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Abstract
At the Argonne Wakefield Accelerator (AWA) facility,

particle-tracking simulations have been critical to guiding
beam-dynamic experiments, e.g., for various beam manipula-
tions using an available emittance-exchange beamline (EEX).
The unique beamline available at AWA provide a test case
to perform in-depth comparison between different particle-
tracking programs including collective effects such as space-
charge force and coherent synchrotron radiation. In this
study, using AWA electron injector and emittance exchange
beamline, we compare the simulations results obtained by
GPT, OPAL, and Impact-T beam-dynamics programs. We
will specifically report on convergence test as a function of
parameters that controls the underlying algorithms.

INTRODUCTION TO THE AWA
BEAM TEST FACILITY

A research program to develop methods to control high-
brightness and high-charge beam distributions is being car-
ried out at the AWA beam test facility [1]. The AWA facility
house three RF photocathode beamlines and, the present
study uses the AWA drive-beam photoinjector. The drive-
beam linac consists of an L-band RF gun followed by six
standing-wave cavities [2]. The beamline can produce elec-
tron bunches with charges ≤ 400 nC and energies ≤ 63 MeV.
The gun is nested within three solenoid magnets (referred to
as bucking, focusing, and matching solenoids) to control the
beam and its transverse emittance [3]. The linac section also
incorporate three solenoid magnets mostly use to focus high-
charge beams. The emittance-exchange (EEX) beamline,
located downstream of the drive linac section, consists of an
L-band transverse deflecting cavity (TDC) flanked between
two dogleg sections.

AWA’s bunch control program aim at developing methods
to tailor the bunch’s current profile [4, 5]. An example of
method used for current shaping consists in inserting a mask
to transversely shape the beam upstream of the EEX and
use the EEX beamline to transfer this shape in the longi-
tudinal phase space. So far current profiles produced have
successfully supported the experimental demonstration of
record transformer ratio in dielectric slab and plasma [6, 7].
AWA’s program in beam-manipulation techniques relies on
accurate models to achieve the required precise beam shapes.

∗ The research at Argonne National Laboratory is funded by the U.S. DOE
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Table 1: Global Parameters for Convergence Test
Charge Matching UV radius

(nC) solenoid (A) (mm)

Case 1 0.1 240 1.0
Case 2 1.0 240 2.0
Case 3 10.0 240 4.0
Case 4 50.0 230 7.0

Moreover, for the high-charge beam case, it is expected that
collective effects, such as the space-charge force (SC) and co-
herent synchrotron radiation (CSR), will be the main sources
of 6D phase space degradation. Therefore, in addition to
the particle motion in a linear system, validation of the col-
lective effects calculated by the simulation is critical. Some
prior studies on benchmarking of the OPAL simulation [8]
with GPT [9] and ASTRA [10] were performed but limited
to the RF-gun section [11]. In this paper, we extend the
benchmarking study to the full AWA beamline. We first
present a convergence test of the OPAL simulation and then
compare the results from OPAL, GPT, and Impact-T [12]
for the AWA drive linac and EEX beamline.

OPAL CONVERGENCE TEST
The convergence studies consider the drive-linac beamline

for bunch charges and configuration listed in Table 1.
First, we performed a parameter scan with the OPAL simu-

lation code for the AWA drive linac section by varying global
parameters NBIN and EMISSIONSTEPS [8] that impact the
emission process. In all cases, the initial photocathode-laser
ultraviolet (UV) pulse is considered to have a transverse
uniform distribution and a Gaussian temporal profile with
duration of 0.3 ps (FWHM). The bucking- and focusing-
solenoid currents are both set to 550 A, and the drive-linac
solenoids were not used. The phases of the gun and 6 linac
accelerating cavities are tuned for maximum energy gain.
The simulation time step was set to 1.0 ps in the cavities
and 10.0 ps in drift spaces. It was confirmed that, in our
parameter space, normalized emittance after drive linac sec-
tion is converged regardless of the value of NBIN (setting
NBIN = 1 is also valid for the simulations). In addition, we
have checked that the emittance value was converged when
EMISSIONSTEPS ≥ 500; in other words, the time step near
the cathode should be less than 2.0 fs.
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Figure 1: Emittance convergence study. 𝜖𝑛𝑥,𝑟𝑒𝑓 is the nor-
malized emittance obtained using the beam charge of 50 nC
and grid size of 64 × 64 × 64. Beam charge is (a) 0.1 nC,
(b) 1.0 nC, (c) 10.0 nC, and (d) 50.0 nC, respectively.

After confirming NBIN and EMISSIONSTEPS parame-
ters, convergence check of the OPAL simulation has been per-
formed. Figure 1 displays the convergence results in terms
of the relative emittance change Δ𝜖𝑛𝑥 = 𝜖𝑁part,grid −𝜖500k,64
where the reference emittance 𝜖500k,64 is simulated for 5×105

macroparticles and 64×64×64 grid cells. In the latter figure,
the solid lines are obtained with the time step mentioned
above, while the dashed lines were produced with a time
step of 0.1 ps and 1.0 ps respectively in the cavities and drift
spaces. In Fig. 1(a), the convergence is reached when the
number of particles is 2 × 105 and grid size is 32 × 32 × 32.
The same conclusions applied to the 1.0 nC case. However,
Figs. 1(c, d), suggest that the simulation results have not yet
converged. Thus, for the high-charge case, further conver-
gence test is needed with increased number of particles and
grid size.

COMPARISON OF THE
SIMULATION RESULTS

Space-Charge Dominated Regime: AWA Drive
Linac

Following the convergence check, we set the global pa-
rameters of the OPAL simulation, and compare the results
along the drive linac section with the results from GPT and
Impact-T. Here, we chose the first case in Table 1; thus, the
number of macroparticles in the OPAL is 2 × 105 and grid
size is 32 × 32 × 32. Figure 2 presents the evolution of the
RMS beam envelope, normalized emittance, RMS bunch
length, and average kinetic energy along the beamline. In
the GPT setup, the number of macroparticles is 1 × 105. In
addition there are two grid size setting: a uniform 46×46×46
mesh and an adaptive meshing which is automatically set for
accuracy of the calculation and reduction on computation

� � � � � �� �� �� ��
s (m)

���

���

���

���

���

���

���

���

���

σ
x
(m

m
)

(a)

Gun

Solenoid

L1 L2 L3 L4 L5 L6YAG2 YAG3 YAG4 DYG5

OPAL, emission step=50

OPAL, emission step=100

OPAL, emission step=150

OPAL, emission step=200

OPAL, emission step=300

OPAL, emission step=500

GPT

GPT, adaptive grid

ImpactT

� � � � � �� �� �� ��
s (m)

���

���

���

���

���

ε ǫ
x
(m

m
m

ra
d
)

(b)

Gun
Solenoid

L1 L2 L3 L4 L5 L6YAG2 YAG3 YAG4 DYG5

OPAL, emission step=50

OPAL, emission step=100

OPAL, emission step=150

OPAL, emission step=200

OPAL, emission step=300

OPAL, emission step=500

GPT

GPT, adaptive grid

ImpactT

� � � � � �� �� �� ��
s (m)

����

����

����

����

����

����

σ
z
(m

m
)

(c)

Gun
Solenoid

L1 L2 L3 L4 L5 L6YAG2 YAG3 YAG4 DYG5

OPAL, emission step=50

OPAL, emission step=100

OPAL, emission step=150

OPAL, emission step=200

OPAL, emission step=300

OPAL, emission step=500

GPT

GPT, adaptive grid

ImpactT

� � � � � �� �� �� ��
s (m)

�

��

��

��

��

��

��

��

E
re
f
(M

eV
)

(d)

Gun

Solenoid

L1 L2 L3 L4 L5 L6YAG2 YAG3 YAG4 DYG5

OPAL, emission step=150

GPT

GPT, adaptive grid

ImpactT

Figure 2: (a) RMS beam envelope, (b) normalized emittance,
(c) RMS bunch length, and (d) average kinetic energy along
the AWA drive-linac beamline.

time [13]. The Impact-T model uses the same settings as
OPAL except for the EMISSIONSTEPS set to 1500.

As can be seen in Fig. 2(d), the average kinetic energy
is identical for all cases with different simulation programs.
In addition, the RMS bunch length in Fig. 2(c) is similar to
each other when the EMISSIONSTEPS in OPAL is set up to
150. As the EMISSIONSTEPS increases, its result deviates
from the lower-value cases and from the Impact-T and GPT
adaptive-mesh results. However, in Fig. 2(a), even the trend
of the RMS beam envelope is not similar from the gun to
the beginning of the first linac section; OPAL and Impact-T
results have larger RMS beam size compared to that from
GPT and the emittances agree within 30%; see Fig. 2(b).

It is expected that the deviation comes from the different
calculation algorithm of the space-charge effects near the
cathode [8, 13] due to small spot size, short bunch duration,
and low energy. To mitigate the space charge effect and
see the trend, we increased the UV laser radius to 5.0 mm
the corresponding results appear in Figs. 3(a, b). Here, the
RMS envelope from the OPAL is well matched with the
GPT and Impact-T result. In case of the emittance, even
though there is still deviation after the gun section, its trend
is similar to that with GPT and Impact-T, and the final devi-
ation from the OPAL simulation is 12%(0.3%) with respect
to GPT(Impact-T). In addition, the OPAL results with the
EMISSIONSTEPS = 500 is also in agreement with the other
cases.

As the charge increases, as shown in Figs. 3(c, d), how-
ever, there is a large deviation of the envelope and emittance
when EMISSIONSTEPS = 500 is used. Similar behavior is
observed when the space charge near the cathode is expected
to be large, for example, with charge of 0.1 nC and UV spot
size of 1.0 mm, or charge is 50 nC. Therefore, we reduced
EMISSIONSTEPS to be 150, and the OPAL simulation re-
sults became reasonably agreed with those from OPAL and
Impact-T. Here, in case of the normalized emittance, the
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Figure 3: (a, b): RMS beam size and normalized emittance
with 5.0 mm UV size where the beam charge is 0.1 nC.
(c, d): RMS beam size and emittance with the beam charge
of 10.0 nC, UV radius of 4.0 mm, matching solenoid current
of 240 A.

value of the deviation from the OPAL is 16%(3%) with re-
spect to GPT with adaptive mesh(Impact-T). This behavior
is now under investigation, and it is expected to be correlated
with NBIN and number of macroparticles in each cell.

In addition, it is worth noting that, even with the conver-
gence check, it is expected that the trend and final values
from those codes would be different due to different cal-
culation algorithm. Therefore, it would be worthwhile to
consider some ranges of the tuning parameters to use the
simulation results as reference for the experiments.

CSR-Dominated Regime: EEX Beamline
Benchmarking simulations for investigation of the CSR

effects between OPAL and Impact-T codes have also been
performed using EEX beamline. The simulations start just
downstream of the mask element; the beam is already cut by
the mask and propagates through the EEX line. Final slice
distribution after the EEX beamline with different simulation
codes are shown in Fig. 4 where Fig. 4(a) shows the initial
(𝑥 − 𝑦) distribution at the entrance of the EEX beamline.
After the EEX beamline, the horizontal and longitudinal
phase space are exchanged; the bunch longitudinal distribu-
tion becomes triangular as shown in Figs. 4(b,c) where all
the collective effects are included. Here, there is a slight
different slope on the distribution which leads to the dif-
ference in terms of the projected density distribution [See
Figs. 4(b,c) white solid line]. We found that, even though all
the collective effects are not included in the simulation, this
slope on the beam still remains. This means that there is a
slight different setup of the zero-crossing phase of transverse
deflecting cavity.

In addition, even with considering the CSR effects during
the simulation, we found that there is no significant changes
on the beam distribution compared to that without collective

Figure 4: (a): (𝑥 − 𝑦) distribution after mask. (b, c): (𝑧 − 𝑥)
slice distribution after EEX line from OPAL and Impact-T,
respectively.

effects. This indicates that the CSR effects are not domi-
nated in this beam case. In both simulation codes, 1D-CSR
model [14] with integrated green function method [15] was
used. In order to perform the comparison of the beam pa-
rameters due to the CSR effects, we need to use the case of
the beam where the CSR effects are clearly shown.

CONCLUSION
In this paper, we presented a benchmark of the OPAL

simulation results with the results from GPT and Impact-T
simulations in two cases: in the drive linac and the EEX
beamline. In the case of the drive gun with a low space
charge force near the cathode, the overall trend and simu-
lation values are reasonably agreed. However, in the case
where the space charge force near the cathode is increased,
either by using small spot size and short pulse length of the
UV with increased beam charge, the OPAL simulation re-
sults show that a 0.01 ps timestep is required near the cathode
to achieve a reasonable agreement with the other simulation
codes. Otherwise, too short of a timestep near the cathode
controlled by EMISSIONSTEPS gives worse agreement of
the RMS envelope and emittance. As a future work, more
convergence check will be performed to figure out whether
this behavior is closely correlated to the number of energy
bins and macroparticles in each cell.

In case of the EEX benchmarking, using the case where
the CSR effects are clearly shown in the beam, more system-
atic investigation on the CSR effects, such as, the analysis of
the evolution of the 6D phase space after each dipole magnet
will be carried out.
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