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ARTICLE INFO ABSTRACT

Editor: M. Doser We report on a direct search for elastic photon-photon scattering using x-ray and y photons from a laser-plasma
based experiment. A y photon beam produced by a laser wakefield accelerator provided a broadband y spectrum

Dataset link: https://
b extending to above E, =200 MeV. These were collided with a dense x-ray field produced by the emission from

dx.doi.org/10.5281/zenodo.13767363
a laser heated germanium foil at E, = 1.4keV, corresponding to an invariant mass of \/E =1.22+0.22MeV. In

these asymmetric collisions elastic scattering removes one x-ray and one high-energy y photon and outputs two
lower energy y photons. No changes in the y 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 x 10'> ub. Although far from the QED prediction, this
represents the lowest upper limit obtained so far for \/E < 1MeV.

1. Introduction in astrophysics. It is used in models that calculate primordial abun-
dances, affects the observed spectra from y-ray bursts from the first

Photon-photon scattering is one of the most fundamental processes million years of the universe [1,2] and plays an important role in mod-

in quantum electrodynamics (QED) and is of elementary importance 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 Delbriick scattering (yy* — yy*), where a real photon, 7,
scatters from a virtual photon, y*, in the Coulomb field of an ion [4-6];
the 1-to-2 process of photon splitting (yy* — yy) 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 (y*y* — yy) [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 (yy — yy).

A crucial parameter in photon-photon collisions is the invariant mass
of the collision \/E For two photons, energy E; and E, colliding at an
angle ¢, we have s = 2E| E,(1 — cos ¢). Photon-photon scattering has
been searched for indirectly in the signal of vacuum birefringence at
small invariant mass \/E < m,c? 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 \/— ~ 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 \/E > m,c2, photon scattering with
quasi-real photons has been measured by the ATLAS and CMS experi-
ments (in which \/— ~ 5 —20GeV). 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 \/— ~ 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 y/s =% 1 MeV. 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
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Fig. 1. Illustration of the effect on the photon energy spectrum of copious
photon-photon scattering of a 500 + 25 MeV y photon beam in a very dense
field of 5keV photons with n, = 10>’ photons mm~ and length 1 cm. Scatter-
ing in such a high density field results in a broadening and downshift of the y
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 ~ 1 GeV electrons from a laser wakefield accel-
erator [36] which collide with a fixed target to generate a broadband
bremsstrahlung distribution of y photons extending to E, ~ 800 MeV.
The y 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 E, ~ 1.4 keV. The spectrum
of the y 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 y photon from the beam and replaces it with
two lower energy y photons. If sufficient numbers of y 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 y photon beam scattering in
a very dense field of 5keV photons with n, = 10?” photons mm~> 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 y 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 y-distributions reported in experiment, and found to be in
agreement. The extended Geant4 model simulates the leading order
(in fine-structure constant «) photon-photon scattering contribution
involving four photons.! This complements other recently developed
simulation frameworks [47-51] of photon-photon scattering at \/— ~
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-

! 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). y-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 y-rays after
passage through the x-ray field is characterised using an array of caesium-iodide
crystals.

ton sources [52]. The y 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 y photon source, and the y 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) ym and
(77 £ 6) um respectively, which contained 72% of the total energy. The
Ge targets were mounted on a Kapton (C»,H;yN,0O5) 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 (TIAP) crystal, with
a spectral window of ~ 700eV, centred at approximately 1.6keV (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) x 10'° photons eV~! J~! srad~! 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) x 10> mm~3, over an effective length of approximately
3mm.
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Fig. 3. a) Measured x-ray photon spectrum, showing average and standard devi-
ation measured over 47 shots, b) y photon spectrum (Geant4 simulations based
on measured electron beam, showing average and standard deviation measured
over 10 shots) ¢) 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 E,
is also shown. The mean value corresponds to E, = 83.2 + 3.2 MeV.

2.2. y photon source

The y 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 17.5mm 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) um X (53 + 2) um (FWHM intensity). The laser energy
on target was 5.5 + 0.6 J, corresponding to a normalised vector poten-
tial ap = 1.1 +0.2. Through the laser wakefield acceleration mechanism
[36], a beam of high energy electrons (energy up to ~ 800 MeV, 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
y photons with a similar duration to that of the driving laser pulse (i.e.
~ 50 fs).

A calculation of the y 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 um 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 y rays
also generates a large number of low energy, divergent y photons, which
are a potential noise source in this experiment. If these divergent y 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 2mm
diameter hole drilled through the centre was used to collimate the y pho-
ton beam. This collimator effectively removes any y 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 y photon beam. Plac-
ing such high Z-material close the y 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 = 1T, 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 y ray beam when the y rays pass near the x-ray gen-
erating foil. This is achieved by mounting the germanium foil on a 4 um
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 y
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~!, so
any plasma would only have expanded by 0.1 — 1 um at the time of the
arrival of the y photons.

Any effect of y photons interacting with material in the chamber,
including the x-ray target foil is captured in the analysis by comparing
the y 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. y photon spectrometer

The y photon spectrometer consisted of an array of 5 X 5 X 50 mm
crystals of CsI doped with thallium. The array was arranged in 47
columns (z) and 33 rows (), with the long side of the crystals (x) ori-
ented transversely to the propagation direction of the y rays (z). The
deposition of energy by the incident y-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 y-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 y-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 y pho-
ton beams over a range of energies we can model response of each crystal
as a function of photon energy, p;(E, ), where i is the crystal index and
E, is the photon energy. From this the signal measured by the detector
for an arbitrary y photon spectrum can be quickly calculated with the
following integral

’i[f]=Cl-/P,-(E)f(E)dE @
0

where C; is the correction factor.
To enable a Bayesian inference of the y photon spectrum on each
shot, we first find a low dimensional parameterisation of the spectrum,
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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 y photon spectra. From this data set, the following function
was found to provide a good approximation to the spectra measured on
the detector.

E%\
f(E;a,Ec)=a<]—0.182E>E 0.94 )

c

where a controls the amplitude of the spectrum and E, 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 y photon
spectrum on each shot by applying Bayesian inference to estimate a
distribution over x = (Ec, a). This involves applying Bayes’ theorem

p(y | X)p(x)
/ p(y | 0)px)dx”

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(E,) p(a) is a prior which we must set. If we make the assumption
that the crystals exhibit random Gaussian noise, o, we can write the
likelihood function as

2
= L)
prio=[]— exp(—(y Ll >
c T

px|y)= 3)

i o

This introduces a new parameter, o, which is treated in the same way as
E, and a. Given that we have little prior knowledge of E,, a or ¢, 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 E, cannot
be greater than the maximum energy of the electrons (~ 800 MeV) so
the prior used is p ( E, ) = V(0,800 MeV). Through appropriate normal-
isation of the data set, we can ensure that « is never greater than 10,
allowing us to apply the prior p(a) = U'(0, 10)). Finally, we set the prior
on o to be p(o) = U7(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. y photon spectrum

Having developed a robust method for extracting the y photon spec-
trum from the crystal response, we can test if the presence of the x-ray
field has an effect on the y photon spectrum. To do this, we run the
Bayesian spectral retrieval algorithm on each shot of the experiment
and compare the distributions over E, for null and collision shots. Null
shots involve firing only the beam that generates the y photon beam.
Collision shots involve firing both beams at a relative delay that ensures
the y 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 y 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 E. on collision and null shots in
various ways. Fig. 4a) shows the histogram of the inferred value for the
y photon spectrum E_. 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 E, 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 y photon spectrum E, for 32
null shots (blue) and 22 collision shots (red) b) Bootstrap estimate of the mean
of E, for null shots (blue) and collision shots (red) c) Bootstrap estimate of the
standard deviation of E, 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 E, on null and collision shots.

A third method to assess differences in the distribution of E, 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 y-ray spectrum. To perform
the KS test, the two-sample KS-test statistic must be calculated:

D=sup|Fy (E.) - Fe (E.)| . @

where Fy (E,) and F¢ (E,) 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 y photons and the dense
x-ray field did not produce a detectable difference in the energy spec-
trum of the y photons.

3.2. Bounding the cross section

As the various analyses all show that there is no significant differ-
ence between the distribution over E, 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 E. 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-
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Fig. 5. a) The empirical cumulative distribution (ecdf) function of E, 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 E, 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 a = 0.05 significance level.
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Fig. 6. Simulated y photon spectrum critical energy, E,, 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 y 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 y-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 n,(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 E, for the null shots. Increasing
the bias on the cross-section up to 10 has little effect on the E, our
detector would measure. Beyond this point, E, starts to decrease. The
copious amount of elastic photon-photon scattering that would occur if
the cross section were 1014 — 10> times higher than the QED prediction
would significantly lower the average energy of the y photons exiting
the collision volume. The simulations show that this would result in
a measurably lower value of E, on collision shots than that measured
on null shots. The fact that we do not measure a lower value of E, on
collision shots therefore allows us to place an upper bound on the elastic
photon-photon scattering cross section at ~ IOISGQED.

The broadband nature of the photon spectra in this experiment
means that this measurement is not at a single, specified value of \/E,
but the effective \/E be found by weighting the cross section, ¢(E,, E,),
with the measured photon spectra N,(E,) and N,(E,) 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 > 5GeV [9] or > 6 GeV [8,10], to represent this
on the plot, \/E = 10GeV 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 \/E for this experiment is
1.22 +0.22 MeV.

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 10'® times higher than the QED prediction. More
recently, work using x-ray photons provided by a free electron laser
bounded the cross section at \/E ~1072m, a factor of 10'° 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 \/E <«<m,,
where the cross-section is severely suppressed. The experiment reported
here provides the first bound at \/E ~ m,, 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 \/E ~ 1 MeV.

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 Ny, & N,on, L,, where N, is
the number of y photons, ¢ is the cross section, n, is the x-ray photon
density and L, is the length of the x-ray field. For the current config-
uration described here N, ~ 107, 6 ~ 10739 cm?, ny ~ 1015 ¢cm™3, and
L, ~0.1 cm, resulting in N, ~ 107 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 y photons per shot
due to the higher charge, higher energy electron beams they will be
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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.

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:
Stuart Mangles, Brendan Kettle, Elias Gerstmayr, Robbie Watt, Cary Col-
gan reports financial support was provided by European Research Coun-
cil. Stuart Mangles, Brendan Kettle, Elias Gerstmayr, Robbie Watt, Cary
Colgan report financial support was provided by Science and Technol-
ogy Facilities Council. J. Hinojosa and A.G.R. Thomas report financial
support was provided by National Science Foundation. G. Sarri reports
financial support was provided by Engineering and Physical Sciences
Research Council. G. Perez-Callejo reports financial support was pro-
vided by Spanish Ministry of Science and Innovation. If there are other
authors, they declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

We wish to acknowledge the support of the staff at the Central Laser
Facility. This project has received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020 research and
innovation programme (Grant Agreement No. 682399) and STFC (Grant
No. ST/P002021/1). JH and AT acknowledge support from the US Na-
tional Science Foundation grant #1804463. GS would like to acknowl-
edge support from EPSRC (Grant Nos. EP/N027175/1, EP/P010059/1).
GPC was supported by Research Grant No. PID2022-1376320B-100 from
the Spanish Ministry of Science and Innovation.

Data availability

The data that support the findings of this study are openly avail-
able at the following URL/DOL https://dx.doi.org/10.5281/zenodo.
13767363.

References

[1] J. Ellis, G.B. Gelmini, J.L. Lopez, D.V. Nanopoulos, S. Sarkar, Astrophysical con-
straints on massive unstable neutral relic particles, Nucl. Phys. B 373 (2) (1992)
399-437.

[2] R. Svensson, A.A. Zdziarski, Photon-photon scattering of gamma rays at cosmological
distances, Astrophys. J. 349 (1990) 415-428, https://doi.org/10.1086,/168325.

[3] M.G. Baring, A.K. Harding, Photon splitting and pair creation in highly magnetized
pulsars, Astrophys. J. 547 (2) (2001) 929.

[4] G. Jarlskog, L. Joensson, S. Pruenster, H.D. Schulz, H.J. Willutzki, G.G. Winter, Mea-
surement of delbrueck scattering and observation of photon splitting at high ener-
gies, Phys. Rev. D 8 (1973) 3813-3823, https://doi.org/10.1103/PhysRevD.8.3813.

[5] M. Schumacher, I. Borchert, F. Smend, P. Rullhusen, Delbriick scattering of 2.75 mev
photons by lead, Phys. Lett. B 59 (2) (1975) 134-136.

[6] S.Z. Akhmadaliev, et al., Delbruck scattering at energies of 140-450 MeV, Phys. Rev.
C 58 (1998) 2844-2850, https://doi.org/10.1103/PhysRevC.58.2844.

[7] S.Z. Akhmadaliev, et al., Experimental investigation of high-energy photon split-
ting in atomic fields, Phys. Rev. Lett. 89 (2002) 061802, https://doi.org/10.1103/
PhysRevLett.89.061802, arXiv:hep-ex/0111084.

[8] M. Aaboud, et al., Evidence for light-by-light scattering in heavy-ion collisions with
the ATLAS detector at the LHC, Nat. Phys. 13 (9) (2017) 852-858, https://doi.org/
10.1038/nphys4208, arXiv:1702.01625.

[9] A.M. Sirunyan, et al., Evidence for light-by-light scattering and searches for axion-
like particles in ultraperipheral PbPb collisions at /syy = 5.02 TeV, Phys. Lett. B
797 (2019) 134826, https://doi.org/10.1016/j.physletb.2019.134826, arXiv:1810.
04602.


https://doi.org/10.5281/zenodo.13767363
https://doi.org/10.5281/zenodo.13767363
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibF1FA0342AAB256680BFAE5306DEDA624s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibF1FA0342AAB256680BFAE5306DEDA624s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibF1FA0342AAB256680BFAE5306DEDA624s1
https://doi.org/10.1086/168325
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibFF9FCF7F8FF107C106AAB85FB631D9C2s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibFF9FCF7F8FF107C106AAB85FB631D9C2s1
https://doi.org/10.1103/PhysRevD.8.3813
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib60DCD0CA699955290A1E611437F4591Ds1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib60DCD0CA699955290A1E611437F4591Ds1
https://doi.org/10.1103/PhysRevC.58.2844
https://doi.org/10.1103/PhysRevLett.89.061802
https://doi.org/10.1103/PhysRevLett.89.061802
https://doi.org/10.1038/nphys4208
https://doi.org/10.1038/nphys4208
https://doi.org/10.1016/j.physletb.2019.134826

R. Watt, B. Kettle, E. Gerstmayr et al.

[10] G. Aad, et al., Observation of light-by-light scattering in ultraperipheral Pb+Pb col-
lisions with the ATLAS detector, Phys. Rev. Lett. 123 (5) (2019) 052001, https://
doi.org/10.1103/PhysRevLett.123.052001, arXiv:1904.03536.

[11] L.D. Landau, E.M. Lifschitz, On the production of electrons and positrons by a colli-
sion of two particles, Phys. Z. Sowjetunion 6 (1934) 244, https://doi.org/10.1016/
B978-0-08-010586-4.50021-3.

[12] H. Bethe, W. Heitler, On the stopping of fast particles and on the creation of positive
electrons, Proc. R. Soc. Lond. A 146 (1934) 83-112, https://doi.org/10.1098/rspa.
1934.0140.

[13] G. Breit, J.A. Wheeler, Collision of two light quanta, Phys. Rev. 46 (12) (1934)
1087-1091, https://doi.org/10.1103/PhysRev.46.1087.

[14] A. Ejlli, F. Della Valle, U. Gastaldi, G. Messineo, R. Pengo, G. Ruoso, G. Zavattini,
The PVLAS experiment: a 25 year effort to measure vacuum magnetic birefringence,
Phys. Rep. 871 (2020) 1-74, https://doi.org/10.1016/j.physrep.2020.06.001, arXiv:
2005.12913.

[15] J. Agil, R. Battesti, C. Rizzo, Monte Carlo study of the BMV vacuum linear magnetic
birefringence experiment, Eur. Phys. J. D 75 (3) (2021) 90, https://doi.org/10.1140/
epjd/s10053-021-00100-z.

[16] F. Moulin, D. Bernard, F. Amiranoff, Photon-photon elastic scattering in the visible
domain, Z. Phys. C 72 (1996) 607-611, https://doi.org/10.1007/s002880050282.

[17] F. Moulin, D. Bernard, Four-wave interaction in gas and vacuum. Definition of a
third order nonlinear effective susceptibility in vacuum: y,, @, Opt. Commun. 164
(1999) 137-144, https://doi.org/10.1016/50030-4018(99)00169-8, arXiv:physics/
0203069.

[18] D. Bernard, F. Moulin, F. Amiranoff, A. Braun, J.P. Chambaret, G. Darpentigny,
G. Grillon, S. Ranc, F. Perrone, Search for stimulated photon-photon scattering in
vacuum, Eur. Phys. J. D 10 (2000) 141, https://doi.org/10.1007/s100530050535,
arXiv:1007.0104.

[19] T. Inada, et al., Search for photon-photon elastic scattering in the X-ray region,
Phys. Lett. B 732 (2014) 356-359, https://doi.org/10.1016/j.physletb.2014.03.054,
arXiv:1403.2547.

[20] T. Yamaji, et al., An experiment of X-ray photon-photon elastic scattering with
a Laue-case beam collider, Phys. Lett. B 763 (2016) 454-457, https://doi.org/10.
1016/j.physletb.2016.11.003, arXiv:1608.06369.

[21] H.-P. Schlenvoigt, T. Heinzl, U. Schramm, T.E. Cowan, R. Sauerbrey, Detecting vac-
uum birefringence with X-ray free electron lasers and high-power optical lasers: a
feasibility study, Phys. Scr. 91 (2) (2016) 023010, https://doi.org/10.1088/0031-
8949/91/2/023010.

[22] F. Karbstein, D. Ullmann, E.A. Mosman, M. Zepf, Direct accessibility of the
fundamental constants governing light-by-light scattering, Phys. Rev. Lett. 129
(2022) 061802, https://doi.org/10.1103/PhysRevLett.129.061802, https://link.
aps.org/doi/10.1103/PhysRevLett.129.061802.

[23] M. Marklund, P.K. Shukla, Nonlinear collective effects in photon-photon and photon-
plasma interactions, Rev. Mod. Phys. 78 (2006) 591-640, https://doi.org/10.1103/
RevModPhys.78.591, arXiv:hep-ph/0602123.

[24] A. Di Piazza, C. Muller, K.Z. Hatsagortsyan, C.H. Keitel, Extremely high-intensity
laser interactions with fundamental quantum systems, Rev. Mod. Phys. 84 (2012)
1177, https://doi.org/10.1103/RevModPhys.84.1177, arXiv:1111.3886.

[25] B. King, T. Heinzl, Measuring vacuum polarisation with high power lasers, High
Power Laser Sci. Eng. 4 (2016), arXiv:1510.08456, https://doi.org/10.1017/hpl.
2016.1.

[26] A. Fedotov, A. Ilderton, F. Karbstein, B. King, D. Seipt, H. Taya, G. Torgrimsson,
Advances in QED with intense background fields, Phys. Rep. 1010 (2023) 1-138,
https://doi.org/10.1016/j.physrep.2023.01.003, arXiv:2203.00019.

[27] J. Ellis, N.E. Mavromatos, T. You, Light-by-light scattering constraint on Born-Infeld
theory, Phys. Rev. Lett. 118 (2017) 261802, https://doi.org/10.1103/PhysRevLett.
118.261802, https://link.aps.org/doi/10.1103/PhysRevLett.118.261802.

[28] J. Ellis, N.E. Mavromatos, P. Roloff, T. You, Light-by-light scattering at future ete™
colliders, Eur. Phys. J. C 82 (7) (2022) 634, https://doi.org/10.1140/epjc/s10052-
022-10565-w, arXiv:2203.17111.

[29] T. Heinzl, B. King, D. Liu, Coherent enhancement of QED cross-sections in electro-
magnetic backgrounds, arXiv:2412.10574, 2024.

[30] M.D. Schwartz, Quantum Field Theory and the Standard Model, Cambridge Univer-
sity Press, 2013.

[31] B. Kettle, et al., A laser—plasma platform for photon-photon physics: the two photon
Breit-Wheeler process, New J. Phys. 23 (11) (2021) 115006, https://doi.org/10.
1088/1367-2630/ac3048, arXiv:2106.15170.

[32] X. Ribeyre, E. d’Humiéres, O. Jansen, S. Jequier, V. Tikhonchuk, M. Lobet, Pair cre-
ation in collision of y-ray beams produced with high-intensity lasers, Phys. Rev. E
93 (1) (2016) 013201.

[33] H. Abramowicz, et al., Conceptual design report for the LUXE experiment, Eur. Phys.
J. Spec. Top. 230 (11) (2021) 2445-2560, https://doi.org/10.1140/epjs/s11734-
021-00249-z, arXiv:2102.02032.

[34] H. Abramowicz, et al., Technical design report for the LUXE experiment, Eur. Phys. J.
Spec. Top. 233 (10) (2024) 1709-1974, https://doi.org/10.1140/epjs/s11734-024-
01164-9, arXiv:2308.00515.

[35] Z. Chen, S. Meuren, E. Gerstmayr, V. Yakimenko, P.H. Bucksbaum, D.A. Reis,
Preparation of strong-field qed experiments at facet-ii, in: Optica High-Brightness
Sources and Light-Driven Interactions Congress 2022, Optica Publishing Group,
2022, p. HF4B.6, https://opg.optica.org/abstract.cfm?URI = HILAS-2022-HF4B.6.

Physics Letters B 861 (2025) 139247

[36] E. Esarey, C.B. Schroeder, W.P. Leemans, Physics of laser-driven plasma-based elec-
tron accelerators, Rev. Mod. Phys. 81 (3) (2009) 1229.

[37]1 K. Behm, J. Cole, A. Joglekar, E. Gerstmayr, J. Wood, C. Baird, T. Blackburn, M. Duff,
C. Harvey, A. Ilderton, et al., A spectrometer for ultrashort gamma-ray pulses with
photon energies greater than 10 mev, Rev. Sci. Instrum. 89 (11) (2018) 113303.

[38] J. Cole, K. Behm, E. Gerstmayr, T. Blackburn, J. Wood, C. Baird, M.J. Duff, C. Harvey,
A. Tlderton, A. Joglekar, et al., Experimental evidence of radiation reaction in the
collision of a high-intensity laser pulse with a laser-wakefield accelerated electron
beam, Phys. Rev. X 8 (1) (2018) 011020.

[39] S. Agostinelli, J. Allison, K. Amako, J. Apostolakis, H. Araujo, P. Arce, M. Asai, D.
Axen, S. Banerjee, G. Barrand, F. Behner, L. Bellagamba, J. Boudreau, L. Broglia,
A. Brunengo, H. Burkhardt, S. Chauvie, J. Chuma, R. Chytracek, G. Cooperman, G.
Cosmo, P. Degtyarenko, A. Dell’Acqua, G. Depaola, D. Dietrich, R. Enami, A. Fe-
liciello, C. Ferguson, H. Fesefeldt, G. Folger, F. Foppiano, A. Forti, S. Garelli, S.
Giani, R. Giannitrapani, D. Gibin, J. Gémez Cadenas, I. Gonzélez, G. Gracia Abril,
G. Greeniaus, W. Greiner, V. Grichine, A. Grossheim, S. Guatelli, P. Gumplinger, R.
Hamatsu, K. Hashimoto, H. Hasui, A. Heikkinen, A. Howard, V. Ivanchenko, A. John-
son, F. Jones, J. Kallenbach, N. Kanaya, M. Kawabata, Y. Kawabata, M. Kawaguti,
S. Kelner, P. Kent, A. Kimura, T. Kodama, R. Kokoulin, M. Kossov, H. Kurashige, E.
Lamanna, T. Lampén, V. Lara, V. Lefebure, F. Lei, M. Liendl, W. Lockman, F. Longo,
S. Magni, M. Maire, E. Medernach, K. Minamimoto, P. Mora de Freitas, Y. Morita,
K. Murakami, M. Nagamatu, R. Nartallo, P. Nieminen, T. Nishimura, K. Ohtsubo, M.
Okamura, S. O’Neale, Y. Oohata, K. Paech, J. Perl, A. Pfeiffer, M. Pia, F. Ranjard, A.
Rybin, S. Sadilov, E. Di Salvo, G. Santin, T. Sasaki, N. Savvas, Y. Sawada, S. Scherer,
S. Sei, V. Sirotenko, D. Smith, N. Starkov, H. Stoecker, J. Sulkimo, M. Takahata, S.
Tanaka, E. Tcherniaev, E. Safai Tehrani, M. Tropeano, P. Truscott, H. Uno, L. Urban,
P. Urban, M. Verderi, A. Walkden, W. Wander, H. Weber, J. Wellisch, T. Wenaus, D.
Williams, D. Wright, T. Yamada, H. Yoshida, D. Zschiesche, Geant4—a simulation
toolkit, Nucl. Instrum. Methods Phys. Res., Sect. A, Accel. Spectrom. Detect. Assoc.
Equip. 506 (3) (2003) 250-303, https://doi.org/10.1016/50168-9002(03)01368-8,
https://www.sciencedirect.com/science/article/pii/S0168900203013688.

[40] R. Watt, S. Rose, B. Kettle, S. Mangles, Monte Carlo modeling of the linear Breit-
Wheeler process within the geant 4 framework, Phys. Rev. Accel. Beams 26 (5)
(2023) 054601.

[41] R. Karplus, M. Neuman, The scattering of light by light, Phys. Rev. 83 (1951)
776-784, https://doi.org/10.1103/PhysRev.83.776.

[42] R. Karplus, M. Neuman, Non-linear interactions between electromagnetic fields,
Phys. Rev. 80 (1950) 380-385, https://doi.org/10.1103/PhysRev.80.380.

[43] B. De Tollis, Dispersive approach to photon-photon scattering, Nuovo Cimento 32 (3)
(1964) 757-768, https://doi.org/10.1007/BF02735895.

[44] B. De Tollis, The scattering of photons by photons, Nuovo Cimento 35 (4) (1965)
1182-1193, https://doi.org/10.1007/BF02735534.

[45] V. Costantini, B. De Tollis, G. Pistoni, Nonlinear effects in quantum electrodynamics,
Nuovo Cimento A 2 (3) (1971) 733-787, https://doi.org/10.1007/BF02736745.

[46] M. Sangal, C.H. Keitel, M. Tamburini, Observing light-by-light scattering in vacuum
with an asymmetric photon collider, Phys. Rev. D 104 (11) (2021) L111101, https://
doi.org/10.1103/PhysRevD.104.L111101, arXiv:2101.02671.

[47] B. King, P. Bohl, H. Ruhl, Interaction of photons traversing a slowly varying elec-
tromagnetic background, Phys. Rev. D 90 (6) (2014) 065018, https://doi.org/10.
1103/PhysRevD.90.065018, arXiv:1406.4139.

[48] P. Bohl, B. King, H. Ruhl, Vacuum high harmonic generation in the shock regime,
Phys. Rev. A 92 (3) (2015) 032115, https://doi.org/10.1103/PhysRevA.92.032115,
arXiv:1503.05192.

[49] A. Blinne, H. Gies, F. Karbstein, C. Kohlfiirst, M. Zepf, All-optical signatures of quan-
tum vacuum nonlinearities in generic laser fields, Phys. Rev. D 99 (1) (2019) 016006,
https://doi.org/10.1103/PhysRevD.99.016006, arXiv:1811.08895.

[50] T. Grismayer, R. Torres, P. Carneiro, F. Cruz, R. Fonseca, L.O. Silva, Quantum electro-
dynamics vacuum polarization solver, New J. Phys. 23 (9) (2021) 095005, https://
doi.org/10.1088/1367-2630/ac2004, arXiv:1607.04224.

[51] A. Lindner, B. Olmez, H. Ruhl, HEWES: Heisenberg-Euler weak-field expansion sim-
ulator, arXiv:2202.09680, 2022.

[52] O. Pike, F. Mackenroth, E. Hill, S. Rose, A photon-photon collider in a vacuum
hohlraum, Nat. Photonics 8 (6) (2014) 434-436.

[53] T. Tajima, J.M. Dawson, Laser electron accelerator, Phys. Rev. Lett. 43 (4) (1979)
267.

[54] J.A. Bearden, A. Burr, Reevaluation of X-ray atomic energy levels, Rev. Mod. Phys.
39 (1) (1967) 125.

[55] B.Kettle, T. Dzelzainis, S. White, L. Li, A. Rigby, C. Spindloe, M. Notley, R. Heathcote,
C. Lewis, D. Riley, Ml band X-rays (3-3.5 kev) from palladium coated targets for
isochoric radiative heating of thin foil samples, J. Phys. B, At. Mol. Opt. Phys. 48 (22)
(2015) 224002.

[56] D.E. Knuth, Seminumerical Algorithms, vol. 2: The Art of the Computer Program-
ming, Addison-Wesley, 1981.

[57]1 P. Mason, N. Stuart, J. Phillips, R. Heathcote, S. Buck, A. Wojtusiak, M. Galimberti,
T. de Faria Pinto, S. Hawkes, S. Tomlinson, et al., Progress on laser development at
the extreme photonics applications centre, in: The European Conference on Lasers
and Electro-Optics, Optica Publishing Group, 2023, p. ca_8_2.

[58] F. Lureau, G. Matras, O. Chalus, C. Derycke, T. Morbieu, C. Radier, O. Casagrande, S.
Laux, S. Ricaud, G. Rey, et al., High-energy hybrid femtosecond laser system demon-
strating 2 x 10 pw capability, High Power Laser Sci. Eng. 8 (2020) e43, https://
doi.org/10.1017/hpl.2020.41.


https://doi.org/10.1103/PhysRevLett.123.052001
https://doi.org/10.1103/PhysRevLett.123.052001
https://doi.org/10.1016/B978-0-08-010586-4.50021-3
https://doi.org/10.1016/B978-0-08-010586-4.50021-3
https://doi.org/10.1098/rspa.1934.0140
https://doi.org/10.1098/rspa.1934.0140
https://doi.org/10.1103/PhysRev.46.1087
https://doi.org/10.1016/j.physrep.2020.06.001
https://doi.org/10.1140/epjd/s10053-021-00100-z
https://doi.org/10.1140/epjd/s10053-021-00100-z
https://doi.org/10.1007/s002880050282
https://doi.org/10.1016/S0030-4018(99)00169-8
https://doi.org/10.1007/s100530050535
https://doi.org/10.1016/j.physletb.2014.03.054
https://doi.org/10.1016/j.physletb.2016.11.003
https://doi.org/10.1016/j.physletb.2016.11.003
https://doi.org/10.1088/0031-8949/91/2/023010
https://doi.org/10.1088/0031-8949/91/2/023010
https://doi.org/10.1103/PhysRevLett.129.061802
https://link.aps.org/doi/10.1103/PhysRevLett.129.061802
https://link.aps.org/doi/10.1103/PhysRevLett.129.061802
https://doi.org/10.1103/RevModPhys.78.591
https://doi.org/10.1103/RevModPhys.78.591
https://doi.org/10.1103/RevModPhys.84.1177
https://doi.org/10.1017/hpl.2016.1
https://doi.org/10.1017/hpl.2016.1
https://doi.org/10.1016/j.physrep.2023.01.003
https://doi.org/10.1103/PhysRevLett.118.261802
https://doi.org/10.1103/PhysRevLett.118.261802
https://link.aps.org/doi/10.1103/PhysRevLett.118.261802
https://doi.org/10.1140/epjc/s10052-022-10565-w
https://doi.org/10.1140/epjc/s10052-022-10565-w
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib3139F8FF059BF7EBFE6383CB6AA3A1C9s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib3139F8FF059BF7EBFE6383CB6AA3A1C9s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib49543929002E585528DF00B45E0252AAs1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib49543929002E585528DF00B45E0252AAs1
https://doi.org/10.1088/1367-2630/ac3048
https://doi.org/10.1088/1367-2630/ac3048
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib71BC6534D2DAF5AC31E6B255FA5E8CCFs1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib71BC6534D2DAF5AC31E6B255FA5E8CCFs1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib71BC6534D2DAF5AC31E6B255FA5E8CCFs1
https://doi.org/10.1140/epjs/s11734-021-00249-z
https://doi.org/10.1140/epjs/s11734-021-00249-z
https://doi.org/10.1140/epjs/s11734-024-01164-9
https://doi.org/10.1140/epjs/s11734-024-01164-9
https://opg.optica.org/abstract.cfm?URI=HILAS-2022-HF4B.6
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib1DD545327B08131AA7CC9B5FA2D6DC47s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib1DD545327B08131AA7CC9B5FA2D6DC47s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib48C864A38954F9A1E7225F7885A50631s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib48C864A38954F9A1E7225F7885A50631s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib48C864A38954F9A1E7225F7885A50631s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib0C52200B6A7E2C3F9B79112D3F77560As1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib0C52200B6A7E2C3F9B79112D3F77560As1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib0C52200B6A7E2C3F9B79112D3F77560As1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib0C52200B6A7E2C3F9B79112D3F77560As1
https://doi.org/10.1016/S0168-9002(03)01368-8
https://www.sciencedirect.com/science/article/pii/S0168900203013688
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib6E6E77182858396D826729AEE75F98E1s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib6E6E77182858396D826729AEE75F98E1s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib6E6E77182858396D826729AEE75F98E1s1
https://doi.org/10.1103/PhysRev.83.776
https://doi.org/10.1103/PhysRev.80.380
https://doi.org/10.1007/BF02735895
https://doi.org/10.1007/BF02735534
https://doi.org/10.1007/BF02736745
https://doi.org/10.1103/PhysRevD.104.L111101
https://doi.org/10.1103/PhysRevD.104.L111101
https://doi.org/10.1103/PhysRevD.90.065018
https://doi.org/10.1103/PhysRevD.90.065018
https://doi.org/10.1103/PhysRevA.92.032115
https://doi.org/10.1103/PhysRevD.99.016006
https://doi.org/10.1088/1367-2630/ac2004
https://doi.org/10.1088/1367-2630/ac2004
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibFFC0598344081E0A2DF5BE5F30D2BA39s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibFFC0598344081E0A2DF5BE5F30D2BA39s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib759A7BF765CE9C921D8F89AB76732A9Bs1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib759A7BF765CE9C921D8F89AB76732A9Bs1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibB2D40C38292CF807661740C62B5F79E9s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibB2D40C38292CF807661740C62B5F79E9s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibC4847E95D1F816E94953156818A96393s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibC4847E95D1F816E94953156818A96393s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibF49F3A01C0A29B4C0E369B22AB655E42s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibF49F3A01C0A29B4C0E369B22AB655E42s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibF49F3A01C0A29B4C0E369B22AB655E42s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibF49F3A01C0A29B4C0E369B22AB655E42s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib117C1353B29B736D4A6C21DE9D68F4FBs1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib117C1353B29B736D4A6C21DE9D68F4FBs1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib5E812AE69C97052E8B139E7E7D0F90E4s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib5E812AE69C97052E8B139E7E7D0F90E4s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib5E812AE69C97052E8B139E7E7D0F90E4s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib5E812AE69C97052E8B139E7E7D0F90E4s1
https://doi.org/10.1017/hpl.2020.41
https://doi.org/10.1017/hpl.2020.41

R. Watt, B. Kettle, E. Gerstmayr et al.

[59] F. Albert, M. Couprie, A. Debus, M.C. Downer, J. Faure, A. Flacco, L.A. Gizzi, T.
Grismayer, A. Huebl, C. Joshi, et al., 2020 roadmap on plasma accelerators, New J.
Phys. 23 (3) (2021) 031101.

[60] M. De Vido, K. Ertel, A. Wojtusiak, N. O’Donoghue, S. Tomlinson, M. Divoky, M.
Sawicka-Chyla, J. Pilar, P. Mason, J. Phillips, et al., Design of a 10 j, 100 hz diode-

Physics Letters B 861 (2025) 139247

pumped solid state laser, in: Applications of Lasers for Sensing and Free Space
Communications, Optica Publishing Group, 2019, pp. JTu3A-14.


http://refhub.elsevier.com/S0370-2693(25)00007-3/bibDCC81EE0CB0A645E67D8D56F7FD285B4s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibDCC81EE0CB0A645E67D8D56F7FD285B4s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bibDCC81EE0CB0A645E67D8D56F7FD285B4s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib331A58F4DA9F62436FC8BA5AF0F1ABD3s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib331A58F4DA9F62436FC8BA5AF0F1ABD3s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib331A58F4DA9F62436FC8BA5AF0F1ABD3s1
http://refhub.elsevier.com/S0370-2693(25)00007-3/bib331A58F4DA9F62436FC8BA5AF0F1ABD3s1

	Bounding elastic photon-photon scattering at √s≈1 MeV using a laser-plasma platform
	1 Introduction
	2 Experimental set-up
	2.1 x-ray photon source
	2.2 γ photon source
	2.3 Spatio-temporal alignment
	2.4 Background
	2.5 γ photon spectrometer

	3 Results
	3.1 γ photon spectrum
	3.2 Bounding the cross section

	4 Conclusions
	Declaration of competing interest
	Acknowledgement
	Data availability
	References


