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Abstract
Our beam-beam parameter study using beam-beam sim-

ulations and PWFA (particle-driven plasma acceleration)
beam parameters indicates that at 3 TeV, for examined elec-
tron beam lengths 2 µm ≤ 𝜎𝑧 ≤ 10 µm, the total luminosity,
as well as the sharpness of the luminosity spectrum for a 𝛾𝛾
collider are independent of the beam length of the electron
beams used to scatter the photons, given that the hourglass
effect is avoided. The total luminosity can consequently be
maximised by minimising the horizontal and vertical beta
functions 𝛽∗𝑥,𝑦 at the interaction point.

Furthermore, we performed background studies in
GUINEA-PIG where we considered the smallest currently
achievable 𝛽∗𝑥,𝑦 combined with PWFA beam parameters.
Simulations results show that our proposed parameter set for
a 3 TeV PWFA 𝛾𝛾 collider is able to deliver a total lumin-
osity significantly higher than a 𝛾𝛾 collider based on CLIC
parameters, but gives rise to more background particles.

INTRODUCTION
In the blow-out regime of PWFA (particle-driven plasma

wakefield acceleration), a dense ultra-relativistic drive beam
is used to excite a plasma wake, where plasma electrons
are expelled from the region close to the propagation axis,
leaving only positively charged ions behind to form a plasma
ion bubble cavity. Inside the plasma ion cavity accelerat-
ing gradients in the multi-GV/m level [1] can be used to
accelerate a trailing main beam consisting of electrons or
positrons.

However, due to the challenges of accelerating positrons
using PWFA, a 𝛾𝛾 collider, where laser photons are scattered
off ultra-relativistic electrons accelerated by PWFA, has been
proposed as an alternative to a PWFA e+e− linear collider. A
𝛾𝛾 collider has the potential to provide a higher luminosity
than a e+e− collider due to the absence of beamstrahlung
in 𝛾𝛾 collisions, while also offering an attractive discovery
potential [2].

A previous parameter study on a 1.5 TeV PWFA acceler-
ator [3] derived a parameter set that can provide reasonable
stability, energy spread and efficiency for electron accelera-
tion. This beam-beam study used the electron main beam
parameter set in [3] as a basis to optimise beam parameters
in the interaction point (IP) for a TeV-scale 𝛾𝛾 collider.

𝜸𝜸 COLLIDER PRINCIPLES
The principles of a 𝛾𝛾 collider are outlined in [4, 5]. We

will here give a brief summary of the basic concepts.

Inverse Compton scattering of laser photons on relativ-
istic electrons is considered the most efficient method to
produce the required high-energy photons. A short distance
before the interaction point, a high-energy electron beam
collides with a laser beam in the conversion region. After
the Compton scattering process, the back-scattered photons
have acquired a large fraction of the incident electrons’ en-
ergy, and follow the direction of the incident electrons to be
collided in the interaction point with other back-scattered
photons.

Inverse Compton Scattering Kinematics
In the conversion region, laser photons are scattered off

ultra-relativistic electrons at small collision angles 𝜃L as
shown in figure 1. Before scattering, the electron has energy
E0 and momentum 𝑝0 ≈ E0/𝑐, while that of the photon is
ℏ𝜔0. The inner product of the total four-momentum is then
given by

𝑃𝜇𝑃𝜇 ≈ 𝑚2
e𝑐

2 + 4E0ℏ𝜔0

𝑐2 cos2 𝜃L
2
. (1)

We define the dimensionless invariant energy parameter

𝑥 =
4E0ℏ𝜔0

(𝑚e𝑐2)2 cos2 𝜃L
2

(2)

that can be used as a measure for the energy of the electron-
photon system. 𝑥 is related to the centre of mass energy

√
𝑠

by 𝑠 = 𝑚2
e𝑐

4 (1 + 𝑥).

E0 𝜃L

𝜃𝛾

ℏ𝜔0

ℏ𝜔

Figure 1: Inverse Compton scattering. A photon with energy
ℏ𝜔0 scatters off an ultra-relativistic electron with energy E0.
The photon’s energy after scattering is ℏ𝜔.

After collision, the majority of the back-scattered photons
move in directions given by small angles 𝜃𝛾 relative to the
trajectory of the incoming electron. The frequency of the
back-scattered photon is given by

𝜔 =
𝜔m

1 + (𝜃𝛾/𝜗0)2 , (3)

where 𝜗0 =
𝑚e𝑐

2

E0

√
𝑥 + 1 and 𝜔m = 𝑥

𝑥+1
E0
ℏ

is the maximum
photon frequency, which corresponds to the photon being
scattered in the same direction as the incoming electron.
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Photon Energy Spectrum
Let 𝑦 = ℏ𝜔/E0. The energy spectrum of the back-

scattered photons is determined by the quantity
(1/𝜎c) (d𝜎c/d𝑦), where 𝜎c is the total cross section
of the Inverse scattering process. The differential cross
section for the inverse Compton scattering process is given
by [4]

d𝜎c
d𝑦

=
2𝜋𝑟2

e
𝑥

[
1

1 − 𝑦
+ 1 − 𝑦 − 4𝑦

𝑥(1 − 𝑦)

(
1 − 𝑦

𝑥(1 − 𝑦)

)
+2ℎeΩ𝑦

1 − 𝑦

(
1 − 2𝑦

𝑥(1 − 𝑦)

)
(2 − 𝑦)

]
,

(4)

where 𝑟e is the classical electron radius, ℎe is the helicity of
the electron and Ω is the polarisation of the initial photon.
The sharpness of the photon energy spectrum strongly de-
pends on the value of 2ℎeΩ, which should ideally be −1. In
practice, 2ℎeΩ ≈ −0.8 is a more realistic value, which we
adopt in this study.

The energy of the back-scattered photons increases with
increasing laser photon energy. However, the back-scattered
photons and laser photons may scatter, and if their energy
exceed the threshold for e+e− pair creation, high-energy
photons will be lost, and unwanted e+e− pairs will be cre-
ated. The energy of the laser photons is thus restricted by
e+e− pair creation. Four-momentum considerations for e+e−
pair creation gives the upper limits 𝑥 < 2 + 2

√
2 ≈ 4.8 and

𝑦m ≈ 0.83. In this study, we set 𝑥 = 4.8.

Conversion Efficiency
The conversion efficiency 𝜂𝛾 , which gives the average

number of high-energy (back-scattered) photons 𝑁𝛾 per elec-
tron, is related to the laser pulse energy 𝐴 by [5]

𝜂𝛾 =
𝑁𝛾

𝑁e
= 1 − 𝑒−𝐴/𝐴0 , (5)

where 𝑁e is the total number of electrons in the incoming
beam and 𝐴0 = ℏ𝑐𝑙L/(2𝜎c) is a parameter depending on the
laser beam length 𝑙L.

Large laser pulse energies results in a higher number of
high-energy photons, but since electrons have an increased
chance of multiple scatterings, this will also lead to more
low-energy photons, which will enhance the low-energy part
of the spectrum. Thus, there will be a trade-off between the
total luminosity and the degree of monochromaticity of the
luminosity spectrum.

Distance between Conversion Region and Interac-
tion Point

The angle of a back-scattered photon with respect
to the direction of the initial electron is given by
𝜃𝛾 = 𝜗0

√︁
𝑦m/𝑦 − 1, which decreases with increasing photon

energy.
Thus, the contribution to the luminosity from low-energy

photons decreases faster over distance compared to high-
energy photons. The luminosity spectrum will depend on the

distance 𝑑 between the conversion region and the interaction
point. For large distances, the luminosity spectrum will be
sharply peaked at high energies, but the total luminosity will
decrease. Hence, this represent another trade-off between
the total luminosity and the sharpness of the luminosity
spectrum.

The dimensionless parameter 𝜚 = 𝑑/(𝛾𝜎∗
𝑦) is often used

to describe the distance between the conversion region and
the interaction point.

PARAMETER STUDY RESULTS
In a previous parameter study [3] on a 1.5 TeV PWFA

linear accelerator, we found a parameter set for the main
beam with acceptable stability, energy spread and efficiency.
This parameter set involves an electron beam with 𝑁 =

5 · 109 electrons and a rms beam length of 𝜎𝑧 = 5 µm, which
we adopt in this study.

Luminosity Spectrum
Plots of L and the peak luminosity Lpeak per beam cross-

ing (bx), defined here as the part of the luminosity corres-
ponding to centre of mass energy

√
𝑠 > 0.80𝑦m

√
𝑠0, where√

𝑠0 is the nominal centre of mass collision energy, are shown
in fig. 2 and 3 for 𝑁 = 5 · 109, 𝜎𝑧 = 5 µm.
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Figure 2: Contour plot of total luminosity L vs. horizontal
and vertical beta function 𝛽∗𝑥 and 𝛽∗𝑦 at the interaction point.
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Figure 3: Contour plot of total peak luminosity Lpeak vs.
horizontal and vertical beta function 𝛽∗𝑥 and 𝛽∗𝑦 at the inter-
action point.



By performing a parameter scan for a 3 TeV 𝛾𝛾 collider
in GUINEA-PIG [6] over a range of horizontal and vertical
beta functions 𝛽∗𝑥 , 𝛽∗𝑦 at the interaction point (IP) and rms
beam length 𝜎𝑧 , we found that the total luminosity L and
the peak luminosity are independent of 𝜎𝑧 for short beams
in the examined interval 2 µm ≤ 𝜎𝑧 ≤ 10 µm 1. For e+e−
collisions, a 𝜎𝑧 dependence was introduced to the total lu-
minosity through beamstrahlung limitation requirements [7].
This requirement does not exist for 𝛾𝛾 collisions, so the
independence of 𝜎𝑧 is expected. Furthermore, both the lu-
minosity and the sharpness of the spectrum are increased
with decreasing 𝛽∗𝑥 and 𝛽∗𝑦

2.
Thus, the total and peak luminosity can be maximised

by minimising 𝛽∗𝑥 and 𝛽∗𝑦 . The CLIC 3 TeV parameter set
uses 𝛽∗𝑥 = 6.9 mm and 𝛽∗𝑦 = 68 µm, which represent the
smallest beta functions currently achievable. These val-
ues for 𝛽∗𝑥,𝑦 however take into account non-linear effects
and are not matched to the spot sizes and emittances given
in [8], so we instead choose to assess the matched values
𝛽∗𝑥 = 9.0 mm and 𝛽∗𝑦 = 0.147 mm in this study. We per-
formed additional GUINEA-PIG simulations for 𝛾𝛾 colli-
sions of photons scattered at electron beams with 𝑁 = 5 · 109

electrons, 𝜎𝑧 = 5 µm, 𝛽∗𝑥 = 9.0 mm, 𝛽∗𝑦 = 0.147 mm to
study the effect of 𝐴/𝐴0 and 𝜚 on the luminosity spectrum.
The luminosity spectra are plotted against 𝜒 =

√
𝑠/√𝑠0 in

fig. 4 and 5.
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Figure 4: Luminosity spectra for 𝛾𝛾 collisions for a laser
with several target thicknesses 𝐴/𝐴0 and the distance 𝜚 = 1
between the conversion region and interaction point. 𝜒 =√
𝑠/√𝑠0.

As expected, large laser pulse energies lead to an enhance-
ment of the low-energy part of the luminosity spectrum
due to increased chance of multiple scattering and an in-
creased number of low-energy photons. For 𝐴/𝐴0 = 0.5,
Lpeak/L = 0.25 while Lpeak/L = 0.085 for 𝐴/𝐴0 = 1.5.
Furthermore, larger values of 𝜚 result in smaller total lumin-
osities, but enhance the relative sharpness of the spectrum
with Lpeak/L = 0.14 for 𝜚 = 1.0 and Lpeak/L = 0.20 for
𝜚 = 3.0. Due to this dependence on 𝜚, for a fixed distance
𝑑 between the conversion point and the IP, decreasing 𝛽∗𝑦

1 The hourglass effect was avoided since 𝛽∗
𝑦 ≥ 𝜎𝑧 .

2 At high energy and larger beam charges, conversion of high energy
photons into coherent pairs in the fields of the opposing electron beam
can however restrict the horizontal spot size [2].
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Figure 5: Luminosity spectra for 𝛾𝛾 collisions for a laser
with target thickness 𝐴/𝐴0 = 1 and several distances 𝜚

between the conversion region and interaction point. 𝜒 =√
𝑠/√𝑠0.

would lead to an improvement of the sharpness of the lumin-
osity spectrum, but the increase in total luminosity would
be less than the 1/

√︁
𝛽∗𝑦-scaling.

Background
In this background study, we will consider the case where

no beam separation scheme for the e− beams are applied,
and compare the results for two sets of 𝛽∗𝑥 and 𝛽∗𝑦 . Set
1 contains the previously used values 𝛽∗𝑥 = 9.0 mm and
𝛽∗𝑦 = 0.147 mm, while set 2 contains the smallest values
𝛽∗𝑥 = 1.0 mm and 𝛽∗𝑦 = 1.0 µm that were considered in
this parameter scan. Other parameters such as 𝑁 = 5 · 109

electrons, 𝜎𝑧 = 5 µm, 2ℎeΩ = −0.8, 𝐴/𝐴0 = 1.0, and
𝜚 = 1.0 are kept identical for parameter set 1 and 2.

Contour plots of the energy-angular distribution for para-
meter set 1 is shown in fig. 6 and the same is shown for
parameter set 2 in fig. 7. 𝜃 in fig. 6 and 7 is the angle with
respect to the beam axis.
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Figure 6: Energy-angular distribution of e− in the spent
beam for parameter set 1. 𝜃 is the angle with respect to the
beam axis.

The smaller beta functions in parameter set 2 clearly lead
to a larger fraction of low energy particles propagating at
large angles. This is likely caused by a higher number of
scattering with the laser photons due to the higher beam
density in addition to being deflected more severely by the
opposite electron beam. The low energy e− will be strongly
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Figure 7: Energy-angular distribution of e− in the spent
beam for parameter set 2. 𝜃 is the angle with respect to the
beam axis.

deflected by the other incoming e− beam, and thus the spent
beam in parameter set 2 will lead to stronger background
signals.

In addition to deflected e− from the spent beams, second-
ary particles can also contribute to the background signal.
This include e+e− pair creation and hadrons produced by
the interaction of the spent beams [6]. Table 1 summarises
key figures such as the number 𝑁H of hadronic events per
beam crossing with a centre of mass energy above 5 GeV, in
addition to the number of coherent (𝑁coh), trident (𝑁tri) and
incoherent (𝑁inc) e+e− pairs produced per beam crossing.
Various types of luminosities and energies are also listed.
We also performed 𝛾𝛾 collider simulations in GUINEA-PIG
using the CLIC parameter set, and have included the results
for comparison. As expected, parameter set 2 results in the
highest 𝛾𝛾 luminosity L𝛾𝛾 and also has the sharpest 𝛾𝛾
luminosity spectrum.

L𝛾𝛾 of set 1 is larger than expected compared to the
CLIC set, which should only have been a factor ∼ 1.56
larger due to the 𝑁2/√𝜀𝑥 scaling of luminosity. In or-
der to examine if this is caused by the difference in 𝜎𝑧 ,
we performed a separate simulation using set 1 paramet-
ers except replacing 𝜎𝑧 = 5 µm with 𝜎𝑧 = 44 µm. This
separate simulation resulted in L𝛾𝛾 = 8.48 · 1035 m−2bx−1

and Lpeak
𝛾𝛾 = 1.27 · 1035 m−2bx−1, which agree well with the

𝑁2/√𝜀𝑥-scaling and indicate a 𝜎𝑧 dependence for large 𝜎𝑧 .
Compared to L𝛾𝛾 , both the 𝛾e− luminosity L𝛾e− and the

e−e− luminosity Le−e− are 2–3 orders of magnitude lower
for all three parameter sets. The number of background
particles for parameter set 2 is higher than the other sets,
which is expected due to more intense beam fields leading
to the production of more e−e− pairs. The total energies of
the background particles are also highest for parameter set 2.
Furthermore, 𝑁H is also significantly higher for parameter
set 2, so that it overall produces the strongest background.

CONCLUSION
The absence of beam-beam effects in 𝛾𝛾 collisions allows

for increasing the total luminosity by minimising 𝛽∗𝑥,𝑦 of in-
coming electron beams used for back-scattering photons.

Table 1: Luminosity and Background Comparison

Quantity Unit Set 1 Set 2 CLIC

𝑁 109 5.0 5.0 3.72
𝜎𝑧 µm 5.0 5.0 44.0
𝛽∗𝑥/𝛽∗𝑦 mm/µm 9.0/147 1.0/1.0 9.0/147
𝛾𝜀𝑥 mm mrad 0.887 0.887 0.66
𝛾𝜀𝑦 mm mrad 0.02 0.02 0.02
L𝛾𝛾 1035 m−2 bx−1 12.09 209.16 5.45
Lpeak

𝛾𝛾 1035 m−2 bx−1 1.72 41.51 0.85
L𝛾e− 1035 m−2 bx−1 0.06 1.08 0.03
Le−e− 1035 m−2bx−1 0.05 0.56 0.02
𝑁coh 108 1.73 13.49 0.08
Ecoh 1011 GeV 0.33 1.66 0.03
𝑁tri 107 0.91 5.45 0.04
Etri 109 GeV 1.03 2.70 0.10
𝑁inc 105 0.26 3.46 0.12
Einc 107 GeV 0.12 2.12 0.06
𝑁H 70.15 1291.33 33.17

Electron beams with smaller 𝛽∗𝑥,𝑦 however also lead to
stronger backgrounds that can disrupt the experimental res-
ults.

The combined parameter set consisting of PWFA beam
parameters and smallest currently achievable 𝛽∗𝑥,𝑦 was able
to provide a significantly higher total luminosity than a 𝛾𝛾

collider based on CLIC parameters, but also produces a
larger background. A detailed study of the detector design
is required in order to ensure that the presented backgrounds
are within acceptable levels.
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