun power rises in a time of about 800 ns then stays constant for about
1 ps and finally it decays to zero. Naturally, not all micro-bunch particle distributions
are identical within a macro-pulse but vary along the macro-pulse duration.

For a given rf power, the cathode filament current must be adjusted to prevent
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excessive beam loading in the gun. Also, back-bombardment can heat up the cath-
ode additionally. This back-bombardment can be reduced by the magnetic “anti-
backbombardment” coils (ABB) in the gun as will be discussed in Section 5.3.3.2
The energy scrapers in the alpha magnet can be set to allow particles in a certain
momentum bin to pass through. For best momentum resolution, the loop size Tpmax

in the alpha magnet must be large since the resolution scales like

_q (5.6)
p Tmax
For a given scraper opening 6z, the momentum resolution increases with T,,. Unless
otherwise stated, zyax Was chosen to be 11 cm, limited by the width of the high energy
scraper, and the resolution was set at +4% which still allowed enough signal on T2.
_Higher resolution was tried but the signal to noise ratio became too low.

At each selected momentum value, all quadrupoles in GTL and the alpha mag-
net were scaled accordingly to maintain fixed geometric values — k values for the
quadrupoles and Zp., for the alpha magnet,® except the set with ABBs on which
was taken earlier when the beamline was not yet computer controlled. The T2 signal
was then averaged over 100 pulses. By scaling the quadrupoles and alpha magnet
according to the momentum, the focusing was physically identical for all momenta.
To avoid having to standardize the GTL magnets for each momentum bin, the data
were taken in the increasing direction of momentum. The correctors were kept as low

as possible because they could not controlled remotely.

5.3.1 “Cold” Cathode Operation

Figure 5.6 shows the momentum distribution in a macro-pulse from a moderately
heated cathode which is our normal operation mode and shall be referred to as a
“cold” cathode. It has a smooth peak around 5m.c. But this does not tell how the

instantaneous momentum distribution varies with time in a macro-pulse. To see the

2ABBs were installed by Prof. Pantell’s group which shares the same gun with us.

3The beamline is currently controlled by digital-to-analog cards by Intelligent Instruments. The
correctors are not controlled yet. The control program was written by the author using Turbo Vision
by Borland International, Inc.
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variation of momentum and current with time due to beam loading, we need to see

the energy spectrum as a function of time in Figure5.7.
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Figure 5.7: Spectral plot for a normal run (cold cathode) in a macro-pulse.

The horizontal axis in Figure 5.7 represents the time in a macro-pulse and the
vertical axis the momentum. The central momentum is the most populated momen-
tum bin. The different shades represent different current densities. As the gun power
increases, so do the central momentum and beam current. The current reaches a
maximum near the end of a macro-pulse for a “cold” cathode. The central momen-
tum increases initially and reaches equilibrium for less than 0.5 us and then decreases
at the end of a macro-pulse. But the brightest spot with highest current lasts only
0.2 us and does not concur coincidentally with the flat top of the central momentum.
This can be seen more easily by plotting the central momentum and electron current
versus time (Figure 5.8).

For each micro-bunch in a macro-pulse, there is an instantaneous bunch distri-
bution with a definite central momentum and momentum spread. The vertical bars

in Figure 5.8 are the FWHMs of the momentum distributions. They are twice to
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I(mA)
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Figure 5.8: Central momentum a) and electron current b) versus time in a macro-
pulse for a cold cathode.
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thrice as large as prediction (see Table 2.2) partially because the speed of the elec-
tronics is much slower than the rf frequency (2856 MHz). Also signal averaging and
datum filtering were done to smooth out any high frequency noise. Each point in
time represents 0.025 us which is about 71 micro-bunches.

The fact that the central momentum varies + (4 — 6) % around 5 m,c in a macro-
pulse can have a significant effect on the average bunch length and total radiation

which will be demonstrated later in this Chapter.

5.3.2 “Hot” Cathode Operation
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Figure 5.9: GTL electron momentum spectrum in a macro-pulse for a hot cathode.

The bin size is £4%.

The momentum distribution in a macro-pulse for a “hot” cathode when the fil-
ament power is high is sketched in Figure 5.9. When the cathode is hotter for a
fixed 1f power, the beam current increases but the energies decrease compared with
a “cold” cathode in Figure 5.6 due to beam loading. Figure 5.10 shows the 3D parti-
cle distribution in a spectral plot. The brightest spot with highest current coincides
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Figure 5.10: Spectral plot of a macro-pulse for a hot cathode.
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with the plateau of the central momentum. The particle energies are reduced indi-
cating that the gun power is depleted by the beam resulting in the shortening of the
macro-pulse [56] as the brightest spot in Figure 5.10 lasts only slightly longer than
0.1 us. The T2 signal was much nosier than the one from a cold cathode which may
be from the ineffective energy scrapers letting through particles not in the selected
momentum bin. They are poorly focused and may splash the vacuum chamber and
T2 contributing to noise. However, for a “hot” cathode, there may be a larger fraction
of unwanted low energy particles leaking through than for a “cold” cathode. The rea-
son for the inefficiency of the energy scrapers is not clear. Since the energy scrapers
inside the alpha magnet only work perfectly for ideal particles which are on-axis and
have a zero divergence on entrance, they always allow some undesirable particles not
in the selected momentum window to go through and block desired ones with too
‘large angles or displacements. Other possibilities are misalignment, since we always
need a great deal of steering, depending largely on the alpha magnet setting, or alpha
magnet field errors. This will be discussed later.

From the central momentum and beam signal versus time in Figure5.11, the
beam pulse clearly becomes shortened and the central momentum lower though the
peak current increases. The central momentum varies about £10% around 3m.c in
a macro-pulse, twice as much as for the “cold” cathode. Because of this undesirable
pulse shortening and momentum lowering, we normally avoid operating the cathode
this hot. The beam loading for a “hot” cathode is due mainly to back-bombardment

which will be demonstrated in the next section.

5.3.3 ABBs On

There are two ABB coils; both have a magnetic field perpendicular to the beam
direction. The first one located at the cathode redirects the back-bombarding elec-
trons away from the cathode; the second which is near the gun exit, corrects the effect
of the first coil on the forward electrons.

This set of data with the ABBs on was taken earlier before the beamline was

controlled by a computer so the GTL quadrupoles and alpha magnet were not scaled
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I(mA)

Figure 5.11: Central momentum a) and T1 signal b) versus time in a macro-pulse for
a'hot cathode.
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according to the selected momentum bin. To select a bin, the energy scrapers in the
alpha magnet were moved while the currents of all magnets were held fixed. The
bin size was set at +0.05 m.c and the centers of bins were chosen to avoid overlap or
gapping. Since low-momentum particles were not focused properly, also the resolution
at low momentum was lower according to (5.6), there were a lot fewer low energy
electrons than the two previous sets in this section when the components were scaled
accordingly. This may underestimate the energy spreads. Nonetheless, the result is
valid qualitatively and allows an evaluation of the effectiveness of combating back-

bombardment.
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Figure 5.12: Spectral plot of a macro-pulse with the ABB’s on. The bin size is
+0.05me.c.

From the spectral plot in Figure 5.12, we notice a lengthened pulse and the bright-
est spot extends longer for about 0.5 us which is twice as long as the one for the “cold”
cathode in Figure 5.7. It also coincides with the flat top of the central momentum in
a macro-pulse, i.e., the cathode can maintain a constant high momentum and beam
current simultaneously for a longer time.

The time variation of the central momentum and beam current are plotted in
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Figure5.13. The total beam current is reduced but the macro-pulse is lengthened.
The central momentum throughout the macro-pulse behaves similarly to the one for a
“cold” cathode, about £5% around 5m.c. However, the gun can provide a high beam
current without energy droop for a longer time. The fact that with the ABBs on,
we can use a hotter cathode without pulse shortening or beam momentum lowering
suggests that the beam loading mainly comes from extra heating of the cathode due to
back-bombardment. Currently, the ABBs are not used most of the time for difficulty
of reproducibility.

5.4 Momentum Spectrum of the Beam from the

Linac

Beam loading effect is not only restricted to the gun; the beam pulse out from the
linac suffers a similar pattern. Variation of the linac beam energy in a macro-pulse
is worsened by the fact that the linac takes 700ns longer than the gun to reach rf
equilibrium.

In this measurement, all components in LTD — the quadrupoles and dipole, except
the correctors, were scaled according to the selected momentum bin. The Faraday cup
at the end has a rather large opening of 5.84 cm. This, along with the bending angle
and the distance to the dipole vertex, limits the momentum resolution to +3.88%.
The centers of all bins were chosen to avoid gapping or overlapping. The Faraday cup
signal was averaged over 100 pulses. GTL was kept at a normal running condition.

Figure 5.14 shows the spectral plot. The transition of the beam current and energy
in time is not very smooth due to the crude resolution. The beam momentum varies
as much as +10% from 26 to 32MeV/c in a macro-pulse, even more than the GTL
beam in normal runs in Section 5.3.1. Since the linac is filled later than the gun, the
plateau in the central momentum is so short, 0.2 us, that it is almost non-existent.

- The effect of varying rf power in a macro-pulse in the linac on radiation is less
serious than the one in the gun for the bunch length is not sensitive to the linac

acceleration illustrated in Section 4.3.4. Also transition radiation scales like In y from
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Figure 5.14: Spectral plot for a linac beam. The bin size is £3.88%.
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(1.19) which is a slowly varying function of the beam energy. But it does pose some
difficulty in focusing. As a result, we loose some 10% — 20% of the beam after GTL
and slightly less than half of beam current from T1 remains at the end which is less
than 300 mA.

5.5 Observation of Coherent Radiation

5.5.1 Elimination of Other Sources of Radiation

To show that the radiation from our electron bunches is coherent, we first have
to eliminate the possibilities of radiation from other sources such as ionizing particle
radiation hitting directly the bolometer or wake field radiation. The former might
contribute to the total bolometer signal for synchrotron radiation and the latter to
the transition radiation measurement.

To check for ionizing particle radiation, a vacuum gate valve was closed between
the radiation source and the bolometer. The bolometer signal reduced from 0.3V to
less than 100 4V which can be attributed to ionizing radiation reaching the bolometer.
This only amounts to 10™* of the signal for coherent synchrotron radiation.

Wake field radiation occurs when a charge particle interacts with the surrounding
vacuum chamber structure electromagnetically. In an accelerator it is usually in the
c¢m and mm microwave range and is most pronounced when there is a sudden change
in the cross section of the vacuum chamber. The radiation can be estimated to be
of order of nJ [33,57] for the beam parameters used compared with the coherent
radiation energy of several hundreds pJ. Much of wake field radiation would come
from the linac structure rather than vacuum pipes. By deliberately mis-steering the
electron beam after the linac away from the transition radiator, the bolometer signal
reduced to below the electronic noise level although wake field would still be able to

reach it. This rules out any appreciable wake field radiation.

5.5.2 Proof of Coherent Radiation

Since coherent radiation from a micro-bunch scales as the square of the number
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of particles in it, the total radiation in a macro-pulse is proportional to the sum of

squares of particle numbers, £;N2,, in all micro-bunches.

e,i)

The bolometer signal was measured as a function of the electron current which was
varied by closing the high energy scraper in the alpha magnet with the low energy
scraper fixed. Figure 5.15 shows the bolometer signal versus the sum of square of
electrons in all micro-bunches for synchrotron and transition radiation. The straight
lines are of slope one indicating that the signal is proportional to EiNZ’i for more than
two decades which confirms that the majority of the beam indeed radiates coherently.
The deviation from slope one is due to the fact that closing an energy scraper not
only decreases the beam current but also can change the average bunch length within
a macro-pulse (see Figure 4.7) thus the form factor (see (1.5)). This method to vary
the beam current is less than ideal but the present setup does not allow control of
the electron beam current without affecting either the bunch length or beam energy
or both.

At the high ends of both curves in Figure 5.15, the slopes are less than one,
suggesting that a small fraction of electrons does not radiate coherently. This may
come from trailing particles which may be a result of the ineffective energy scrapers;
or particles can migrate due to the space charge effect so the bunch distribution is
not as clean as in simulation. The fact that we get a larger normalized radiation
signal, which is defined as the bolometer signal in a macro-pulse divided by the sum
of squares of electron numbers in a macro-pulse (Vb / EiNe%i), for a very small scraper
opening, implies that the scrapers do not crop bunches as cleanly as in simulation

(for example the bunch in Figure 4.8).

5.6 Radiation Power Compared with the Predic-

tion

5.6.1 Comparison

We can calculate the expected total radiated energy for a 1 us long macro-pulse

from the measured beam current on T3 if all micro-bunches were identical, each with
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prediction measured
SR 1400 262 ud
TR 4192 382 ud
Table 5.1: Expected radiation from synchrotron (SR) and transition radiation (TR)
from a 1 pus-long pulse with identical bunches of 0.18 ps long, compared with measured
values.

the same equivalent bunch length of 0.18 ps as predicted by simulation (see Figure
4.7) and equal beam energy, assuming a Gaussian form factor and 100% radiation
efficiency for all electrons. The predicted and measured values are listed in Table 5.1.
The alpha magnet gradient was set at 321.11 G/cm which should give the shortest
bunch length for the nominal beam parameters. We found that we get more radiation
energy if the low energy scraper is set at 3.8 — 4.4m,c which agrees with simulation
.(see Figure 4.7 and 4.8). Since below theses momenta, particles contribute only long
tails and beam loading in the linac. The consequence is T2 only measures about half
of the beam current as T1, which means only half of particles remains after the alpha
magnet. This is consistent with simulation that only half of particles that exit the
gun are actually useful (see Table 2.2).

For synchrotron radiation, the dipole field was 2.2kG and we measured 4.6 x 10®
rms electrons per micro-bunch on T3. A total radiation energy of 1400 uJ can be
expected from a macro-pulse, assuming that the angular acceptance of the optics is
40 mrad about the beam axis.

For transition radiation, we use in (1.22) and (1.23) [21] which give the angular
spectral density from a dielectric plate with an arbitrary incident angle. Using the
thickness of the Al-foil (25.4 um) and Drude model [16] for the (complex) dielectric
constant of Al [58], we should get 4192 uJ per macro-pulse from a train of 2856 micro-
bunches with an equal intensity of 3.08 x 10® electrons, assuming 100% collection
efficiency. Note that the total radiation from synchrotron and transition radiation
was measured on different days so the beam currents were different.

In actuality, we measured only 262 uJ and 382 uJ per macro-pulse for synchrotron
and transition radiation, much less than what was expected. This should not be

too surprising, for there are other factors that have not been considered yet such
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as the optical collection efficiency, transmission efficiency though the HDPE window
(87%) and most importantly, variation of the bunch length throughout a macro-pulse.
Since the alpha compression only works for a narrow range of central momentum (see
Figure 4.3), not all bunches in a macro-pulse are compressed optimally. Variation of
the bunch length will be shown to be the largest factor that increases the average

bunch length in a macro-pulse.

5.6.2 Variation of Bunch Length in a Macro-Pulse

From the momentum spectra in a macro-pulse for the beam out of the gun in
Figure 5.8, the central momentum varies about +5% around 5 mec in a macro-pulse.
Since the alpha magnet is chosen to compress bunches with a central momentum
-around 5mec, the instantaneous bunch length can vary from sub-picosecond to more
than a pico-second shown in Figure 4.3. This greatly affects the average bunch length
over a macro-pulse. From Figure 5.7 and 5.8, the equilibrium spot with highest beam
current and constant momentum band around 5 mec lasts for only about 100 ns which
means less than 300 micro-bunches are optimally compressed out of almost 3000.

To compare the radiation measurements realistically, it is necessary to know the
bunch length distribution as a function of time in a macro-pulse. But the actual
field strength and cathode current density are immeasurable. In gun simulation, the
two independent variables are the field strength and cathode current density while in
experiments, we vary the total rf power which supplies both the gun and linac, and
the cathode filament. There is no field probe in the gun nor current or temperature
measuring device for the cathode. Also the current out of the gun is not completely
independent of the rf power. From simulations, only about one fifth of electrons
emitted by the cathode exit the gun for the normal range of the field strength and
cathode current density (see Figure 2.17 and 2.19). From the average current on T1 in
a macro-pulse in normal runs which is 600 — 700 mA, if we assume 90% transmission
from the gun exit to T1, the cathode current density can be deduced to be around
12 A/cm?. This also agrees with the design value for the cathode filament power [12].

To infer the field strength experimentally, one needs to know the electron energy
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spectrum of each bunch in a macro-pulse and integrate it just to get the beam forward
power at each instance in time. Borland tried to infer the field strength by measuring
the electron beam spectrum for a very small beam current at an instance late in a
macro-pulse for a given rf power, assuming that the gun had reached equilibrium

“then integrated the forward beam power from the spectrum [12]. But the agreement
was not good without much manipulating both the impedance of the gun cavities
and backward beam power. It is not clear that doing it the correct way gives a more
accurate value for the field level. So I have elected to use the central momentum
as a measure of the accelerating field since it is a monotonically increasing function
of the peak accelerating field in simulation for a fixed cathode current density (see
Figure 2.17a). That is, the peak accelerating field together with the current density
define a unique bunch distribution in longitudinal phase space. From the measured
central momentum as a function of time, we can infer the effective peak accelerating
field that each micro-bunch experiences. This method is far from ideal but since we
cannot measured the beam power from electrons that do not exit the gun, there is no
way of telling the total power consumed by the beam. Besides, the measured rf gun
power was fairly close to the total rf power in simulations (1.82 — 1.93 MW) which is
an indirect validation of this method.

It is best to take all measurements on the same day to guarantee the same running
condition: both electron beam spectra out of the gun and linac and all radiation mea-
surements — total radiation in a macro-pulse, radiation energy versus beam current,
Michelson scans — a long scan for the radiation spectrum and short scan for the
bunch length. The reason why two Michelson scans — long and short are necessary
will be explained in Section 5.7. But to do so would be impossibly long. Therefore
to ensure that the same electron beam spectrum can be used in calculation for mea-
surements on different days, it is very important to keep external running parameters
such as the cathode current, rf power and water temperature, etc., the same as much
as possible.

" The field and bunch distribution should be semi-continuous functions of time in
a macro-pulse which requires at least 2000 continuous cycles in MASK to simulate

the beam loading effect in the gun which would take an unrealistically long time.
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Figure 5.16: Effective peak field in the 2nd cell versus time in a macro-pulse for
normal running conditions.
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Besides, the effect of beam loading is equivalent to lower fields in the gun seen by
later bunches [12]. From the spectral plot of the GTL beam in Figure 5.7, the inferred
effective peak field in the second cell versus time in a macro-pulse for a normal run is
sketched in Figure 5.16. A macro-pulse is sliced in 11 segments in time; each slice is
assumed to experience a constant accelerating field discretized in 1 MV/m increment.
The same linac acceleration is used in integrations since the linac acceleration affects
mostly the momentum and less on the bunch length demonstrated in Section 4.3.4.
The bunches are shortest for only about 0.2 us when Ep s = 73 — 74 MV /m at the
beginning and end of a macro-pulse. But only the latter contributes substantially to
radiation for the beam current was near maximum shown in Figure 5.7 and 5.8. Since
the alpha compression works best for a narrow range of central momentum, for most
part of a pulse, bunches are not compressed optimally thus the average bunch length

is lengthened considerably.

5.6.3 Correction due to Collection Efficiency

The expected radiation, after taking into account variation of the bunch length,
still needs to be corrected by the optical collection efficiency and the 87% transmis-
sion efficiency though the HDPE window. If the finite acceptance of the window is
considered, only 36% of the total radiation is collected in transition radiation.

The collection efficiency for synchrotron radiation is complicated by a few factors

[57]:

e The mirror M1 only accepts part of the radiation since it sweeps down across

M1 as electrons are being deflected (see Figure 5.3b).

e The radiation from the fringe fields cannot be neglected. The fringe fields in
the dipole are modelled as linear functions from zero up to the nominal value

over a distance of the pole gap which is 40 mm.

e The power and opening angle of the radiation at a particular wavelength is a

function of the electron beam energy and magnetic field.

e The light collecting cones have finite angular acceptances.
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As a result, the collection efficiency in synchrotron radiation varies from 35% to
62% depending on the bunch length and the total collection efficiency is 52%.

5.6.4 Comparison of Expected to Measured Radiation

After including variation of the bunch length in a macro-pulse, the optical col-
lection efficiency and HDPE window transmission, we can compare the results again
from calculated bunch lengths in all slices in a macro-pulse weighted by the mean
squares of the numbers of electrons measured on T3 (Nezﬂ)

For synchrotron radiation, the expected total radiated energy in a macro-pulse,

after considering these factors, is tabulated below:

Fraa (mJ )
simulation, ideal case 1.40
simulation including variation of the bunch length 0.48
simulation including collection efficiency (52%) 0.25
simulation including also window loss (13%) 0.22
measurement 0.26

The agreement becomes within 10%. A small part of the measured synchrotron
radiation may come from vertical steering thus resulting a slightly larger value than
expectation. The measured result is equivalent to the one from a 1 us long macro-pulse
with identical micro-bunches of 0.48 ps long for an intensity of 4.6 x 10® electrons.

For transition radiation, the total radiation energy in a macro-pulse is tabulated

below:
Prag (mJ)
simulation, ideal case 4.19
simulation including variation of the bunch length 0.56
simulation, including window loss (13%) 0.49
measurement 0.38

Again the agreement becomes much closer. From the measured radiation and

electron current, the average bunch length over a macro-pulse can be calculated to



CHAPTER 5. EXPERIMENTAL RESULTS AND DISCUSSION 153

calculation measured

SR 0.22 (£10%) 0.26 (£3%) mJ
TR 0.49 (+10%) 0.38 (£3%) mJ
avg bunch length 0.48 (£10%) ps

Table 5.2: Expected radiated energy in a macro-pulse compared with measured values
for synchrotron and transition radiation after including vaious factors.

be about 0.48 ps. The results are summarized in Table 5.2 along with the estimated
error bars in parentheses. The error in calculation comes from both the uncertainty in
discretizing a macro-pulse in time and dependence of the bunch length of a simulated

bunch on the temporal bin size mentioned in Section 4.3.4.

5.7 Bunch Length Measurement

The above measurements are indirect for the bunch length. To measure the bunch
length more directly, a Michelson interferometer was used [52,59]. Figure 5.17 shows
a Michelson autocorrelation along with its uncorrected and corrected spectrum. The
spectrum was obtained by taking a Fourier transform of the autocorrelation from
(5.3). The raw spectrum needs to be corrected by dividing the beam splitter efficiency
|RT|” as in (5.3). The corrected spectrum in Figure 5.17 was calculated using an
index of refraction of 1.85 for mylar [55]. The spike at 3.45THz (115.1cm™?) is an
artifact from dividing the raw spectrum by the first zero of |RT)? of (5.4) and (5.5).
The multiple dips in both spectra are water absorption lines [53] since the apparatus
is exposed to air. The raw spectrum is a result of the combination of the bunch
distributions, water absorption and thin film interference of the beam splitter. Only
the envelope of the spectrum should be considered when the bunch length is of prime
interest.

The thickness of the beam splitter in a Michelson interferometer should be chosen
depending on the purpose of the measurement. If it is much thinner than the bunch
length, the central peak in the autocorrelation appears narrower [54,59] which intro-

duces a larger uncertainty in inferring the bunch length. So to measure the bunch
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Figure 5.17: Michelson scan a) with its uncorrected and corrected spectrum b). This
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length faithfully, it is better to choose a thicker splitter. But to measure the spec-
trum over a large range of frequency, a thinner one such as 12.5 ym (12 mil) would
be more suitable since a thicker foil suppresses high frequency response more though

the theory of thin film interference does not predict this [60].

5.7.1 Comparison with the Simulation
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Figure 5.18: Central peak of the interferogram taken with a 127 um thick beam
splitter. The alpha gradient was 328 G/cm. The FWHM for the path is 248 ym.

Figure 5.18 shows a scan using a 127 um thick mylar beam splitter and an alpha
magnet gradient of 328.2G/cm; only the main peak is shown here. The FWHM of
the main pesak is 128 um so the FWHM for the path length difference is twice of
that, 248 um. This translates to an equivalent width between 187 um (0.62ps) and
245 pm (0.82 ps), for a rectangular and Gaussian distribution. The uncertainty is due
to insufficient knowledge of the bunch shape; the actual bunch distribution should lie
somewhere in between.

The spectrum for the same setting including the lattice and rf power, was taken

using a 12.7 yum thick beam splitter with a 20 yum mirror step. Each point in the
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Figure 5.19: Corrected spectrum compared with the overall form factors for a scan

using a 12.5 pm thick beam splitter. The setting was the same as one used in Figure
5.18.
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scan was averaged over seven pulses. The corrected spectrum and calculated overall
form factors X; (Ne,iFi)2 with and without the divergence effect are sketched in Figure
5.19, where F; is the FFT of the temporal distribution of the i** slice in a macro-
pulse and N,; is the rms number of electrons measured on T3. The overall form
factors are normalized by a factor which is fitted by a least square fit between 0.3
and 3.4 THz with the envelope of the spectrum only. The low frequency noise below
0.3THz (10cm™!) comes from the slow drift of the baseline in the scan due to the
fluctuation of external parameters such as the rf power, gun or linac temperature in
an almost two hour measurement.

Since transition radiation from a perfect conductor has a flat frequency spectrum,
the form factors should resemble the spectrum from (1.5). Apparently, the agreement
between the measured spectrum and calculation is not great before the divergence
effect is included. The best fit seems to lie in between two form factors which leads
us to believe that the divergence effect, although lengthens a bunch significantly, but
due to misalignment and steering, the beam pipe actually scrapes off some particles
that have too large displacements from the center thus reduces the damage.

To compare the measured and calculated bunch length, it is necessary to define
an average bunch length over a macro-pulse in calculation. Since coherent transition
radiation power is proportional to the square of the number of particles in a bunch
and inversely proportional to the bunch length in (1.19), it is natural to define the
average bunch length over a macro-pulse as

gL _ (Ei nilVeidi 1)—1, (5.7)
(=1 ¥ niNgs

where n; is the number of micro-bunches in the i** slice in a macro-pulse and I; is

the corresponding calculated bunch length. The comparison of the calculated average

equivalent bunch length with the measured one is listed below,

measured [0.62,0.82] ps
calculated (without divergence) 0.37 ps -
calculated (with divergence) 1.075 ps

It confirms the observation in the spectrum in Figure 5.19 that the actual average

bunch length lies between the one with and without the divergence effect. The above
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values are also consistent with the bunch length of 0.48 ps indirectly deduced from

earlier total radiation measurements in Table 5.2.

5.7.2 Bunch Length versus Alpha Compression

In addition to long scans for transition radiation spectra, a series of short Michel-
son scans using a 127 pym thick beam splitter were performed to measure the bunch
length of a macro-pulse as a function of the alpha compression. During these mea-
surements which took place on different days, the T1 signal and rf power were kept
the same as much as possible to ensure that the variation of the bunch length was
due mainly to the alpha compression, not other external parameters. But since the
alpha magnet inevitably affects the transverse beam optics according to (4.8) and
{4.9), the GTL quadrupoles need to be set accordingly to accommodate different al-
pha settings. In addition, misalignment in the beamline results in different corrector
settings for different alpha settings, so the transmission of the electron beam through
the linac varies with the alpha magnet. Although we tried to maximize both the
T3 and bolometer signal simultaneously by proper steering and focusing for we want
to vary the bunch length as a result of the alpha compression alone, not from extra
scraping by mis-steering. Still, the T3 signal varied between 200 and 300mA. This
difference in the electron current has been taken care of by the weighted sum of the
bunch length by the T3 current in (5.7) when comparing the measured and calculated
bunch length.

The result — measured and calculated average bunch length with and without
the divergence effect in a macro-pulse as a function of the alpha gradient is sketched
in Figure 5.20. The curves deviate more at both high and low alpha gradient and
the measured bunch length is shorter than predicted at both ends though the trend
is similar: the compression is less effective at both high and low alpha gradient. A
natural question rises: do we really measure the average bunch length in a macro-pulse
dictated by (5.7)7 Since the temporal bunch distribution in a macro-pulse varies from
bunch to bunch, is it possible that we measure the most “prominent” bunches that

contribute the most to the radiation? Let us define the most “prominent” bunches
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as having a largest Nez,i /l; value and compare again. The agreement, in Figure 5.21,

improves to some extent and both curves are qualitatively similar. The reasons for

discrepancy will be discussed in the next section.
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Figure 5.21: Measured bunch length and most “prominent” bunch in calculations in

a macro-pulse versus the alpha gradient.

From the measured bunch length and electron current, the peak electron current

can be obtained by dividing the measured maximum electron current on T3 in a

macro-pulse by the measured bunch length. It is plotted as a function of the alpha
gradient and bunch length in Figure 5.22 and 5.23. The error bars in both graphs

represent the uncertainty between Gaussian and rectangular bunches. The maximum

peak current is about 170 A. Shorter bunches tend to have higher peak current from

Figure 5.23 as expected but the alpha setting that gives the highest peak electron
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Figure 5.22: Peak electron current as a function of the alpha magnet.
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current does not coincide with the shortest measured bunch length exactly. According
to (4.8) and (4.9), for a particle with non-zero angle and position at the alpha entrance,
the larger the loop, the larger the transverse electron beam size becomes while the
smaller the loop size, the larger the vertical angle becomes upon exit (less focusing
in the y plane), so the transmission through the beam line at a very low (large loop)
and high (small loop) alpha setting is smaller. Thus, the peak current is a result of

both the compression and beam transmission.
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Figure 5.23: Peak electron current as a function of bunch length.

5.8 Discussion

5.8.1 Main Reasons that Limit Bunch Compression

" The main limiting factors for bunch compression can be separated into two cate-
gories: the ones that affect the bunch length of a micro-bunch and the average bunch

length of a macro-pulse. Most of bunch lengthening comes from GTL when electrons
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are only quasi-relativistic. After the linac, the electron beam become fully relativistic
and bunches become “frozen” and hardly spread at all from either the velocity spread

or divergence effect. The details will be discussed below.

Micro-Bunch Factors

On the micro-bunch level, there are three major factors: the velocity spread, the
divergence effect and longitudinal space charge force, in diminishing importance for

our system.

Velocity Spread The time varying rf field in the gun plus the thermionic cathode
produce electron bunches with large momentum spreads from quasi-relativistic down
to zero (see Figure 2.5). Since bunches are not yet fully relativistic before the linac,
the first order bunch lengthening in GTL due to the velocity spread is not negligible.
But this effect is, to large extent, correctable by a proper setting of the alpha magnet
provided that the electron beam energy and alpha magnet are within working limits
in (4.19) and (4.21).

Divergence Effect The divergence effect is pretty severe for lower energy particles
in GTL. Since the focusing is optimal for highest energy particles in normal opera-
tions (see Figure 4.12b), lower energy particles make larger excursions throughout the
beamline. The lengthening starts accumulating from the beginning of the beam line
and cannot be rid of as discussed in Section 4.3.3. Even with a proper focusing lattice
and low energy particles discarded, a bunch can still have some trailing particles (for
example, the bunch in Figure 4.12b). Relatively speaking, the divergence effect is
more detrimental for an optimally compressed bunch which is upright in longitudinal
phase space then a not-optimally compressed one.

The damage mostly comes from GTL when the beam is not fully relativistic.
After the linac, electrons in a bunch hardly spread from the divergence effect due to
adiabatic damping. Since the divergence of the nominal beam at the gun exit is quite
large (see Figure 2.16 and Table 2.2), this in turn requires strong quadrupoles in GTL

for good beam transmission through the 1.8 cm pipe radius into the linac. Especially,
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Figure 5.24: Scan for the shortest bunch, measured with a 127 um thick beam splitter.
FWHM = 110 ym for the path length.
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the first three quadrupoles — Q1, Q2 and Q3 (see Figure 5.1) have phase advances
as large as 60°.

In principal, particles of large angles in transverse phase space can be discarded
by scraping to allow only the core of the beam to pass through. But such a device for
our system has not yet been conceived. So far the shortest bunch was measured by
Hung-chi Lihn by using a small energy window in the alpha magnet and mis-steering
but the price is a beam current of only 30 mA. The FWHM for the path difference of
110 gm shown in Figure 5.24 which gives an equivalent bunch length between 0.28 and
0.37 ps for a rectangular and Gaussian bunch. The peak current was only 28-38 A.

Longitudinal Space Charge The longitudinal space charge effect for a short
bunch can become a problem, especially since it has a tendency to form a shock
wave when the longitudinal density profile has a large variation. This has not been
considered in tracking after the gun exit. Though it is possible that the effect is large
enough that the packets in phase space (see Figure 2.24) eventually migrate after
breaking of the shock front, the net result is still bunch lengthening. By comparing
two simulations for a cathode current density of 12 A/cm? which is approximately
our normal running conditions and 0.1 A/cm?, the bunch is lengthened by about 1.3
times shown in Figure 4.10. After the gun exit, the space charge effect would further
lengthen a bunch.

Let us estimate the lengthening. If the bunch length I is much longer than its
radius 7, we can employ a pencil beam approximation. The longitudinal space charge
force on a test electron at the edge of the bunch of total charge N.e from the whole

bunch is,

N,e?

4"

If the drift distance d is much smaller than [, [ can be regarded as constant and the

Fop =

(5.8)

extra relative momentum deviation introduced by the longitudinal space charge is

. 4N
Hsp = BEryomoc2l?’

(5.9)

where (Gyc is the speed of the ideal particle. From (4.16), the extra bunch lengthening



CHAPTER 5. EXPERIMENTAL RESULTS AND DISCUSSION 166

is

4Ne? (d\’
1 ~—e—(—) . (5.10)

* 7 Bme \1
Notice that it is a quadratic function of d/I and inversely proportional to the cube of
the energy.

For a very short bunch that | <« r, we can use a pancake approximation. Following

9N.e? [d\?
Sy A (-) : (5.11)

2.3
Bsvomec® \r

Notice in both cases, the extra length is inversely proportional to the cube of the

the above, we get

energy and a quadratic function of the dimension the bunch.
Now we can estimate the lengthening over a drift distance of the bunch itself
(d =1). For GTL, N, ~ 10% po ~ 5,1 ~ 3.8mm = 13ps and 7 ~ 1 mm, we use the

pencil approximation and get

Pep ~ Tx107*
8l

- ~ 107°.
; 3x 10
For beam out of the linac, N, ~ 4 x 108, pg ~ 59, [ ~ 60 um = 0.2ps and r ~ 1lmm,

we use the pancake approximation,

Pep ~ 3x107°
6l

- ~ Tx 1071°,
Note that the above approximations are a pessimistic scenario since when a bunch
gets lengthened, the space charge force decreases. Though the spread after the linac
is much smaller than in GTL, the spread due to space charge is fairly minute for both.
The above analysis justifies the exclusion of space charge in tracking simulated
bunches after the gun. The shock wave instability mostly happens early in the rf gun
when the electron energy is very low shown in the reminiscence of the space charge
wave structures in longitudinal phase space in Figure 2.24. This has not been a

serious problem because our cathode operates at a fairly low current density, slightly
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above 10 A/cm?®. Furthermore, our peak electron current of a few hundred amperes

is hardly space charge limited according to [61,62]

2 »
8.5 (Zi 2—) 1) | -

a

i (KA) =

where a and b are the radii of the beam and the beam pipe. Eq. (5.12) gives a limiting
current of about 8kA and 150kA for our beam parameters in GTL and LTD, much
larger than our peak electron current. If one wants to pursue an even higher peak

current, ultimately, the maximum peak current is limited by the space charge effect.

Comparison of Factors The table below lists the fractional lengthening due to
different effects of a bunch drifting for a length equal to itself in GTL and LTD,
assuming a bunch length of 13 ps and 0.2 ps, momentum spread of +£5% and +0.4%,

divergence of £16mrad and +1mrad, respectively.

GTL LTD
velocity spread 14x107% 1x1076
divergence effect 85x107° 5x107"7
space charge effect 3 x 107 7 x 10710

The largest lengthening factor in either GTL or LTD is from the velocity spread
which is a first order effect. But as stated earlier, this can be compensated by a proper
bunch compressor, rendering the second order divergence effect the most dominant

factor for a micro-bunch.

Macro-Pulse Factors

Varying RF Field in the Gun Due to the limitation of the rf power, beam loading
in the gun, especially due to back-bombardment, bunches in a macro-pulse experience
varying acceleration, which is discussed in Section 5.3. This results in a varying
longitudinal bunch distribution with about +5% variation of central momentum in

GTL versus time. Since the compression of the alpha magnet works best for a narrow
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range of central momenta discussed in Section 4.3.1 and 5.6.2, only about one tenth
of micro-bunches in a macro-pulse contribute significantly to the radiation.

The fact that the agreement between measurements and calculations has improved
significantly after including this effect shows that this is so far the largest lengthening

factor for the average bunch length in a macro-pulse.

Varying RF Field in the Linac

In calculation, all simulated bunches are accelerated by the same field in the linac
and enter the linac on the crest. This is not true since rf fields in the linac equilibrate
later than the gun by about 700ns. From Figure 5.14, the variation of the rf power
plus beam loading in the linac yield a significant variation of the central momentum
in a macro-pulse than for the gun.

The effect of the linac acceleration is more on the beam energy rather than bunch
length demonstrated in Section 4.3.4. If we include this effect, the bunch length in
a macro-pulse varies about & (10 — 20) %. If we add another small factor that the
radiation scale logarithmically as the beam energy, the error introduced should be

around +20%.

5.8.2 Reasons for Discrepancy

The main reasons for bunch lengthening discussed above have been accounted
for in computation except for the space charge effect and variation of rf fields in the
linac. But there are other factors that have not been considered due to either practical
limitations of the system or computational difficulty.

First of all, the formulation for radiation we have been using is only approxi-
mate for our system: the radiation spectrum and form factor in (1.5) are for mono-
chromatic beams, and transition radiation discussed in Section 1.3.2 assumes an infi-
nite wall. Also the validity of simulation such as slicing a macro-pulse into segments
of constant effective accelerating field in the gun, all with a constant cathode cur-
rent density, cannot be established directly. For example, the measured momentum

spreads are always larger than those of simulations partially because the speed of the
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electronics is too slow to resolve individual bunches. Another reason is secondary
electrons generated by back-bombarding electrons can have poor parameters such as
large angles and positions. Since back-bombardment is not considered by MASK, plus
inadequate knowledge of the field level and cathode current density in the gun and
the linac entrance phase, simulated bunch distributions in phase space only resemble
actuality approximately.

These factors may explain the remaining discrepancy to why the measured bunch

length can be sometimes shorter than calculation.

Momentum Spread of the Beam

As stated earlier, the radiation spectrum and form factor used are for mono-
chromatic beams. If the energy spread is non-zero, the total radiation is the su-
perposition from individual electrons in a bunch as in (1.2). However, the energy
spread after the linac acceleration is estimated to be about £0.4% in (4.32), using a

mono-chromatic beam is a reasonable approximation.

Transverse Beam Distribution

By using the square of the Fourier transform of a longitudinal bunch distribution
as the form factor in (1.7), we have implicitly assumed that the transverse bunch
distribution is symmetric. This is not true unless the observation of radiation is on-
axis (f = 0 in (1.18)) [54]. For an off-axis observation such as in our case, transverse
distribution contributes to the form factor even for a azimuthally symmetric bunch.
But the transverse contribution to the form factor is negligible if the beam size is
small [54].

Linac Entrance Phase

Since bunches experience different acceleration in the gun before the gun equi-
librates, the exit time out of the gun can be different from one bunch to the next.
Bunches with higher central momenta naturally exit earlier while ones with lower

central momenta exit later, shown in Figure 2.5. They are not exactly 350 ps apart.
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The earlier exit time for a high-energy bunch is compensated to some extent by
a larger loop inside the alpha magnet. The net effect is bunches of different central
momenta entering the linac at slightly different phases. This has not been considered
as the entrance phase of each micro-bunch is not measurable so each simulated bunch
is assumed to enter the linac on the crest in computation.

This effect is of second order (O (¢?)) in (4.26) if the bunch is almost riding on
the crest of the acceleration (¢ ~ 0). Let us make a quick estimation. Suppose the
nominal bunch rides on the crest at the linac entrance, then the bunches with slightly
different central momenta by £4% enter the linac ahead and behind the crest by 4.4°
and 3.9° for an alpha gradient of 321.1 G/cm from simulation. The small difference

in the linac entrance phase would cause only 0.2% to 0.3% extra lengthening.

Index of Refraction and Absorption of the Beam Splitter

Throughout calculation, the index of refraction of the mylar beam splitter is as-
sumed to be 1.85 over the entire range of our radiation. In fact, it can be a function
of frequency.

Furthermore, literature often gives different values for the index of refraction of
mylar in this frequency range [60], ranging from 1.7 to 1.9. This can result in a slightly
different mylar transmission efficiency and different locations of zeros. For example,
there should be a complete suppression at the first node at 3.45THz (115.1cm™!)
in the raw spectrum in Figure 5.17b) for a beam splitter of 25.4 um thickness. Yet,
there is no such a dip. It can be due to noise in the bolometer, or a wrong value for
the index of refraction shifting all zeros slightly.

Also, the absorption of the beam splitter has not been considered. Actually,
P. Richard showed that the absorption by the beam splitter is larger at higher fre-
quency [53] which cannot be explained by thin film interference alone [60]. These two

factors introduce some uncertainty into corrected spectra.

Misalignment of the Beamline

In computation, the beam centroid is always assumed to be perfectly centered. But
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this cannot be true since we always need a fair amount of steering due to misalignment.
Also the beam pipe radius can have some additional scraping. This would reduce the
bunch length only if the divergence effect is included because without it, scraping
only reduces the beam intensity without affecting the bunch length. Misalignment is
quite hard to take into consideration in calculation since we do not know how much
and where the beam line is misaligned.

Reducing the aperture by 0.5 mm throughout the beam line in tracking may give a
clue about the effect. The two longitudinal phase plots along with the histograms at
the transition radiator with a normal and reduced aperture including the divergence
effect are shown in Figure 5.25. The equivalent width reduces from 1.36 to 0.9 ps, 30%
shorter though the intensity also reduces to 60%. The part that is scrapped off by a
reduced aperture is mostly low energy particles while the highest energy particles are
scarcely affected. Though the actual beam line may not be misaligned by that much
everywhere, additional scraping by aperture does shorten a bunch which may explain

why the measured bunch length can sometimes be shorter than calculation.

Inefficient Energy Scrapers

Since the energy scrapers in the alpha magnet only work perfectly for on-axis
particles with zero angles upon entrance, they always allow some particles not in
the selected momentum window to go through while blocking some particles in the
selected window with too large angles or displacements. The unwanted particles may
contribute to tails in bunches. Simulation shows that for the usual scraper positions
— the low scraper at 3.8 — 4.5m.c and high scraper open, the effectiveness is fairly
good, about 99%. That is, up to 1% of unwanted particles can leak through while
about equal amount of wanted particles are blocked. The actual efficiency depends
on the central momentum of a bunch and lattice.

For a smaller scraper opening, the efficiency is lower. For an opening of only +4%
around 5mec, it is reduced to 93% — 98%. In reality, the efficiency may be further
reduced by misalignment.

In calculation, bunches are assumed to radiate coherently 100% using the mea-

sured T3 current, but in actual runnings, a small fraction of the beam may be just
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trailing and not radiate coherently at all. The less than one slopes at both high ends
of the curves in Figure 5.15 support this speculation. Also the energy scrapers do
not work as effectively for a very narrow opening because the measured bunch length
does not shorten as much as expected for a very narrow opening. The reason is still
unclear. It is possible that the energy scrapers, which are made of copper block, may
produce secondary electrons, or it can be due to field errors of the alpha magnet or

misalignment.

Alpha Magnet Field Errors

In computation, the alpha magnet is assumed to be without any multipole errors.
But due to the beam port and the vertical mirror plate at the entrance, in addition to
manufacture error and misalignment, the alpha magnet is not a perfect quadrupole.

The largest field error in the alpha magnet comes from the asymmetry introduced
by the beam port [12]. To know the actual effect on the bunch length, it requires
integration of particle motion in the alpha magnet but we can estimate it. For the
nominal beam energy and normal range of the alpha magnet gradient, the field error
is no more than 20 G which translates into a gradient error up to 3 G/cm, depending
on the gradient and particle position [12]. For a lower gradient (larger loop), the
relative error is larger. The relative gradient field error for the operating range of
our alpha magnet, between 300 and 400 G/cm, is between 0.2% to 0.6%. Since the
relative loop size scales as 6s/s = —68g/g/2, the path length error is only 0.1% to
0.3% and the worst bunch lengthening due to the field errors of the alpha magnet is

no more than 0.3%.

RF Frequency

Because the temperature of the system is not controlled, the rf frequency used
is rarely the designed value 2856 MHz and is often up to two or three hundreds kHz
lower. The effect on the beam momentum and total charge at the gun exit has been
shown to be less than 2% different even with a frequency 20 MHz lower, 2836 MHz by
RFGUN [12].



CHAPTER 5. EXPERIMENTAL RESULTS AND DISCUSSION 174

For simplicity, I shall compare the RFGUN results. A third order RFGUN run at
2855.5 MHz which is lower than what we usually use confirms that it has a negligible
effect on the beam parameters. For the first particles at the gun exit, there is about
0.02% difference in momentum, 0.06° difference in phase and the average output
current is essentially the same. The effect should be too small to be detectable. The

effect of the rf frequency will be summarized later in this section.

Cathode Position

The position of the cathode in the gun was pulled back by 0.635mm (25mil)
during installation. Unfortunately, we did not learn this until rather later to redo
all simulations. But comparing the third order RFGUN results with a pulled back
cathode with ones with the designed cathode position (zcatn = 0), both with a nominal
acceleration (Eys = 75 MV /m), shows that the effect is small in longitudinal plane.
At the gun exit, the maximum momentum is lowered by only 1% and the exit time
for the first particles is delayed by 3.1° in phase. This is because particles now have
to spend a longer time in the first cell and by the time they get to the second cell,
the fields have already changed sign. Also, the output current is 3% lower.

The effect on the transverse plane is larger: the emittance of the core of the beam
at the gun exit has degraded by 20%. But since the emittance of the core of the
nominal beam is about 1 mm-mrad, 20% larger emittance is still small. Also the
increased emittance comes mainly from a larger beam size, not the divergence which
has increased by only 4%. So the larger emittance should not affect the longitudinal
plane too much.

The third order RFGUN results for different rf frequencies and cathode positions
compared with nominal running conditions (fyr = 2856 MHz, E,s = T5 MV /m, zean =
0) are summarized below. The emittance €, is for the core of the beam only. All values
are normalized to the nominal beam parameters for ease of comparison. (Please refer
to Section 2.1.2 for the parameters of the nominal beam.) In all RFGUN runs with
different rf frequencies and cathode positions, there is no visible difference in the slope

of momentum-time curve in longitudinal phase plane other than momentum shifting
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downward slightly.

Jet Zcath i,n’:ix i((ll;—’:i:)l Ot exit, %;" %of %—7:7'
(MHz) (mm) (deg)

2856 0 0 0 0 0 0 0
2855.5 0 0.02% -2x107" —-0.06 —0.05% 0.3% —0.08%

2856 —0.635 —1.04% -3.1% 3.1 21.2% 58% 4.5%
2855.5 —0.635 —1.02% —-3.2% 3.0 21.1% 58% 4.2%

From above, the effect of the rf frequency is negligible. And since the major factors
discussed in Section 5.8.2 can easily give 20% error in calculation, both effects from

the rf frequency and cathode position are small in comparison.

5.9 Conclusion

5.9.1 Summary of Results

Our radiation and electron beam parameters are summarized in the table be-
low. SUNSHINE is the first sub-picosecond electron source in operation. The co-
herent radiation from synchrotron and transition radiation has a broad band spec-
trum determined by the Fourier transform of the particle distribution. The radiation
generated by sub-picosecond electron bunches fills nicely in the gap from a wave-
length between 35 um to microwave in Figure 1.1. Compared with a conventional
black body radiation source at 2000K at 100 um wavelength, the average radiance
(W /mm?/mr?/100%BW) of our coherent transition radiation is five orders of magni-
tude higher [57]. It provides a feasible light source with a high average intensity in
the FIR regime that is also simple to operate.

[ > 0.28 ps
Prr < 1 MW
I < 200 A
A [35,1000] pm
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5.9.2 How to Improve

If we want to improve the performance of the system, we need to have both shorter
electron bunches and higher peak electron current at the radiation sources. There
are few things that can either reduce the bunch length or improve the transmission

efficiency of the electron beam through the beam line.

More RF

First and most important, our gun is limited in rf power. From the spectral plots
of the GTL beam, the greatest reason that most micro-bunches in a macro-pulse are
not optimally compressed is beam loading, especially due to back-bombardment. If
there is more rf power, we can achieve high electron current without compromising

the beam energy and maintain the equilibrium for a longer time in a macro-pulse.

Anti-backbombardment Device

Another thing that is worth investigating to shorten the average bunch length in a
macro-pulse is the anti-backbombardment device in the gun since the beam loading is
due mainly to back-bombarding electrons. This can be implemented in conjunction
with more rf power into the gun to lengthen the equilibrium plateau in a macro-
pulse that has a constant central momentum and high current. Then we can achieve
simultaneously high current and momentum for a longer time hence shorter average

bunch length and higher radiation energy in a macro-pulse.

Aperture Limits

The divergence effect has been shown to be the most significant effect in bunch
lengthening for a micro-bunch. Most of the lengthening occurs in GTL when electrons
are only quasi-relativistic. Since electron bunches out of the gun have large rms angles
which require strong focusing for a good beam transmission, this results in a large
extra excursion. For example, for particles with a £10mrad angle, this extra path
length from the transverse planes can easily be as large as tens to a hundred ym in

GTL, same order as the bunch length we are striving for. What is worse is, unlike the
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velocity spread effect, this is not correctable but remains and accumulates throughout
the beam line.

The simulation in the previous section shows that reducing the aperture by 0.5 mm
uniformly throughout the beamline can reduce the bunch length by 30% (see Figure
5.25). A simple solution is installing aperture limits in GTL to rid of particles of

large displacements. Of course, this will also reduce the electron beam current.

Optimize Focusing

Another more elaborate solution to reduce the divergence effect is to redesign
the focusing. To minimize this extra path length difference, gentle focusing is more
desirable. For effective focusing in both z and y planes, a solenoid may be more
suitable than the current setting of quadrupoles of alternating gradient because at

the gun exit, the beam is cylindrically symmetric.

Focusing over the Linac

This is for ease of transmission through the linac for some electrons can get lost
along and right after the linac because the aperture of the linac is only 0.9 cm at the

exit and the vacuum pipe right after it has a radius of only 1.2 cm.

Beam Splitter Efficiency

To obtain the real radiation spectrum, the raw spectrum from a Michelson scan
needs to be corrected by dividing the mylar beam splitter efficiency (|RT|2) following
(5.3). Right now, the theoretical values in (5.4) and (5.5) are used. This introduces
some uncertainty in the final product — the corrected radiation spectrum. It is due
partly to insufficient knowledge of the index of refraction and thickness for the beam
splitter.

Furthermore, the theory of thin film interference for a constant index of refraction
does not predict suppression at higher frequencies so |RT|2 for different thicknesses
of the beam splitter maintains same peak values with different periodicity of nodes

in frequency. But in our experience, a thick beam splitter always gives less high
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frequency response than a thin one, which may be due to absorption. It would be
more ideal to measure the beam splitter efficiency and use it to correct the raw

radiation spectrum.

Water Absorption Spectrum

In addition to the beam splitter efficiency, the other factor that obscures the real
radiation spectrum is the water absorption by air, especially the lines are thicker
compared to a pure water vapour [53]. We attempted to get rid of them by covering
the Michelson interferometer with plastic and filled it with dry nitrogen. It did reduce
the water absorption lines at higher frequency above about1.5 THz (50 cm™!) but not
much below that. It would be better to subtract the water lines and recover the real
spectrum if a measurement for water absorption spectrum in air is made in the near

future.
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List of Notations

A.1 Miscellaneous

ABB : anti-backbombardment coils in the gun.
Eyi = max; E (2) : peak acceleration field in the i*® cell in the rf gun.
€sy - emittance of the z (y) plane.
fer ¢ the rf frequency.
FC : Faraday cup (the beam dump) at the end.
FFT: fast Fourier transform.
FIR: far-infrared.
FTCS : forward-time-centered-space difference scheme.
GTL: beam line from the gun exit to the linac entrance (see Figure 1.5).
HDPE : high density polyethylene.
I: peak electron current.
la ; : effective length of the i*® cell in the gun.
A : plasma parameter.
A © the rf wavelength.
~ LTD : beam line from the linac exit to the beam dump at the end (see Figure
1.5).
Do : central momentum, the most populated momentum bin in a momentum his-

togram. Not necessarily equal to the average momentum unless the distribution is
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symmetric.
@ = Ap/po : relative momentum spread. This unusual choice of notation would
become clear in Chap 3.
Qo : quality factor of the rf gun.
Q1-Q9 : quadrupole 1 through quadrupole 9 (see Figure 1.5).
SR : synchrotron radiation.
SUNSHINE: Stanford University Short Intense Electron Souce.
Tatn : normal cathode operating temperature.
T1-T4 : toroid 1 through toroid 4 (see Figure 1.5).
TR : transition radiation.
V4 : bolometer signal.

wp : plasma frequency.

A.2 Bunch Length

There are different ways of defining the “width” of an arbitrary distribution func-
tion f(t): full width at half maximum (FWHM), the root of mean square (rms),

equivalent width (W), etc. rms is the second moment of a distribution function

_ i [ Fdte= @)@
t"“‘m=J [ERTICIE

where (t) is the mean which happens to be the first moment. But for a very asym-

metric distribution such as our beam, the rms usually overestimates the width hence
is not a good measure for the bunch length. In this thesis, when compared a bunch

with calculation, the equivalent width is used,

o [ dtf ()

Jimax
W = /2n0 for a Gaussian distribution and full width for a rectangular bunch.
Incidentally, W can be regarded as the “full width” for a Gaussian since [*%, f (t) dt =
99%. ‘



Appendix B

Running Mean with a Gaussian
Filter

When processing signals or data, it is often necessary to filter out noise which is
usually made of high frequency fluctuations. For numerical simulations, the fluctu-
ations are statistical since there are many fewer particles than in an actual beam.
For example, a typical micro-bunch has 10® — 10° electrons but there are only few
thousands macro-electrons in simulations. In order to extend the form factor of a sim-
ulated bunch to high frequencies, a small bin in time is essential. But because of the
finite number of particles, the finer the bin size, the more the statistical fluctuations
in the high frequencies. To get a better bunch distribution statistically, it is necessary
to average the data to rid of spurious high frequency components and smooth out the
graininess in the data. One can employ some low pass filter in the frequency domain
or a running mean, which is just the discrete convolution of a rectangular window
over the raw data, in the time domain [63]. Of course, a proper sampling frequency
must be used to avoid aliasing and a suitable low pass filter that passes the highest
frequency of interest.

~ But since a rectangular window uses equal weights for all points and the Fourier
transform of a rectangular function is just the sinc function, there are many nodes
and high frequency lobes, also the first side lobe is only 13dB down from the main
peak shown in Figure B.1.
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Figure B.1: FFTs of rectangular windows (equal weight) for running means of 3, 5,
7 and 9-point.
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Figure B.2: Weights of binomial filters of 3, 5, 7 and 9-points in the time domain.
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One easy solution is to taper the window at both ends. Hence the 3-point running
mean filter has the weight ratio of 1:2:1. Performing it twice gives a 5-point filter of
weight ratio 1:4:6:4:1 and three time gives a 7-point filter, and so forth [64]. In fact,
the weight ratios are the coefficients of the binomial distribution, i.e. for a n-point

binomial running mean, we have

— 1!

Ry o g 1 (B-1)

apart from some normalization constant. Figure B.2 shows the binomial filter for the
3, 5, 7 and 9-point running means. This method only has a zero at the end point in
the frequency space and no side lobes; Figure B.3 shows the corresponding FFTs for
a bin size of 0.05 ps and span of 16 ps used in simulations. A slight inconvenience is

that the node is right at the end point making it a nuisance for log scale plots.

1E+0 3
TE-1 gt SRREREEREEEE ‘
D T -
1E-2 g~ X W
< 1 —— 3pt ‘
1 ——- 5pt :
1E-3~ R ;
1 - — 7pt ;
1 —— opt
1E-4 ——
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Figure B.3: FFTs of binomial windows for running means of 3, 5, 7 and 9-point.

There are other more elaborate windows for running means such as Hanning,
Hamming or Blackman which are all combinations of sine and cosine functions [65].

They either reduce the side lobes at the expense of spectral resolution or vice versa.
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Another natural choice is a Gaussian filter, since the Fourier transform of a Gaus-
sian is also a Gaussian. Convolution with a Gaussian window is equivalent to treating
each discrete datum point in a simulation, a delta function, as a Gaussian distribution.

The weight at the i*® point in an n-point Gaussian running mean would be

i—ozl 2Am2
(i-25)

2 Y
202

w ~ exp |— (B.2)
where ¢ = 0,..,n— 1 and Ax is the spacing in the time domain. Since a real Gaussian
extends indefinitely, we need to choose the standard deviation for a given n so that
we can truncate it beyond the end points. That is, two adjacent points right next to

the end points are negligible if

(n+1)? Ax?
8a2

G

w® = wS = exp [— ] < 1, (B.3)

using (B.2). Let us pick 0.01 as the threshold, then we get

n+1
on = ———=Ax. B.4
v81n 100 (B4)

For example, for a 3-point Gaussian running mean we have

O3 = 066A(L‘
w® = (0.194,0.613,0.194)

in which w® has been normalized.

Figure B.4 shows the Gaussian filter for running means of 3, 5, 7 and 9-point.
For n larger than 3, the Gaussian filter and binomial filter are almost identical in
the time domain. Figure B.5 shows the corresponding FFTs. The side lobes are the
price for truncation. But compared with the FFTs of a rectangular filter in Figure
B.1, the first side lobes are down to more than 48 dB of the main peak, a significant
improvement. Furthermore, the simplicity in computing a Gaussian filter compared
with other more elaborate windows is a clear advantage. Also since the nodes do not
occur right at the discrete points in the frequency space, the Fourier transform of the

convoluted result is ready for log scale.
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Figure B.4: Weights of Gauss filters of 3, 5, 7 and 9 points in the time domain.
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Figure B.5: FFT of Gaussian filters of 3, 5, 7 and 9-point running mean.
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Index

A the most prominent bunch, 145
alpha magnet versus the alpha magnet, 145
working limit, 89 bunch lengthening, 81, 97, 153
energy scrapers, 85, 121, 126, 157 divergence effect, 96, 106, 150
equation of motion, 82 macro-pulse factor, 154
longitudinal transformation matrix, space charge, 105, 151
88 velocity spread, 87, 95, 149
transverse transformation matrices,
84 C

coherence, 6

diffraction limit, 12

working limit, 88

anti-backbombardment coils, 120

spatial, 12

B temporal, 8

beam loading coherent radiation, 6
in the gun, 120, 128 first observed, 1

beam splitter form factor, 9
efficiency, 119 normalized signal, 134
index of refraction, 120, 156 prediction, 1

bunch compression proof for our radiation, 132
effect of linac acceleration, 109 supression, 10
effect of linac entrance phase, 111 synchrotron, 11
first order prediction, 91 transition, 11
ultimate limit, 103 compression

bunch length measurement, 140 alpha magnet, 82
average bunch length, 144 condition, 86-87
indirect, 139 continuity equation, 62
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INDEX

Courant condition, 46

D
Debye length, 56

dispersion relation a circular wave gu

analytic, 50
discrete, 50

E
equivalent width, def, 166

F
far field limit, 8
fluid model for a charged beam, 56
form factor, 9
Gaussian distribution, 10

uniform distribution, 10

FTCS, 70

L
Lax method, 71

M
MASK, 19
mesh size upper limit, 51, 69
Michelson interferometer, 13, 118
beam splitter efficiency, 120

momentum compaction factor, 63

N

negative mass instability, 64

P

peak current

193

measured, 145

simulation, 33
photo-cathode, 52
plasma frequency, 43

plasma parameter, 56

R

radiation energy measurement, 135
rf gun
effect of acceleration, 37
effect of cathode current density, 40
longitudinal phase distribution, 23,
29
nominal beam paramters, 36
nominal running conditions, 25
parameters, 3
rf bunching, 25
transverse phase distribution, 36
RFGUN, 19
running mean, 167
binomial, 169
Gaussian, 104, 170

S

shock wave instability, 47
breaking time, 67

slippage factor, 63

space charge
long wave limit, 61
equation of motion, 63
geometric factor, 61

limiting current, 153



INDEX

shock wave instability, 64

space charge wave, 64
spectral plot for GTL beam

ABBs on, 128

cold cathode, 122

hot cathode, 125

momentum resolution, 121
spectral plot for LTD beam, 131
symplectic expansion of quadrupoles,

101

synchrotron radiation, 13

T
temperature
longitudinal, 57
transverse, 57
transformation matrix, 86
alpha magnet, 88
dipole, 88
drift space, 87
GTL, 89
linac, 90
transition energy, 63
transition radiation, 11, 15
non-perfect conductor, normal inci-
dence, 16
non-perfect conductor, oblique in-
cidence, 17
perfect conductor, normal incidence,
15
trapezoidal model for quadrupoles, 101

U

useful beam, 32

A%

Vlasov equation, 62

W
water absorption by air, 140, 164
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