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We report a search for photon-photon elastic scattering in vacuum in the X-ray region at an energy in
the center of mass system of wems = 6.5 keV for which the QED cross section is ogep = 2.5 x 10~47 m2.
An X-ray beam provided by the SACLA X-ray Free Electron Laser is split and the two beamlets are made
to collide at right angle, with a total integrated luminosity of (1.24 +0.08) x 1028 m~2. No signal X rays
from the elastic scattering that satisfy the correlation between energy and scattering angle were detected.
We obtain a 95% C.L. upper limit for the scattering cross section of 1.9 x 10~

27 m? at wems = 6.5 keV.

The upper limit is the lowest upper limit obtained so far by keV experiments.
© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Within the framework of classical electrodynamics, light can-
not interact with light. However, quantum electrodynamics (QED)
predicts that vacuum polarization, a nonlinear effect of quantum
fluctuations, intermediates photon-photon elastic scattering. A the-
oretical cross section was first calculated in 1933 using the Dirac
theory [1], and was later done using QED [2]. The leading contribu-
tion to the photon-photon scattering cross section is described by
a fourth-order Feynman diagram with an electron-positron loop (a
box diagram), whose scattering amplitude in the low energy region
is strongly suppressed by the electron loop.

When the photon energy in the center of mass system (@cms)
is less than 700 keV, the first-order QED cross section for photons
with the same linear polarization state can be described as

(dayy%w) Rar (a)cms >G
ds oep  (1807)% \mec?
x (260c0s?0 + 328cos%6 + 580), (1)
0qep = 3.5 X 1077%(wems [€V])® m?, (2)
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where « is the fine structure constant, re is the classical electron
radius, and 6 is the scattering angle between an incident photon
and a scattered photon in the center of mass system (0 < cosf <1,
6 = 0 corresponds to forward scattering) [2]. The cross section is
proportional to the sixth power of Wcpys.

Although the inclusive contribution of a box diagram with vir-
tual photons in the MeV region is observed by Delbriick scattering
[3] and the high-precision measurement of electron and muon
g — 2 [4], the process with real photons has not ever been di-
rectly observed. The observation of photon-photon scattering of
real photons would provide solid evidence for vacuum polariza-
tion caused by virtual electrons. Furthermore, the search for elastic
scattering of real photons has a particular interest as a search
for new physics. The photon-photon scattering cross section can
be enhanced since new particles predicted by physics beyond the
standard model may mediate photon-photon scattering. For exam-
ple, Axion Like Particles (ALPs), pseudoscalar bosons which have a
two-photon coupling constant uncorrelated to their mass, can me-
diate photon-photon scattering by s or t-channel virtual exchange
of ALPs [5-7].

Previous searches have been performed using high intensity op-
tical or infrared lasers [8,9]. However, their sensitivity to photon-
photon scattering is suppressed by the tiny QED cross section in
the low energy region, @(10~7%) m? at 1 eV, and by white back-
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Fig. 1. The schematic of the collision system. Vertical and horizontal directions, which is normal to the optical axis, are also shown.

ground photons generated in their optical systems. By using X
rays, the photon-photon cross section can be enhanced by around
23 orders of magnitude compared to the optical region and back-
ground photons can be reduced by high precision energy measure-
ment. We performed photon-photon scattering experiments with
@ems Of 6.5 keV and oggp of 2.5 x 10747 m

In 2013 we performed the first photon-photon scattering ex-
periment in the X-ray region at the Spring-8 Angstrom Compact
free-electron LAser (SACLA) [10]. No signal was observed, and we
obtained an upper limit on the cross section of photon-photon
scattering of 0yy_yy < 1.7 x 10724 m? (95% CL.) at wems =
6.5 keV [11].

In this paper, we report on the result of a recently upgraded
experiment at SACLA with an optimized setup. In this experiment,
we replaced the X-ray beam collider with one with thinner blades.
This yields a higher diffraction efficiency and smaller sizes of the
colliding beams. The beam quality from SACLA has also been im-
proved, with respect to the repetition rate, bandwidth and pulse
intensity.

2. Experimental setup and measurement

SACLA generated horizontally-polarized X-ray pulses with
~10"" photons per pulse, a repetition rate of 30 Hz, a band-
width of about 50 eV (FWHM), a beam width of 200 pym (FWHM),
and a pulse duration less than 10 fs (FWHM) [12]. The vertical
and horizontal Rayleigh lengths of X-ray pulses are of the or-
der of 100 m. In this experiment, the energy of the initial X ray
was set to 10.985 keV. For extracting X rays with energy within
the acceptable bandwidth of our beam collider (100 meV), X-ray
beams were monochromatized to 60 meV by two silicon (440)
channel-cut monochromators. The pulse intensity was reduced by
a monochromatic factor of 60 meV/50 eV ~ 10~3, and the photon
number of the monochromatic beams was around 108 photons
per pulse. The pulse duration of the monochromatic beams was
expanded to ~ 30 fs due to the time-energy uncertainty relation.
The monochromatic beams were focused to ~ 1 um (FWHM) in
the horizontal direction by an elliptical mirror [13], and the hori-
zontal Rayleigh length is reduced to 20 mm. A detailed explanation
of the beamline optics is given in our previous paper [11].

A schematic of the collision system using an X-ray beam col-
lider is shown in Fig. 1. The X-ray beam collider, composed of three
thin blades manufactured on a silicon single crystal, diffracts X-ray
beams in the transmission (Laue) geometry with the (440) plane
at the Bragg angle of 36° [14]. The X-ray beam collider divides
the incident beam into four beams (RR, RT, TR, TT beams shown
in Fig. 1), two of which (RR/TR) collide obliquely with a crossing

angle of 108° and wcys of 6.5 keV. The collision is assured spa-
tially and temporally since the lengths of light paths of RR and TR
beams are geographically the same [14]. The diffraction efficiencies
are higher for the collider with thinner blades because diffracted X
rays suffer smaller X-ray absorption within blades. The thickness of
the blades is 0.2 mm, and the measured diffraction efficiencies of
the colliding beams are 1.55% (RR) and 2.48% (TR). The beam col-
lider was installed in a vacuum chamber evacuated at a pressure of
less than 10~2 Pa in order to reduce stray photons scattered by the
residual gas. The alignment of the chamber in the optical axis was
performed by using a manual stage with the precision of 1 mm,
much shorter than the Rayleigh lengths. The vertical and horizon-
tal positions, which is normal to the optical axis, were aligned by
scanning motorized stages and monitoring the intensity of TR/RR
beams passing through the chamber with the precision of less than
0.1 mm.

Since the center of mass system of the two colliding photons is
boosted with a Lorentz factor of y = 1.7, the spatial distribution
of signal X rays is concentrated along the boost axis, and the scat-
tered X rays on the boost axis have higher energy than the incident
X ray. A germanium semiconductor detector (CANBERRA BE2825)
was used to measure the energy of the scattered X rays [11]. The
energy and time resolution of the detector were measured to be
200 eV (10, for 26.3-keV X rays) and 80 ns (10), respectively. The
detector was located on the boost axis of the experimental system
as shown in Fig. 1, and detected scattered X rays within a cone
with an apex angle of 25° around the boost axis. Within this cone,
the signal X rays have an energy between 18.1 and 19.9 keV, and
the signal coverage is 17%.

The detector was operated with external triggers synchronized
to SACLA. To reject environmental background, a time window
was set to +0.4 ps, which corresponds to +50 of the detector
time resolution. The energy was required to be between 17.6 and
20.4 keV, widened from the original signal energy range by the
detector energy resolution (£20). The detection efficiency of the
detector is € = (13.2 £ 0.3)%, as estimated by GEANT4 simulation,
and cross-checked by using X-ray sources of >>Fe, >’Co, %8Ge, and
241Am [11]. The uncertainty on the absolute detection efficiency
was taken as a systematic uncertainty.

The single-pulse integrated Iuminosity for obliquely colliding
Gaussian beams without angular divergences (Lps) is given by the
following formula [15],

IRr I IR I
L = RRITR ~ IreIR 3)
o2 P) 471 0R,0y
4Amonoy, /1 + U—Etan2 <7°)
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