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We report on a direct search for elastic photon-photon scattering using x-ray and 𝛾 photons from a laser-plasma 
based experiment. A 𝛾 photon beam produced by a laser wakefield accelerator provided a broadband 𝛾 spectrum 
extending to above 𝐸𝛾 = 200MeV. These were collided with a dense x-ray field produced by the emission from 
a laser heated germanium foil at 𝐸𝑥 ≈ 1.4 keV, corresponding to an invariant mass of 

√
𝑠 = 1.22 ± 0.22MeV. In 

these asymmetric collisions elastic scattering removes one x-ray and one high-energy 𝛾 photon and outputs two 
lower energy 𝛾 photons. No changes in the 𝛾 photon spectrum were observed as a result of the collisions allowing 
us to place a 95% upper bound on the cross section of 1.5 × 1015 μb. Although far from the QED prediction, this 
represents the lowest upper limit obtained so far for 

√
𝑠 ≲ 1MeV.

1. Introduction

Photon-photon scattering is one of the most fundamental processes 
in quantum electrodynamics (QED) and is of elementary importance 

* Corresponding author.
E-mail address: b.king@plymouth.ac.uk (B. King).

in astrophysics. It is used in models that calculate primordial abun-
dances, affects the observed spectra from 𝛾 -ray bursts from the first 
million years of the universe [1,2] and plays an important role in mod-
els of the evolution of strongly magnetised neutron stars [3]. However, 
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Table 1
Comparison of different photon-photon scattering processes. The top row 
shows the Feynman diagram, the second row shows the number of real in-
coming and outgoing photons (𝑁−to−𝑀) and the third row shows name of 
the relevant inelastic contribution (i.e. the real electron-positron pair cre-
ation process described by the left-hand side of dotted line in the Feynman 
diagram). In this paper we report results on bounding the cross-section of 
2-to-2 scattering.

0-to-2 1-to-1 1-to-2 2-to-2
Landau [11] Bethe-Heitler [12] Breit-Wheeler [13] 

these calculations all use the QED cross section which is currently poorly 
bounded by experiment.

Photon-photon scattering involving virtual photons has previously 
been observed in several forms (see the summary in Table 1): the 1-
to-1 process of Delbrück scattering (𝛾𝛾∗ → 𝛾𝛾∗), where a real photon, 𝛾 , 
scatters from a virtual photon, 𝛾∗ , in the Coulomb field of an ion [4–6]; 
the 1-to-2 process of photon splitting (𝛾𝛾∗ → 𝛾𝛾) in atomic fields [4,7], 
and the 0-to-2 process of real double photon emission from colliding 
the virtual photons from Coulomb fields in ultra-peripheral heavy-ion 
collisions at the ATLAS and CMS experiments (𝛾∗𝛾∗ → 𝛾𝛾) [8–10]. In-
stead, in this paper, we will report on a search for the 2-to-2 process of 
photon-photon scattering involving only real photons (𝛾𝛾 → 𝛾𝛾).

A crucial parameter in photon-photon collisions is the invariant mass 
of the collision 

√
𝑠. For two photons, energy 𝐸1 and 𝐸2 colliding at an 

angle 𝜙, we have 𝑠 = 2𝐸1𝐸2(1 − cos𝜙). Photon-photon scattering has 
been searched for indirectly in the signal of vacuum birefringence at 
small invariant mass 

√
𝑠 ≪ 𝑚𝑒𝑐

2 in cavity experiments such as PVLAS 
[14] and BMV [15] involving photons traversing a quasi-constant mag-
netic field. At invariant mass 

√
𝑠 ∼𝑂(eV) it has also been searched for 

by directly colliding two optical laser pulses [16] and three optical laser 
pulses [17,18]. At 

√
𝑠 ∼ 𝑂(keV), the cross-section has been bounded 

by experiments employing x-ray free electron lasers [19,20]. By com-
parison, for large invariant mass 

√
𝑠 ≫ 𝑚𝑒𝑐

2, photon scattering with 
quasi-real photons has been measured by the ATLAS and CMS experi-
ments (in which 

√
𝑠 ≈ 5−20 GeV). Despite these results, photon-photon 

scattering has yet to be measured using manifestly real photons and this 
has sustained interest in the process. The upcoming HIBEF experiment 
plans to provide the first measurement involving manifestly real pho-
tons at 

√
𝑠 ∼ 𝑂(102 eV) by colliding an x-ray free electron laser with a 

high power optical laser pulse [21,22] and there have been many sug-
gestions for how to measure this effect using only PW-class optical lasers 
[23–26].

Apart from being a test of fundamental QED, searches for photon-
photon scattering can also provide bounds on physics beyond the Stan-
dard Model (BSM), e.g. the ATLAS results enabled bounds on Born-Infeld 
electrodynamics [27] for energy scales > 100 GeV. Suggestions for im-
proving these bounds by measuring photon-photon scattering at future 
colliders have also recently appeared in the literature [28].

This paper reports on a search for elastic photon-photon scattering 
at 

√
𝑠 ≈ 1MeV. This is a 2 → 2 process with two free photons in the 

out state, in contrast to the 1→ 1 stimulated photon scattering process 
searched for in cavity experiments (see e.g. [29] for a comparison). The 
search at this energy is motivated at this energy scale because it is rel-
evant to astrophysics, it is where the cross-section takes its maximum 
value, and at this energy, the QED effect has only very weak experi-
mental bounds. This scale also includes energies over the threshold for 
creation of real electron-positron pairs via the linear Breit-Wheeler pro-
cess, which therefore is a sub-process of photon-photon scattering at 
these energies (this can be understood by the optical theorem [30]). 
Linear Breit-Wheeler is also being searched for at PW-class optical lasers

Fig. 1. Illustration of the effect on the photon energy spectrum of copious 
photon-photon scattering of a 500 ± 25 MeV 𝛾 photon beam in a very dense 
field of 5 keV photons with 𝑛𝑥 = 1027 photons mm−3 and length 1 cm. Scatter-
ing in such a high density field results in a broadening and downshift of the 𝛾
photon energy.

[31,32], and multi-photon Breit-Wheeler pair-creation forms part of the 
science goals for the LUXE experiment planned at DESY [33,34] and the 
E320 experiment at SLAC [35].

Our experiment uses ∼ 1GeV electrons from a laser wakefield accel-
erator [36] which collide with a fixed target to generate a broadband 
bremsstrahlung distribution of 𝛾 photons extending to 𝐸𝛾 ≈ 800MeV. 
The 𝛾 photons are then collided with the dense x-ray photon field in the 
vicinity of a laser heated germanium foil. The x-ray radiation is domi-
nated by M-L-band emission in the region of 𝐸𝑥 ≈ 1.4 keV. The spectrum 
of the 𝛾 photons is determined using a caesium-iodide stack spectrome-
ter [37,38].

In this asymmetric collision, a scattering event typically removes one 
x-ray and one high energy 𝛾 photon from the beam and replaces it with 
two lower energy 𝛾 photons. If sufficient numbers of 𝛾 photons were 
to scatter in the x-ray field, we would therefore be able to detect the 
effect in the photon energy spectrum. This effect is illustrated in Fig. 1
for the idealised case of a 500 ± 25 MeV 𝛾 photon beam scattering in 
a very dense field of 5 keV photons with 𝑛𝑥 = 1027 photons mm−3 and 
length 1 cm. If however, insufficient scattering events occur to produce 
a measurable change in the spectrum, this allows us to place a limit on 
the photon-photon scattering cross-section.

As well as the effect on the photon spectrum, scattering also leads to 
an increase in the divergence of the photon beam. Due to the asymmetry 
in our photon energies very few photons will be scattered outside of the 
original 𝛾 beam profile and so, for our set-up, the effect on the spectrum 
is more pronounced. We therefore use the energy spectrum diagnostic 
only.

The QED prediction was calculated by extending the Geant4 simula-
tion framework [39,40] to include the cross-section for photon-photon 
scattering [41–45]. Simulation results were compared to an indepen-
dent direct numerical evaluation of the process integrated over the 
x-ray and 𝛾 -distributions reported in experiment, and found to be in 
agreement. The extended Geant4 model simulates the leading order 
(in fine-structure constant 𝛼) photon-photon scattering contribution 
involving four photons.1 This complements other recently developed 
simulation frameworks [47–51] of photon-photon scattering at 

√
𝑠 ∼

𝑂(eV) −𝑂(keV) based on the weak-field Heisenberg-Euler Lagrangian.

2. Experimental set-up

The experiment took place at the Gemini laser facility in the UK. 
This is a dual beam, 300 TW Ti:Sa system, allowing us to generate and 
collide two high energy-density photon sources. The experimental setup 
was based on the scheme by Pike et al., (2014) with asymmetrical pho-

1 During preparation of the manuscript, another simulation framework was 
developed that includes the same process [46].
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Fig. 2. Schematic of the experimental set-up (not to scale). 𝛾 -rays are produced 
using a laser wakefield accelerator, they are collimated and pass through the 
x-ray field in the vicinity of a laser-heated plasma. The spectrum of 𝛾 -rays after 
passage through the x-ray field is characterised using an array of caesium-iodide 
crystals.

ton sources [52]. The 𝛾 photon source was provided by bremsstrahlung 
emission produced by an electron beam in a high Z-material target. The 
electron beam was produced using laser wakefield acceleration [53]. 
The x-ray photon source was generated through direct laser heating of 
a thin metal foil. The two photon beams were temporally overlapped at 
the interaction point within 2 picoseconds using the drive laser beams 
(same optical path) and a fast-response photodiode. A schematic of the 
experimental setup can be found in Fig. 2. A detailed description of our 
laser-plasma platform for photon-photon physics can be found in ref 
[31]. The experiment can be separated into three parts: the x-ray pho-
ton source, the 𝛾 photon source, and the 𝛾 photon spectrometer

2.1. x-ray photon source

One of the Gemini laser pulses was used to generate a dense x-ray 
field by rapidly heating a 100 nm germanium (Ge) foil. As this solid Ge 
foil is heated, it turns into a plasma, leading to the emission of intense 
x-ray radiation predominantly due to M-L band transitions [54,55].

The heating laser pulse had a duration of 40 ps (fwhm intensity) and 
a total energy of 10.7 ± 0.3 J. It was focused to an elliptical spot using a 
distributive phase plate, with major and minor axes of (217±6) μm and 
(77 ± 6) μm respectively, which contained 72% of the total energy. The 
Ge targets were mounted on a Kapton (C22H10N2O5) tape with a lower 
average atomic number, limiting the mass of Ge close to the interaction 
which is a potential noise source. A motorised tape-drive was used to 
change targets between shots.

To diagnose the x-ray field, a pinhole imaging system and crystal 
spectrometer were used. The pinhole imaging system gave an on-shot 
measure of both the emission spot size and the target alignment. The 
spectrometer used a flat, thallium acid phthalate (TlAP) crystal, with 
a spectral window of ≈ 700 eV, centred at approximately 1.6 keV (al-
though the signal above approximately 1.5 keV was supressed due to an 
aluminium filter). This spectral window is around the M-L band tran-
sitions of Ge. A measurement of the x-ray spectrum, averaged over 47 
shots is shown in Fig. 3a).

The x-ray spectrometer used to measure the x-ray spectrum was 
absolutely calibrated by taking into account transmission through fil-
ters, camera sensitivity and crystal reflectivity. At a distance from the 
source larger than a few times the source size (as is the case at the col-
lision point), the emission can be treated as coming from a spherically 
symmetric point source. Knowledge of the solid angle captured by the 
spectrometer allows us to calculate the x-ray photon density and extent 
at the collision point. The measured total conversion efficiency from 
laser energy to 1.3–1.5 keV x-rays was (2.4±0.3)%. This corresponds to 
(3.7 ± 0.4) × 1010 photons eV−1 J−1 srad−1 emitted normal to the front 
surface of the germanium target. Taking into account the absorption in 
the kapton layer on the rear side of the target, at the interaction re-
gion (1 mm from the tape) this corresponds to an x-ray photon density 
of (1.4 ± 0.5) × 1012 mm−3, over an effective length of approximately 
3 mm.

Fig. 3. a) Measured x-ray photon spectrum, showing average and standard devi-
ation measured over 47 shots, b) 𝛾 photon spectrum (Geant4 simulations based 
on measured electron beam, showing average and standard deviation measured 
over 10 shots) c) Measured signal recorded by the CsI array from a randomly se-
lected null shot (red circles). The signal is the intensity of light emitted by each 
column of CsI crystals (i.e. eqn (1)), normalised to the peak signal. The signal 
generated by the forward model of the detector for the average (black) and 100 
randomly selected samples (grey) samples from the posterior distribution of 𝐸𝑐
is also shown. The mean value corresponds to 𝐸𝑐 = 83.2 ± 3.2MeV.

2.2. 𝛾 photon source

The 𝛾 photon source was generated through bremsstrahlung emis-
sion, which first requires a beam of high energy electrons. To pro-
duce these electrons, one of the Gemini laser beams was focused into 
a 17.5 mm gas cell filled with helium and a 2% nitrogen dopant. The 
duration of the laser pulse was 45 ± 5 fs (fwhm intensity) and the focal 
spot was (44 ± 2) μm × (53 ± 2) μm (fwhm intensity). The laser energy 
on target was 5.5 ± 0.6 J, corresponding to a normalised vector poten-
tial 𝑎0 = 1.1± 0.2. Through the laser wakefield acceleration mechanism 
[36], a beam of high energy electrons (energy up to ≈ 800MeV, charge 
≈ 50 pC) was emitted from the gas cell.

These electrons then passed through a 0.5 mm thick bismuth (Bi) foil, 
acting as a bremsstrahlung converter. This emits a beam of high energy 
𝛾 photons with a similar duration to that of the driving laser pulse (i.e. 
∼ 50 fs).

A calculation of the 𝛾 photon spectrum produced in the experiment, 
based on Geant4 calculations of the bremsstrahlung conversion process 
for the measured electron beam spectrum is shown in Fig. 3b).

2.3. Spatio-temporal alignment

To achieve successful collisions between the two photon sources, it 
is necessary to overlap the sources in both space and time with sufficient 
precision. One of the advantages of this experiment is that the precision 
required to achieve collisions is not difficult to achieve. As the photon 
sources are driven by optical lasers it is straightforward to overlap the 
two sources with 1 ps and 10 μm precision by overlapping the drive laser 
pulses using fast diodes and optical imaging. Since the x-ray field size 
is ∼ 1 mm and the x-ray field duration is ≈ 40 ps, this is more than 
sufficient to achieve spatial and temporal overlap of the photon sources 
at the desired collision location.

2.4. Background

The bremsstrahlung process used to generate the high-energy 𝛾 rays 
also generates a large number of low energy, divergent 𝛾 photons, which 
are a potential noise source in this experiment. If these divergent 𝛾 pho-
tons were to interact with the Ge foil, or another part of the experimental 
setup, they would produce background through the Compton scattering 
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process. To prevent this a 100 mm block of tungsten (W) with a 2 mm 
diameter hole drilled through the centre was used to collimate the 𝛾 pho-
ton beam. This collimator effectively removes any 𝛾 photon traveling at 
an angle greater than 10 mrad to the beam propagation direction.

To further reduce the background, a 50 mm tungsten block was 
placed just off-axis, shadowing the Ge foil from the 𝛾 photon beam. Plac-
ing such high Z-material close the 𝛾 photon beam axis will itself generate 
a large number of background Bethe–Heitler pairs which would pass 
through the x-ray field and create a background signal through Comp-
ton scattering. Therefore, a 30 cm dipole magnet with a field strength of 
𝐵 = 1 T, was used to remove these before the photon-photon interaction 
zone.

The target design and experimental geometry ensure that no plasma 
is in the path of the 𝛾 ray beam when the 𝛾 rays pass near the x-ray gen-
erating foil. This is achieved by mounting the germanium foil on a 4 μm 
kapton layer. The x-rays pass through the kapton to reach the collision 
point but the kapton layer prevents the expansion of any plasma towards 
the collision volume. Even without this kapton layer plasma expansion 
would not be an issue as the closest that the edge of the collimated 𝛾
beam passes to the foil is 1 mm, 40 ps after the start of the laser pulse. 
Laser produced plasmas have ablation speeds of 100 – 10000 km s−1 , so 
any plasma would only have expanded by 0.1 – 1 μm at the time of the 
arrival of the 𝛾 photons.

Any effect of 𝛾 photons interacting with material in the chamber, 
including the x-ray target foil is captured in the analysis by comparing 
the 𝛾 spectrum on collision shots with null shots where the experimental 
geometry is identical but there is no laser incident on the x-ray target 
foil.

2.5. 𝛾 photon spectrometer

The 𝛾 photon spectrometer consisted of an array of 5 × 5 × 50 mm 
crystals of CsI doped with thallium. The array was arranged in 47 
columns (𝑧) and 33 rows (𝑦), with the long side of the crystals (𝑥) ori-
ented transversely to the propagation direction of the 𝛾 rays (𝑧). The 
deposition of energy by the incident 𝛾 -rays inside the array was captured 
by imaging the light emission by the crystals with an EMCCD camera. 
The deposition in the 𝑧-direction can be used to infer the 𝛾 -ray energy 
spectrum, while the response in the 𝑦-axis encodes information about 
the vertical divergence of the radiation. For our analysis we integrate 
the signal along the 𝑦-axis, treating each column of CsI crystals together. 
The spectrometer method is described in more detail in [31,37].

The 𝛾 -photon spectrum is determined using a forward model based 
on a trial function. Bayesian inference is used to determine the best-fit 
parameters of the trial function and their uncertainty.

The detector was calibrated to remove systematic effects such as 
variations in light yield in each crystal due to crystal imperfections and 
misalignment, or effects produced by the imaging system. We compared 
the measured energy deposited in each crystal averaged over a large 
number of shots with that predicted in Geant4 using the average electron 
energy spectrum (as measured on a series of shots without the bismuth 
foil intercepting the electron beam) and generated a correction factor 
which can then be applied to each column of crystals.

By running Geant4 simulations for a series of mono-energetic 𝛾 pho-
ton beams over a range of energies we can model response of each crystal 
as a function of photon energy, 𝜌𝑖(𝐸𝛾 ), where 𝑖 is the crystal index and 
𝐸𝛾 is the photon energy. From this the signal measured by the detector 
for an arbitrary 𝛾 photon spectrum can be quickly calculated with the 
following integral

𝐼𝑖[𝑓 ] = 𝐶𝑖

∞ 

∫
0 
𝜌𝑖(𝐸)𝑓 (𝐸)d𝐸 (1)

where 𝐶𝑖 is the correction factor.
To enable a Bayesian inference of the 𝛾 photon spectrum on each 

shot, we first find a low dimensional parameterisation of the spectrum, 

f(E). We performed Geant4 simulations of the bremsstrahlung converter, 
using electron energy spectra observed on the experiment, to get a data 
set of typical 𝛾 photon spectra. From this data set, the following function 
was found to provide a good approximation to the spectra measured on 
the detector.

𝑓
(
𝐸;𝛼,𝐸𝑐

)
= 𝛼

(
1 − 0.182𝐸

2

𝐸2
𝑐

)
𝐸−0.94 , (2)

where 𝛼 controls the amplitude of the spectrum and 𝐸𝑐 is a characteristic 
energy that controls both the slope and the position of the cut off at 
high energy. Using this parameterisation, we can obtain the 𝛾 photon 
spectrum on each shot by applying Bayesian inference to estimate a 
distribution over 𝐱 =

(
𝐸𝑐, 𝛼

)
. This involves applying Bayes’ theorem

𝑝(𝐱 ∣ 𝐲) = 𝑝(𝐲 ∣ 𝐱)𝑝(𝐱) 
∫ 𝑝(𝐲 ∣ 𝐱)𝑝(𝐱)d𝐱 , (3)

where 𝐲 is an observed data point, corresponding to a vector of the 
crystal responses. In this equation 𝑝(𝐲 ∣ 𝐱) is the likelihood and 𝑝(𝐱) =
𝑝
(
𝐸𝑐

)
𝑝(𝛼) is a prior which we must set. If we make the assumption 

that the crystals exhibit random Gaussian noise, 𝜎, we can write the 
likelihood function as

𝑝(𝐲 ∣ 𝐱) =
∏
𝑖 

1 
𝜎
√
2𝜋

exp

(
−
(
𝑦𝑖 − 𝐼𝑖[𝑓 (𝐱)]

)2
𝜎2

)
.

This introduces a new parameter, 𝜎, which is treated in the same way as 
𝐸𝑐 and 𝛼. Given that we have little prior knowledge of 𝐸𝑐 , 𝛼 or 𝜎, other 
than the fact that they cannot be negative, we set uniform priors on each 
with a lower bound of zero. We know the upper bound for 𝐸𝑐 cannot 
be greater than the maximum energy of the electrons (≈ 800MeV) so 
the prior used is 𝑝

(
𝐸𝑐

)
= (0,800 MeV). Through appropriate normal-

isation of the data set, we can ensure that 𝛼 is never greater than 10, 
allowing us to apply the prior 𝑝(𝛼) = (0,10)). Finally, we set the prior 
on 𝜎 to be 𝑝(𝜎) = (0,1) as if the limit is greater than this, the data will 
be too noisy to make any inference.

With the likelihood and priors set, we can use equation (3) to 
calculate the posterior. Given that the numerator involves a three-
dimensional integral, it is most efficiently solved using a Markov chain 
Monte Carlo (MCMC) method. In Fig. 3c) we can see an example of this 
calculation performed on a randomly selected shot from the data set.

3. Results

3.1. 𝛾 photon spectrum

Having developed a robust method for extracting the 𝛾 photon spec-
trum from the crystal response, we can test if the presence of the x-ray 
field has an effect on the 𝛾 photon spectrum. To do this, we run the 
Bayesian spectral retrieval algorithm on each shot of the experiment 
and compare the distributions over 𝐸𝑐 for null and collision shots. Null 
shots involve firing only the beam that generates the 𝛾 photon beam. 
Collision shots involve firing both beams at a relative delay that ensures 
the 𝛾 photons pass through the x-ray field. The Ge foil was properly 
aligned for both null and collision shots to ensure that any contribu-
tions to the 𝛾 photon spectrum measurement due to interactions with 
the foil are fully accounted for. The data set consists of 32 null shots and 
22 collision shots. These shots were all performed on a single shot day 
on the Gemini laser system.

We compare the distribution of 𝐸𝑐 on collision and null shots in 
various ways. Fig. 4a) shows the histogram of the inferred value for the 
𝛾 photon spectrum 𝐸𝑐 . The relatively small number of shots in each 
distribution means it is not immediately clear if differences between 
them are significant.

Fig. 4b) shows the empirical cumulative distribution function (ecdf) 
of 𝐸𝑐 for the data. Also shown are 50 ecdfs for bootstrap samples of 
the data, these effectively represent the uncertainty in the ecdfs. The 
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Fig. 4. a) Distribution of inferred value for the 𝛾 photon spectrum 𝐸𝑐 for 32 
null shots (blue) and 22 collision shots (red) b) Bootstrap estimate of the mean 
of 𝐸𝑐 for null shots (blue) and collision shots (red) c) Bootstrap estimate of the 
standard deviation of 𝐸𝑐 for null shots (blue) and collision shots (red).

overlap between these ecdfs illustrates that there is no significant dif-
ference between the distributions. Figs. 4c) and d) show the distribution 
of mean and standard deviation calculated from 100,000 bootstrap sam-
ples of the null and collision shot data. The fact that the distributions 
overlap further illustrates that there is no significant difference between 
the distribution of 𝐸𝑐 on null and collision shots.

A third method to assess differences in the distribution of 𝐸𝑐 is to use 
the two-sample Kolmogorov–Smirnov (KS) test. The null hypothesis of 
this test is that both null and full data sets have been sampled from the 
same distribution, i.e. that there is no measurable difference effect of the 
photon-photon collisions on the measured 𝛾 -ray spectrum. To perform 
the KS test, the two-sample KS-test statistic must be calculated:

𝐷 = sup |||𝐹N (
𝐸𝑐

)
− 𝐹C

(
𝐸𝑐

)||| , (4)

where 𝐹N
(
𝐸𝑐

)
and 𝐹C

(
𝐸𝑐

)
are the cumulative distribution functions 

for the null and collision shots respectively. The null hypothesis is ac-
cepted at the 95% confidence level if 𝐷 < 0.378 [56] for data sets with 
32 and 22 samples. The value obtained for our data set is D = 0.216, 
so we cannot reject the null hypothesis.

We can also calculate the two-sample Kolmogorov-Smirnov test 
statistic for a large number of bootstrap samples from the data to es-
timate the uncertainty in the KS test statistic (shown in Fig. 5). We find 
that the bulk of the distribution (≈ 90%) lies below the critical value, 
providing further strong evidence that we cannot reject the null hypoth-
esis, i.e. we must assume that collisions between 𝛾 photons and the dense 
x-ray field did not produce a detectable difference in the energy spec-
trum of the 𝛾 photons.

3.2. Bounding the cross section

As the various analyses all show that there is no significant differ-
ence between the distribution over 𝐸𝑐 on null and collision shots, we can 
conclude there was not a detectable level of photon-photon scattering. 
To find how much larger than the standard QED value the cross-section 
would have to be to produce a detectable, we performed multiple simu-
lations of the experiment with an increasing cross-section. The factor by 
which the cross section would have to increase for us to have observed 
a significant difference in the value of 𝐸𝑐 on collision shots provides 
a bound on the cross-section. These simulations were performed with 
Geant4 [39] which we have adapted to include photon-photon colli-

Fig. 5. a) The empirical cumulative distribution (ecdf) function of 𝐸𝑐 for null 
shots (blue) and collision shots (red). The thick lines show the ecdf for the ex-
perimental data, the thin lines show ecdfs calculated from 50 bootstrap samples 
of the data. b) Distribution of the two sample Kolmogorov-Smirnov test statistic 
comparing the distribution of 𝐸𝑐 for null shots and collision shots from 100,000 
bootstrap samples from the data. The red line shows the value above which the 
null hypothesis (that the null and collision shots are from the same distribution) 
can be rejected at the 𝛼 = 0.05 significance level.

Fig. 6. Simulated 𝛾 photon spectrum critical energy, 𝐸𝑐 , after interaction with 
the x-ray field, as a function of the cross section bias factor. Blue shaded region 
represents the critical energy measured on null shots (95% confidence interval).

sions between the 𝛾 photons and a dense x-ray field, using the QED 
cross section [40].

The simulation modelled all major aspects of the experimental ge-
ometry, including the 𝛾 -photon source, collimator and magnet before 
the collision point, the x-ray photon source (both the tape target and 
surrounding x-ray field), and the magnetic transport system, shielding 
and detectors and after the collision point. The x-ray photon source was 
modelled as a static (i.e. non evolving) photon field using the measured 
x-ray spectrum and a spatial distribution of photon density 𝑛𝑥(𝑥, 𝑦, 𝑧)
calculated from the experimentally measured photon numbers and as-
suming emission from a uniform disk of radius 100 nm. Details of the 
geometry can be found in [31], and details of the modifications made 
to Geant4 are described in [40].

The result of these simulations is shown in Fig. 6. Also shown is 
the mean and 95% confidence limit of 𝐸𝑐 for the null shots. Increasing 
the bias on the cross-section up to 1013 has little effect on the 𝐸𝑐 our 
detector would measure. Beyond this point, 𝐸𝑐 starts to decrease. The 
copious amount of elastic photon-photon scattering that would occur if 
the cross section were 1014 −1015 times higher than the QED prediction 
would significantly lower the average energy of the 𝛾 photons exiting 
the collision volume. The simulations show that this would result in 
a measurably lower value of 𝐸𝑐 on collision shots than that measured 
on null shots. The fact that we do not measure a lower value of 𝐸𝑐 on 
collision shots therefore allows us to place an upper bound on the elastic 
photon-photon scattering cross section at ≈ 1015𝜎QED.

The broadband nature of the photon spectra in this experiment 
means that this measurement is not at a single, specified value of 

√
𝑠, 

but the effective 
√
𝑠 be found by weighting the cross section, 𝜎(𝐸1,𝐸2), 

with the measured photon spectra 𝑁𝑥(𝐸1) and 𝑁𝛾 (𝐸2) and consider-
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Fig. 7. Comparison of this work with different measurements of the total cross-
section of photon-photon scattering. The theory prediction for the cross-section 
of the 2-to-2 process is plotted in the solid blue line (calculated from [43–45]). 
For the 1-to-1 process (also measured in [6]), the horizontal co-ordinate is given 
by the incident photon energy in the lab. For the 0-to-2 process, the measure-
ments were for a diphoton mass > 5 GeV [9] or > 6 GeV [8,10], to represent this 
on the plot, 

√
𝑠 = 10 GeV has been chosen. Notable exceptions to this plotting 

scheme are the cavity experiments such as PVLAS [14] and BMV [15], mea-
suring a 1-to-1 process in a quasi-constant magnetic field and photon-splitting 
experiments [4,7] measuring a 1-to-2 process.

ing the range of collision angles. The effective 
√
𝑠 for this experiment is 

1.22 ± 0.22MeV.

4. Conclusions

The cross-section limits that have been made by previous direct 
searches for elastic photon-photon scattering are shown in Fig. 7. The 
closest of these to the QED cross-section for real photon-photon scatter-
ing is that of Bernard et al. (2000) [18] using optical photons. However, 
this is a factor of 1018 times higher than the QED prediction. More 
recently, work using x-ray photons provided by a free electron laser 
bounded the cross section at 

√
𝑠 ∼ 10−2𝑚𝑒 a factor of 1019 times higher 

than the QED prediction [19,20]. These high bounds are due to the fact 
that these previous direct searches operated in a regime where 

√
𝑠 ≪𝑚𝑒, 

where the cross-section is severely suppressed. The experiment reported 
here provides the first bound at 

√
𝑠 ∼ 𝑚𝑒, where elastic scattering is 

expected to play a role in various astrophysical situations [2]. This ex-
periment also provides the lowest ratio of the upper bound to the QED 
prediction for 2-to-2 photon-photon scattering to date and the lowest 
bound in the range close to 

√
𝑠 ≈ 1MeV. 

While this current work provides an upper bound on the cross sec-
tion, it is also useful to consider if laser-plasma interactions are a po-
tential route to directly observing photon-photon collisions in the lab-
oratory. To do this we consider how long an experiment would have 
to operate to observe a single scatter event. A simple estimate of the 
number of scatter events per shot is 𝑁scatter ≈𝑁𝛾𝜎𝑛𝑥𝐿𝑥, where 𝑁𝛾 is 
the number of 𝛾 photons, 𝜎 is the cross section, 𝑛𝑥 is the x-ray photon 
density and 𝐿𝑥 is the length of the x-ray field. For the current config-
uration described here 𝑁𝛾 ∼ 107, 𝜎 ∼ 10−30 cm2, 𝑛𝑥 ∼ 1015 cm−3, and 
𝐿𝑥 ∼ 0.1 cm, resulting in 𝑁scatter ∼ 10−9 per laser shot. At the repetition 
rate of this experiment (0.05 Hz) this would require over 600 years of 
continuous operation, but a 100 Hz laser with similar capabilities would 
require only 100 days.

Higher energy lasers such as EPAC [57] and ELI-NP [58] will be 
capable of producing greater than 10 times more 𝛾 photons per shot 
due to the higher charge, higher energy electron beams they will be 

capable of producing. If such lasers could be operated at 100 Hz, the 
required time drops to ∼ 1 day.

The development of such high repetition rate, high power lasers has 
already been identified as a key future direction for laser wakefield ac-
celerators [59] and is an area of active research (see e.g. [60]). Such 
facilities could open up the real possibility of observing and studying 
photon-photon scattering.
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