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In this paper, we explore a method to manipulate low energy electron bunches in a space charge
dominated regime, and we use this method to design low energy linac bunch compressors to compress
electron bunches in a space charge dominated regime. In the method, we use the space charge effects
instead of avoiding them; i.e., we use the space charge forces to generate the required energy chirp instead
of the ordinary method which uses the rf accelerating system to generate the chirp. We redefine the
concepts of the dispersion function and beta functions in a space charge dominated regime to guide the
optimization. Using this method, we study the low energy (5-22 MeV) linac bunch compressor design to
produce short (~150 fs) and small size (~30 ym) bunches for the electron beam slicing project. The low
energy linac bunch compressors work in a space charge dominated regime, and the bunches at the
downstream of the gun have a negative energy chirp due to the space charge effects. To provide
compression for the negative energy chirped bunch, we design a positive Rs dispersive section using a
four-dipole chicane with several quadrupole magnets. We have designed low energy linac bunch
compressors with different photocathode rf guns. For example, one linac bunch compressor with the
BNL photocathode electron rf gun has achieved a low energy bunch with the 166 fs rms bunch length, 28
and 31 ym rms beam size in the vertical and horizontal directions, respectively, at 5 MeV with 50 pC
charge. Another example with LBNL’s very-high frequency gun has achieved a low energy bunch with the
128 fs rms bunch length, 42 and 25 pm rms beam size in the vertical and horizontal directions, respectively,

at 22 MeV with 200 pC charge.
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I. INTRODUCTION

Very short bunches of high-brightness electron beams
with very high peak currents are required in many systems,
e.g., free-electron laser (FEL) systems or collider systems.
Usually, these bunches cannot be produced directly in guns,
because space charge forces would destroy the brilliance
within a short distance. Therefore, it is started with a
low intensity bunch with a peak current of a few tens of
amperes, accelerated to higher energy (i.e., > 100 MeV)
where the space charge forces are weakened sufficiently by
the 1/y? scaling, and then compressing the bunch length to
increase the peak current. Many magnetic bunch compres-
sors have been designed to compress the accelerated high
energy bunch to several hundred femtoseconds [1-5].

The electron beam slicing method [6] generates ultra-
short x-ray pulses using focused short low energy
(~20 MeV) electron bunches to create short slices of
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electrons from the circulating electron bunches in a
synchrotron radiation storage ring. When a low energy
electron bunch crosses from the top of a high energy
storage ring electron bunch, its Coulomb force will kick a
short slice from the core of the storage ring electron bunch.
The separated slices, when passing through an undulator,
will radiate ultrashort x-ray pulses at about 100 fs. In order
to minimize the cost of the electron beam slicing system
and to explore the lower limit of the compressor’s bunch
energy, we try to design a compressor without acceleration
or with a short accelerating structure after the downstream
of the rf gun to achieve the desired bunch compression and
focusing. Therefore, we design the unconventional low
energy (5-22 MeV) linac bunch compressors which work
in the space charge effect dominated regime to obtain the
required short (~150 fs), focused bunches (~30 pym) with
50-200 pC charge.

In the regime of strong space charge effects, two facts
make the design of the low energy compressor difficult:
(i) In the condition without space charge effects, the
definition of parameters such as the longitudinal dispersion
function, the transverse dispersion function, and the beta
functions depends on the fact that the particles have
constant energy. While in the regime with strong space
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charge effects, the particles’ energy is no longer constant
due to the space charge forces. Therefore, in the regime of
strong space charge effects, these parameters are not well
defined. (ii) The electron bunch blows up very quickly in a
short propagation distance, e.g., in the dispersive section.

In this paper, we explore a method to systematically
manipulate the low energy electron bunches in the space
charge dominated regime, and we use this method to design
low energy linac bunch compressors to compress the
electron bunches in the space charge dominated regime.

The key ideas of this method to manipulate low energy
electron bunches in the space charge dominated regime
are as follows: We use the space charge effects instead of
avoiding them to generate the energy chirp; we define a
virtual reference particle whose six phase space coordinates
are taken as the average values of all the bunch particles,
and then with this definition we redefine the concepts of the
dispersion function and beta functions in the space charge
dominated regime to guide the optimization; we split the
linac compressor into two sections, the gun section and the
compressor section, and calculate the simulation of these
two sections separately.

During the design, we follow the following procedures to
optimize the low energy linac bunch compressor: (i) We first
simulate the gun section with a desired space charge, and we
save the bunch distribution at the downstream of the gun
section in a file. (ii)) We start the linear design of the
compressor (the linear design means the design with space
charge completely turned off). Here we use the conventional
method and the basic parameters such as the energy chirp,
the transverse dispersion, and the longitudinal dispersion,
etc., to design the compressor section. (iii) We simulate the
compressor section by reading the bunch distribution file
generated in step (i) but deliberately set the space charge to
zero. Then we gradually increase the space charge with small
steps until it is increased to the desired space charge value.
For each step, we tune the quadrupole magnets in the
compressor to restore the redefined dispersion function and
beta functions to be approximately the same as the case
without space charge effects [i.e., the linear compressor
obtained in step (ii)]. (iv) We combine together the gun
section and the compressor section as one system. Then we
carry out an optimization procedure using a genetic algo-
rithm to optimize this system with space charge effects
turned on. That is, during the optimization, in addition to the
magnets in the compressor section, the parameters in the gun
section (e.g., the gun phase, the solenoid strength, and the
laser pulse length) are also varied.

In the following, we will use the method mentioned
above to discuss in detail how we manipulate the space
charge effects to compress and focus the bunch success-
fully in the space charge dominated regime. In Sec. II, we
give a brief introduction about the linac bunch compressors
we studied. In Sec. 111, “the linear design stage,” we discuss
the requirements on the beta function, the dispersion

function, and the linear longitudinal dispersion Rss of
the dispersive section and the requirement on the energy
chirp of the bunch. We also discuss how to utilize the space
charge effects to generate the desired negative energy chirp
from the BNL photocathode electron rf gun [7], i.e.,
making the particles’ energy at the head of the bunch
higher than the tail. Then we use OPTIM [8] and ELEGANT
[9] to perform the initial linear design of a magnetic chicane
with positive linear longitudinal dispersion Rs4 followed by
a final focusing system, with space charge effects ignored.
In Sec. IV, “the nonlinear design stage,” we introduce a new
concept of dispersion function and beta functions in the
space charge dominated regime to guide the design and
optimization. We apply PARMELA [10] to consider the space
charge effects and carry out a multiobjective optimization
procedure using the genetic algorithm to perform the global
optimization [11]. To verify the simulation results, we
benchmark the simulation results from the PARMELA with
the results from the IMPACT-T [12] for our low energy linac
bunch compressor. To study the coherent synchrotron
radiation (CSR) effects, we compare the simulation results
when CSR effects are turned on with those when CSR is
turned off in the IMPACT-T in Sec. V A. In order to increase
the repetition rate of the electron beam slicing system, in
Sec. V B we change the linac compressor’s rf gun from the
BNL photocathode rf gun to LBNL’s very-high frequency
(VHF) gun [13] and redesign the linac electron bunch
compressor by applying the IMPACT-T with both space
charge effects and CSR effects considered.

II. SCHEMATICS OF LINAC BUNCH
COMPRESSORS

To explore the method to compress a low energy electron
bunch with high charge in a space charge effect dominated
regime, we studied three linac electron bunch compressors
at different energy with different guns by applying several
particle simulation codes. The schematics of the linac
electron bunch compressor discussed in the paper are
shown in Fig. 1.

The first linac bunch compressor shown in Fig. 1(a)
consists of the BNL photocathode electron rf gun [7] and a
bunch compressor constructed by several magnets. This
6.75 m long linac bunch compressor is designed to compress
an electron bunch with 50 pC charge at 5 MeV. We will take
the first linac bunch compressor as an example to discuss
how to design a low energy bunch compressor with space
charge effects in Secs. III and I'V. Simulation codes OpTIM
[8], ELEGANT [9], and PARMELA [10] are utilized to design
the first linac bunch compressor.

In order to increase the kick angle for a better separation
of the slice from the core [6], we need to increase the bunch
charge and the bunch energy to keep the short longitudinal
bunch length and small transverse beam size. Therefore, we
add an accelerating section (i.e., a 0.95 m long SLAC-like
cavity at 2.856 GHz) between the BNL photocathode
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FIG. 1.

Schematics of linac bunch compressors. (a) consists of the BNL photocathode rf gun and a bunch compressor constructed

by several magnets. (b) consists of the BNL photocathode rf gun, a SLAC-like cavity at 2.856 GHz, and a bunch compressor. (c) consists

of LBNL’s VHF gun, two TESLA-like superconducting cavities at

electron rf gun and the bunch compressor as shown in
Fig. 1(b). The second linac bunch compressor works to
compress a bunch with charge from 100 to 150 pC at
12 MeV. We apply tracking code PARMELA to design the
second linac bunch compressor. Then we apply tracking
code IMPACT-T [12] to benchmark the simulation results
obtained by the code PARMELA and to consider the effects
of CSR.

In order to increase the repetition rate of the electron beam
slicing system to increase the photon flux [6], we designed
the third linac bunch compressor as shown in Fig. 1(c),
which consists of LBNL’s VHF gun [13] (it operates at
186 MHz with a repetition rate of 1 MHz), two 1.32 m long
1.3 GHz TESLA-like superconducting cavities [14], and a
bunch compressor. The third linac bunch compressor works
to compress a bunch with charge 200 pC at 22 MeV.
Simulation code IMPACT-T is utilized to design this linac
bunch compressor.

III. LINEAR DESIGN OF THE COMPRESSOR
WITH POSITIVE R;; CHICANE

In the space charge dominated regime, due to the strong
space charge forces, the particles’ energy changes as it
passes through the compressor. Therefore, in the space
charge dominated regime, there is no particle suitable to be
used as a reference particle, whose energy is required to be
constant. In this paper, we define a virtual reference particle
whose six phase space coordinates are taken as the average
values of all the particles. With this definition, the six phase
space coordinates of the bunch particles are referred to as

1.3 GHz, and a bunch compressor.

the virtual reference particle’s. For example, the particle’s
arrival time ¢ is the relative time of flight with respect to the
virtual reference particle’s arrival time for an observation
point, and the head particles of the electron bunch corre-
spond to ¢ < 0. The bunch’s energy chirp 4 is defined by
h = dé/cdt|,_, where the bunch’s energy spread & is a
function of bunch particle position ¢. Therefore, a negative
energy chirped bunch with 4 < 0 means the energy of the
head particles with ¢ < O is larger than the tail particles’.
The linear longitudinal dispersion Rs¢ of a dispersive section
is defined by Rsq = dl/d5, where [ is the path length
difference for particles with a relative energy spread &.
With the above definitions, we will discuss the linear
design of the compressor in this section. In Sec. Il A, we
give the relation of the bunch’s energy chirp / and the linear
longitudinal dispersion Rs¢ of a dispersive section to obtain
the maximum compression. In Sec. III B, we analyze the
energy chirp of the bunch at the downstream of the BNL
photocathode 1f gun and find a large positive Rsq (i.e.,
170 mm) is required for the dispersive section. In Sec. III C,
we design an unconventional four-dipole chicane with
positive Rsq by adding several quadrupole magnets in
the dipole magnets to compress the negative energy chirped
bunch. In Sec. III D, with the final compressed bunch
length of 100 fs as a target, we estimate the limitations on
the beta function, the dispersion function, and Rs¢ of the
compressor. The analysis in Sec. III D shows that we need
to control Rsg of the dispersive dipoles less than 84 mm and
increase the bunch’s energy chirp larger than 1%/ps. In
Sec. III E, we use the space charge effects to increase the
negative energy chirp and then to reduce the required Rsg
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of the dispersive section. The linear simulation results are
shown in Sec. I F.

During the linear compressor design with space charge
effects ignored, we iterate over the process of the simu-
lation and estimates as described by Secs. III B and IITE
until the result is convergent. The estimated limitations on
the maximum value of the beta function and dispersion
function are used as a guideline during the design and
are confirmed later by simulation. To make the analysis
of the estimates more explicit, the parameters used in these
estimated examples come from the result of the convergent
linear simulation.

A. Relation of the bunch’s energy chirp 4 and Rsg

To compress an energy chirped bunch longitudinally,
depending on whether the energy chirp of the bunch is
positive or negative, the flight time through some dispersive
section must be shorter or longer for the tail of the bunch
than it is for the head. In linear approximation, the com-
pressed rms bunch length o; is simply scaled from its
original rms bunch length o as [15]

o1 % /(1 + hRs) 03 + Rigo?. (1)

where £ is the energy chirp, o5 is the rms relative intrinsic
energy spread, and Rsg is the linear longitudinal dispersion
of the dispersive section. This equation shows that, to
maximize compression, the Rsq should match with the
bunch’s energy chirp & by

Rss = —1/h. (2)

B. Energy chirp downstream of the BNL rf gun

Usually, the chirp is generated by introducing a corre-
lation between the longitudinal position of the particles in
the bunch and their energy by using a rf accelerating
system. After the rf accelerating system, these bunches’
energy chirp is usually positive (2 > 0) that means the head
particle’s energy is lower than the tail particle’s.

In our case, there is no accelerating system to generate
the positive energy chirp. By simulation, we confirm that,
no matter how we adjust the phase of the rf gun, the energy
chirp from the BNL photocathode electron rf gun is always
small and negative (2 < 0) due to the space charge effects,
i.e., the head particle with higher energy. For example, in
the bottom-left plot of Fig. 2, the 50 pC charged bunch is
chirped by the space charge forces to be a small negative
energy chirp —0.25%/ps, i.e., 1/h = —120 mm, down-
stream of the rf gun. To compress such a negative chirped
bunch, the dispersive section must have positive Rsq =
120 mm such that the higher energy particles go through
a longer path length than the low energy particles do. The
bunch is compressed after passing through the dispersive
section. For our 5 MeV low energy linac compressor with a
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FIG. 2. Negative energy chirp downstream of the BNL photo-
cathode rf gun increases with the increase of the bunch charge
due to the increase of space charge effects. Simulation results
come from PARMELA. In these plots, particles located at Ar > 0
correspond to the tail particles of the bunch.

5 m long chicane, the Rsq = —s/y*> = —50 mm induced by
the drift space must be included. Therefore, to maximize
compression, the Rsq contributed from the dispersive
elements, i.e., dipoles in the dispersive section, is 170 mm.

C. Positive Rsq chicane

The simplest and most common magnetic compressor is
the four-dipole magnetic chicane as shown in the top plot of
Fig. 3. This ordinary chicane with negative linear longi-
tudinal dispersion (Rsq < 0) is designed to compress a
bunch with positive energy chirp (h > 0), i.e., head
particles with lower energy and tail particles with higher
energy.

Ordinary chicane with negative Ry

FIG. 3. Schematic layout of the ordinary negative Rsq chicane
(top plot) and the special positive Rsq chicane (bottom plot).
The blue, green, and red curves represent the trajectories of high
energy particle, center energy particle, and low energy particle,
respectively.
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FIG. 4. The lattice configuration of the positive Rss compressor. The green columns indicate the four dipole magnets, the red columns
indicate the quadrupole magnets, and the yellow ones indicate the sextupole magnets. The O point corresponds to the starting point of

the photocathode rf gun.

Quadrupole magnets and sextupole magnets are com-
monly introduced between the dipoles of the four-dipole
chicane to achieve specific functions [16,17]. In our case,
simulation analysis in Sec. III B shows that the bunch in our
case with negative energy chirp (h < 0) cannot be com-
pressed by the ordinary negative Rsq chicane. We design a
special chicane whose linear longitudinal dispersion is
positive Rsq > 0 to compress the negative energy chirped
bunch.

The schematic layout of our positive Rsq chicane is
shown in the bottom plot of Fig. 3. It is constructed by
four rectangular dipole magnets each with length Lgipo. =
0.1 m and bending angle 6 = 20°. Between the dipoles, we
set several quadrupole magnets to flip the particles’
trajectories so that the higher energy particles’ path length
(the blue dashed curve in the bottom plot of Fig. 3) is longer
than the lower’s (the red dashed curve in the bottom plot of
Fig. 3). During the chicane, it is possible for the tail lower
energy particle to catch up with the head higher energy
particle. Then the negative energy chirped bunch can be
compressed to a short bunch length.

The lattice configuration of the compressor is illustrated
in Fig. 4. The green columns indicate the four bending
dipole magnets, the red columns indicate the quadrupole
magnets, and the yellow ones indicate the sextupole
magnets. The four matching quadrupole magnets before
dipole magnet B4 are used to match the Twiss parameters
of the beam downstream of the rf gun with the Twiss
parameters of the beam upstream of the chicane. The
quadrupole magnets between the dipole magnets are set
to flip the particles’ trajectories. The other four focusing
quadrupole magnets after dipole magnet B1 are used to
focus the beam to very small size. In the electron beam
slicing method [6], quadrupole magnet ¢gF1 in Fig. 4 will
be located in the tunnel of the storage ring, and the end
point of gF1 is the interaction point of the storage ring
bunch and the linac bunch.

The Rs¢ of the chicane mainly comes from the dipoles’
dispersion by Rss = [ g ds ~ n@;. This equation shows that,
for a fixed 6;, the estimated value of the linear longitudinal
dispersion Rsg is determined by # at the edges of the dipole

magnets. To obtain a positive Rsq, we use several quadru-
pole magnets to flip the particles’ trajectories to change the
sign of 7 at the edges of the dipole magnets. For an example
as shown in Fig. 5, 5 is changed from n < 0 downstream of
B4 (located at 224 cm in Fig. 4) to n > 0 upstream of B3
(located at 374 cm in Fig. 4) by using the quadrupole
magnets gFr3 and gDr3.

To obtain a large positive Rsq with fixed 6;, we need to
increase the dispersion 7 at the edges of dipole magnets B2
and B3. According to the analysis of Sec. III D, to compress
the bunch length lower than 100 fs, we need to control
the dispersion. At the same time, we know the maximum of
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110 200 300 400 500 600 675
z(cm)
FIG. 5. The rms beam size and dispersion function from the

first matching quadrupole magnet to the last focusing quadrupole
magnet without space charge effects from OPTIM (top plot)
and with space charge effects from PARMELA (bottom plot). To
calculate the redefined dispersion (the detailed discussion about
the redefined dispersion can be found in Sec. IV A) in the bottom
plot, we select those particles whose energy deviation upstream
of the first matching quadrupole magnet (i.e., ¢D6) at 110 cm is
in the range 0.7%—0.8%. To calculate the redefined beta functions
(actually, it is the beam size in the plot) in the bottom plot,
we select those particles whose emittance upstream of the first
matching quadrupole magnet (i.e., ¢D6) at 110 cm is smaller than
0.1 mm mrad.
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dispersion # is located at quadrupole magnets, i.e., gFr4
and gF4. Therefore, to increase the Rsq contributed from
B2 and B3 without increasing the dispersion between the
two middle dipole magnets, we move quadrupole magnets
very close to the dipole magnets shown in Fig. 4 (i.e., the
quadrupole magnet gF'r4 is very close to the second dipole
magnet B3, and the quadrupole magnet gF4 is very close
to the third dipole B2). With such a setting, # does not
continue to increase once the beam passes through the
dipole magnet B3; i.e., n almost reaches its maximum
downstream of the dipole magnet B3.

D. Requirements of beta function,
dispersion function, and R

Both the betatron oscillation and the dispersion cause
path length difference and lead to bunch length increase.
In this subsection, through some linear estimates based on
our linear simulation, we discuss the influences of betatron
oscillation and the dispersion on the bunch length. With the
final bunch length of 100 fs as a target, we calculate the
requirements of the beta function f, the dispersion function
n, and the linear longitudinal dispersion Rss of the
dispersive elements for the linac bunch compressor.

1. Requirement of beta function

We assume there are two particles traveling through a
lattice section with a longitudinal distance of /. If one particle
travels on the axis, and if the other one’s transverse location
varies from O to o after the longitudinal traveling of the
distance /, then, as an estimate, the path length difference
between the two particles is approximately expressed as

2
AM=VErR-1nT P (3)

20 21

where f is the beta function and e is the emittance. This
equation shows that the large betatron oscillation causes a
long path length and hence a longer bunch length. For our
compressor, during the final focusing section, the beam size
experiences a large change. We assume for the final focusing
section [ = 0.5 m, e = 1 ym, and f = 10 m, and then the
path length difference is Al = 10 pgm. With 10 ym, i.e.,
30 fs path length difference, the bunch length of a 100 fs

bunch increases to around /(100 fs)? -+ (30 fs)? = 105 fs.
Based on the estimation, for the linear simulation with the
space charge effects ignored, in order to be sure the path
length increase due to betatron oscillation is negligible, we
need to control the beta function within 10 m.

2. Requirement of dispersion function

The path length of an electron particle in the Frenet-
Serret coordinate system with the vertical contribution z’
ignored is [18]

l= / \ / + x"?ds
Llx
ot L ( )
where p is the bending radius of a dipole and /, is the orbit
length of the unperturbed orbit. By using the dispersion
function # and its derivative 7/, the particle’s horizontal
position x and its derivative x’ are expressed as x = 5d and
x' =18, respectively, where & is the energy spread. Then

the path length difference of the electron particles induced
by the dispersion is written as

L pn 1 /7 \2 1
Al~ e +=('6)?
[ /) 0 > o 2(175) ds
=R 5+/L1 Ts 2a’ +/L1( '5)2ds, (4)
= o s = s,
%6 0 2 P 0 2 g

where L is the length of the dispersive section. The
coefficient Rsq = fOLgds is the linear longitudinal

W]

dispersion and is usually the leading term for the bunch
compression.

The first term on the right side of Eq. (4), i.e., Rs40, is
designed to make the linear longitudinal dispersion Rsq
match with the bunch’s energy chirp /& upstream of the
dispersive section through Eq. (2). In the following, under
the condition of a small relative energy spread (6 < 2%),
we estimate the contributions of the second term and the
third term on the right side of Eq. (4) on the path length
difference. The estimates based on our linear simulation
show that, to control the bunch length smaller than 100 fs,
the dispersion function is required to be less than 12 cm.

To estimate the bunch length increase induced by the
second term on the right side of Eq. (4), i.e., I} ('7 5)4dl,

we assume the dispersion and the energy spread dunng
dipole are #=0.07m and o= 1%, respectively.
According to the linear lattice design in Sec. IIIC, the
bending radius of the dipole is p = 0.286 m with Lipp. =
0.1 m and @ = 20°. From our simulation, we find the
contribution of the dispersion mainly comes from the
second and the third dipoles of the chicane, i.e., B2 and
B3 in Fig. 4. For the estimation, we ignore the bunch length
increase due to the nonlinear dispersion influences of the
first and fourth dipoles, i.e., B1 and B4 in Fig. 4. Therefore,
the bunch length increase induced by the dispersion 7 is

L1 (n \2 1/n \?
—|=-68)dl~=|-6 2L 4001 =~ 0.6 .
A 2 (ﬂ ) 2 (/7 ) 7 S edipole Hm

For our case, the bunch length increase due to the
dispersion is about 2 fs. It is very small and can be ignored.

To estimate the effects of the derivative of the dispersion
7' on the bunch length increase, according to our simu-
lation, we assume the dispersion varies from the minimum
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Nmin = —12 cm to the maximum #,,, = 12 cm during a
dispersion section of 2 m. Then the derivative of the
dispersion is #' = 0.12. Without the consideration of space
charge effects, the four-dipole chicane is symmetric.
Therefore, we assume the total length of the dispersion
section is L = 4 m. The bunch length increase induced by
the derivative of the dispersion 7 is estimated as

L1 1

A > (n'8)dl zi(n’é)z x L =3 pum.

This corresponds to a bunch length increase of 10 fs. The
previous estimate indicates that the bunch length increase
induced by dispersion mainly comes from the derivative of
the dispersion #'. Therefore, to control the bunch length
smaller than 100 fs, we require the dispersion function to be
less than 12 cm.

About the influence of 6> on the bunch length increase, we
point out that, when the relative energy spread 6 becomes
very large, a second-degree parabolic half-moon-shaped
particle distribution appears in the longitudinal phase space
of the bunch as shown in Fig. 11(b). When 6> dominates the
contribution on the bunch length increase, to reduce the
bunch length, we need to decrease the relative energy spread
of the bunch before the chicane as discussed in Sec. V B.

3. Requirement of linear longitudinal dispersion Rsq

The linear longitudinal dispersion of a four-dipole
chicane except the drift space is approximately expressed
as Rsg = [ g ds =~ 2n6, where we ignore the contribution of

the first and the second dipole due to the small dispersion
function. In our design, to control the maximum of
dispersion during the chicane, we move the quadrupoles
between the two middle dipoles very close to the second
and third dipoles, respectively, as discussed in Sec. III C.
For such a chicane with #,,,,, = 12 cm, the estimated linear
longitudinal dispersion from the dispersive dipoles is
Rse X 2max® = 2 x 12 [cm] x § = 84 mm. When the con-
tribution from the drift space Rsq = —50 mm is included
(see the explanation in Sec. III B), the total Rsq for the
dispersive section is 34 mm. Therefore, according to
Eq. (2), a dispersive section with Rss = 34 mm corre-
sponds to compressing a bunch with energy chirp about
1/h = =34 mm; ie., h is —1%/ps. Based on this, we
conclude that, in order to control Rss of the dispersive
dipoles less than 84 mm, we need the absolute value of
the energy chirp near or larger than 1%/ps.

E. Use space charge effects to introduce the required
negative energy chirp

Based on the discussion in Sec. III B, to compress the
small negative energy chirped bunch (7 = —0.25%/ps)
downstream of the BNL photocathode electron rf gun, we
need a dispersive section with a large Rsq = 170 mm

coming from the dispersive dipole magnets, while in
Sec. Il D, we know the large Rs¢ requirement leads to a
large dispersion function, large beta functions, and a large
beam size which will induce a large betatron oscillation.
And then the large betatron oscillation causes a longer path
length and hence a longer bunch length. Therefore, with the
space charge effects ignored, to control the compressed
bunch length to be less than 100 fs, the Rs¢ of the dispersive
dipole magnets need to be controlled to be less than 84 mm
which corresponds to compressing a bunch with energy
chirp 1/h = =34 mm, i.e., —1%/ps. Analysis shows that,
to compress the negative energy chirped bunch from the
BNL photocathode electron rf gun to 100 fs bunch length,
we need to increase the bunch’s energy chirp from
—0.25%/ps to —1%/ps.

From our simulation, we find that the negative energy
chirp of the bunch increases with the increase of the bunch
charge due to the space charge forces increasing with the
increase of bunch charge. Figure 2 shows the influence of
space charge forces on the bunch’s energy chirp down-
stream of the BNL photocathode rf gun.

To reduce the Rs4 of the dispersive section, instead of
avoiding space charge forces, we focus the electron bunch
to strengthen the space charge forces by increasing the
strength of the focusing magnets as shown in Fig. 4.
Because of the space charge forces, the head particles’
energy are increased and the tail particles’ energy are
decreased. Then the bunch’s energy chirp is increased from
—0.25%/ps downstream of the rf gun as shown in the left of
Fig. 6 to —1.5%/ps upstream of the first matching quadru-
pole magnet (i.e., ¢D6) as shown in the right of Fig. 6. That
means 1/ is reduced from —120 mm downstream of the rf
gun to —20 mm upstream of the chicane. Thus, according
to Eq. (2) and with the consideration of Rsg = —50 mm due

1.50[ : : ; -] 150[
0.75 - 1 0.75 F ¥,
e <
£ ooof N & ooof
3 | ol
bae) w
-0.75} 1 -0.75}
-150} : ; ‘ . -1.50} : : : ‘
-1.50-0.75 0.00 0.75 1.50 -1.50-0.75 0.00 0.75 1.50
At(ps) At(ps)

FIG. 6. Longitudinal phase spaces at 12 (left) and 110 cm
(right) of the linac compressor in Fig. 4. The left phase space

corresponding to energy chirp 1/h = —120 mm is recorded
downstream of the photocathode rf gun, and the right phase
space corresponding to energy chirp 1/h = —20 mm is recorded

upstream of the first matching quadrupole magnet (i.e., ¢D6).
Bunch charge in the simulation is 50 pC. We focus the bunch to
strengthen the space charge forces and then to increase the energy
chirp from -0.25%/ps (1/h=-120 mm) to —1.5%/ps
(1/h = =20 mm). In these plots, particles located at Ar > 0
correspond to the tail particles of the bunch.
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to drift space, the required Rsq of the dispersive dipoles is
greatly reduced to 70 from 170 mm.

F. Simulation result of linear design

The simulation codes used in the linear design include
OPTIM [8], ELEGANT [9], and PARMELA [10]. Because the
Rsq = —s/y? induced by drift space is not included in
ELEGANT, we use OpTIM for the linear design of the
compressor section. Because we know the design goal at
the final point of the compressor (i.e., the final beam
size and bunch length), we start the design in the reverse
direction, i.e., from the final focusing point (located at
675 cm in Fig. 4) to upstream of the chicane (located at
214 cm in Fig. 4). We apply PARMELA to obtain the Twiss
parameters of the beam downstream of the rf gun with
space charge effects turned on. We apply ELEGANT to match
the Twiss parameters of the beam downstream of the rf gun
(obtained by simulation code PARMELA) with the Twiss
parameters of the beam upstream of the chicane (obtained
by simulation code OPTIM).

During the linear compressor design, we iterate over
the process of simulation and estimates as described by
Secs. I B-IITE until the result is convergent. We obtain
the linear lattice bunch length of 100 fs and the transverse
beam size of 30 ym at the final point of the compressor
with space charge effects neglected. The beam size and the
dispersion function of our linear compressor without space
charge effects are well controlled within the limit we
specified, as shown in Fig. 5 (top plot).

IV. NONLINEAR OPTIMIZATION WITH SPACE
CHARGE EFFECTS

A. Dispersion function and beta functions
in space charge regime

The space charge effects simulation study of the com-
pressor system consisting of only a BNL photocathode rf
gun and a compressor chicane with a matching section is
carried out by the code PARMELA [10]. PARMELA is a scalar
code developed in Los Alamos. This simulation code can
track relativistic particles taking into account space charge
effects in the 6D space. In the simulation, we assume the
field gradient is 100 MV /m at the cathode and fix the laser
spot size at a radius of 2 mm.

When the space charge effects are turned on, two facts
make the nonlinear optimization difficult: (i) Because of the
strong space charge forces, the particle energy is no longer
constant, and then the dispersion function and beta func-
tions both lose their original meaning. (ii) The beam blows
up very quickly with the increase of the bunch charge.

To provide a guidance for the optimization, we define the
virtual reference particle as explained in Sec. III, and then
we redefine the equivalent dispersion by averaging the
particles’ trajectory in selected initial energy ranges and
the equivalent beta functions using rms beam size in the

selected initial emittance range. An example is shown in the
bottom plot of Fig. 5. To calculate the equivalent dispersion
(the blue curve in the bottom plot of Fig. 5), we select those
particles whose energy deviation upstream of the first
matching quadrupole magnet (i.e., gD6) at 110 cm is in
the range 0.7%—0.8%, and then we average these selected
particles’ trajectory along the lattice. The averaged trajec-
tory of these selected particles is the equivalent dispersion
along the lattice. To calculate the equivalent beta functions
(the red and the green curves in the bottom plot of Fig. 5;
actually, it is beam size in the plot), we select those particles
whose emittance upstream of the first matching quadrupole
magnet (i.e., gD6) at 110 cm is smaller than 0.1 mm mrad,
and then we calculate these selected particles’ rms beam
size as the equivalent beta functions.

To avoid the beam blowing up, we split the linac
compressor into two sections, the gun section and the
compressor section, and calculate the simulation of these
two sections separately. We start the simulation of the
compressor section by reading the bunch distribution file
downstream of the gun section but deliberately setting the
space charge to zero. Then we gradually increase the space
charge with small steps until it is increased to the desired
space charge value. For each step, with the guidance of
the redefined functions we manually adjust those quadru-
pole magnets in the compressor to restore the redefined
dispersion function and beta functions to be approximately
the same as the case without space charge effects, i.e., the
linear compressor obtained in Sec. III. This trial and error
procedure allows us to gradually increase charge from O to
30 pC without blowing up the beam, without losing
particles.

Figure 5 shows the linear lattice functions along the
compressor without space charge effects from the code
OpPTIM (top) and the nonlinear redefined functions with
space charge effects from code PARMELA (bottom). It is
seen that the effective dispersion function and beam size are
restored to the similar forms as the linear functions. It
shows the chicane still has the symmetrical behavior in the
space charge force dominated regime approximately. Even
though the bunch length is still very large (about 700 fs),
this provision makes it possible to carry out optimization by
a genetic algorithm without losing particles during the
tracking.

B. Global optimized results

We carry out a multiobjective optimization procedure
using a genetic algorithm [11]. In the optimization we set
more than 20 variables which include the laser pulse length,
laser phase relative to rf gun phase, solenoid strength, field
strengths of quadrupole magnets and dipole magnets in the
chicane, field strengths of matching quadrupole magnets,
and field strengths of final focusing quadrupole magnets.
The optimized objects are the bunch length and the sum of
transverse rms beam sizes. When we use the genetic
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algorithm, we iterate by alternating optimization with
adjustment of the variable scanning limits. This procedure
reduced the variable scanning range and, hence, is crucially
important for the control of the phase space size to be
studied for each stage of the optimization step. We also
gradually increase charge from 30 to 50 pC by the genetic
algorithm.

At 5 MeV with 50 pC charge, the optimization leads to
166 fs rms bunch length with 28 and 31 um for horizontal
and vertical rms beam size, respectively, at the focal point.
The optimized results are given in Table I. The rms bunch
length is calculated for 90% of particles, with 10%
longitudinal tail cutoff. The particles which are cut off
are those particles which have the largest longitudinal
position deviation from the average longitudinal position
of the bunch at the final point of the linac compressor.
When the number of simulation particles is increased to
10000, the result is convergent.

In the electron beam slicing method [6], we need to
further reduce the slice pulse length and to increase the kick
angle for a better separation of the slice from the core, so we
need to increase the bunch charge and the bunch energy to
keep the short longitudinal bunch length and small trans-
verse beam size. We utilize the simulation result for a
5 MeV linac compressor [i.e., the first linac compressor
shown in Fig. 1(a)] as a basis to study 12 MeV cases by
adding an accelerating section as shown in Fig. 1(b) and
gradually increasing the rf amplitude during the global
optimization. The increase of beam energy allows the

TABLE L

increase of charge while maintaining the required small
beam size and bunch length at the point of the linac bunch
compressor. The optimized results are given in Table II.

C. Analysis of one optimized example

Figure 7 shows the evolution of longitudinal phase space
when the bunch passes through the linac compressor for the
optimized result case 1 in Table II. These longitudinal
phase spaces are plotted for 90% of particles with 10%
longitudinal tail cutoff (as explained in the footnote of
Table I). These longitudinal phase spaces correspond to the
locations at 110 cm (i.e., the focal point after the rf gun) for
plot (a), 334 cm for plot (b), 414 cm for plot (c), 504 cm for
plot (d), 675 cm (i.e., the final point of the linac com-
pressor) for plot (e), and 414 cm for plot (f) of the lattice in
Fig. 4, respectively. In plot (a) to plot (e), the particles are
colored according to the energy spread at the focal point
before the chicane (i.e., at 110 cm of the linac compressor
shown in Fig. 4). In plot (f), the particles are colored
according to the transverse horizontal position at the focal
point before the chicane (i.e., at 110 cm of the linac
compressor shown in Fig. 4).

The bunch energy chirp rotates from negative to positive
[as shown in Figs. 7(a)-7(f)]; then, after the chicane, in the
final focusing section, the chirp reverses its direction of
rotation and reaches a very short bunch length [as shown in
Fig. 7(e)]. Before the middle of the chicane, the head
particle has higher energy as shown in Fig. 7(b). In the

Performances of the BNL rf gun linac compressor and the LBNL’s VHF gun linac compressor.

With BNL gun®
(6.75 m long)
Initial Bunch

Linac bunch compressor

Bunch performance

Longitudinal bunch length [fs] 1270°
Horizontal beam size [ym] 2000
Vertical beam size [um] 2000
Energy spread [%] AE/E 0.09¢
Average kinetic energy [MeV] E 4.69¢
Horizontal emittance [pm] &, 0.1778
Vertical emittance [ym] EN 0.189¢
Charge [pC] (0] 50

Current [A] 1 40

With LBNL’s VHF gun”
(8.75 m long)
Initial Bunch Bunch at the

end of linac

Bunch at the
end of linac

compressor” compressor
166° 6783" 128°
31° 1994f 42¢
28° 1971 25¢
0.93 0.00149/0.98" 1.38
4.69 0.739/22" 22
1.02 599/0.143" 0.71
0.84 58.59/0.142" 0.19
50 200 200
300 30 1563

*The schematic is shown in Fig. 1(a).
"The schematic is shown in Fig. 1(c).

“The bunch parameters are calculated for 90% of particles, with 10% longitudinal tail cutoff. The particles which are cut off are those
particles which have the largest longitudinal position deviation from the average longitudinal position of the bunch at the final point of
the linac bunch compressor.

:At cathode: longitudinal distribution is Gaussian with 26, = 1.27 ps; transverse distribution is uniform with the same radius of 2 mm.

rms value.

'At cathode: longitudinal distribution is flattop with a linear ramp at two ends, and the total length from head to tail is 6.78 ps;
transverse distribution is a uniform ellipse with a hard cut edge, and the diameter of the ellipse in x and y is 1.99 mm.

fDownstream of f acceleration.

Downstream of the gun.
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TABLE II. Performances of linac compressors with different charge and different energy.

Cavity Compressor

length length Charge Energy o, oy ° oy
Case® Schematics®  rf gun Accelerate cavity [m] [m] [pC] [MeV] [fs] [um] [pm]
1 I BNL No 0 6.75 50 5 166 31 28
2 I rf gun 2.856 GHz SLAC-like 0.95 6.75 100 12 110 34 31
cavity
3 I 2.856 GHz SLAC-like 0.95 6.75 150 12 145 35 24
cavity
4 11 LBNL 1.3 GHz TESLA-like 2x1.32 8.5 150 18 130 47 28
superconducting cavity
5 I VHF 1.3 GHz TESLA-like 2x1.32 8.5 200 20 148 46 25
gun superconducting cavity
6 I 1.3 GHz TESLA-like 2x1.32 8.5 200 22 128 42 25

superconducting cavity

*The simulation results for the linac compressor with the BNL photocathode rf gun come from PARMELA with CSR effects ignored.

The simulation results for the linac compressor with the LBNL’s VHF photocathode rf gun come from IMPACT-T with CSR effects
considered.

"The schematics are shown in Fig. 1.

“The bunch parameters are calculated for 90% of particles, with 10% longitudinal tail cutoff (as explained in the footnote of Table I).
o1, oy, and oy are the rms value for the 90% selected particles.

middle of the chicane, the bunch length reaches the  position, the initial head becomes the tail, and the energy
maximum as shown in Fig. 7(c). To overcome the drift  spread starts to decrease. At the end of the linac bunch
space’s negative Rsq, we need to overcompress the bunch at ~ compressor, we obtain a compressed and focused bunch as
the third dipole in the chicane as shown in Fig. 7(d). Atthis  shown in Fig. 7(e). Figure 7(f) shows the longitudinal phase
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FIG.7. Evolution of longitudinal phase space during the linac bunch compressor of case 1 in Table II. These longitudinal phase spaces
are plotted for 90% of particles with 10% longitudinal tail cutoff (as explained in the footnote of Table I). These longitudinal phase space
plots correspond to the locations at 110 cm for (a), 334 cm for (b), 414 cm for (c), 504 cm for (d), 675 cm for (e), and 414 cm for (f) of the
linac bunch compressor as shown in Fig. 4 respectively. In plot (a) to plot (e), the particles are colored according to the energy spread at
the focal point before the chicane (i.e., at 110 cm of the linac compressor shown in Fig. 4). In plot (f), the particles are colored according
to the transverse horizontal position at the focal point before the chicane (i.e., at 110 cm of the linac compressor shown in Fig. 4).
In these plots, particles located at # > O correspond to the tail particles of the bunch.
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FIG. 8. Evolution of rms energy spread (the red circles) and rms
longitudinal bunch length (the blue stars) along the linac bunch
compressor of case 1 in Table II. The four gray bars show the four
dipole magnets of the chicane compressor. The rms energy spread
is calculated by 100% particles. The rms longitudinal bunch
length is calculated for 90% of particles, with 10% longitudinal
tail cutoff (as explained in the footnote of Table I).

space at the same position as in Fig. 7(c), but the particles
are colored according to the particles’ horizontal position at
110 cm of the linac bunch compressor. Figure 7(f) indicates
the longitudinal path length spread is due to different initial
horizontal position. The optimized result shows the struc-
ture of our chicane, and the bunch behaviors in the chicane
are partially symmetric relative to the center of the chicane.

The energy spread evolution caused by space charge
effects is useful and important in our compressor. When the
energy spread increases, the required quadrupole magnet’s
strength and dipole magnet’s strength to bend the trajectory
for high energy particles are reduced. Therefore, the
particles’ trajectory restores to the same trajectory as if
there is no space charge as shown in the top plot of Fig. 5.
On the other hand, at the final focal point, due to Liouville’s
theorem, the longitudinal phase space is conserved, and
then increased energy spread leads to smaller bunch length.
To increase energy spread, we strongly focus the bunch
upstream of the chicane compressor in Fig. 7. It is remark-
able that the energy spread increase in our compressor is not
an irreversible process, as shown in Fig. 8.

V. BENCHMARK, CSR EFFECTS, AND THE HIGH
REPETITION RATE COMPRESSOR

A. Benchmark and CSR effects

We applied another tracking code IMPACT-T [12] to
benchmark the simulation results of the low energy
compressor obtained from code PARMELA. The IMPACT-T
code is a three-dimensional (3D) parallel particle-in-cell
code for self-consistent beam dynamics simulation. Both
linac tracking codes PARMELA and IMPACT-T can track
relativistic particles taking into account space charge effects
in the 3D space. The 3D space charge model used in both
codes is the same; i.e., both solve the 3D Poisson equation
subject to free boundary conditions using a FFT method.
The difference is that IMPACT-T uses an integrated Green’s
function method [12] (while PARMELA uses a standard
Green’s function), which enables it to have better numerical

accuracy in solving the Poisson equation in the beam frame
when the longitudinal-to-transverse ratio becomes large.
The IMPACT-T code also considers the CSR effects which
are not included in PARMELA. The 1D CSR model imple-
mented in the IMPACT-T code does not assume an ultra-
relativistic approximation but uses an analytical model
developed by Murphy, Krinsky, and Gluckstern [19] and
Saldin et al. [20], which is the same as what Sagan et al.’s
paper has explored [21]. This analytical CSR model was
implemented in the IMPACT-T code by using an integrated
Green’s function method as discussed in Refs. [22,23].

To verify our simulation results obtained from PARMELA,
taking the compressor of case 3 in Table II as an example,
we benchmark the results with PARMELA against those with
IMPACT-T. By applying IMPACT-T, we also discuss the CSR
effect which is not considered in code PARMELA. Short
bunches on curved trajectories will emit coherent synchro-
tron radiation. The resulting energy loss varies along the
bunch length; it increases energy spread and transverse
emittance and may even disturb the compression process
itself. The CSR effects are related to the bunch energy,
bunch charge, and bunch length. To check the CSR effects,
we compare the simulation results when CSR effects are
turned on with the results when CSR effects are turned off
in IMPACT-T. The results of the benchmark and comparison
are shown in Table III and Figs. 9 and 10.

Data in Table Il show that the rms bunch length
difference between PARMELA and IMPACT-T with CSR off
is less than 6%. The difference of the transverse rms beam
size between the two codes is larger than 20% when all the
results are calculated for 90% particles, with 10% longi-
tudinal tail cutoff at the final point of the linac bunch
compressor (as explained in the footnote of Table I). If the
transverse rms beam sizes are calculated for 100% particles
as shown in Fig. 9, the difference of those between the two
codes decreases to ~10%. Figure 9 shows the longitudinal,
horizontal, and vertical phase spaces at the final focus point
for the three simulation results: PARMELA (the first row),
IMPACT-T with CSR effects turned off (the second row), and

TABLE III. The benchmark results of PARMELA against
IMPACT-T and the comparison of CSR turning off with CSR
turning on in IMPACT-T. We take the optimized 12 MeV, 150 pC
bunch compressor of case 3 in Table II as an example to do the
benchmark and comparison.

Code CSR effects o6, [fs] oy" [um]  o" [um]
PARMELA Off 145 35 24
IMPACT-T Off 137 45 32
IMPACT-T On 157 41 26

*The bunch parameters are calculated for 90% of particles, with
10% longitudinal tail cutoff (as explained in the footnote of
Table I). 0, , 0y, and oy are the longitudinal rms bunch length, the
horizontal rms beam size, and the vertical rms beam size for the
90% selected particles, respectively.
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FIG. 9. The histograms of the bunch’s longitudinal phase space (the left column), horizontal phase space (the middle column), and
vertical phase space (the right column) at the end of the compressor. These plots are plotted for 100% particles at the final point of the
linac bunch compressor. Data come from different simulation codes for the same linac compressor of case 3 in Table II: PARMELA (the
first row), IMPACT-T with CSR effects turned off (the second row), and IMPACT-T with CSR effects turned on (the third row). The color bar

shows the particle density.

IMPACT-T with CSR effects turned on (the third row).
The color bar indicates the particle density.

To show the agreement between the two codes and
the difference of the calculations with and without the
CSR effects considered, we also plot the evolution of the
redefined beta functions and the dispersion function along
the dispersive chicane section of the compressor for the
three simulation results in Fig. 10. To calculate the
redefined beta functions, we select those particles whose
emittance before the bending magnet gB4 (at 2.14 m in
Fig. 4) is smaller than 0.1 mm mrad. Then we use these
selected particles’ rms beam size as beta functions (actually,
we plot the beam size in Fig. 10). To calculate the redefined
dispersion, we select those particles whose energy deviation
before the bending magnet gB4 (at 2.14 m in Fig. 4) is in the
range 0.7%-0.8%. Then we use these selected particles’
average trajectory along the compressor as the dispersion
function. Although the exact values of these functions in
Fig. 10 lose their original meaning with space charge effects
increasing, these function curves still can be used to
approximately compare the simulation results.

The simulated results of IMPACT-T with CSR off (green
curve) show ~90% agreement with those of PARMELA (red
curve) for the rms beam size. The agreement between the
two codes (the red and green curve) for the dispersion is
good. The green curves (CSR off) and the blue curves (CSR

on) are completely overlapped before the chicane’s third
bending magnet, which is located at 4.6 m of the beam line.
The green and blue curves appear separated after the third
dipole. The separation indicates the CSR effects and also
shows that the CSR effects mainly take place at the third
and fourth dipoles of the chicane. Analysis shows that the
bunch length is significantly compressed from 800 to 300 fs
when passing through the third dipole and the bunch length
has been compressed to 235 fs upstream of the fourth
dipole. Although the CSR effects induce some minor
difference, the results in Table III indicate it is promising
that the final bunch can be further optimized.

The benchmark between PARMELA and IMPACT-T has
produced a good agreement. The comparison of the CSR
effects also shows that the bunch can be compressed and
focused to our desired size after optimization using code
IMPACT-T with CSR effects turned on.

B. High repetition rate low energy compressor

In order to increase the repetition rate of the electron
beam slicing system to increase the photon flux, we change
the rf gun of the linac bunch compressor from the BNL
photocathode rf gun [7] to LBNL’s VHF gun, which
operates at 186 MHz with a repetition rate of 1 MHz
[13], and redesign the linac bunch compressor by applying
simulation code IMPACT-T with both space charge effects
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FIG. 10. The evolution of the redefined beta functions and the
redefined dispersion function along the dispersive section of the
second linac bunch compressor [i.e., Fig. 1(b)]. The red, green,
and blue curves correspond to the simulation results by PARMELA,
IMPACT-T with CSR effects turned off, and IMPACT-T with CSR
effects turned on, respectively.

and CSR effects considered. The schematic for the third
linac bunch compressor with LBNL’s VHF gun is shown in
Fig. 1(c).

1. Matching by manual adjustment

Since the design of the low energy linac bunch com-
pressor is a rather tedious and time-consuming optimization
process, we would like to design the high repetition rate
system starting from the previous successful result rather
than starting over from scratch again. Hence, we utilize the
simulation result of the 12 MeV, 150 pC linac bunch
compressor (i.e., case 3 in Table II) as a basis to study the
linac compressor with LBNL’s VHF gun. We change the
gun from the BNL photocathode rf gun to LBNL’s VHF

gun, and we also add two 1.3 GHz TESLA-like super-
conducting cavities between the gun and the compressor
section as shown in Fig. 1(c).

At the photocathode of the third linac bunch compressor
[i.e., Fig. 1(c)], we set the bunch longitudinal distribution as
flattop with a linear ramp at two ends, and the total length
from head to tail is 8 ps. The bunch transverse distribution
is a uniform ellipse with a hard cut edge, and the diameter
of the ellipse in x and y is 1.5 mm. The 3D momentum
distribution of the bunch is Gaussian. The bunch charge is
set at 150 pC. The simulation shows that the beam energy
after LBNL’s VHF gun is 730 keV. In order to avoid a large
betatron oscillation and the beam blowing up, we move the
accelerating cavity very close to the photocathode gun.

While keeping the bunch energy at 12 MeV after
acceleration, we adjust the phases and gradients of the rf
cavities manually to match the bunch’s energy chirp after
acceleration with the bunch’s energy chirp upstream of
the quadrupole magnet gD6 of the 12 MeV, 150 pC linac
bunch compressor (i.e., case 3 in Table II). At the same
time, we adjust the intensity of focusing solenoid manually
to make the bunch’s transverse beam size match with those
upstream of the quadrupole magnet gD6 of the 12 MeV,
150 pC linac bunch compressor.

We iterate the adjustments of the focusing coils and the rf
cavities to optimize the matching. After the matching, the
total length of the linac bunch compressor system consist-
ing of the LBNL’s VHF gun, two focusing coils, two rf
cavities, and the matching, dispersive, and focusing mag-
nets section is 8.5 m. Upstream of the first matching
quadrupole magnet (i.e., ¢D6), the bunch’s energy spread is
increased to +9%, and the longitudinal bunch length is
about 25 ps.

2. Global optimization by genetic algorithm

With the matched linac bunch compressor in the previous
subsection, we apply the genetic algorithm to optimize the
linac bunch compressor with the bunch energy fixed at
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FIG. 11. The longitudinal phase spaces at the final focal point for one optimized result of the linac bunch compressor with LBNL’s

VHF gun at 12 MeV. In plot (a), the particles are colored according to & = g, + &, downstream of the accelerating cavities; in plot (b),
the particles are colored according to the energy spread downstream of the accelerating cavities; in plot (c), the particles with the initial
energy spread in the range —2% to +2% are colored according to the energy spread downstream of the accelerating cavities.
The simulation code is IMPACT-T with both space charge effects and CSR effects being turned on.
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FIG. 12. The histograms of a bunch’s longitudinal phase space (the left column), horizontal phase space (the middle column), and
vertical phase space (the right column) at the final point of the linac compressor for case 6 in Table II. These plots are plotted for 100%
particles at the final point of the linac bunch compressor. The color bar shows the particle density. The simulation code is IMPACT-T with

both space charge effects and CSR effects being turned on.

12 MeV. After optimization, the rms bunch length is still
larger than 1 ps, and the transverse rms beam size is also very
large around 150 ym. We analyze the bunch’s longitudinal
phase space at the final point of the linac compressor as
shown in Fig. 11. In Fig. 11(a), the particles are colored
according to € downstream of the rf cavity, where ¢ = 2J
and J is the action variable. In Fig. 11(b), the particles are
colored according to the energy spread downstream of the rf
cavity. We find that the bunch length increase is not directly
related to the initial ¢ downstream of the rf cavity but is
related to the initial energy spread (i.e., the energy spread
downstream of the rf cavity). If we artificially cut off those
bunch particles with the initial energy spread larger than
+2%, the rms bunch length at the final focal point decreases
from 1.26 to 0.38 ps as shown in Fig. 11(c).

Based on the previous observation, in order to reduce the
final bunch length, we increase the bunch energy to
decrease the relative energy spread downstream of the rf
cavity acceleration. At the same time, in order to increase
the kick angle and shorten the slice width in the electron
beam slicing method [6], we also increase the bunch
charge. Using IMPACT-T with CSR effects turned on, we
iterate to carry out the multiobjective optimization pro-
cedure using the genetic algorithm [11] and gradually
increase the bunch’s charge and the bunch’s energy.

Some optimized results are shown in Tables I and II. For
an example, the linac bunch compressor with LBNL’s VHF
gun as shown in Fig. 1(c) longitudinally compresses the
22 MeV, 200 pC charged bunch from 6.8 ps (this bunch
length at the photocathode is measured from the bunch’s
head to the bunch’s tail) to 128 fs rms bunch length. The
transverse beam sizes are focused from the diameter ellipse
of 2 mm at the photocathode to 42 and 25 um for horizontal
and vertical rms beam size, respectively. Figure 12 shows
the histograms of the longitudinal, horizontal, and vertical
phase space at the final point of the 22 MeV linac
compressor (i.e., case 6 in Table II) with the color bar
indicating the particle density.

VI. CONCLUSION AND DISCUSSION

Our simulation shows that an electron bunch with high
charge can be compressed to a very high current bunch at

very low energy with space charge effects and CSR effects
included.

Bunch lengths of ~100 fs have been obtained before the
final focusing quadrupoles with 200 pC charge. This opens
the possibility of using a low energy linac bunch com-
pressor to obtain a very short bunch with low emittance at
low energy. We expect that, with some dedicated design
and study, it is possible to obtain a smaller energy spread
and smaller emittance by using a low energy linac bunch
compressor. While this is not useful for the electron beam
slicing project, it may be useful for FEL work.
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