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Abstract

The Argonne Wakefield Accelerator (AWA) is planning to
upgrade the photoinjector of its drive-beam accelerator. The
main goal of the upgrade is to improve the beam brightness
using a symmetrized RF-gun cavity and linac cavities. In
the process, the photoinjector is reconfigured and some of
the solenoid magnets will be redesigned. A challenging
aspect of this optimization is that the injector should be
able to produce bright low-charge (~ 1 nC) bunches while
also being capable of operating with high-charge (~ 50 nC)
bunches. This paper discusses the optimization of the beam
dynamics for the low- and high-charge cases and explores
the performances of the proposed configuration.

INTRODUCTION

At the Argonne Wakefield Accelerator (AWA), the drive-
beam photoinjector is the backbone of the facility [1]. The
photoinjector generates < 70-MeV electron bunches in ei-
ther a low-charge or high-charge regime. In the low-charge
mode, single bunches with charge < 1 nC are produced with
an emphasis on forming low-emittance bunches to support
various beam-dynamics experiments including beam-driven
wakefield acceleration in THz structures. In the high-charge
regime, bunches train comprising eight 50-nC bunches are
produced and principally employed to excite fields in power
extraction and transfer structures (PETS). These structures
produce high-power (sub-GW), high-frequency (X-band and
above) electromagnetic radiation to power high-frequency
accelerating structures in the so-called two-beam acceler-
ation (TBA) scheme [2,3]. Over the last few years, AWA
has increased its focus on developing methods to control
bright beams [4]. Correspondingly, the AWA accelerator
will be upgraded to enable the generation of low-emittance,
low-charge electron beams.

LOW-ENERGY SECTION UPGRADE

The AWA drive-beam linac comprises a 1 + %—cell 1.3-
GHz RF gun surrounded by three solenoidal lenses, followed
by a linac consisting of seven 1.3-GHz 7-cell standing-wave
structures [1]. The low-energy section upgrade is primarily
driven by the installation of a symmetrized RF gun to reduce
the time-dependent kick produced by the sided input-power
coupler. The kick is responsible for emittance growth and
possible coupling as it occurs in a region with an axial mag-
netic field produced by solenoid lenses. In this report, we
investigate possible configurations for one of the solenoid
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lenses (the “matching” solenoid located downstream of the
RF gun) constrained by mechanical assembly and real-estate
requirements and motivated by improving the beam bright-
ness. Both the low- and high-charge regimes are explored
and trade-off between the different designs are considered. In
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Figure 1: Comparison of the axial field produced by the two
matching solenoid designs (a) and laser temporal profile for
the Gaussian “1G" (b) and flat top “FT" (c) distributions.

its current configuration, the “matching" solenoid installed
immediately downstream of the RF gun has two iron plates
fastened on each side to reduce the magnetic field fringe
field while accommodating constraints that came from the
beamline itself. However, these metallic plates generate a

non-cylindrically symmetric magnetic field that negatively *

impacts the beam dynamics. The motivation behind the
change in the solenoid design is to eliminate this field asym-
metry and to possibly change the position of the solenoid.
Two new solenoid designs were considered for this upgrade.
One of the designs (“Design 1") is similar to the solenoid
that is currently installed at AWA - the only difference being
that the metal plates are removed. Due to the size of the bore,
this solenoid is constrained to one position on the beamline
(0.273 m downstream of the photocathode). The other de-
sign (“Design 2") has a larger bore which allows the position
of the solenoid center to vary within zg € [0.273,0.330] m
from the photocathode. The corresponding axial magnetic
fields B, (r = 0, z) appear in Fig. 1(a).

SIMULATIONS & OPTIMIZATION

The goal of the optimization is to understand the trade-
off between the transverse emittance £, and rms energy
spread og. Given that AWA does not include any compres-
sion scheme, these two parameters are the most relevant to
a number of applications often considered at AWA. Low-
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emittance [O(1) um], low-charge [O(1) nC] beams are crit-
ical for some experiments on wakefield acceleration using
small-aperture structures (operating at sub-THz frequencies)
and phase-space manipulations investigated at AWA [5-7] .
Likewise, high-charge bunches require a moderate emittance
with low energy spread to minimize chromatic aberrations
associated with the final focusing in the PETS structure.
Most of the intial conditions and accelerator settings can
be continuously varied except for the initial photocathode-
laser distribution which can either be approximated as a
single Gaussian distribution (refer to as “1G") with ~ 400-fs
(FWHM) duration or a plateau flat-top distribution (“FT")
produced by stacking 32 Gaussian pulses using five -BBO
crystals with ~ 6-ps (FWHM) duration [8]; see Fig. 1(b) and
(c) respectively.

The POISSON/SUPERFISH suite was used to generate the
on-axis magnetic fields for the solenoidal lenses and RF
fields for the RF gun and linac cavities. The beam dynamics
simulations were performed using the ASTRA program us-
ing the cylindrical-symmetric space-charge algorithm. Our
simulation conservatively used the low-energy settings of
the linac where only four or the six accelerating cavities
are powered. The optimizations were performed with the
DEAP evolutionary computation framework [9]. During the
optimization the 12 control parameters included the laser
transverse size on the photocathode, the phase and amplitude
of the RF gun and two first accelerating cavities, the peak
values of 4 solenoids (the 3 solenoids surrounding the RF
gun and one solenoid downstream of the first accelerating
cavity) and the matching solenoid position.

RESULTS
Optimization for ldeal Case

Figure 2 summarizes the Pareto fronts in the (¢,,0f)
domain resulting from the optimization for all of the 8
considered configurations. Two clusters of Pareto fronts
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Figure 2: Pareto fronts obtained for both solenoid Designs 1
and 2 for the two cases of laser temporal profiles (“1G" and
“FT") and bunch charges (1 and 50 nC).

emerge from the latter Figure. One of them in the domain
(g1 € [1,20] um and og € [10,30] keV) corresponds to
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bunch charges Q = 1 nC. The other group of Pareto fronts in
the domain (g, € [30,400] um and og € [70, 1000] keV)
is associated with Q = 50 nC. Despite the disparity in £, and
o values associated with the two cases of charges, the opti-
mizations indicate that Design 2 offers some compromise
where acceptable tradeoffs can be reached for a common
fixed solenoid position.

Specifically, we fixed the solenoid position to z; =
0.287 m from the photocathode following an analysis of
Fig. 2 and performed a multi-objective optimization where
all the parameters previously listed but the solenoid position
are used as variables. Figure 3 presents the corresponding

25 250
(a) 1nC/1G (b) 50 nC/1G
9 20 L ] 1 ]lC/FT 9 200 50 ]lC/FT
[} Q
e 151 “ e 150 1
S 1 B
() ()
2 [ 5
F101 L 100 ‘\\
55 & e )
g g
T 5 g 50
0 T 0

0 5 10 15 0 50 100 150
transverse emittance £, (pm) transverse emittance £, (pm)

Figure 3: Pareto fronts for “Design 2" solenoid located at
zs = 0.287 m for the 1-nC (a) and 50-nC (b) bunch charges.

Pareto fronts and confirms that emittance values close to ~
1 um can be attained for Q = 1 nC. Likewise, the high-charge
optimizations indicate that (&,,0g) < (100 um, 100 keV)
are achievable at ~ 40 MeV. The corresponding relative en-
ergy spread is oz /E < 2.5x 1073 which should significantly
reduce chromatic aberrations. Additionally, the optimization
gives lower energy spread value for given emittance value
for the “1G" laser-configuration at O = 1 nC while reaching
lower emittance favors the “FT" laser for Q = 50 nC. The
latter is expected as photo-emitting an electron bunch with
a short laser pulse usually results in a space-charge domi-
nated beam expansion which produces significant correlated
energy spread [10, 11].

To further examine the beam quality we selected a few
settings and analyzed the corresponding beam evolution
along the injector beamline. Figures 4 and 5 present the
evolution of key beam parameters along the beamline for
respectively a 1-nC and 50-nC bunch. For both cases we
selected the 1G laser distribution with both configurations
reaching a final kinetic energy K =~ 40 MeV. The 1-nC case
reaches transverse emittance £, =~ 1.5 um. Likewise, it is
worth noting that the 50-nC case produces a peak current
[~ cQ/(V2ro;) ~ 2.5 kA without any compression while
maintaining a transverse emittance £, =~ 60 pm. These
parameters will further improve by optimizing the linac with
all six cavities powered.
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Figure 4: Evolution of beam parameters along the beamline

for the case of a 1-nC bunch with the 1G laser distribution.

The beamline external accelerating (E ) and focusing (B;)

fields experienced by the reference particle appear in (a).

The parameters are the kinetic energy K (b), the transverse

and longitudinal &, emittances (c) and the transverse o,
beam size and bunch length o, (d).
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Figure 5: Evolution of beam parameters along the beamline
for the case of a 50-nC bunch with the 1G laser distribution.
The plots description is similar to Fig. 4.

Impact of Multipoles field in Solenoid

Owing to the fabrication process solenoid magnets do
not possess an axial-symmetry. Such an asymmetry can
significantly affect the beam’s transverse emittances. Con-
sequently, it is instructive to assess the impact of non-ideal
multipole contributions to the field [12]. We perform such
an investigation by considering the dipole and quadrupole
fields. We consider the optimized configuration presented
in Fig. 4 and overlap a quadrupole or a dipole magnet to the
matching solenoid in the AsTRA model. The beam distribu-
tion is tracked up to the photoinjector’s end (at z = 12 m)
and the emittances recorded. Figure 6 summarizes the im-
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Figure 6: Relative average-emittance (&) dilution as a func-
tion of dipole and quadrupole field strength (the peak field
for the matching solenoid is |B,| = 0.186 T).

pact of these dipole and quadrupole fields on the the av-
eraged emittance € = /€&, defined as the geometric av-
erage of the horizontal and vertical emittances. Imposing
the relative emittance dilution to be below 5% requires the
quadrupole gradient integral f Gd¢ < 2.5 G and dipole
field integral / Bdt < 0.3 G.m for a nominal magnetic field
of |B,| = 0.186 T. These multipoles can also be partially
corrected by a set of normal-skew quadrupole magnets [13].

CONCLUSION

This paper summarizes the optimization study that was
performed to investigate the impact of two different solenoid
designs on emittance and energy spread. Our optimization
revealed that the bore size of the solenoid did not greatly
affect the beam parameters as both solenoid designs yielded
similar tradeoff curves between emittance and energy spread.
Given that the smaller-bore solenoid would require a spe-
cial EVAC® chain-clamp flange to accommodate its instal-
lation while the larger-bore solenoid (“Design 2") can be
slid over a standard flange, “Design 2" was selected. We
correspondingly investigated the performances of beamline
configurations implementing this solenoid and show emit-
tance ~ 1.5 um could be attained at 1 nC. Further work will
explore possible optimization of the linac position, consider
3D maps of the electromagnetic fields (as the current simu-
lations assume axially-symmetric fields in RF cavities), and
explore the impact of short-range wakefield effects.
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