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Vacuum fluctuations give rise to effective nonlinear interactions between electromagnetic fields.
These generically modify the characteristics of light traversing a strong-field region. X-ray free-
electron lasers (XFELs) constitute a particularly promising probe, due to their brilliance, the possi-
bility of precise control and favourable frequency scaling. However, the nonlinear vacuum response
is very small even when probing a tightly focused high-intensity laser field with XFEL radiation
and direct measurement of light-by-light scattering of real photons and the associated fundamental
physics constants of the quantum vacuum has not been possible to date. Achieving a sufficiently
good signal-to-background separation is key to a successful quantum vacuum experiment. To master
this challenge, a darkfield detection concept has recently been proposed. Here we present the results
of a proof-of-principle experiment validating this approach at the High Energy Density scientific
instrument of the European X-Ray Free Electron Laser.

I. INTRODUCTION

The main challenge of experiments aiming at measur-
ing the nonlinear response of the quantum vacuum to
strong macroscopic electromagnetic fields is to discrim-
inate the small signal component from the large back-
ground of the probe beam. For instance, when an XFEL
probe pulse comprising a large number N ∼ 1011 of pho-
tons with an energy of ω ∼ 10 keV collides with a tightly
focused Petawatt-class laser beam, the attainable quan-
tum vacuum signals are typically below the single photon
level per shot; cf. Ref. [1] and references therein. The
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signal induced in a mode polarised perpendicular to the
linearly polarised probe is the signature of vacuum bire-
fringence. The requirements for a successful measure-
ment of the nonlinear vacuum response are a twofold: on
the one hand the signal itself must be sufficiently large
to be detected. On the other hand, the background from
the probe beam must be small enough so as not to mask
the signal. Ideally the signal should be greater than the
background to allow for a significant measurement within
a realistic experimental duration. The experiment must
therefore be designed to allow the signal photons to be
distinguished from the background. In principle the re-
sponse of the quantum vacuum can result in signals which
differ from the probe beam in terms of their polarisation,
angular distribution and photon energy. Of particular
interest are configurations, that allow the fundamental
coupling parameters a and b governing the effective inter-
action of electromagnetic fields in the underlying theory
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)2
]

, (1)

to be determined and thus the theoretical framework
to be tested in detail (m is the electron mass and
ES = m2/e = 1.3 × 1018 V/m the critical electric field).
Quantum electrodynamics (QED) predicts a ≃ 4 and
b ≃ 7 [3, 4]. Higher order corrections are parametri-
cally suppressed by powers of the fine-structure constant

α = 1/137. The coupling parameters a and b are also
sensitive to physics beyond the Standard Model because
Eq. (1) generically emerges as the weak-field limit of the-
ories respecting a charge conjugation parity symmetry.
Both the parallel and perpendicularly polarised compo-
nents must be measured to determine a and b. A prospec-
tive candidate is the darkfield concept [5–7] utilizing the
angular distribution to separate the signal from the back-
ground. Here, we consider the specific implementation
put forward in Ref. [8] using an XFEL probe colliding
with a tightly focused high-intensity pump.

FIG. 1. Idealized darkfield set-up with normalized intensity distributions at each critical plane indicated by a green arrow. The
primary x-ray distributions (blue) are shown as for 4 planes with the dashed red line showing the laser focal intensity distribution.
The central shadow is imprinted onto the x-ray probe beam by inserting an opaque beam stop (’obstacle’), transforming the
initial distribution with a central maximum. In the focal plane a peaked distribution reappears with the shadow encoded in
side-lobes appearing in the focus. At the interaction-point, IP, the central peak overlaps with the high intensity laser (ReLaX)
focus. For matched x-ray and laser waists the resulting quantum vacuum signal (magenta line in the aperture plane) is peaked
on axis, due to the suppression of the side-lobes in the interaction. An additional object O2 immediately after the first lens
and matching aperture A2 in the image plane of O2 can also be introduced. In the experiment, the detectors are in the focus
of lens 2.

In the following, we detail this measurement concept
and report the performance of a recent implementation
at the High Energy Density (HED) scientific instrument
of the European X-ray Free Electron Laser (EuXFEL)
[9]. Finally, we review the requirements for successful
measurement of vacuum birefringence in this set-up.

II. DARKFIELD MEASUREMENT CONCEPT

The idea underlying the darkfield (DF) concept is to
choose an experimental set-up, where the desired signal
is contained in an angular range which is essentially free
from any background, thereby maximising the signal to

background ratio R 1. In the specific case of the x-ray
DF scenario devised for the measurement of the nonlinear
quantum vacuum response, the probe beam is modified
with a well-defined obstacle such as to exhibit a shadow
in both the converging and expanding beam while re-
taining a peaked focus profile, see Fig. 1 for an illustra-
tion.Wave optics implies that in the focus the information
about the shadow in the beam is encoded in pronounced
side peaks. The number of x-ray signal photons Nsig in-

1 To our knowledge this is true in the context of two beam inter-

actions. Multi-beam geometries add further possibilities at the

cost of added complexity.
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duced in the collision with the high-intensity pump scales
linearly (quadratically) with the intensity of the probe
(pump). In line with that, the product of the transverse
focus profile of the probe and the squared pump focus
profile determines the signal source distribution. Hence,
the signal source distribution differs substantially from
the probe focus profile and has a different angular distri-
bution; see Fig. 1.
Appropriate tuning of the pump and probe waists al-

lows the source distribution of the quantum vacuum sig-
nal to be modified, in particular the side-lobes can be
significantly reduced relative to central peak in the signal
source distribution for sufficiently small pump foci. For
a probe beam with a central shadow, these side-lobes in
its focus encode the shadow imprinted in its near-field.
Effectively erasing the side-lobes in the source distribu-

tion of the quantum vacuum signal ensures that the sig-
nal does not inherit any information about the shadow in
the incident probe beam. Ideally, only the central near-
Gaussian peak is left as signal source. This results in an
angular signal distribution that is essentially Gaussian
and resembles that of the unobstructed probe beam.
In summary, the above approach allows the maximum

of the quantum vacuum signal to propagate into the min-
imum of the shadow in the probe beam, resulting in sub-
stantially improved signal to background ratio R, thus
facilitating the detection of the extremely weak quantum
vacuum signals.
For sufficiently good background suppression in the

shadow and reasonably strong quantum vacuum signals,
the DF concept should even facilitate the detection of
both the parallel (‖) and perpendicular (⊥) polarised
components of the nonlinear vacuum response. This, in
turn, would provide direct access to the low-energy con-
stants a and b. The key parameter of the DF concept
is therefore the quality of the shadow. The latter can
be quantified in terms of the unwanted background mea-
sured within the shadow. For lossless beam transport we
define the shadow factor associated with a detector of a
given detection area ADET, (parametrized by the coordi-
nates x and y) as

S =
1

N

∫

ADET

d2x
d2N(x, y)

dx dy
. (2)

For a given detector, S is the ratio of photons indistin-
guishable from the quantum vacuum signal to the total
number of photons N in the initial x-ray beam.

III. EXPERIMENTAL IMPLEMENTATION AND

DESIGN CONSIDERATIONS

While the outcome of an elementary proof-of-concept
experiment of the dark-field approach at an x-ray tube
[8] and the results of numerical diffraction simulations
[1] are promising, reliable information about the shadow
factor achievable with an XFEL probe can only be drawn

from a full-scale experiment. To validate the darkfield de-
tection concept, a dedicated x-ray-only proof-of-concept
experiment was carried out at the HED scientific instru-
ment of the European XFEL in a beamtime granted by
the Helmholtz International Beamline for Extreme Fields
(HIBEF) priority access program. This ensures that the
beam characteristics are those achievable in a combined
experiment and allows a predictive simulation capability
to be developed.

In a hypothetical arrangement with perfect imaging
and no scattering, the DF would have zero background
from the primary XFEL beam in the detector area de-
fined by aperture A1 with the layout in Fig. 1.

In a real-world scenario, every scattering/diffraction
event modifies the angular distribution of the x-rays
and imaging properties and the combination of two such
events can result in a background x-ray photon propa-
gating along the signal path. Therefore, it is clear that
diffracted and scattered x-rays pose the main source of
background that must be suppressed. Diffraction oc-
curring around the obstacles (O1, O2) results in x-rays
propagating at an angle to the unperturbed beam and,
as a consequence of that, x-ray photons in the geomet-
ric shadow of the blocking obstacles. A single further
scattering/diffraction event allows such photons to be de-
flected onto a path leading to the Region of Interest (ROI
- typically a single detector pixel) on the detector plane
in the focus of lens 2.

Diffraction is suppressed by imaging the obstacles on
the matching aperture plane (i.e. O1 images to A1, O2 to
A2 and interaction point pinhole to the detector plane).
In the limit of perfect imaging, aperture sizes A1, A2
could be chosen to match the size of the obstacles, thus
maximizing transmission of the quantum vacuum signal.
In practice, image quality is limited by the small nu-
merical aperture of the x-ray lenses (lens 1 and lens 2).
The point spread function results in a less sharp obstacle
edge, requiring smaller apertures to minimise background
caused by diffraction from A1, A2. Typically, the aper-
tures were set to a quarter of the size of the image of the
obstacle.

Scattering in the Beryllium compound refractive lenses
(CRLs) [10] can also contribute background photons.

The central area of the first lens, for example, is irra-
diated by photons diffracted into the geometrical shadow
of obstacle O1. Those photons are then scattered among
others onto the beam axis, going directly towards detec-
tor ROI. To prevent this, the obstacle O2 located just
after the lens is introduced. The lens scattering outside
of the obstacle shadow, on the other hand, is blocked by
the pinhole positioned in the interaction point (IP) be-
tween optical and x-ray beams in the focal plane of lens
1. The diameter of the pinhole is chosen so that there
is no direct line-of-sight between the brightly illuminated
area of lens 1 and opening of A1. Scattering on lens 2 is
controlled by making sure that no strong beam is reach-
ing the lens, i.e. the direct part of beam is blocked by
A2.
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FIG. 12. (a) Sketch of the setting and relevant quantities.
(b) Normalized quantum vacuum signal as a function of the
blocking fraction dwire/d and the divergence d/f of the x-
ray beam; x-ray photon energy ω = 8766 eV, optical beam
waist wFWHM = 1.3µm and detector acceptance angle Θdet =
Θwire/4. The factors labelling the isocontours indicate the
drop of the signal from its maximum value marked by a cross
at dwire/d = 20% and d/f = 160µrad.

polarised by the pump pulse as N = Nprobe/(1−dwire/d).
The coefficients c‖,⊥ depend on a, b and the relative
polarisation φ of pump and probe. For φ = π/4 max-
imising the polarisation-flip signal these simplify to c‖ =

(a + b)2 ≃ 121 and c⊥ = (a − b)2 ≃ 9, where the nu-
merical values are the leading-order QED predictions; cf.
also [8]. The experimental confirmation of a signal Nsig

in the presence of a background Nbgr depends sensitively
on the ratio R = Nsig/Nbgr. Achieving a significance of
#σ requires the number of successful shots n to fulfil [26]

nNsig > #2 1

2

[(

1 +R−1
)

ln
(

1 +R
)

−1
]−1

. (6)

The best shadow factor demonstrated above is S =
6.8 × 10−12. This implies that the background for the
‖ mode consists of Nbgr = SN photons. Adopting this
choice for the ‖ signal in Eq. (5) with W = 4.8 J, we
obtain R = 9.0×10−3. Hence, in this case Eq. (6) can be
translated into the requirement n > #2 1.5×1015/Nprobe.

Accounting for the additional polarisation suppression
by a factor of P = 5.8 × 10−5, for the ⊥ mode we
have Nbgr = SPN . For the ⊥ signal in Eq. (5) with
W = 4.8 J we thus find R = 11.6, and arrive at the
criterion n > #2 5.0 × 1013/Nprobe. Also note that in
order to reduce the threshold on nNprobe for the ‖ sig-

nal to the one obtained for the ⊥ signal, assuming fixed
other parameters, the pump energy has to be increased
to W = 11.2 J ≈ 2.3× 4.8 J.
The number of photons N0 contained in the central

Airy peak of 1/e2 width is related to the total number
of photons N in the focus of the unobstructed beam as
N0/N = 1 − J2

0 (2
√

2(1− e−1)) − J2
1 (2

√

2(1− e−1)) =
69%. Hence, the value of N0 in the present proof-
of-principle experiment extracted in Sec. IV implies
Nprobe = 7.57×1010 for an optimal blocking of dwire/d =
20% and current EuXFEL performance. With this value
the above requirements on the numbers of successful
shots become n > #2 2.0 × 105 for the ‖ signal and
n > #2 6.6 × 102 for the ⊥ signal. We emphasize that
these conditions could be substantially improved by in-
creasing the pulse energy of the optical laser. For in-
stance, increasing the laser pulse energy by a factor of
ten would decrease the threshold on n for the ‖ signal by
a factor of ≈ 7.9 × 103 and that for the ⊥ signal by a
factor of ≈ 3.5× 102.

VI. CONCLUSION AND OUTLOOK

The dark-field concept is a highly promising variant
on the road to direct experimental studies of the of the
optical response of the quantum vacuum. The concept
promises a detectable signal level despite the large num-
ber of probe photons that can contribute to unwanted
background and the small cross-sections. The dark-field
approach allows the determination of the fundamental
constants governing non-linear quantum vacuum interac-
tions for measurements of both parallel and perpendicu-
larly polarised signal components and, at reduced exper-
imental demands, a measurement of the perpendicularly
polarised component only.

VII. DATA AVAILABILITY

Data recorded for the experiment at the European
XFEL are available at [29][30].
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