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Elastic scattering of two real photons is the most elusive of the fundamentally new processes
predicted by quantum electrodynamics. This explains why, although first predicted more than
eighty years ago, it has so far remained undetected. Here we show that in present day facilities
elastic scattering of two real photons can become detectable far off axis in an asymmetric photon-
photon collider setup. This may be obtained within one day operation time by colliding one millijoule
XUV pulses with the broadband gamma-ray radiation generated in nonlinear Compton scattering of
ultrarelativistic electron beams with terawatt-class optical laser pulses operating at 10 Hz repetition
rate. In addition to the investigation of elastic photon-photon scattering, this technique allows to
unveil or constrain new physics that could arise from the coupling of photons to yet undetected
particles, therefore opening new avenues for searches of physics beyond the standard model.

In classical electrodynamics, light beams in vacuum
pass through each other unaffected [1]. However, in
the realm of QED photons in vacuum can scatter elasti-
cally via virtual electron-positron pairs [2]. This qualita-
tively new process has profound implications in cosmol-
ogy, where it results in a modified photon spectrum [3, 4],
as well as in astrophysics, where photon-photon scatter-
ing can occur in the strongly polarized vacuum present
in the magnetosphere of pulsars and magnetars [5–8].
Notably, photon-photon scattering also plays a critical
role in searches of physics beyond the standard model.
In fact, due to its tiny cross section, precision measure-
ments of any possible deviation of this process from QED
predictions could be evidence of new physics that could
arise from the coupling of photons to unknown weakly
interacting light particles such as axion-like particles,
minicharged particles, magnetic monopoles or hidden
gauge bosons [9–15] (see also the recent reviews [16, 17]).
Despite the very weak coupling, these exotic hypotheti-
cal particles could play a key role in the evolution of the
Universe, and may lead to observable astrophysical and
cosmological effects such as matter-antimatter asymme-
try [18] or the recent evidence of birefringence in cosmic
microwave background radiation [19, 20].

Following the seminal calculations of photon-photon
scattering by Euler [21] and the full QED results by
Karplus and Neuman [2, 22–24], proposals to detect
elastic photon-photon scattering of synchrotron radia-
tion [25] or of free electron laser (FEL) radiation [26, 27]
were suggested. More recently, the advent of high-power
laser systems has led to ingenious proposals to detect
the finite photon-photon coupling induced by the pres-
ence of virtual particles in the collision of intense laser
beams [28–32], in cavities [33, 34], with Bragg inter-
ference [35], and with measurements of vacuum bire-
frengence and dichroism induced by ultraintense laser
fields [36–38]. However, despite the recent observation
of scattering of virtual photons in ultraperipheral Pb nu-
clei collision in the Large Hadron Collider [39, 40], the
interaction of real photons in vacuum has never been ob-

served directly. To date, X-ray beam experiments could
only place an upper bound on the photon-photon scat-
tering cross section [41].

There exist two main challenges to detect elastic scat-
tering of real photons: (i) the smallness of the photon-
photon scattering cross section; (ii) the fact that photons
are identical particles such that, e.g., the backscattering
of two photons colliding head-on is indistinguishable from
the case of no scattering. For two colliding photon beams
with finite angular spread, this implies that all the events
where both photons are scattered inside the opening an-
gle of the photon beams are undetectable.

Here we show that both the above challenges can be
overcome in an asymmetric photon-photon collider setup
where a highly-collimated broadband gamma-ray beam
collides with an XUV pulse (see Fig. 1). In fact, a sub-
stantial number of scattering events can be triggered by
requiring both that photon collisions occur at center of
momentum (CM) energies εCM =

√
εγεω(1− cosϑ)/2

approaching mec
2, where the elastic photon-photon scat-

tering cross section σ is maximal [2], and that at least one
of the colliding beams has a large photon density. Here
εγ (εω) is the gamma (XUV) photon energy, ϑ the an-
gle between the gamma and XUV photon, me the elec-
tron mass and c the speed of light in vacuum. In the
considered asymmetric setup, the high energy of gamma
photons allows to attain εCM . mec

2, while XUV beams
provide a relatively large photon number density. More-
over, although for kinematic reasons scattered photons
are prevalently directed along the initial direction of the
gamma photon (see below), the high-collimation of the
gamma beam implies that one or even both the scattered
photons are deflected to angles larger than the beam
opening angle, therefore providing an observable of the
scattering event.

Moreover, photon-photon scattering could also be me-
diated by axion-like particles, which would result in a
systematic excess of the number of scattering events com-
pared to QED predictions. Finally, the broadband nature
of the gamma-ray beam allows photon-photon collisions
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FIG. 1. Schematic setup. A collimated ultrarelativistic electron beam propagating along x collides with an intense linearly
polarized optical laser pulse therefore generating a collimated gamma-ray beam. The laser pulse polarization axis and propa-
gation direction are in the xy plane. The electron beam and possible positrons generated in the collision with the laser pulse
are deflected by a magnetic field along z. The gamma-ray beam passes through a collimator, which selects photons with small
angle with respect to the xy plane. The collimated gamma-ray beam collides with an XUV pulse propagating in the xz plane.
Elastic photon-photon scattering events can result in large angle ψs := arctan (ps,z/ps,x) photon deflection.

mediated by such hypothetical particles to be probed
across a wide range of sub-MeV CM energies. This ap-
proach for searching signals of new physics in the low-
energy frontier [42] is independent and complementary
to those with matter [43–48] and with high-power opti-
cal lasers [11–15].

The elastic photon-photon scattering cross section σ
reaches its maximum at εCM just above mec

2 [σ(mec
2) ≈

1.3 × 10−34 m2], drops by three orders of magnitude al-
ready at εCM = 0.5mec

2 [σ(0.5mec
2) ≈ 2.2×10−37 m2],

and by further four orders of magnitude at εCM =
0.1mec

2 [σ(0.1mec
2) ≈ 1.3 × 10−41 m2, see Fig. 2].

Due to its strong energy dependence σ ≈ 1.29 ×
10−35(εCM/mec

2)6 m2 for εCM . 0.3mec
2 (see Fig. 2)],

for optical photon beams such as those delivered by the
most powerful lasers worldwide [49], σ falls to the tiny
value σ(1.55 eV) ≈ 10−68 m2. The smallness of the cross
section implies that a large number of photons are re-
quired to trigger elastic photon-photon scattering. In
fact, the total number of scattering events occurring
in the head-on collision of two identical photon beams
with focal area S and with Nγ photons is N2

γσ(εCM)/S.
Thus, for 1.55 eV photon energy and S ≈ 10−10 m, one
needs Nγ ≈ 1029 in order to trigger a single scatter-
ing event. This huge number of photons corresponds to
2.5×1010 J energy per beam, well above the energy deliv-
ered by the world’s highest energy facilities such as Laser
Mégajoule [50] and the National Ignition Facility [51].
By contrast, for 0.5mec

2 photons and S ≈ 10−10 m, one
needs Nγ ≈ 2.1 × 1013 for triggering a single scatter-
ing event, which corresponds to an energy of 0.87 J per
beam. This highlights that a key requirement for trigger-
ing elastic photon-photon scattering is εCM . mec

2 and
a source of large numbers of photons.

For εCM > mec
2 the process of two photon conversion

into an electron-positron pair becomes possible [2]. Al-
though two photon conversion into an electron-positron
pair is another important QED process that has not yet
been observed directly [52, 53], its cross section is ∼ α−2

larger than elastic photon-photon scattering [2], where
α ≈ 1/137 is the fine structure constant (see [54] for
multiphoton electron-positron pair creation). Thus, the
detection of the much rarer elastic photon-photon pro-
cess is facilitated in the region εCM < mec

2, where two
photon e−e+ pair conversion cannot occur. In fact, the
created e−e+ pair can yield a relatively large background
of photons via Compton backscattering, therefore hiding
signs of elastic photon-photon scattering. In addition,
almost complete suppression of background noise associ-
ated with Compton scattering of gamma rays with stray
particles requires to operate in extreme high vacuum con-
ditions (. 10−11 Pa) similar to those of accelerators and
storage ring facilities [55, 56]. Background noise can be
measured by comparing the results obtained by running
the experiment with and without the XUV pulse.

We start considering the simpler case of head-on col-
lision of two photons with the same energy, i.e., in the
CM frame. Figure 2 plots the normalized differential
elastic photon-photon scattering cross section σ−1dσ/dΩ
for different values of εCM. While the full expression of
dσ/dΩ is considerably complex [2, 23, 24], Fig. 2 shows
that the angular distribution of scattered photons weakly
depends on εCM, such that its much simpler low energy
approximation εCM � mec

2 can be used to infer the
key features of the scattered photon distribution. In this
case, for head-on collision of two photons with energy εγ
and εω, one gets
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dσ

dΩ
≈ 139α2r2e

64800π2

(
εCM

mec2

)6
[4γ2CM − 1− 8γCM

√
γ2CM − 1 cos θ + (4γ2CM − 3) cos2 θ]2

(γCM −
√
γ2CM − 1 cos θ)6

, (1)
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FIG. 2. Normalized exact differential elastic photon-photon
scattering cross section σ−1dσ/dΩ in the CM frame for
εCM = 0.9mec

2 (orange line), εCM = 0.5mec
2 (blue line),

εCM = 0.1mec
2 (red line), and the εCM � mec

2 approxi-
mation (black dashed line). The inset plots the exact total
elastic photon-photon cross section σ (orange line) and its
εCM � mec

2 approximation (black dashed line).

where re ≈ 2.8× 10−15 m is the classical electron radius,
γCM := (1 − v2/c2)−1/2 =

√
εγ/4εω, v is the CM frame

velocity in the laboratory frame, and dΩ := sin θdθdϕ
is the solid angle. By integrating Eq. (1) over the polar
angle 0 ≤ θ ≤ θs, one can get the fraction of photons
scattered at angles larger than θs for different values of
γCM (see Fig. 3). This is an important quantity because,
by setting θs equal to the incident photon beam opening
angle, it determines the fraction of detectable scattering
events. As shown in Fig. 3, for θs =

√
7/10γCM approx-

imately 90% of photons are scattered to angles larger
than θs, which drops to 50% for θs = 1/γCM. Thus,
1/γCM =

√
4εω/εγ should be comparable or smaller than

the photon beam angular aperture for observing photon-
photon scattering. Since photon emission by ultrarel-
ativistic electrons in the presence of strong background
electromagnetic fields occurs in a cone with ∼ 1/γe open-
ing angle around the electron’s momentum [57, 58], where
γe is the relativistic factor of the emitting electron, we
need to assess when γCM . γe.

Here we consider gamma ray generation in the col-
lision of an electron beam with an intense laser pulse
with normalized field amplitude ξ = eE0/meωc, where
E0 and ω are the peak of the electric field and the fre-
quency of the laser pulse, respectively. If γe � ξ, then
εγ < γemec

2. For a given εω, both εCM =
√
εγεω and

γCM =
√
εγ/4εω are monotonically increasing functions

of εγ . Thus, εγ ≈ γemec
2 corresponds to the maxi-

mal εCM and γCM. By choosing γe = mec
2/εω, both
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FIG. 3. Fraction of photons elastically scattered to angles
greater than θs from Eq. (1) as a function of θs for γCM = 104

(orange line), γCM = 5 × 103 (black line), and γCM = 103

(blue line).

εCM . mec
2 and γCM . γe/2 are fulfilled for all photons

of the gamma-ray beam. This implies that, in principle,
the conditions for observing photon-photon scattering
can be always achieved in an asymmetric photon collider.
However, in practice, this is limited by the finite electron
beam emittance and by the need of high-energy electron
beams. Indeed, for optical photons εω = 1.55 eV, an
ultralow emittance 168 GeV electron beam would be re-
quired, whereas for εω = 100 eV a much more affordable
2.6 GeV electron beam would suffice. Notice that, how-
ever, the number of attainable photons per XUV beam
decreases with increasing εω, such that an optimal oper-
ational regime is achievable with tens of eV photons.

We consider an electron beam with 0.96 nC charge,
Gaussian energy distribution with 13 GeV mean energy,
13 MeV rms energy spread, and 3 mm mrad normalized
emittance. The beam spatial distribution has cylindrical
symmetry around the propagation axis x, and is Gaus-
sian with 20µm (5µm) longitudinal (transverse) rms
width. Similar electron beam parameters could be at-
tained at existing facilities worldwide [59–62]. The elec-
tron beam collides with a 30 TW linearly polarized laser
pulse with 30 fs duration FWHM of the intensity and
17 degrees electron beam-laser pulse crossing angle (see

Fig. 1). The laser pulse intensity is 2.2 × 1020 W/cm
2

(ξ = 10), while its wavelength and waist radius are
0.8µm and 3µm, respectively. Since the electron beam
propagates along x and the laser pulse polarization axis
and propagation direction are in the xy plane, large an-
gle photon emission occurs mainly in the xy plane, with
|ηγ | := | arctan (pγ,y/pγ,x)| of the order of ξ/γe, whereas
|ψγ | := | arctan (pγ,z/pγ,x)| remains of the order of 1/γe.
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FIG. 4. Normalized gamma-ray beam distributions after
the collimator. (a) log10[Nγ(ψγ , εγ)/max(Nγ(ψγ , εγ))], (b)
log10[Nγ(ψγ , ηγ)/max(Nγ(ψγ , ηγ))]. Nγ is the photon num-
ber, εγ the photon energy, while ψγ := arctan (pγ,z/pγ,x) and
ηγ := arctan (pγ,y/pγ,x) are the photon angles with respect to
the xy and xz plane, respectively. Note the different scale for
ψγ and ηγ .

Here and in the following, p is the photon momentum,
and the subscripts γ and s denote quantities referring
to the gamma-ray beam and to the scattered photons,
respectively.

After scattering, the electron beam and possible
positrons produced in the interaction with the laser are
deviated by a 1 T magnetic field directed along z and
generated by permanent magnets with 2 cm length (see
Fig. 1). Subsequently, gamma photons pass through a
collimator consisting of two thick parallel plates opaque
to gamma rays with 13 cm length along x, and 9µm
interplate distance along z. The gamma-ray beam dis-
tributions as a function of (εγ , ψγ) and of (ηγ , ψγ) are
reported in panels (a) and (b) of Fig. 4, respectively. De-
tails on the methodology for simulating the photon spec-
trum are reported in Ref. [58]. Following the implications
in Ref. [63], the angular photon distribution can here be
obtained by employing the locally-constant-field approxi-
mation for higher energy photons [57, 58], while for lower
energy photons the linear Compton scattering angular
distribution can be used [63]. Approximately 1.6 × 109

ψ
s
(m

ra
d
)

εs (MeV)

Number of scattered photons

ηs (mrad)

ψ
s
(m

ra
d
)

FIG. 5. Number of elastically scattered photons for one-week
operation time as a function of the scattered photon energy
εs and of the photon scattering angle with respect to the xy
plane ψs := arctan (ps,z/ps,x). The inset displays the number
of events as a function of ψs and of the scattering angle with
respect to the xz plane ηs := arctan (ps,y/ps,x). Photons
scattered in the region outside the two black horizontal lines
provide detectable signal of scattering.

photons pass through the collimator, and ≈ 2.3 × 108

of these photons have energy larger than 3.25 GeV, i.e.,
reach εCM > mec

2/2 in the collision with a XUV pulse
with 20 eV photon energy (see below).

After passing through the collimator, photons collide
with an XUV pulse propagating in the xz plane with
10 degrees crossing angle, and scattered photons with
|ψs| > max(|ψγ |) ≈ 0.1 mrad are subsequently detected
(see Fig. 1). The XUV pulse has 1 mJ energy, 50 fs dura-
tion, 8µm waist radius and 20 eV photon energy. Pulses
with comparable parameters could be delivered by FELs
such as FLASH [64] or FERMI [65]. Alternatively, XUV
pulses with tens eV photon energy and ∼ mJ pulse en-
ergy can also be generated in high-harmonic generation
with xenon [66].

Figure 5 reports the number of elastically scattered
photons integrated over one-week operation time assum-
ing a typical 10 Hz repetition rate. In our code, the
exact elastic photon-photon scattering cross section [2]
was employed for εCM ≥ 0.1mec

2, and its low energy
approximation for εCM < 0.1mec

2. All registered scat-
tering events occurred for photons with εCM ≥ 0.1mec

2.
As a result of a scattering event, the gamma or the XUV
photon, or even both photons, can be scattered at rela-
tively large |ψs|. The average number of elastic collision
events over one day (week) operation time is approxi-
mately 113 (793), which leads to approximately 78 (550)
photons scattered in the detectable region, i.e., outside
the two black horizontal lines in Fig. 5. Moreover, in
approximately 4 (32) of the above-mentioned 113 (793)
events over one day (week) both initial photons elasti-
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cally scatter in the detectable region, therefore providing
strong evidence of an elastic photon-photon scattering
event. Note that after collision, the energy of the XUV
photon is upshifted to the multi-MeV region, with the en-
ergy of photons in the detectable region roughly ranging
from 5 MeV to 5 GeV (see Fig. 5).

Finally, we mention that further increase of the de-
tectable signal is possible by increasing the energy of the
electron beam, such that emission occurs in the “super-
critical QED regime”, where electron-to-photon energy
conversion efficiency becomes large [67]. This would also
allow both to reduce the required XUV photon energy
and to increase the number of XUV photons for a given
pulse energy, with substantial increase of the number of
scattering events. Alternatively to Compton backscatter-
ing at higher electron beam energies, efficient generation
of ultradense collimated gamma beams can also be ob-
tained with 10 GeV high-current electron beams colliding
with multiple thin foils [68].
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