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Abstract

Intra-beam scattering (IBS) has recently gained significant
interest in the community of free electron lasers (FELs), as
it is believed to produce an increment in the sliced energy
spread (SES), which is detrimental to FEL performance.

To control and contain this phenomenon, it is important
to include IBS in the design phase of an FEL through ap-
propriate numerical simulation. Most existing codes that
simulate IBS were developed for long-term tracking in cir-
cular lattices, assuming Gaussian bunches. Unfortunately,
this assumption doesn’t capture the rapid bunch evolution of
electron bunches in photoinjectors. To address this limita-
tion, the tracking code RF-Track has recently been updated
to include IBS, using a novel hybrid-kinetic Monte Carlo
method.

This paper presents benchmarks performed to verify the
implementation. The predicted SES increment in the beam
due to IBS using RF-Track has been compared against a
kinetic approach used in a different tracking code and, sec-
ondly, against a semi-analytical model. The results showed a
good agreement, setting RF-Track as a tool to understand and
control the SES growth in photoinjectors and, in particular,
in FELs.

INTRODUCTION

Intra-Beam Scattering (IBS), which refers to elastic
Coulomb interactions within a beam, is a collective effect
that can significantly impact the accelerator performance.
IBS has been extensively studied in damping [1,2] and stor-
age rings [3].

Recent results indicate that IBS also affects linear accel-
erators, particularly free-electron laser light sources (FELs),
where their high-brilliance, very dense beams are subjected
to this effect. Studies have linked IBS with a Sliced-Energy
Spread (SES) growth, potentially compromising the FEL
performance. Measured SES values include 15 keV at Swiss-
FEL with 200 pC bunches [4]), 6 keV at the European XFEL
with 250 pC bunches [5] and 2keV at Photolnjector Test
Facility at DESY Zeuthen with 250 pC bunches [6]. All of
them are significantly higher than the about 1 keV predicted
by simulations neglecting IBS.

FELs beams are highly non-Gaussian, making traditional
IBS analytical models [7, 8] unsuitable. One can instead
use Monte Carlo (MC) methods to fully integrate the actual
shape of the phase space. Even though this comes at the
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cost of more computational time, it is still affordable in a
one-pass machine like an FEL.

MC methods are implemented in tracking codes such as
SIRE [9, 10] and MOCAC [11] for circular lattices. How-
ever, in an FEL, other effects, such as SC, wakefields, and
non-linear fields in the electron gun, play an essential role.
For this reason, RF-Track [12], a tracking code developed
at CERN, which implements all the relevant effects for FEL
beam dynamics, was recently extended to implement IBS
using a hybrid MC method [13]. This paper presents a bench-
marking of the simulation tool against numerical and ana-
lytical methods. Convergence tests validate the algorithm’s
robustness and stability.

METHOD

Update of the IBS Model

The hybrid-kinetic MC method implemented in RF-Track,
previously detailed in [13], was recently modified to redefine
the maximum impact parameter, b,,,,. As the paper explains,
this parameter is crucial for determining two key quantities:
(1) the effective number of collisions via the total cross-
section and (2) the Coulomb logarithm, which accounts for
the long-range Coulomb interactions.

In RF-Track, b,,,, has been redefined to describe the
boundary between short-range (collisional, IBS) and long-
range (mean-field, Space Charge, SC) interactions, that is:

b = . M)

where h, and h,, are the transverse mesh sizes of the 3D mesh
used in the PIC space-charge calculation. This definition of
bnax implies that SC and IBS are complementary and should
always be used together, even though in the following, they
are used individually for benchmarking reasons. The SC
implementation in RF-Track was presented in [14].

SES Calculation

This work focuses on the effect of IBS on SES growth.
However, the definition of SES varies among different stud-
ies. In these results, we measured the SES by subtracting the
correlation in the longitudinal phase space using cubic spline
interpolation. Then, we took the 10% of the particles closer
to the median Z, in other words, the central longitudinal
slide.
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RESULTS
Benchmark Against Another Numerical Approach

As a benchmark of the implementation, a test reproducing
the studies of E. Gnojaj [15] has been performed. His work
analyses the effect of IBS and SC for the European XFEL
injector, starting after the gun and the harmonic modules,
and studies the SES growth in a 19-m long drift. The same

Table 1: Beam Characterization of the Particle Distribution
Used in the Simulation Reproducing the European XFEL
Injector [15]

Quantity Value Units
Bunch charge 250 pC
Kinetic energy 130 MeV
€nxs Eny 0.5464 mm-mrad
Oy Oy 0.3168 mm

B By 46.7 m

Uy, Ay, -2.04

o, 1.2557 mm
op/P 0.207 %o

setup was simulated using RF-Track. The electron beam was
characterized by the parameters in Table 1. The two codes
used the same initial particle distribution. The results are
shown in Fig. 1.
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Figure 1: Comparison of the results of E. Gnojaj’s code,
Reptil [15], against RF-Track, in a 19m-long drift. The
simulation includes SC effects and the combination of SC
and IBS. The parameters replicate the conditions found at
European XFEL and are described in Table 1.

Figure 1 shows the same SES growth due to IBS (= 0.31
keV) in the results of E. Gnojaj [15] and the ones of RF-
Track, testifying to the good agreement between the two
codes. An offset is observed between the pair of curves.
This discrepancy arises from the different methods used to
calculate the SES. The one used by E. Gnojaj was not com-
pletely described in his work, and it was not reproducible. A
difference is evident even at the initial point, despite starting
from the same distribution. The variation appears driven
more by SC treatment than IBS. As discussed, both effects
should ideally be considered together.
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Benchmark Against a Semi-Analytical Model

The second benchmark has been performed with a semi-
analytical method [16, 17] that provides the expected SES
growth at the end of the drift due to IBS as well as to longitu-
dinal SC. To count both effects together, the semi-analytical
model adds their contributions quadratically. A 20m-long
drift has been simulated under two sets of parameters, the
low and the high charge cases, which have been described
in Table 2. The SES growth along all the drift was ana-

Table 2: Beam Characterization Used in the Low and High
Charge Tests

Quantity Low Charge High Charge
Bunch charge (pC) 100 1000
Mean energy (MeV) 100 100

€pys €ny (mm- mrad) 0.2 0.5

B By (m) 20 20

Ay, Ay 1 1

0, (mm) 1.499 3.807

of (keV) 1 1
Profile Parabolic Parabolic

lyzed with RF-Track for both cases, Fig. 2 shows the results
obtained.
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Figure 2: SES growth in the 20m-long drift due to SC (blue),
IBS (yellow) and the combination of both (green) found by
RF-Track. The top image corresponds to the low charge test
whereas the bottom image corresponds to the high charge
one. The beam initial conditions are reported in Table 2.

The SES predictions of the semi-analytical model have
been reported in Table 3. Figure 2 shows that the final SES
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Table 3: Final SES Computed by RF-Track Compared to the
Semi-Analytical model (SA) in the Two Cases

ISSN: 2673-5490

Low Charge High Charge
Effect RF-Track SA RF-Track SA
Only SC (keV) 1.17 1.17 2.27 1.17
Only IBS (keV) 2.76 2.67 3.03 2.86
SC + IBS (keV) 2.52 2.74 3.28 2.94

values are similar to those computed semi-analytically and
reported in Table 3 only in the IBS case. However, the
SC predictions differ, especially in the high charge case.
The difference is due to the simplified SC model assumed
by the semi-analytical method, which implements the 1D
Longitudinal SC impedance, 3D averaged over a transversely
uniform cross-section, introduced in [18, 19].

Regarding the combined contribution of IBS and SC, the
semi-analytical method quadratically adds the two separate
contributions. On the other hand, RF-Track calculates the
IBS and SC effects on each kick together, which generally
does not lead to a quadratically addictive effect, and can even
lead to a lower overall SES value such as the one observed
in Fig. 2.

Convergence studies

The robustness of the proposed method has also been
checked by changing the simulation setup, which depends
on user-defined input parameters. First, the convergence
of the algorithm was checked under different time steps.
Second, since both IBS and SC algorithms share the same
underlying 3D mesh (detailed on [12, 13]), a convergence
study under the number of mesh points was also performed.

The same beam characterization of the high-charge test,
described in Table 2, was used, as it had a larger IBS ef-
fect. The choice of lattice has been, again, a 20m-long drift.
Figure 3 shows the SES found by RF-Track using different
time steps. Figures 3 and 4 show the stability and robust-
ness of the code by using different time steps and number of
mesh points, establishing the algorithm as a reliable tool to
measure SES at FELs.
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Figure 3: SES growth in the 20m-long drift due to SC and
IBS together by RF-Track by using different time steps. The
beam initial conditions were specified in Table 2.
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Figure 4 shows RF-Track’s values of the SES in the per-
formed test with a different number of mesh points.
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Figure 4: SES growth in the 20m-long drift with High-
Charge configuration describe in Table 2 due to SC and
IBS together by RF-Track by using different number of mesh
points.

CONCLUSION

The IBS implementation of RF-Track has been bench-
marked against a numerical method integrated into another
tracking code, as well as a semi-analytical method developed
by one of the authors. The benchmark against the numeri-
cal method further developed and implemented by one of
the authors [16, 17] was performed on a 19m-long drift
reproducing European XFEL’s beam characteristics. An
SES increment of 0.3 keV due to IBS was observed for both
codes. The benchmark against the semi-analytical method
was performed over a 20m-long drift using two different
beam configurations. The two methods presented similar
results regarding the IBS effect on the SES growth. The dif-
ferences found in the results mainly came from the inclusion
of the SC effects. Another source of discrepancy may be the
methods used to calculate the SES, which vary widely in the
literature and are often not specified.

Future steps for this work will include a benchmark with
the semi-analytical model using a FODO lattice. Regarding
the European XFEL simulation, it is proposed that the study
be extended to do a benchmark against their experimental
results. Furthermore, the simulations will be extended to
a larger lattice like CERN’s Proton Synchrotron Booster,
where extensive literature documenting the impact of IBS
exists. The expected effect of IBS is not only an increment
of SES but also an increase in emittance growth. In that
case, RFTrack results could be compared against one of the
aforementioned codes for circular lattices. Finally, a bench-
mark against the experimental results found at SwissFEL is
planned to fully understand the contribution of IBS to the
observed SES growth.
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