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Abstract
As part of the Snowmass’21 planning exercise, the Ad-

vanced Accelerator Concepts community proposed develop-
ing multi-TeV linear colliders and considered beam-beam
effects for these machines. Such colliders operate under a
high disruption regime with an enormous number of electron-
positron pairs produced from QED effects. Thus, it requires
a self-consistent treatment of the fields produced by the
pairs, which is not implemented in state-of-the-art beam-
beam codes such as GUINEA-PIG. WarpX is a parallel,
open-source, and portable particle-in-cell code with an ac-
tive developer community that models QED processes with
photon and pair generation in relativistic laser-beam inter-
actions. However, its application to beam-beam collisions
has yet to be fully explored. In this work, we benchmark
the luminosity spectra, photon spectra, and coherent pro-
duction process from WarpX against GUINEA-PIG in the
ILC and ultra-tight collision scenarios. Our performance
comparison demonstrates a significant speed-up advantage
of WarpX, ensuring a more robust and efficient modeling of
electron-positron collisions at multi-TeV energies.

INTRODUCTION
The performance of a particle collider depends on two

crucial parameters: the center-of-mass energy √𝑠 and the
luminosity ℒ [1, 2]. While the center-of-mass energy de-
termines the upper limit of resolution strength, luminosity
quantifies the number of events occurring per cross-section
unit. As part of the Snowmass’21 planning exercise, the Ad-
vanced Accelerator Concepts (AAC) community proposed
the development of multi-TeV linear colliders with luminos-
ity up to 50×1034 cm−2s−1 as the next-generation discovery
machines [3]. A key challenge of these machines is mini-
mizing the detrimental beamstrahlung and background pair
production effect while maintaining the target performance.
Tackling this problem requires robust, accurate, and efficient
simulation tools dedicated to beam-beam interaction studies.

GUINEA-PIG, a state-of-the-art serial code developed at
CERN, has been used for many beam-beam studies, inform-
ing the design of the International Linear Collider (ILC) and
Compact Linear Collider (CLIC) [4–7]. Despite its exten-
sive use, GUINEA-PIG exhibits several limitations, such
as the absence of a self-consistent treatment for pair gener-
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ation, lack of parallelization, and outdated documentation
and developer support. In contrast, WarpX is an exascale
open-source particle-in-cell (PIC) code with strong perfor-
mance, flexibility, up-to-date documentation and mainte-
nance within an active, and multi-disciplinary community
[8]. In this paper, we benchmark the recently implemented
beam-beam effect in WarpX against GUINEA-PIG with two
test cases: established ILC designs and ultratight spherical
beam collisions as outlined in references [9] and [10].

THEORY
Equation (1) shows the geometric luminosity ℒ from a

head-on collision of two Gaussian beams. The transverse
sizes (𝜎𝑥, 𝜎𝑦) should be minimized to maximize luminosity.

ℒ = 𝑁1𝑁2𝑓 𝑁𝑏
4𝜋𝜎𝑥𝜎𝑦

(1)

where 𝑁1,2 is the number of particles contained by each
beam, 𝑓 is the revolution frequency [2].

However, small transverse beam sizes lead to an intense
electromagnetic (EM) field [4], which deflects the charged
particles and causes them to emit radiation (Fig. 1). The
intensity of these interactions is characterized by the beam-
strahlung parameter Υ in Eq. (2). For Gaussian beams, the
average and maximum Υ are estimated with Eq. (3).

Υ = 2
3

ℏ𝜔𝑐
𝐸0

(2)

⟨Υ⟩ ∼ 5
6

𝑁𝑟2
𝑒 𝛾

𝛼𝜎𝑧(𝜎𝑥 + 𝜎𝑦) ∼ 5
12Υmax (3)

where 𝜔𝑐 is the critical frequency defined at half power
spectrum, 𝐸0 is the particle energy, 𝛾 is the relativistic fac-
tor, 𝛼 is the fine structure constant and 𝑟𝑒 is the electron’s
classical radius.

For Υ ≫ 1, the photon spectrum is given by the Sokolov-
Ternov formula, which truncates the photon energy at 𝐸𝛾 =
𝐸0 as opposed to the classical formula which extends in-
finitely [11] (Fig. 2a).

𝑑𝑁𝛾
𝑑 ̄𝑥 = 𝛼

√3𝜋𝛾2
[ℏ𝜔

𝐸
ℏ𝜔

𝐸 − ℏ𝜔𝐾2/3( ̄𝑥) + ∫
∞

̄𝑥
𝐾5/3(𝑥′)𝑑𝑥′]

(4)
where ̄𝑥 = 𝜔/𝜔𝑐 ⋅ 𝐸0/(𝐸0 − ℏ𝜔) ∝ 1/Υ is the modified

frequency ratio, and 𝐾𝑖 is the modified Bessel function of
order 𝑖.
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Figure 1: Collision of electron and positron beams, resulting
in photon and pair production at the interaction point.

The emitted photons may interact with the macroscopic
field or collide with other high-energy photons to form
electron-positron pairs. The coherent pair production pro-
cess becomes relevant towards Υ ∼ 103, and the incoherent
processes are characterized by their cross sections [4] as
shown in Fig. 2b).

Figure 2: a) Normalized beamstrahlung energy spectrum
for ILC-250 GeV assuming no energy spread and constant
relativistic magnetic field approximated by the infinite thin
wire formula 𝐵 = 𝛾𝜇0𝐼/ (2𝜋√𝜎2

𝑥 + 𝜎2
𝑦) ∼ 103 Tesla. b)

Cross-section of different incoherent processes as a function
of the center of mass energy.

MODELLING APPROACH
Overview of Simulation Codes

WarpX represents plasma with macro-particles with EM
field simulated on a grid [8]. At each timestep 𝑡𝑛, the
macro-particles are pushed based on the interpolated EM
fields, which generate a self-consistent current. Each macro-
particle is assigned an optical depth 𝜏𝑛 updated at each 𝑡𝑛
to account for QED effects. When 𝜏𝑛 < 0, quantum events
such as beamstrahlung emission are triggered. Here, we used
the spectral solver with open boundary conditions, which is
more efficient than the typical iterative electrostatic solver.
Similarly, GUINEA-PIG uses macro-particles to represent
beams, which are divided into slices since the fields are orien-
tated transversely in the relativistic limit [4]. GUINEA-PIG
iterates through all the slices, and the ones at the same 𝑧 po-
sition are allowed to interact. The slices are further divided
into cells, where the charges are first distributed on the grid.

The field is computed through a Fourier transform method,
allowing the particles’ positions to be updated accordingly.

Table 1 gives an overview of the QED processes, where
beamstrahlung and coherent pair production are available
in both codes. GUINEA-PIG implements these two pro-
cesses through rejection sampling of the distribution shown
in Eq. (4). WarpX interpolates logarithmic look-up tables
generated separately from the simulation, where a range of
Υ values are specified based on Eq. (3).

Table 1: Overview of Physics Processes in Simulation Codes

Physics Process GUINEA-PIG WarpX

Beamstrahlung ✓ ✓
Bethe-Heitler ✓ Soon
Linear Breit-Wheeler ✓ Soon
Landau-Lifshitz ✓ Soon
Coherent Pair Production ✓ ✓
Trident Cascade ✓ ×
Hadronic Production+Minijets × ×
Electron-Laser Interaction × ✓

Test Cases
The test cases conducted include the designs of the ILC

[9] and the ultratight collider [10]. In both codes, mono-
energetic Gaussian beams are initialized with equal energies.
The beams are initially separated in the z-direction then
allowed to propagate and interact as depicted in Fig. 3.

For the test cases of beamstrahlung radiation and lumi-
nosity, we consider ILC scenarios with √𝑠 = 250 GeV, 500
GeV, 1 TeV. To benchmark the coherent pair production, we
consider an ultra-tight spherical beam collision configura-
tion with 𝜎𝑥 = 𝜎𝑦 = 𝜎𝑧 = 10 nm [10], where Υ reaches
approximately 103. Convergence tests were performed to
ensure validity of the results.

Figure 3: Visualization of nominal ILC-250 GeV beam-
beam collision in WarpX. Note that the aspect ratio is not
correct.

RESULTS
Physics Comparison

The luminosity results for nominal and disrupted ILC
scenarios shows an agreement within 5% (Table 2) . With an
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offset Δ𝑥 = 𝜎𝑥/2 in the 𝑥 direction, the luminosity decreases
by a factor of Δℒ/ℒ = exp (−Δ𝑥2/𝜎2

𝑥) ∼ 0.9, which
conforms with geometric predictions [2].

Table 2: ILC-based luminosity with and without an offset
of Δ𝑥 = 𝜎𝑥/2. GP stands for GUINEA-PIG.

ℒΔ𝑥=0 [m−2] ℒΔ𝑥=𝜎𝑥/2 [m−2]

√𝑠 [GeV] WarpX GP WarpX GP

250 1.81 1.89 1.70 1.71
500 2.45 2.57 2.29 2.38
1000 5.83 5.93 5.46 5.46

Figure 4 shows the benchmarked photon spectrum for
nominal ILC scenarios at √𝑠 = 250 GeV, 500 GeV and 1
TeV. Here, 105 macro-particles are used with a grid size
(𝑛𝑥, 𝑛𝑦, 𝑛𝑧) of 128 × 128 × 32. Diagnostic-wise, it is impor-
tant to have a sufficient number since the photon distribution
is skewed towards the lower energy. For both codes, the max-
imum beamstrahlung parameter Υ ≲ 1 leads to no coherent
pair produced as expected. In addition, the benchmarked
spectrum for coherent pairs and beamstrahlung of the ultra-
tight collider scenario indicates solid agreement (Fig. 5).

Figure 4: Photon spectra for nominal ILC scenarios. The
top row shows normalized distributions, and the bottom row
shows distributions normalized by 𝐸𝛾. Spectra with the
offset are very similar and are omitted to reduce clutter.

Figure 5: Normalized spectrum of coherent electron-
positron pairs and photon produced in the ultratight scenario.

Performance Comparison
First, we performed a fair comparison with 1 CPU between

WarpX and GUINEA-PIG. The performance scaling for both
codes as a function of macro-particles number 𝑛𝑝 is shown in
Fig. 6. GUINEA-PIG run time increases exponentially with
increasing 𝑛𝑝 while WarpX run time increases approximately
linearly.

Figure 6: Performance scaling using 1 CPU for increasing
number of macro-particles with different fixed grid sizes.

Next, we considered GPU acceleration with WarpX,
which leads to multiple order of magnitudes speed-up (Fig.
7). With modern HPCs, WarpX is often run with multiple
CPUs and GPUs, which can accelerate the simulation, and
enable high resolution beam-beam studies.

Figure 7: Performance scaling of WarpX and GUINEA-PIG
as a function of problem size defined as 𝑛𝑥𝑛𝑦𝑛𝑧𝑛𝑡𝑛𝑚.

CONCLUSION
Using the ILC and ultratight collision scenarios, we es-

tablished excellent agreement the mutual physical processes
of WarpX and GUINEA-PIG. The performance comparison
indicates a significant speed advantage that WarpX offers in
both serial and parallelized runs. This is crucial in advanc-
ing the capabilities of simulation tools to the high-energy
and particle physics community. Future work could involve
benchmarking the soon-to-be-implemented incoherent pair
production processes and comparing further physics outputs
such as luminosity-energy spectra, spatial field, and charge
density.
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