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Abstract

Quantum field theory predicts a nonlinear response of the vacuum to strong electromagnetic fields of macroscopic
extent. This fundamental tenet has remained experimentally challenging and is yet to be tested in the laboratory. A
particularly distinct signature of the resulting optical activity of the quantum vacuum is vacuum birefringence. This
offers an excellent opportunity for a precision test of nonlinear quantum electrodynamics in an uncharted parameter
regime. Recently, the operation of the high-intensity Relativistic Laser at the X-ray Free Electron Laser provided by
the Helmholtz International Beamline for Extreme Fields has been inaugurated at the High Energy Density scientific
instrument of the European X-ray Free Electron Laser. We make the case that this worldwide unique combination of an
X-ray free-electron laser and an ultra-intense near-infrared laser together with recent advances in high-precision X-ray
polarimetry, refinements of prospective discovery scenarios and progress in their accurate theoretical modelling have set
the stage for performing an actual discovery experiment of quantum vacuum nonlinearity.
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1. Executive summary

This letter sets out the intention to perform a first
measurement of vacuum birefringence with real photons
as a flagship experiment at the High Energy Density (HED)-
Helmholtz International Beamline for Extreme Fields
(HIBEF) instrument. Photons from the European X-ray Free
Electron Laser (EuXFEL) will be scattered at regions of the
quantum vacuum polarized by the optical Relativistic Laser
at the XFEL (ReLaX)''!. Their polarization will be measured
and compared to predictions from quantum electrodynamics
(QED). Counting the number of scattered photons that have
flipped or not flipped their polarization allows experimental
determination of the low-energy effective field theory
couplings of QED, first calculated over 80 years agol”™!.
Measurement of vacuum birefringence with real photons
can thus be viewed as a first step on the way to harnessing
the nonlinearity of the quantum vacuum.

QED predicts a self-interaction of the electromagnetic
field that is mediated by virtual electron—positron pairs
(some of the constituents of the ‘quantum vacuum’).
This effect is purely quantum mechanical in nature: in
classical electromagnetism, the electromagnetic field obeys
the superposition principle. The self-interaction of the
electromagnetic field has been observed in the scattering
of gamma rays in the Coulomb field of atomic nuclei
(Delbriick scattering)>®! and more recently at the ATLAS
and CMS detectors in the generation of two real photons in
the collision of two Coulomb fields!’~"!. So-called ‘vacuum
polarization’ has also been invoked to describe anomalous
polarization of photons measured from strongly magnetized
neutron stars!'. In addition, indirect evidence for vacuum
birefringence in the modulation of pairs created via the
linear Breit-Wheeler process in the STAR experiment
has been noted!'). However, the very small cross-section
makes direct probing of virtual electron—positron pairs
by colliding and scattering only real photons extremely
challenging and has yet to be achieved. The high number
of photons available in laser beams, and the coherence of
their electromagnetic fields over space—time scales much
larger than that typically probed by a virtual pair, suggest
that colliding focused laser pulses would be a suitable way
to measure this effect. Because the leading-order process is
a four-photon interaction, many signatures suggested to be
probed in laser experiments are similar to those from four-
wave mixing. Among others, these include manipulation of
the polarization of intense laser pulses, frequency-shifting
effects!'>1 vacuum diffraction!’®'® and vacuum self-
focusing!'*?%!, At the same time, any detection in laser beam
collisions is challenged by separating the signal of a modified
polarization, momentum or energy in the scattered photons
from the large background of the laser fields.

The first direct measurement of vacuum birefringence has
been envisioned as a flagship experiment for HED-HIBEF
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from its initial inception in 2011. HED-HIBEF combines
X-rays with an optical pump beam thereby considerably
increasing the cross-section, which scales with the centre-
of-mass (CM) energy to the sixth power, compared to all-
optical setups. High-precision X-ray polarimetry has been
developed over the last decade so that it is now possible to
generate a beam of X-rays that are polarized in the same state
to a degree of better than one in one hundred billion!”'!. This
allows one to substantially reduce the background for those
X-ray photons that scatter into the ‘flipped’ polarization
mode as a signal of vacuum birefringence. At the same
time the theoretical tools to make quantitatively accurate
predictions of quantum vacuum signals in experimentally
realistic laser fields have been advancing; see the recent
review in Ref. [22] and references therein. In light of these
developments, we detail several experimental scenarios that
can be realized by combining the EuXFEL with the optical
laser ReLaX to measure the birefringence of the vacuum
with real photons. One of these scenarios features the ‘dark
field” method of blocking part of the XFEL before it is
focused and collides with the optical beam so that in the
detector plane in the shadow, there is a region of very few
background XFEL photons, which is suitable for detecting
a signall®!l. The actual suppression that can be achieved
with the EuXFEL beam will be determined when HED-
HIBEEF uses its priority access to measure background rates
in 2024. In this letter we give details for the experimental
implementation of this scenario. Finally, testing QED in an
uncharted parameter regime can also constrain the parameter
space beyond the Standard Model physics, for instance, that
of weakly interacting particles with a small mass>*l. In
the summary, the potential of HED-HIBEF experiments to
search for new degrees of freedom is discussed.

The fundamental physics prediction of vacuum birefrin-
gence represents a prime example of a fascinating and a
priori counter-intuitive phenomenon that can happen when
a seemingly trivial state (‘the vacuum’) is subjected to
extreme conditions (‘ultra-intense electromagnetic fields’).
Its detection with state-of-the-art technology constitutes a
formidable challenge and is at the edge of what is currently
possible. The BIREF@HIBEEF collaboration brings together
experts in strong-field QED, X-ray optics, high-intensity
lasers and laser—plasma physics and thus adopts an interdis-
ciplinary approach to meeting this challenge and performing
a discovery experiment.

2. Introduction

The quantum vacuum, that is, the ground state of a quantum
field theory such as QED, behaves as a nonlinear, polarizable
medium in reaction to strong electromagnetic fields. An
electromagnetic wave probing the polarized vacuum may
in turn change its polarization state as a result of vacuum
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Figure 1. 0(0(2) Feynman diagram for the LbL scattering amplitude
implying a four-photon self-interaction.

birefringence. Microscopically, this is caused by the possi-
bility of light-by-light (LbL) scattering in QED.

2.1. History and status

The idea of LbL scattering by now has a venerable his-
tory. According to Scharnhorst’s thorough account™!, its
absence in the classical theory has already been stated by
Kepler. In modern terms, this is explained by the linearity
of Maxwell’s equations of electrodynamics entailing the
superposition principle: electromagnetic field solutions can
be added at will and remain solutions. In QED, the situation
is different. The presence of vacuum polarization due to
virtual pair fluctuations implies the existence of four-photon
scattering amplitudes, as first pointed out by Halpern!*®
and Debye (according to Heisenberg”’!). The presence of
this amplitude, represented by the Feynman diagram in
Figure 1, implies that the quantum theory becomes nonlinear
and photons (self) interact through an effective four-photon
vertex. This fact becomes manifest in terms of the celebrated
Heisenberg—Euler (HE) Lagrangian, a low-energy effective
field theory for QED!! discussed in more detail below.

Heisenberg’s students Euler and Kockel did the first
calculation of the LbL cross-section at low energy!”!, while
Landau’s students Akhiezer and Pomeranchuk obtained
the high-energy result®®!. Due to the four Lorentz indices
of the amplitude, the full cross-section is somewhat
tedious to work out, and it took until 1950 for a full
answer to materialize!>%! (see also Refs. [31,32]). Since
then, the cross-section has become (advanced) textbook
material**=371,

As usual in QED, the cross-section for LbL scattering
may be constrained via dimensional analysis. The basic
QED parameters are Planck’s constant, /, and the speed of
light, ¢, which signal the unification of quantum mechanics
with special relativity. Henceforth, though, we will choose
natural units, i = ¢ = 1, unless stated otherwise. The remain-
ing parameters are thus the electron mass and charge, m
and e, respectively. The latter defines the QED coupling
strength, o = 62/47'[ = 1/137, which tells us that QED
is (normally) perturbative. We may also form the typical
QED length scale, given by the electron Compton wave-
length, A, := 1/m ~ 3.8 x 107> m, and the typical QED
electric field magnitude, Es := m?/e ~ 1.3 x 10" V/m, also
known as the Sauter-Schwinger limit*®*!, Any electric
field, when localized within a Compton wavelength, will
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Figure 2. Light-by-light scattering cross-section in microbarns (1 ub =
10~3%cm?) as a function of photon energy in the centre-of-mass frame, w,
(calculated from Refs. [31,32,40]). The value of the cross-section probed by
some past experiments is indicated by coloured dots ‘decorated’ by ‘laser
lines’. This labelling of the processes (e.g., 2-to-2) refers to the number of
real photons in the in and out states (see insert). The 0-to-2 measurements
(blue) were for a diphoton mass or more than 5 GeV (CMS1y or more
than 6 GeV (ATLAS!”8)). These are collectively represented on the plot at
ws/m = /s/2m = 5GeV. The 1-to-1 process of Delbriick scattering off
nuclei measured by Jarlskog er all’! (see also Refs. [6,41]) is shown in
green. An energy range is indicated (in cyan) for HED-HIBEF assuming
the near head-on collision of an optical beam with central energy 1.55 eV
and XFEL beam with energies between 6 and 12.9 keV. The red cross-
dots represent the 2-to-2 laser experiments by Moulin er al.l*?!, Bernard
et al.l*3] (both all-optical), Inada et al.l**!, Yamaji e al.[* (both employing
an XFEL) and Watt ef al.l%],

contain modes above the threshold (¢> > 4m?) and thus
produce pairs with a probability given by a perturbative
amplitude (squared)*®!. If the field magnitude exceeds the
Sauter—Schwinger limit, non-perturbative, sub-threshold pair
production becomes possible.

With the parameters defined, we return to the LbL
cross-section. At low energies, the dominant energy scale
is the electron mass, so the cross-section (an area) must be
proportional to 1/m?. At high energies, masses are irrelevant,
and the cross-section is inversely proportional to the square
of the total energy w, in the CM frame, o ~ 1/w?. The
precise results for the total unpolarized cross-section are as
follows!*!:

9730 s w.\6 1
= A~ _\ ) * ) 1
7 1012571'(m> 2 (@esm) M

o =47a*/w? (wy > m). 2)

The energy dependence of the cross-section is depicted in
Figure 2 together with the outcome of some past experiments
to be discussed below.

We note that the cross-section in Equation (1) is universal
in the sense that it is entirely given in terms of QED param-
eters (o and m) and the Lorentz invariant kinematic factor
s = 4w?, the total energy (squared) in the CM frame. Thus,
measuring the cross-section is indeed another experimental
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Table 1. Experimental bounds obtained for the LbL scattering cross-section and QED predictions (in historical order). The last row refers
to the experiment proposed in this Letter of Intent, which aims to reach the sensitivity for the QED value stated.

Facility Experiment [on Bound QED value
LULI All-optical (two beams)*?] 1.7eV 0 <9.9x107*0¢cm? 1.6 x 107%* cm?
LULI All-optical (three beams)*3] 0.8eV o < 1.5%x107*8 cm? 1 x 1079 cm?
SACLA XFEL + XFEL! 6.5 keV o <19%x 10723 cm? 2.5x 1074 cm?
HED-HIBEF XFEL (8766 eV) + optical 116 eV 1.81 x 10723 cm?

test of QED. The actual observable is the number N’ of
scattered photons given by the following:

N =Nn Azo, 3

where N is the number of incoming (probe) photons, ny =
Np/V is the target photon density and Az is the target
thickness, that is, the spatial extent of the probed photon
distribution.

At CM energies of the order of w, ~ m ~ 0.5MeV,
the cross-section is of the order of 1073°cm? which,
although five orders of magnitude smaller than the Thomson
cross-section, o, = (87/3) a?/m?, is not particularly small.
However, in this energy regime, available photon fluxes
(i.e., N and Np) are too small to lead to a measurable
number N’ of events. At low energies, the situation is
reversed. For example, in the optical regime, one has large
photon fluxes, but the cross-section is exceedingly small,
o ~ 107%cm? for w, = 1.5 eV. Nevertheless, it has been
suggested early on that (intense) lasers may be employed
to measure this process!'>**81. The current bound on the
cross-section from an all-optical scattering experiment is
o < 1.5 x 107*%¥em? at w, = 0.8eV*, a considerable
improvement of the earlier result*’l. With the advent of
XFELs, the CM energy can be increased by about four orders
of magnitude when colliding two XFEL beams (from 1 eV
to 10 keV). Experiments at SACLA (Japan) have produced
abound of o < 1.9 x 1072 cm? at w, = 6.5 keVI*?!, At this
energy, the QED prediction is 2.5 x 10~*cm?. So, both
experiments are off the QED value by about 20 orders of
magnitude; see Table 1. For comparison, we note that the
cross-section for neutrino electron scattering (for neutrino
energies of 10°eV) is about 107>%cm? and has not been
measured yet*’!,

Figure 2 also shows some experiments at high energy,
wy = m. These have actually observed variants of Delbriick
scatteringl®”! where photons couple to nuclear Coulomb
fields. This may be realized by scattering photons off nuclei
(charge Ze) (Figure 3(a)) or via ultra-peripheral heavy-ion
collisions (Figure 3(b)). In either case, the two intermediate
photons are virtual, with their four-momentum ¢ off-shell,
¢* # 0. Counting vertices and dimensions, the cross-section
for w, < m can be estimated as follows!®!:

«\4 1
o ~Z4a6(%) - @)
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(a) (b)
Figure 3. Two variants of Delbriick scattering involving two virtual pho-

tons, y*. (a) Off a (static) Coulomb potential denoted by crosses. (b) Off a
Lorentz boosted Coulomb potential in ultra-peripheral heavy-ion collisions.

e

This yields an increase compared to LbL; recall
Equation (1), if 720 > w, /m, which is easily achieved for
w, < m. In particular, the nuclear charge can be viewed as a
coherent enhancement factor, which is also present at larger
energies, w, > m*!. As a result, the Delbriick processes
of Figure 3 have indeed been measured, both for nuclei at
rest (Figure 2, green dots!>**!1) and in heavy-ion collisions
(Figure 2, blue dots!"™1). Figure 2 clearly shows that the
Delbriick cross-section exceeds the LbL one — by at least
five orders of magnitude for w, >> m. For additional details
we refer to the overview presented in the introduction of
Ref. [51].

2.2. Light-by-light scattering with lasers

At BIREF@HIBEF an intense optical laser (v, = 1.55 eV)
will be combined with the EuXFEL (which can run at
different frequencies from about 5 to 24 keV, e.g., at wx =
8766 eV). This implies a CM energy given by the geometric
mean of w, = (wLwx)/? = 116 eV. According to Equa-
tion (1), the QED cross-section will then be ¢ = 1.81 x
10753 ¢m?. This is still fairly small, but the coherence of the
optical laser background drastically enhances the amplitude
by a factor proportional to the photon number.

The calculation of the relevant cross-section thus proceeds
in two steps. Firstly, one employs a low-energy approxima-
tion by adopting the HE effective Lagrangian with a point-
like four-photon vertex. Intuitively, the vacuum polarization
loop can no longer be resolved as the effective theory is
only valid for distances much larger than the Compton wave
length. In a second step, one replaces two of the photon legs
in Figure 1 by an external electromagnetic field representing
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Figure 4. Two-step modification of the QED 4-photon vertex (left) to the Heisenberg—Euler four-point interaction (centre) and coupling to an external field

scattering (right).

the intense laser focus. The two steps are depicted in terms
of Feynman diagrams in Figure 4.

Scattering off an optical laser background F yields a
coherent enhancement factor F2 in the amplitude. This factor
is proportional to the photon number Np of the optical
laser, hence analogous to the squared nuclear charge, Z2,
in Delbriick scattering. Thus, replacing Z? with F?> ~ Ni.
in Equation (4), the cross-section is expected to behave as
follows:

61

Wy
o ~a4Nﬁ(—) —-
m/ m

)

The dimensionless constant of proportionality can be cal-
culated from the low-energy effective field theory of QED:

Lyg = 18 + e P2,
(6)

Lett =S+ Lug +cnF ,OF 4.,

where Ly is the celebrated HE Lagrangian!*! to the lowest
order in field strengths. Its crucial ingredients are the funda-
mental Lorentz and gauge invariants:

1

S= —ZFWF”“” = - (E*-B?), @)

N =

1 -
P = FuF" =E-B, ®)

with the electromagnetic field strength tensor F*¥ = 9*AY —
3"A" and its dual, F* = (1/2)e""P°F vo» gauge potential
A" and low-energy constants cj, ¢; and c;;. The invariant
S is just the Maxwell Lagrangian, while S? and P? are
the leading-order nonlinear corrections first employed in
Ref. [2]. The ellipsis represents corrections of higher order
in both field strength!*! and derivatives!>”~°!. The low-energy
constants are as follows:

8a? 1402 o
= —, CHy = —_—, C = ",
5m* T 5wt P 60mm?

C1 (9)
where the powers in « and m follow from vertex counting
and dimensional analysis. These coefficients receive higher
loop corrections that are parametrically suppressed with
additional powers of o < 1. They account for higher-order
vacuum polarization effects arising from the interaction of
charges in the vacuum polarization loop; cf., for example,
Ref. [57].

In this context, we also emphasize that the structure
of Equation (6) is generic for any nonlinear extension of
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classical electrodynamics that respects Lorentz covariance,
U(1) gauge invariance and a charge conjugation parity sym-
metry. Hence, a measurement of the QED predictions in
Equation (9) inherently also implies a restriction of the
parameter space of other potential nonlinear extensions of
classical electrodynamics in and beyond the Standard Model
of particle physics.

In QED, the last constant, cy;, is the weight of the leading-
order linear vacuum polarization term and was already
calculated by Dirac®®! and Heisenberg!”’! in 1934. Its QED
analogue, valid for all energies, implies a scale dependence,
hence ‘running’, of the electric charge, which decreases with
distance. Intuitively, this corresponds to charge screening
caused by the virtual pair dipoles in the vacuum. This implies
in turn that the vacuum can be viewed as a polarizable
medium with both linear and nonlinear response to an
external field. The associated response functions are given
by the second derivatives of the effective Lagrangian with
respect to F' (or E and B). Focusing on the nonlinear case we
can define macroscopic fields D and H as the derivatives of
the Lagrangian Legr = S + Lyg:

0 Lesr
D,‘ = a_Ei = EUEJ’ (10)
aﬁeff 1

where the (static) nonlinear response functions are the ten-
[59].
sorsP7!:

SU=(1+2CIS) 8[]"‘262313’ (12)

M;l = (142¢,8) §; —2c2 EiE}. (13)

These correspond to the dielectric and permeability ten-
sors, respectively, and thus explicitly show the electric and
magnetic response of the vacuum to external fields. In the
words of Weisskopfl®’l: “When passing through electromag-
netic fields, light will behave as if the vacuum had acquired
a dielectric constant different from unity due to the influence
of the fields.

From conventional optics, it is known that media with
dielectric constant ¢ and permeability p have optical prop-
erties characterized by an index of refraction, n = ,/eu. In
view of Equations (12) and (13) it must thus be possible to
ascribe a nontrivial refractive index to the vacuum. This can
indeed be done by studying the eigenvalues of the dielectric
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and permeability tensors, &; and w;7°"%?1. One finds that
the vacuum is characterized by two nontrivial refractive
indices, n; and n,, so that the vacuum acts like a birefringent
medium.

2.3. Vacuum birefringence

A web search for the term ‘vacuum birefringence’ dates
its first appearance to the year 1964 when it appeared in
the title of a paper by Klein and Nigam®! who employed
the tensors in Equations (12) and (13) stemming from the
low-energy HE Lagrangian. However, the vacuum refractive
indices were first calculated (for arbitrary photon energies)
by Toll in his unpublished PhD thesis!®*! supervised by
Wheeler. Other early and important contributions have been
made by Erber'®!! (preceding Klein and Nigam), Baier and
Breitenlohner®®! and Narozhny!®*. The utilization of lasers
was first suggested and analysed in Ref. [66]. The HED-
HIBEF experiment is based on the optimal scenario of
combining an XFEL probe beam with an intense optical laser
background. This was first suggested in Ref. [67].

To avoid confusion we recall that the term ‘vacuum bire-
fringence’ refers to the refractive or dispersive properties
of the vacuum (encoded in the real part of the refractive
indices), while the term ‘vacuum dichroism’ describes its
absorptive properties (encoded in the imaginary part of the
refractive indices). In other words, dichroism amounts to a
direction dependent absorption of probe photons, hence a
reduction of probe intensity!®561,

A quick way to derive the magnitude of the birefringence
effect is to employ the differential cross-section in the CM
frame, which for a 2 — 2 process (with all masses equal) has
the following universal form:

do 1

2
dQ ~ 64n2s m'

IF(L1,6)[. (14)

Here 901 is the invariant amplitude depending on pho-
ton polarizations and momenta while f is the scattering
amplitude for momentum transfer, 1 — I, and scattering
angle 6. Microscopically, vacuum birefringence corresponds
to forward scattering (1 =1, 6 = 0) with a polarization
flip of a probe photon passing through an intense laser
background. We thus assume the involvement of two laser
photons with the same polarizations and four vectors, while
the probe polarization flips, ¢ — &’ with ¢ - ¢’ = 0. Choosing
the optimal scenario of a 45° angle between probe and
laser polarizations, one may use the textbook formulae in
Ref. [33] to find the forward-flip amplitude 91(0) and hence
the forward-scattering amplitude:

FALLO) =£(0) =

MO)  4a? (_) (15)

nﬁ 157

1
—
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Another textbook formula (see e.g., Ref. [70], Chap. 1.5)
relates the index of refraction to the forward-scattering
amplitude. The flip amplitude, in particular, defines the
difference of the vacuum refractive indices:

8(1 IL
15 mt

27'm
An L

f( ) = (16)

Here we have used that the laser photon density, n;, =
Np/V = I /w,, is proportional to intensity, /1, measured in
the CM system. This result is consistent with the intensity
scaling that led to Equation (5) and the calculation!®! of the
refractive indices in terms of the vacuum polarization ten-
sor (the covariant unification of dielectric and permeability
tensors):

ni = 1 +4CiIL whence An=4 (6‘2 — Cl)IL. (17)
This may be written in a more covariant way as follows.
One introduces the probe four-vector k = wf with frequency
® and a dimensionless null-vector £, £2 = 0. One then
forms the ‘null-energy projection’ "), Ty, = ¢, T*¢,,, of the
Maxwell energy-momentum tensor, 7"’ = FF‘*F) — gh'S,
the traceless part of the squared field strength. For any field
configuration, F*”, one can thus write the following:

An 202
—— = —C =",
TM 2 : 15m4

(18)
which obviously just measures the difference of the leading-
order low-energy constants in the HE Lagrangian. The dif-
ference An in refractive indices induces an ellipticity § =
kxzAn/2 for alinearly polarized probe beam of wave number
kx traversing the polarized vacuum across a distance z. The
experimental signature is then the flip probability:

1!_82_@&12_% I_inz (19)
N 225 m8\xx/ 225\ ) \ix/~

with the Sauter—Schwinger intensity Is = E§ =m*/dra =
4.7 x 10® W/cm?. Equation (19) shows explicitly that an
optimal scenario will maximize the target intensity /1 and
its spatial extent, z, while simultaneously minimizing the
(reduced) probe wave length, ix = Ax/27!%l. At HED-
HIBEEF this is realized by combining a high-intensity optical
laser with an XFEL. A rough estimate with I; = 10 W/cm?,
z =10 pum and xx = 0.02 nm (for wx = 10keV) yields
N'/N 2 10~'2. Obviously, such a minuscule flip probability
demands a very high accuracy of the required polarization
measurements. Indeed, the original suggestion to employ
XFEL beams as a probe!®’! has been an incentive to improve
the polarization purity of X-rays by several orders of mag-
nitude to a current record of 107172 A topical review of
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the technical difficulties involved and how they are being
addressed is given in Ref. [73].

2.4. Previous experiments

As early as 1929, Watson!™! tried to measure a vacuum
refractive index n depending linearly on a static magnetic
field, B. He used an interferometer to measure a small
induced frequency shift, but did not find any effect and thus
produced the upper bound of (n—1) /B <4 x 107" T~! (in
modern notation). In 1960 Jones!””! measured the velocity
of light in a magnetic field to high precision and found no
deviation from its vacuum value. A year later, Erbert® dis-
cussed a number of settings (including Watson’s) that might
allow measurement of a quadratic dependence of the vacuum
refractive indices, hence a Cotton—-Mouton effect’’®’71, as
predicted by QED. Klein and Nigam!®!! suggested using a
static electric field inside a plane capacitor, but ruled the
birefringence effect to be way too small. In 1979, Iacopini
and Zavattini pointed out that one may use strong static
magnetic fields and optimize the geometric factor (z/A)%.
To this end, one should propagate a stable optical laser
beam through a magnetic cavity and increase the optical path
length z through multiple reflections. This idea has been real-
ized in the PVLAS experiment, which recently celebrated its
20th anniversary!’®]. There are also a number of competing
or complementary experiments, for which an overview may
be found in Ref. [79] together with an extensive list of refer-
ences. Figure 5, reproduced with permission from Ref. [78],
presents the historical evolution of the experimental results,
the most recent of which are still about an order of magnitude
above the QED prediction. (The error bars represent an
uncertainty of one sigma.) The current best value has been
reported by the PVLAS-FE experiment as follows:

Ay (PVLAS—FE)

5 = (+19427) x 1072 T2, (20)

where B denotes the external static magnetic field being
probed. To compare with the QED result, we note that for
a static magnetic field probed at the right angle, Ty, = B>
Introducing the magnetic Sauter—Schwinger field strength,
Bs =m?/e =4.41 x 10° T, the general result in Equation (18)
leads to the following:

L Anstt 202 o 1
=E— =0 C=""— ==
M e T T 5t T 300 B2
=4x107# 12 1)

This constant, containing only the basic QED parameters,
has been called the Cotton—Mouton constant of the vacuum
(hence the acronym CMYV) in Ref. [79]. The same value is
obtained for the HED-HIBEF scenario of probing an optical
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Figure 5. Historical evolution of the results for vacuum birefringence
experiments employing static magnetic fields (reproduced with permission
from Ref. [78], where more details can be found). The green horizontal line
represents kemy = ¢ —cj.

laser background, cf. Equations (16) and (18), as Ty = 4F 2=
41, (assuming a head-on collision). Hence

AnF
ap S (22)
where CF stands for ‘crossed field’ with F=E =B and E-
B=0.

Strong-field vacuum polarization effects also play an
important role in astrophysics and cosmology. For instance,
extreme field magnitudes can be found in the magnetosphere
of neutron stars and magnetars. Several years ago it was
claimed that measurements of the polarization degree of
such neutron stars provide evidence for an active role
of vacuum birefringence!!”!. The subsequent scientific
debatel®"! highlights the necessity of a controlled laboratory
verification of the effect, which in turn should provide input
for improved models of neutron star environments.

Very recently the STAR collaboration has reported the
observation of (linear) Breit-Wheeler pair production!®'!,
that is, the process y +y — e™ +e~. As this was realized
in ultra-peripheral heavy-ion collisions, the pair production
is actually proceeding via the Landau-Lifshitz process®”
at low photon virtualities; see Figure 6(a). Via the optical
theorem, this process is related to Delbriick scattering as
observed by the ATLAS collaboration — upon ‘cutting’ the
fermion loop in Figure 3(b). It has been shown that polar-
ization flips induced by this diagram lead to modulations in
the angular pair spectra, as shown in Figure 6(b) reproduced
with permission from the recent review!'l. The authors
of Ref. [11] have interpreted this as an indirect signal for
vacuum birefringence.

3. Prospective scenarios

As detailed in the previous section, real LbL scattering
has a very small cross-section. Any prospective scenario
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Figure 6. The STAR experiment. (a) Landau-Lifshitz process. (b) Modulation signalling vacuum birefringence by means of the optical theorem (reproduced
with permission from Ref. [11]).
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Figure 7. Overview of different collision geometries: (a) the conventional head-on two-beam scenario; (b)—(e) three-beam scenarios where the XFEL is
collided with two optical lasers. In (c) one of the optical beams is frequency doubled(®3].

must be able to deliver a signal that can be distinguished
from the noise of the background photons. At the moment,
three different proposals — and viable combinations thereof
— are available that constitute prospective routes towards a
first measurement of the effect at HED-HIBEF. All these
proposals are intimately related and look very similar at
first glance. However, they differ decisively in the details
and thus come with different experimental challenges. Two
of these are two-beam scenarios using the collision of the
XFEL with the intense ReLLaX beam, and the third one
summarizes three-beam scenarios requiring the XFEL to
collide with two intense laser beams, generated by splitting
the original ReLaX beam into two beams. (See Figure 7
for an overview of different collision geometries.) Focusing
only on the essentials (see Sections 3.1-3.3 below for a
detailed discussion of each of these scenarios), the two-beam
scenarios are as follows.

(1) The conventional vacuum birefringence scenariol®’-#4
that envisions the collision of the two beams in a
counter-propagation geometry. It uses exclusively the

https://doi.org/10.1017/hpl.2024.70 Published online by Cambridge University Press

polarization flip of X-ray probe photons. This small
quantum vacuum signal needs to be separated from
the large background of probe photons traversing the
high-intensity pump focus without interaction. A key
parameter for the measurement of this effect is the
quality of the employed polarimeter, which is typically
quantified in terms of its polarization purity P. This
represents the fraction of background photons regis-
tered in the ideally empty, perpendicularly polarized
mode!®. For the XFEL and intense laser parameters
attainable at HED-HIBEF the signal is found to be
background dominated!’?). However, by an appropriate
choice of beam waists, the divergence of the signal
can be made wider than that of the probe, such that
angular cuts can be used to improve the signal-to-
background ratio at the expense of reduced absolute
photon numbers!'7-86-881,

(2) A dark-field approach!>’! based on modifying the

probe beam with a well-defined beam stop so as
to exhibit a shadow in both the converging and
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expanding beams while retaining a peaked focus
profile. This should allow access to both the parallel
and perpendicular polarized components of the
nonlinear vacuum response scattered into the shadow
where the background is significantly reduced. In
this scenario, the key parameter is the quality of
the shadow, which can be quantified in terms of the
unwanted background measured within the shadow. It
remains to be shown that a sufficiently good shadow
quality S ensuring a signal-to-background ratio above
unity can be realized in experiments for the XFEL and
intense laser parameters available at HED-HIBEF.
However, the outcome of an elementary proof-of-
concept experiment at an X-ray tube!>*! and the results
of numerical diffraction simulations performed by
our collaboration look sufficiently promising that this
scenario is the one we have selected to first explore
experimentally; cf. also Section 4 below.

Finally, the three-beam scenarios aim at verifying quantum
vacuum nonlinearity in the following.

(3) Four-wave-mixing processes!'*!>838921 where the
XFEL is collided with two intense optical laser beams
that are derived from the same source and are focused
to the same spot. Since the optical beams have the
same frequency and propagate in different directions,
this enables a new kind of quasi-elastic scattering
signal at the XFEL photon frequency, the generation
of which involves the absorption of a field quantum
from one of the intense beams and emission into
the other. Due to the associated finite momentum
transfer, this signal is scattered into a well-defined
direction away from the forward direction of the
XFEL. Moreover, three-beam setups can also induce
sizeable signals characterized by a frequency shift.
While an enlarged phase space seems beneficial, it
remains to be shown that the additional challenges
coming with the experimental control of three laser
beams can be mastered in such a way as to benefit
from the additional signal photon channels facilitated
by three-beam scenarios.

For the experimental implementation of a given scenario,
the central interest is in the number of X-ray signal photons
that can be discerned from the typically large background
of the EuXFEL beam. Only these constitute a signature
of quantum vacuum nonlinearity that is detectable in an
experiment. To address this theoretically, we model the near-
infrared (NIR) high-intensity and XFEL beams driving the
nonlinear quantum vacuum signals as paraxial solutions of
the wave equation, supplemented with a Gaussian pulse
envelope. In general, the electric field of a paraxial beam
can be expanded as E = E© (¢) + ¢EM (¢) +---, that is,
in powers of the small parameter ¢ = wy/zr, Where wy
is the beam waist and zg = ww(z) /2 is the Rayleigh length
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of the fundamental Gaussian beam solution; @ = 27 /A
is the oscillation frequency of a beam with central wave-
length A. Throughout this work, we truncate the paraxial
expansion at leading order and use E ~ E© (¢). For the
XFEL beam focused to waist sizes much larger than its
diffraction limit this is clearly a well-justified approxima-
tion. For the high-intensity laser we only consider waists
fulfilling wy > 1.1 wm, which translates into ¢ < 0.23 for the
employed wavelength. A good indication that the leading-
order paraxial approximation is sufficiently accurate also in
this case is the good agreement of the analytical estimates
based exclusively on the leading-order paraxial approxi-
mation with the corresponding outcomes of a Maxwell-
consistent numerical simulation demonstrated in an all-
optical setup where the colliding beams are focused close
to the diffraction limit®>**!. Apart from the probe beam
featuring a central shadow in the dark-field scenario, the
description of which requires the superposition of several
Laguerre—Gaussian or Hermite—Gaussian modes, we model
all laser fields as linearly polarized fundamental Gaussian
beams. For a beam propagating in a positive z direction, this
implies the following electric field profile:

E= Byexp <_(1—7;)2_(£)2)

X COS (co (t—2)— i(1)2 + arctan i) , (23)
w

ZrR ZR

where Ej is the field amplitude, 7 is the phase pulse dura-
tion, r = \/x24+y2 and w = woy/1 + (z/zg)>. This, in par-
ticular, implies that the peak intensity /e of the optical
laser pulse is related to the pulse energy W via lpe =
8V2/m W/ (mwit) =2 % 102 W em™(W in J,wg in pm ™2,
7 in fs~!). The focal width and pulse duration are related
to the full-width-at-half-maximum (FWHM) parameters via
wo = 0.85 wpwum and T = 1.7 tpwym. Standard parameters
to be available at HED-HIBEF are given in Table 2. For
related activities at the Station of Extreme Light (SEL),
which is currently under construction in Shanghai, China,
see Refs. [95-98].

3.1. Conventional two-beam scenario

The most extensively studied scenario in the present context
is the conventional two-beam scenariol®, which envisions
the head-on collision of the XFEL beam acting as probe
and an NIR high-intensity pump!®’). It aims at measuring the
birefringence phenomenon for probe light traversing a strong
electromagnetic field that arises as a direct consequence
of the effective nonlinear couplings of the electromagnetic
field in Equation (6). If the strong field introduces a preferred
direction, such as a unidirectional magnetic field or a linearly
polarized laser field, the isotropy of the vacuum is broken. In


https://doi.org/10.1017/hpl.2024.70

10

Table 2. EuXFEL and ReLaX parameters. The ReLaX focal width
given here is for f/# focusing.

EuXFEL

N 2x 10" @ w =8—10keV (self-seeded)
1x 10" @ w = 12—13 keV (self-seeded)
1x 10" @ w=8—10keV (SASE)
5x 10" @ w =12—13 keV (SASE)

Aw 300 meV (self-seeded)
1073 x w (SASE)

TFWHM 25fs

ReLaX

A 800 nm

w 48]

TFWHM 30 fs

WEWHM #x 1.3 pm

turn, the vacuum polarized by the strong field effectively
features two distinct transverse propagation eigenmodes
for probe light associated with different refractive indices.
Correspondingly, if initially linearly polarized light (photon
number N) having overlap with both of these modes is
sent through such a field, a small fraction N, /N < 1 of its
photons are scattered into a perpendicularly polarized mode,
thereby effectively supplementing it with a small ellipticity.
The large photon number and the high polarization degree of
XFEL beams in conjunction with the available high-purity
X-ray polarimetry, reaching polarization purities down to
the P = 107! level for specific photon energies in the
O(10) keV regime!’”!, make XFEL beams the ideal probe
for such an experiment®!. At the same time, NIR high-
intensity lasers can reach the highest peak-field strengths
on macroscopic scales extending over spatial distances of
O(1) pm and times of O(10) fs, which are well-compatible
with the characteristic scales of XFEL pulses, making them
the best choice for the pump. In the collision of linearly
polarized laser beams the number of polarization-flipped
signal photons N, is maximized for a relative polarization

X-ray lens

/ -

EuXFEL

polariser

—

e

N. Ahmadiniaz et al.

angle of /4. As the attainable signal photon number scales
with (1 — cos l9c011)4, where ¥ is the collision angle of the
two beams, the counter-propagating geometry is favoured;
see Figure 8 for a schematic illustration of the experimental
setup.

The most advanced theoretical modelling of this specific
scenario has used pulsed paraxial beams to describe the
colliding laser fields. As the smallest XFEL beam waists
that have been experimentally realized so far are of the order
of 100 nm"”!, the Rayleigh lengths that can be achieved for
beams with a photon energy of wx = O(10) keV fulfil zg x =
O(1) mm; cf. the definitions in the context of Equation (23)
above. This value is much larger than the Rayleigh range
zrL = O(10) um of a tightly focused NIR laser beam. It
is therefore an excellent approximation to formally send
Zr,x — oo when determining the induced quantum vacuum
signal, that is, to adopt an infinite Rayleigh length approx-
imation!®%-87-20.190.1011 for the probe beam. This significantly
simplifies the calculation; cf. Ref. [102] for the limitations
of this approximation. Modelling both laser fields as fun-
damental Gaussian beams at leading order in the paraxial
approximation (multiplied by a Gaussian pulse envelope),
the directional emission characteristics of the signal and
the signal photon yield can be straightforwardly evaluated
by standard computer algebra even for arbitrary collision
angles and impact parameters!®’-'%%!94; for different mea-
surement concepts see also Refs. [105, 106]. Invoking further
approximations, such as the inherently very small divergence
of the signal in the X-ray domain and an effective waist
approximation for the pump!'”’! (for the case of Ve = ),
one obtains rather compact analytical scaling laws describing
the dependence of the signal on the various parameters
of the driving laser fields. Using these scaling laws, one
can quickly assess the effects of varying the characteristic
parameters and thus identify promising parameter regimes
prior to performing large-scale numerical simulations; cf.
also the discussion below.

e

L detector

RelLaX

X-ray lens

analyser

Figure 8. Schematic layout of the conventional scenario to measure vacuum birefringence. The XFEL beam is polarized with a channel-cut crystal, focused
down to the interaction point with the counter-propagating high-intensity laser, recollimated and analysed with a second channel-cut crystal in a crossed

position, such that only the L-polarized component reaches the detector.
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For a relative polarization of /4 between the colliding
beams, the attainable number of polarization-flipped signal
photons per shot can then be approximately expressed as
follows! 107-1081.

M:Mjﬂixfﬁcﬁgz
T /4 m m

[ 2
X g(O)g(—XZ’i)exp _2<W:)0x> 1—

where c¢; and ¢, are the low-energy constants introduced in
Equation (9), Wy is the laser pulse energy of the pump, wy
denotes the beam waist, ry is the transverse impact parameter
and we used the shorthand notation:

(24)

b= ———
s (142p2)°

dzp LV 14207 2(z0 — 1) 123
N TR T
14202 2_,2 00

F (X, X0, P) :=,/%x2e2(x XO)/ dke K
—00
2
. (25)

x F , with

% Z eZ(PK=iX0)X arfc (s (oK —ixo)+ x)

s==1

The entire dependence of Equation (24) on the longi-
tudinal beam parameters, namely the Rayleigh length of
the pump zg 1y, the 1 /e2 pulse durations tx, Tt and the
spatiotemporal offset zyo — #y between the probe and pump
foci in longitudinal direction, is encoded in the function g(b)
defined in Equation (25). Note that in the limit of wyx <
wo,L and {tx,7} > zr 1 we have g(b) ~ (ZR.L/TL)zlmJ,
and the form of Equation (19) with characteristic distance
z ~ zg,L is recovered. The dependence of the signal on the
impact parameter ry is particularly relevant, as experiments
have shown that focusing leads to an inevitable beam jitter
characterized by spatial fluctuations of the order of the beam
waist, that is, ry ~ wo . Another important signal parameter
is the 1/e? radial divergence:

_1

esignal = tx W s

where 6x = 2/(wxwox) is the radial divergence of the
probe beam, and thus also the divergence of the background
N1 ver ~ PNx to be registered at the detector.

Equation (24) predicts the maximum value of N, for opti-
mal collisions (ry = zgp = tp = 0) and other fixed parameters
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to be reached for small probe waists, wox << wo L. In this
case, one obtains the polarization-flip counts

[l | 2
N, || 0.044 | 0.0045 °

2N

for an XFEL energy of wx = 9835eV and the standard
self-seeding parameters in Table 2 with f/1 (f/2) focusing.
Self-seeding is the option of choice for experiments aiming
at the detection of polarization-flip signals, as the probe
bandwidth Aw is of the same order as the quite narrow
acceptance bandwidth of crystal polarimeters. In contrast,
the self-amplified spontaneous emission (SASE) bandwidth
is typically much larger; cf. Table 2. In the determination of
N, we also took into account that the quasi-channel-cut
(QCC) crystal acting as polarizer increases the probe pulse
duration from its original value given in Table 2 to tpwym =
50 fs!'0'1, Using P = 107721 and neglecting real-world
imperfections (such as inevitable losses coming with the
lenses used for focusing), the values in Equation (27) imply
the associated signal-to-background ratios to be given by the
following:

fiE | f | g2 28)
N./(PNx) || 0.022 | 0.0023

These values are less than unity so the signal is back-
ground dominated. Moreover, in the limit considered, we
have Oggnal 2 Ox, and the dependence of the signal on the
impact parameter ry simplifies to N ~ exp(—2(ro/wo, L)z).

On the other hand, for matching waists, wg x = wo L, the
signal is reduced by roughly a factor of three to N; ~ 0.017
(0.0015) for /1 (f/2) focusing. At the same time the diver-
gence of the signal, gna ~ 1.66x, becomes wider than that
of the probe. This can be intuitively understood as follows:
for a counter-propagating geometry the transverse extent of
the strong-field interaction region is effectively determined
by the transverse profile of the product Ex(x) EE (x) of the
focus field profiles of the probe and pump, the Fourier
transform of which governs the far-field distribution of the
signal. When wo x > wo./~/2, the transverse extent of the
signal emission region is smaller than the focal spot of
the probe, and in turn 6ggny > Ox; the factor of /2 is due
to the linear (quadratic) dependency on the probe (pump)
profile. Furthermore, as N, ~ exp (—I.Z(ro/wo,L)z) for f/1
focusing, the dependence on ry — and thus the sensitivity
to beam jitter in the experiment — becomes milder. Clearly,
when 6, > 0x, a measurement of the full signal requires
collecting photons scattered outside the forward cone of the
probe on the detector. However, as 6x ~ 1/wq x, the most
tightly focused probes make the highest demands on the
diameter of the collection optics.

The above simple comparison of just two different focus-
ing options for the probe clearly illustrates that assessing the
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best choice of parameters for a feasible vacuum birefringence
experiment is a nontrivial task. We emphasize that improved
modelling accounting for the details of the laser fields actu-
ally available in experiments will become computationally
demanding and challenging.

The possibility of achieving 6, > 0x suggests that angular
cuts can be used to improve the signal-to-background ratio in
experiments: collecting only those photons scattered outside
a minimum diffraction angle ¥, the signal-to-background
ratio can be enhanced to Ni/(PNx)ly.p > 1 at the
expense of reduced absolute photon numbers. Following this
route, it is even possible to achieve N /NX| P 1, such
that one can hope to also measure the |-polarized signal
component**!%1 However, an experimental implementa-
tion of such a diffraction-assisted measurement concept!'7-3]
requires that any unwanted background, for example, stray
light from the lenses used for focusing, can be controlled
and inhibited from reaching the detector; cf. Ref. [110] for a
related background study at optical frequencies. This would
necessitate setting up a dedicated filtering and imaging
system along the lines outlined in Section 4 for the dark-field
scenario.

Finally, with regard to an actual experimental implemen-
tation we need to account for several non-ideal effects
associated with the optical system: (i) in experiments each
reflection at a diamond surface of the QCC polarizer and
analyser comes with a reduction of the number of photons
by about 2%!'°!1 (the setup in Figure 8 employs eight reflec-
tions in total); (ii) the transmission of lenses preserving
the polarization purity can be estimated as 25%; (iii) the

acceptance bandwidth of the polarizer, Awjo =80 meV,
entails a reduction of its throughput by Awl® —/Aw =

80/300 for self-seeding. In consequence, both the signal and
background photon numbers, N, and PNx, respectively, are
reduced by a factor of (0.98)% x (0.25)% x 80/300 ~ 0.014
from their ideal theoretical values stated in Equation (27)
above.

While this keeps the signal-to-background ratios N,/
(PNx) given in Equation (28) unaltered, it results in quite
a drastic reduction of the signal photon numbers attainable
per shot. In particular, the best value attainable for wy x <
wo,L then gives rise to just Ny ~ 6.2 x 1074 (6.4 x 1079)
polarization-flipped signal photons per shot reaching the
detector for f/1 (f/2) focusing. Assuming Poissonian statis-
tics,

1 Ny -
n> #2 5 ((Nsig +Nbgr) In <1 + %) _Ivsig>

bgr

Nog:r Ngi
— #2 8 (1 0(&)) 29
v U7 Nogr 29)

sig

shots are required for a measurement with a significance of
#ol!'], where Ng; and Npg, are the number of signal and
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background events, respectively. This implies that n> #2 x
7.5 x 10* (# x 6.9 x 10°) optimal shots are required for a
#0 confirmation of the vacuum birefringence signal with the
presently available parameters at HED-HIBEF and f/1 (f/2)
focusing. Given a repetition rate of 1 Hz, this translates into
the requirement of more than #> x 21 h (#* x 80 days) optimal
shots with zero spatiotemporal offset. Lasers such as ReLL.aX
can operate for long periods continuously. The total number
of full power shots on the gratings and optics easily allow for
continuous shooting on a month scale. We also note that if
pointing and timing stabilization is implemented, the jitter of
ReLaX can be reduced to less than the temporal and spatial
sigma. In these circumstances, jitter does not materially
affect the overall estimate relative to other uncertainties, such
as shot-to-shot XFEL performance in seeded mode.

3.2. Dark-field scenario

A prospective variation of the conventional two-beam sce-
nario detailed in Section 3.1 envisions modifying the probe
beam so as to feature a shadow, or equivalently a dark field,
in the converging and expanding beam while retaining a
central intensity peak in the focus where it is collided with
the counter-propagating high-intensity pump!>»'"?I. In the
experiment the shadow in the probe beam is generated by
a well-defined beamstop inserted into the incident beam;
see Figure 9 for an illustration. To demonstrate the under-
lying principle, we focus here on the case of a circularly
symmetric shadow imprinted in the incident probe beam.
Experimentally, this annular beam approach was pioneered
in Refs. [113, 114] for the detection of weak nonlinear optics
signals driven by high-intensity lasers. By construction, the
background is substantially reduced in the dark field, so
that it may even be possible to access both polarization
components of the nonlinear vacuum response. To this end,
the shadow in the probe beam is to be imaged onto a
polarization-sensitive detector employing an advanced filter-
ing and imaging system. This will consist of appropriately
designed and placed beamstops and apertures so as to pre-
vent any unwanted background from reaching the detector
together with the signal. We quantify the background scat-
tered into the dark field by the shadow quality

1 , d*Nx (x,y)

that measures the fraction of the total number of input probe
photons Nx registered by a detector of acceptance area Age
in the shadow in the absence of a quantum vacuum signal,
that is, for a vanishing pump field. In a theoretically idealized
calculation using ideal flat-top far-field profiles and neglect-
ing diffraction at the obstacles and apertures put into the
beam path, we have S = 0. However, in any real experiment,
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Figure 9. Schematic layout of the dark-field scenario. The XFEL is focused with a beamstop creating a shadow in the converging (expanding) beam before
(after) focus while retaining a central intensity peak in the focus where it collides with a counter-propagating high-intensity pump. X-ray optics image the
beamstop to a matched aperture plane. The effective interaction with the pump is strongly localized and limited to the vicinity of the probe focus. Hence,
given that the overlap factor £x (x)éff (x) is sufficiently similar to that in the conventional scenario in Figure 8, a scattering signal is induced in the shadow.
A crystal polarizer directs its different polarization components to separate detectors.

we inevitably have S > 0, that is, a finite background in
the shadow, due to diffraction and scattering off the optical
elements (cf. Section 4.2 below). The discussion of this setup
follows Ref. [23] and more detail can be found therein.

In the focus, the information about the far-field profile
of the beam is encoded in a characteristic Airy pattern
around the main peak. The peak-field driven quantum vac-
uum nonlinearities producing the signal are sizable only in
the vicinity of the overlapping beam foci. Thus, by ensuring
that the transverse profile of the overlap factor £x(x) 55 x)
effectively matches the focus profile of a beam without
shadow!'"!, one can induce a signal component scattered
into the shadow located in the expanding probe beam (cf.
Section 3.1 above).

Note that this dependency immediately implies a signal
in the dark field for wox = wor/ V2. In this case, the
Gaussian pump intensity profile ensures that the Airy pattern
of the probe in the focus is effectively damped out such
that the transverse profile of the overlap factor £x(x) 5E x)
is characterized by a single Gaussian peak. This results in
a Gaussian far-field distribution of the signal. At the same
time, the fraction of the total induced signal that is scattered
into the dark field decreases with wy 1, because the far-field
divergence scales inversely with the source size. On the other
hand, it is clear that for wg x < wo, 1, the pump field appears
as effectively constant on the transverse scales of variation of
the probe. In this case, the dependence of the overlap factor
Ex(x) Ef (x) on the transverse coordinate r is governed by the
r dependence of Ex(x). Hence, in this limit, the dark field is
also present in the far-field angular distribution of the signal.
These considerations indicate that pump and probe waists of
the same order maximize the signal scattered into the dark
field.

In what follows, we discuss the dark-field scenario based
on a few well-justified approximations. This allows us to
provide simplified analytical expressions for the relevant
quantities. (The full calculations accounting for the details
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of the probe beam can be found in Refs. [112, 115].) To be
specific, we limit ourselves to wo x = wo.L/ /2 and make use
of the fact that in this parameter regime, the focus profiles
of both colliding laser fields can be well-approximated as
Gaussian!'*!, In addition, we assume a relative polarization
of /4 between the colliding beams and a detector of radial
opening angle 64 placed centrally in the dark zone of the
outgoing far field. The number N} of L polarized signal
photons registered (per shot) by this detector is then well-
approximated by the following!'>!:

1—671 )
Nt =Ny (1—v)? (1_ ~2(0aet/Biignar) ) 3
L L(d=v) T+v € (€2))

with N, and 64 < 6;, as given in Equations (24) and

(26). For the same scenario, the complementary signal is
somewhat larger, namely:

cr1t+c :
Ni = ( ) N{ ~134N7. (32)

c1—C

Here, v = (6, /90m)2 measures the fraction of the trans-
verse area of the incident XFEL beam that is blocked by
the beamstop. This blocking fraction can be parameterized in
terms of the inner and outer radial divergences, 8;, and Gy,
of the ‘hollow’ probe beam featuring the central shadow!”’!:

2(1—e")

T and 6, = /v Oou. 33)

90ut =0x

Equation (31) follows upon integrating the differential
number of signal photons derived in Refs [107, 108] over
solid angle. In addition, one has to account for the reduction
of the peak field of the probe!''?! to match the central focus
peak of a flat-top beam with a perfect central shadow in its
far field.
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Upon identifying 6q4; = 6;, in Equation (31) and using that
in the considered parameter regime, the factor 2(t9in /4951g)2
is sufficiently small so as to justify a limitation to
the leading non-vanishing contribution; we find N{ ~
v(1 —v)?/(1+v)?, from which we infer that the choice
v = +/3 —2 ~ 0.24 maximizes the signal in the shadow
for optimal collisions. We also choose wo x = wo,./v/2 ~
0.7wq,1, (which should be close to the optimal waist spot
ratio”*!) and an XFEL energy of wx = 8766 eV compatible
with the use of a germanium crystal to separate the
polarization components of the signal; cf. also Section 4.2.4
below for the details. Adopting 64q = 6, to collect the
maximum number of signal photons scattered into the
dark-field on the detector (for the parameters in Table 2
attainable with the self-seeding option), the second identity
in Equation (33) then results in 6;, >~ 28.3 pwrad/#, for f/#
focusing. For these parameters, Equation (31) predicts a
signal yield, which can be tabulated as follows:

frl | g2
Nt ][ 0.0016 [ 12x 107"

(34)

We also note that for a detector with a half opening angle,
that is, for Oge¢ = 6in/2, these photon numbers are reduced
by a factor of approximately/almost equal to 0.3. As in
Section 3.1 we can also assess the dependence of the signal
photon number on the impact parameter using Equation (31).
For the present parameters and f/1 focusing we infer N§ ~
exp (— 1.8(ry/ wo,L)z). Note, however, that the approximation
invoked here accounts only for the central peak in the
focus profile of the probe. It is therefore insensitive to the
oscillatory behaviour of the signal induced by the Airy ring
structure for ro = wo x and, in turn, is expected to somewhat
overestimate the drop of the signal with ry.

In the dark-field scenario, the polarization purity of the
probe photons does not need to be improved beyond the
one supplied by the EuXFEL itself, which is of the order
of 107%11%1 Therefore, the analyser, which separates the
differently polarized signal components scattered into the
dark field, can work with a low number of reflections. This
allows for a transmission bandwidth larger than that of
the self-seeded XFEL and, at the same time, comes with
a negligible influence on the probe pulse duration and a
negligible loss at each reflection. Using a single reflection
off germanium, a polarization purity of the order of 1072
can be readily achieved. Employing several such reflections,
the polarizer can be further enhanced, thus achieving a
purity on par with the polarization purity of the XFEL. In
consequence, the losses associated with the setup in Figure 9
are dominated by the lenses and not the analyser. Due to the
relaxed polarization purity requirement, standard beryllium
lenses can now be used, each of which introduces a loss in
the number of photons of about 50%. This reduces the signal
and background photon numbers registered at the detector by
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a factor of 0.25 and thus implies a reduction of the full signal
scattered into the dark field to N§ >~ 4.0 x 1074 (3.0 x 1079)
for f/1 (f/2) focusing. Assuming the germanium polarizer
in Figure 9 to achieve a polarization purity of 107°, the
associated background in the dark field then consists of
Npgr = SNx x 0.25 x 107% (SNx x 0.25) XFEL photons for
the L (||) polarized mode. Identifying N, = N{, and given
that Ngg << Npgr, Equation (29) then implies the need for
n># xS x3.2x 10" # xS x 5.5 x 10') optimal shots
to achieve a #o measurement of the | polarized component
of the nonlinear vacuum response with f/1 (f/2) focusing.
For N, = Ny, the analogous values for the || polarized
component are n> # x S x 1.8 x 10> (#2 x S x 3.0 x 10'7).

To compare with the number of optimal shots needed for a
measurement of the L polarized signal in the conventional
scenario of Section 3.1, we refer back to the discussion
below Equation (29). From this we conclude that one needs
a shadow quality of S < 107 for the dark-field approach to
match the precision of the conventional scenario.

Finally, we note that the measurement of both polarization
components of the nonlinear vacuum response allows one to
determine the low-energy constants c¢; and ¢, in Equation (6)
individually, and not just their difference as in the conven-
tional scenario. Moreover, we emphasize that a simultaneous
measurement of both components gives direct access to the
ratio

N, ci—e\’ 9 ( 260 o 2)
—=—) =—(1+——4+0(«¢%) ), @35
Ny <cl+cz> T ( ) (35

where we have also included higher-order (two-loop) con-
tributions!''”>'"8!. Importantly, the ratio in Equation (35) is
independent of the parameters of the colliding beams and
thus insensitive to fluctuations in experimental parameters,
such as spatiotemporal jitter or intensity fluctuations, for
sufficiently large photon numbers'>*!.

3.3. Planar three-beam setup

From a scattering point of view, vacuum birefringence is
explained by polarization flips without momentum transfer
and hence corresponds to an LbL forward-scattering process.
One can, however, relax this restrictive assumption and ‘open
up’ phase space, by considering genuine four-photon scatter-
ing processes with non-vanishing transfer of both energy and
momentum. These are the fundamental processes that HED-
HIBEF will measure. If two optical beams are employed
instead of one, then each beam can couple one optical photon
to the incoming XFEL photon, giving more control over the
momentum and energy of the scattered signal photon(®>%°1,
In particular, the scattered photon’s momentum and energy
can be shifted with respect to the XFEL probe photon so that
the signal can be measured in a region of phase space with
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lower noise than the standard two-beam configuration. A
disadvantage of this is that the number of scattered photons
in this region is smaller than the total number of photons
scattered in the two-beam configuration.

Let the field F be given as a sum of the XFEL, F,, two
optical beams, F; and F,, and the scattered photon Fy,
such that F = F,+ Fy + F> 4+ Fy. Then, for the low-energy
HE Lagrangian given in Equation (6), the scattering matrix

element, S = —i f d*x L;, contains many channels:
S= lelx’ + Sx22x’ + Sx12x’ +---
— —

X-ray+one optical beam
+  Sxxax
N

X-ray merging

X-ray-+two optical beams
+ -t lex/x/ +--, (36)
——

X-ray splitting

where the subscripts on each of the amplitudes count the
number of fields included (e.g., Sxiix involves one photon
from the XFEL, two from optical beam 1 and one scattered
photon). If the optical beam is such that the field’s tensor
structure is constant, as is the case for plane-wave-like fields
(e.g., that of the paraxial Gaussian beam), then the kinemat-
ics of each amplitude can be illustrated by separating out the
fields’ space—time dependency from their tensor structure,
and writing kinematic factors I'(g) defined in terms of the
momentum transfer g. For example, Sxiix = GTxix(q),
where G is a geometrical factor depending on the polariza-
tion of the photons and I'xj1x(q) = f F 12 (x)exp (—ig-x) d*x.
We note this has a form analogous to a far-field diffraction
integral, where the X-ray photon ‘diffracts’ on regions of the
vacuum polarized by the intense optical beams!'®*/. These
kinematic factors can be used to demonstrate the channels
in the three-beam scenario; here it will suffice to consider
monochromatic beams, for example, F;(x) = F;cos (k; - x) for
j €{1,2}. Then we see the following:

Faiw (@) ¢ 8(2ki—q) + §QC2ki+4q) +28(q9), (37)
—— ———— S~ —
frequency upshift  frequency downshift elastic
that is, the ‘X-ray+one optical beam’ channel in princi-
ple includes frequency-shifting parts. However, since the
scattered photons with momentum ¢’ must obey the vac-
uum dispersion relation ¢’ - ¢ = 0, the frequency-shifting
channels are effectively inaccessible!®”). Compare this to the
‘X-ray+two optical beams’ channel, for which the corre-
sponding kinematic factor is as follows:

Cxiow(q) ¢ 8 (ki +ko —q) + 8 (ki +hka+q) +8 (ki —k2 +¢q)

frequency upshift frequency downshift quasi-elastic
+38 (ki +k+¢q). (38)
—————

quasi-elastic

We see that by tuning k; and k, there is more control to
scatter a photon with a momentum slightly different from
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Figure 10. Planar three-beam configuration of a focused XFEL beam
colliding in a plane with two focused optical beams at a collision angle .

the X-ray one, whilst simultaneously satisfying the on-shell
condition ¢ - ¢ = 0. It is indeed possible to pick three
photons with not too different momenta and specific colli-
sion angles to access the frequency up- and down-shifting
channels!!*!3:43:83:89-92] However, for the X-ray + two optical
photons collision at HED-HIBEF, only the ‘quasi-elastic’
channels (of absorbing one photon from an optical beam and
emitting one photon to an optical beam) are kinematically
accessible. Furthermore if the absorbed and emitted photons
have different momenta, the reaction is only accessible if
one allows for the pulses having a finite bandwidth A, that
is, for non-monochromatic beams, leading to a momentum
transfer in the scattering process of ¢ = £ (k; —kp) + A.
Although labelled ‘quasi-elastic’, these channels can support
a measurable transverse momentum shift and, if one of the
optical lasers is frequency doubled, also an energy shift
in the scattered photons; see Figure 7. This ‘three-beam’
kinematic picture can also be used to model frequency
shifting in collisions of two beams with wide bandwidths,
where the two photon momenta, k; and k,, take different
values supported by the bandwidth!®”'1"].

Here we focus on a planar collision geometry for the three
beams, depicted in Figure 10. Using the kinematic factors in
Equations (37) and (38) we can reinterpret the ‘X-ray+one
optical beam’ and ‘X-ray-+two optical beams’ scattering
matrix channels in terms of positions in the detector plane:

S~ lelx/ +Sx22x’ + Sx12x’ . (39)
—_— ——
central peak sidepeaks
Here we neglect all the channels that are nonlinear in the
X-ray photons as they are accompanied by a suppression
factor, the ratio of optical to X-ray field strengths. The centre
of the side peaks can be easily found from Equation (38),
at a scattering angle approximately twice the ratio of the
transverse optical photon momentum to the X-ray momen-
tum: 6, = +arctan (Zwopﬁcal sin w/a)x-ray), where 6, is the
scattering angle in the plane of the collision. The widths of
the peaks can be ascertained by considering the bandwidth of
the lasers. The number of scattered photons N is calculated

. 3/ .
using N =V [ (‘;TK)_gISIZ, where ¢’ is the scattered photon

momentum, and only the terms in Equation (39) are included
in S. The beams are modelled using the leading-order
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Figure 11. Example scattered photon signal for typical parameters at HED-HIBEEF in the collision of the ReLaX optical photons with the EuXFEL photons.
The coordinates 6,y are the scattering angles in and perpendicular to the collision plane, respectively.

Optical lasers f/1: max(ly) = max(l3) = 7.78 x 10°! Wem ™2, XFEL: wy = 9835 keV
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Figure 12. The number of scattered photons, parallel (V) and perpendicular (V) to the XFEL probe, as a function of the beam collision angle, plotted for

different XFEL parameters. The probe propagates along the z-axis, and the collision is in the x—z plane. The dashed curves (¥, L

>200 lJLrad) refer to the signal

falling on the detector outside a central exclusion region of radius 200 prad. The SASE and self-seeded options are taken from Table 2. Left: example results
for total scattered photons. Right: photon scattering and birefringence (polarization flip).

paraxial Gaussian solution from Equation (23), and
parameters for the optical and EuXFEL beams are taken
from Table 2. An example of the distribution of scattered
photons is given in Figure 11, which assumes perfect
alignment of the three beams, where the grid lines indicate
the predicted central positions of the side peaks. Figure 11
demonstrates the key utility of the three-beam setup: the
transverse momentum kick given to the signal photons can
potentially be used to direct the signal into a region with
low noise, albeit at the cost of a reduced signal. The larger
the collision angle, the larger the momentum kick, but the
lower the signal. This reduction is plotted in Figure 12.
At small collision angles the three peaks constructively
interfere since they are in the same region of phase space.
As the collision angle is increased, the peaks separate and the
signal reduces, while constructive interference becomes less
pronounced.

To estimate the number of detectable photons, we exclude
a central portion of the detector, which will be dominated
by the probe XFEL photons. From knowledge of the XFEL
beam and numerical simulations (such as those detailed in
Section 4.2.1) we determine that a 200 wm radius for the cen-
tral exclusion region on the detector would be sufficient. The
entailed reduction in signal photon count is demonstrated in
Figure 12. On the one hand, we would like a larger transverse
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momentum kick of the scattered photons so that the optical
beam opening angle does not need to be made so large, and
the detectable signal remains sufficient. This would suggest
using lower energy XFEL photons, for example, the 6 keV
mode. On the other hand, the cross-section, o, has a strong
scaling with CM energy, w, as o o« %, and so to maximize
the total number of photons scattered, we would use the
higher energy XFEL photons, for example, the 12.9 keV
mode. From our analyses using the HED-HIBEF parameters,
we find that the 9.8 keV mode is a good compromise in this
planar three-beam scenario.

Some example results are given in Table 3. Due to the
bandwidth of the analyser being much narrower than the
bandwidth of the XFEL beam in SASE operation, for observ-
ing birefringence we use the self-seeded parameters for
which the XFEL has a narrow enough bandwidth such that
scattered photons are accepted by the analyser.

The planar three-beam scenario is a setup of interest
for BIREF@HIBEF. As the dark-field scenario has been
selected for priority access beamtime at the EuXFEL, we
omit here a full discussion of the effect of optical com-
ponents on the measurability of the numbers of photons
detailed in Table 3, and how the HE low-energy constants
¢y and c¢; can be determined in this setup. See Ref. [120] for
further details.
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Table 3. Example number of signal photons scattered in collision of the XFEL probe with two optical beams.

Crossed beam setup Focusing Wx-ray Ny N Niotal
‘Momentum kick’ f/2 12.9 keV - - 42x1073
‘Momentum kick’ f/1 12.9 keV - - 180 x 1073
‘Momentum kick’+200 pum hole f/2 12.9 keV - - 1.5x1073
‘Momentum kick’+200 pwm hole f/1 12.9 keV - - 3.7%1073
Crossed beam + biref. f/1 9.8 keV 49 x 1073 35x1073 -
Crossed beam + biref.4-200 wm hole /1 9.8 keV 1.3x1073 0.1 x 1073 -

3.4. Other opportunities: Coulomb-assisted birefringent
scattering

In the preceding sections, we have rigorously examined
a variety of scenarios for detecting vacuum birefringence,
each presenting unique challenges and insights. These explo-
rations spanned across diverse experimental setups, employ-
ing a range of pump and probe fields to elucidate the nature
of vacuum birefringence. These varying approaches, each
with its own merits and limitations, collectively contribute
to a better understanding of the phenomenon. These options
are concisely summarized in Table 4. In what follows, we
first provide an overview of the available choices for both
pump and probe fields. Then, we venture into a new direction
by combining two options for the pump field to explore a
birefringent signal.

Table 4 presents three distinct choices each for the pump
and probe fields. In the case of the pump field, one can
opt for a static magnetic field, laser focus or the electric
field of a nucleus, each with its own set of pros and cons.
For example, the first column details the characteristics of
a static magnetic field, where we achieve a field strength of
several teslas. This leads to an extremely small change in the
vacuum refractive index (dn), and the other columns provide
similar metrics for alternative pump field options. Regarding
the probe field, there are also multiple choices. Take the
optical laser, for instance: it generates a large number of
photons N but with relatively low energy O (eV). Table 4

Table 4. Summary of choices for pump and probe fields in vacuum
birefringence detection. Increasing the strength of the pump fields
results in a smaller interaction volume, while a higher wave number
in the probe fields leads to fewer photons per shot.

Pump field
Magnetic field Laser focus Nuclear Coulomb field
0 (107Bs) O (107*Es) O (Es)
sn=0(10"22) sn=0(10"1) sn=0(1072)
Field strength— < Interaction volume
Probe field
Optical laser XFEL y-ray
O (eV) O (keV) O (MeV)
N=0(10%) N=0(10") N=0(1)
Wave number— < Photon number
PVLAS, BMV, ... HED-HIBEF Delbriick
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illustrates various experiments that have utilized different
combinations of pump and probe fields. For instance, as
detailed in Section 2, experiments such as PVLAS!8! and
BMV!"?!l employed the options detailed in the first column:
a static field as the pump and an optical laser as the probe.
HED-HIBEF is designed to follow the approach outlined
in the second column, using a focused array of several
optical lasers for the pump field and X-rays for the probe.
In addition, for the measurement of Delbriick scattering>*!1,
the electric field of a nucleus as pump field and high-
energy gamma photons as the probe have been utilized; for
more details see Ref. [122]. In this section, we utilize the
combination of a nuclear Coulomb field, denoted as E®,
and the strong magnetic field B*' provided by a focused
high-intensity laser pulse as the pump field. This is coupled
with an XFEL beam, which serves as the probe field; see
Refs. [122, 123]. An illustrative Feynman diagram for this
process resembles the one shown in Figure 3(a), with the key
distinction being that one of the Coulomb fields is replaced
by an interaction with an external magnetic field B™'; see
Figure 13. This scenario may offer several advantages: the
nuclear Coulomb field adds a significant momentum transfer
AK to the flip of the XFEL polarization!'?>!?31, Compared to
the past experiments measuring Delbriick scattering at pho-
ton energies O (100MeV)P%*'1 we obtain a large interaction
volume whose space—time scale is set by the momentum
transfer and thus exceeds the Compton wavelength. Since
all involved field strengths are sub-critical, hence well below
the Schwinger limit, we can use the low-field expansion
of the HE Lagrangian in Equation (6) with the low-energy
constants ¢; and ¢, given in Equation (9). In the next step,
we decompose the electric and magnetic fields in Equations
(6) and (8) as E — E+E*' and B — B + B and assume
that the magnetic field B®*' is approximately constant. In
addition to the static Coulomb field E®*!' of the nucleus,

Magnetic field ~_ N Coulomb field

XFEL XFEL

Figure 13. Feynman diagram for Coulomb-assisted birefringence.
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we have space—time-dependent XFEL fields E and B. After
inserting the field decomposition into Equation (6) we obtain
the effective Lagrangian for the XFEL field:

ﬁXFELzé(E.eext.EJrB-( )™ B+E- W B),
(40)

where we have introduced the notation E - €' . E = EiEZ'XIEj’
etc., for the quadratic forms in the Lagrangian. Its Hessian
defines the dynamical vacuum response functions>”, that is,
the permittivity tensor, 6;’“, the permeability tensor, ( ,u;' )m,
and the magneto-electric coupling tensor, \Ilg’“, all of which
are functions of the pump fields, E¢y and Bey:

ext __ 2(¥

ext pext ext pext exty2 exty2
= 4(8E ES 4 14BN BN 45, ((E )~ (B )))

—1 ext_ 20{ (SBextBext+l4EextEext
K" ) = 45a o0 5 i 5

+8; (B — ®=)’)),
ext _ 20
v 45m*

( SEextBext + 14BexlEexl + 148!] (Eexl Bext))
(41)

These tensors characterize the vacuum polarizability,
which varies with the type of pump laser used, as
detailed in Table 4. The equations of motion derived from
Equation (40) turn into macroscopic Maxwell equations in
a medium upon introducing the electric displacement field
D = ¢*'.E + W*'. B and the magnetic displacement field

H= —((M e B—}—(\lle’“) E) In the usual manner,

a suitable combination yields the inhomogeneous wave
equation:

OD=Vx[VxD]+[V x H = J. (42)

The resulting wave equation can be analysed using stan-
dard Green function methods (see e.g., Ref. [19]). The source
term J°, owing to its relatively small magnitude, permits
the use of the Born approximation to solve the equation. To
proceed we decompose the XFEL electric displacement field
D into an incoming plane wave D" and a small scattering
component D, Assuming a stationary time-dependence of
e~ ! for the XFEL, we arrive at a Helmholtz equation[m].
This equation can be solved using Green function methods.
Focusing on the long-distance behaviour, we find the follow-
ing scattering amplitudet'>*:

1

= Wew. / d*rexp (—ikoy - 1) J, (43)

where kg, is the wave vector and ey is the polar-
ization unit vector of the scattered XFEL radiation.
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The scattering amplitude straightforwardly yields the
differential cross-section, do/dQ2 = |¢)%. For Coulomb-
assisted Delbriick scattering, cf. Figure 13, the amplitude
can be expressed as follows:

2
1) 4
3 IAkr ext ext
qu/d re (eout'6 ‘€t €ou - W - (M X €jp)

+ein - \pext . (nout X eout)

+ (nout X eout) : (Mil)ext : (nin X ein) ) (44)

Here ny, = ki, /@ and ngy = Koy /w are the initial and final
propagation directions, respectively, while ej, and ey, are
the corresponding polarization vectors; Ak = K, — Koyt 1S
the momentum transfer or recoil. Figure 13 suggests a non-
vanishing contribution of the magneto-electric tensor W',
that is, the second and the third terms of Equation (44).
Since the external magnetic field B®** provided by an intense
laser focus is approximately constant, the spatial integral in
Equation (44) yields the Fourier transform of the nuclear
Coulomb field, E™ = e,Ze/ (4r*) (Z being the atomic
number), that is, [ d*re*kTe,Ze/ (4n1%) = iZe AK/| AK[*.

Note that the spatial integration is effectively cut off by the
momentum transfer Ak, implying a large interaction volume
extending over many XFEL wavelengths for small scattering
angles (near-forward direction), | nj, — nyy |<< 1. However,
when the effective interaction volume becomes of the order
of the spatiotemporal scales of variation of the optical laser
pulse, the approximation of a constant magnetic field can no
longer be justified; see also Ref. [125].

Let us consider forward scattering and focus on the
leading-order contribution ~ 1/ | Ak |. We thus approximate
N, & Ny = N and consider the birefringent signal where
e, and n are (nearly) orthogonal, that is, e;; & Fn X ey
and ey &~ +n x ej,. (The F and & symbols refer to two
possible orientations of e;, and e, either parallel or anti-
parallel to the cross-product of n with the other polarization
vector.) This simplifies the integrand in Equation (44), and
the birefringent amplitude is finally given by the following:

1202 Ze o?
“\lle’(t . ex A
L1 l45m4 (Ak)2 4 ((eouvB t) (Cou - AK)

— (ein - B™) (ein - AK)). (45)

We maximize the birefringence signal by aligning Ak with
B and e;, (or €,y). Assuming a strong magnetic field of the
order of B*' = 10° T (which can be achieved through laser
focusing) and a large XFEL frequency of w = 24 keV (which
involves additional experimental challenges), the birefrin-
gence signal is encoded in the differential cross-section in
the forward direction:

do_fcxt 10_25 Z2

(AK)*

)u“’“‘ (46)



https://doi.org/10.1017/hpl.2024.70

Towards a vacuum birefringence experiment at HIBEF

The magnitude of the signal in Equation (46) is com-
parable to the other proposals for the vacuum birefrin-
gence experiments discussed above. In the Coulomb-assisted
scenario, there are two main enhancement factors: firstly,
the large number, O (10'?), of polarized XFEL photons;
secondly, the large number N of nuclei. In one possible
scenario, a cubic carbon cluster with an edge length of
100nm is ionized completely using the pre-pulse of a high-
intensity laser of the order of O (1022 W/ cmz). For small
momentum transfer (of the order of eV), particle-in-cell
(PIC) simulations show that the amplitudes of N = 108
nuclei would have the same phase and add up coherently,
thus acting as one giant nucleus of charge Z.;s = NZ. The
birefringent signal would be of the order of © (10~°) photons
per shot and thus could be detected in complete analogy with
the scenarios discussed above; see also Refs. [44, 45, 67, 79,
84]. For a more detailed discussion, we refer to the recent
publications in Refs. [123, 126], which also address a number
of potential background processes, including nuclear Thom-
son scattering, nuclear resonances, Delbriick scattering and
electronic Compton scattering. Among these processes, elec-
tronic Compton scattering seems the most important.

Another background atomic effect that could flip the
polarization of X-ray photons is birefringence and dichroism
of atomic X-ray susceptibility due to the alignment of
electrons in ions generated by strong-field ionization by
the polarized optical laser pulse. The X-ray dichroism of
ionized krypton gas was experimentally demonstrated in
Refs. [127-129] and theoretically studied in Refs. [130,131]
for X-rays resonant to transition between the 1s core
atomic orbital and 4p;, valence atomic orbital where an
aligned electron hole was produced. From these studies,
the probability of polarization flipping can be estimated as
~ (sin (20)nAZLApaniso)2A2/ (Aw? +y?/4), where 6 is an
angle between the polarizations of the optical and X-ray
pulses; n and L are the concentration and the length of
the gas sample, respectively; A is the X-ray wavelength;
Apaniso 18 the difference between probabilities of finding
a valence orbital hole with distinct projection quantum
numbers — this quantity describes the alignment of the
valence hole; A, Aw and y are the spontaneous emission
rate, the detuning and the linewidth, respectively, for the
corresponding valence-to-core transition. For the case of
strong-field ionized Kr*4p~!, the alignment of the valence
hole Apaniso can reach the value of 64%, and for an atomic
concentration 10 cm™—3, an interaction length of a few mm
and an X-ray photon energy resonant to the valence-to-core
transition, the polarization flipping probability could reach
O(107). With decreasing gas concentration and increasing
detuning, this probability rapidly drops off; thus avoiding the
valence-to-core transition is necessary to suppress the atomic
birefringence background. From the atomic, molecular and
optical (AMO) and plasma physics point of view, the high-
purity X-ray polarimetry measurements described in this
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letter could provide unique insights into the anisotropy
properties of atomic transitions.

4. Plans for experimental implementation

Based on the expected signal and noise estimates presented
in this paper, as well as on the experimental feasibility,
the dark-field approach was selected to be pursued via the
HIBEEF user consortium priority access at the EuXFEL. The
first X-ray-only beamtime was allocated for March 2024. It
was devoted to carrying out a proof-of-principle experiment
of the dark-field concept at the XFEL. The outcomes of
this campaign are currently being analysed and will deter-
mine the setup to be implemented for the actual discovery
experiment.

4.1. Conventional scenario

The decisive bottlenecks in the conventional scenario are the
quality of the X-ray polarizers and the X-ray lenses. For
the former, early works suggested that an extinction ratio
of the order of 10™'° would be necessary to prove vacuum
birefringence induced by a petawatt-class laser. The extinc-
tion ratio is also known as polarization purity. More detailed
analyses, together with the fact that only 300 TW is available
at the EuXFEL, led to the insight that an extinction ratio of
10~ "2 is actually required for the X-ray polarimeter. Of equal
importance is that the X-ray lenses do not compromise the
polarization purity.

At the University of Jena and the Helmholtz Institute Jena,
a research and development programme to eliminate these
two bottlenecks was started about 15 years ago. The polar-
izers are perfect crystals into which a trench is cut — which
is why they are referred to as channel-cut crystals or simply
channel cuts (CCs). The wavelength is chosen such that the
X-rays are Bragg-reflected at the (inner) walls of the channel
at a Bragg angle of 45°, the Brewster angle for X-rays.
At the Brewster angle, the polarization component parallel
to the diffraction plane (p-component) of the X-rays field
is suppressed. Zig-zagging multiple successive reflections
increases the suppression of the p-component. For some
crystals attractive for X-ray polarimetry — namely diamond
— cutting a channel is not an option. In this case, one would
precision-mount two separate crystals perfectly in parallel,
an arrangement known as artificial or QCC.

As early as 2010, an extinction ratio of 1.5 x 107 at
6.457 keV photon energy and of 9.0 x 10~ at 12.914 keV
was demonstrated. The (400) and (800) Bragg reflexes of Si
were used!'*?!. Advances in the production and processing
of the crystals and improvements in the brilliance of X-ray
sources led relatively quickly to a further improvement
in polarization purity to 2.4 x 1071 and 5.7 x 1071 for
the same X-ray wavelengths as above!®!. The originally
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Figure 14. High-precision X-ray polarimetry. Left: the polarimeter consists of two channel-cut crystals acting as polarizer and analyser, respectively. Not
shown is the telescope in between both and the optical laser responsible for polarizing the vacuum. Right: extinction curve around 0.01° of the crossed-
polarizer position reproduced from Ref. [72]. At a few data points, the corresponding detector signal is displayed: in the crossed-polarizer position not a
single photon reaches the detector. To the level tested in this experiment, the polarizers are perfect.

communicated requirements on X-ray polarimetry to detect
vacuum birefringence were thus largely fulfilled. While
these requirements were to become more and more demand-
ing, some of the opportunities arising from the advent of
polarizers providing polarization purities several orders of
magnitude better than the previous state-of-the-art were
quickly exploited (e.g., Refs. [21, 85, 133, 134]). Prominent
applications were the detection of quantum optics and QED
effects in the X-ray range!'*>-1371,

In order to achieve further improvements in polarization
purity, the limiting factors had to be identified!!**'3°! and
eliminated. These are the so-called Umweganregungen and
the finite divergence of the X-rays. Strictly speaking, the lat-
ter is not a real problem, as it only occurs at the synchrotron
and laboratory sources used for polarimeter development,
whereas the divergence of the XFEL beam is negligible.
With regard to the Umweganregungen, it turned out that
these cannot be avoided in principle. However, there are
certain highly symmetrical reflexes for which all of them
interfere destructively. What is required, though, is a highly
precise adjustment not only of the Bragg angle, but also of
the azimuthal orientation of the polarimeter crystals, which
is the degree of freedom that can be exploited by a rotation
around the normal of the diffracting lattice planes. Novel
methods have been developed for this task that enable quick
adjustment of the polarimeter crystals and thus efficient use
of the precious XFEL beamtime.

In parallel, another branch of the research and develop-
ment of X-ray polarimeters was the use of diamond crystals.
These are advantageous for several reasons. Notable among
these are the small lattice constant, which allows the use
of shorter wavelengths, the low atomic number, which is
advantageous with regard to Umweganregungen, the high
reflectivity of almost 100% and, finally, the excellent ther-
mal conductivity. First experiments were performed with
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relatively cheap CVD crystals in a QCC setup with only two
reflections!“!, Nevertheless, a polarization purity of 8.9 x
10719 at 9.837 keV ((400) Bragg reflection) was obtained,
limited by the divergence of the synchrotron radiation. With
four crystals for both the polarizer and the analyser, and some
control on the beam divergence, another record polarization
purity of 1.4 x 10719 was achieved! '],

The first experiment at a free-electron X-ray laser was per-
formed at the HED instrument of the EuXFEL. The silicon
400 reflection and six reflections in the CC were used. A
polarization purity of 8 x 10~!! was achieved; see Figure 14
for an illustration. It should be emphasized that this number
is not determined by the quality of the polarizers but rather
by the photon flux of the XFEL. In other words, 8 x 107! is
the upper limit for the actual extinction ratio; the extinction
curve is in fact compatible with perfect polarization’”]. It
should also be emphasized that the limited photon flux was
due to limited beamtime, the XFEL running in SASE mode
and other factors, that is, they do not constitute principal road
blocks. This is highlighted by the fact that the present record
polarization purity of (1.4+0.9) x 10" was achieved at a
third generation synchrotron facility®'!. The theoretical limit
for the polarization purity as determined by the finite laser
beam divergence is of the order of 1074, It has yet to be
shown whether this limit can be reached or whether other
effects kick in.

Another bottleneck is the lenses of the X-ray telescope.
Due to a refractive index slightly smaller than unity in the
X-ray regime, stacks of concave lenses must be used, so-
called compound refractive lenses (CRLs). Irrespective of
that, it is known that X-ray diffraction in crystals can lead
to birefringence. It is also known that metals, including
beryllium, the preferred material for X-ray lenses, have a
micro-crystalline structure. Accordingly, the question has
been whether this is indeed a limiting factor and, if so,
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Figure 15. Experimental setup for the dark-field proof-of-principle experiment at the HED instrument of the EuXFEL. For completeness, here also the

ReLaX beam path for the counter-propagating geometry is indicated.

how to bypass it. The Jena group has addressed both. In
short, the answer is that there is little if any hope that
beryllium, which is attractive because of high transmission,
can be used. Already 500 pm of beryllium degrades the
polarization purity to the level of 1061421,

One alternative is the use of amorphous lens materials.
Two options have been tested so far: CRLs made from glassy
carbon and lithographically produced CRLs made from the
photoresist SU-8. The disadvantage of the latter is that the
production method only allows one-dimensional focusing.
Therefore, two SU-8 CRLs, rotated by 90° with respect to
each other, have to be used for focusing and recollimation.
This reduces the transmission of the total setup. On the
other hand, these lenses are of very good optical quality
and allow close to diffraction-limited performance!'*’!. For
glassy carbon, the situation was exactly the opposite. Mean-
while, better components have become available and tests
will be carried out soon.

Still another alternative, at first glance maybe paradox-
ically, is lenses made from perfect crystals, specifically
diamond. They can be rotated around the optical axis such
that they exhibit no birefringence. Also this option will be
tested soon.

The conclusion is that the conventional scenario is still
very promising and could indeed be the fastest way to prove
vacuum birefringence. Essentially, it must be shown that the
polarimeters can achieve an extinction ratio of the order of
1072, So far, there is no evidence whatsoever that this might
not be the case.

4.2. Dark-field scenario

The setup described in Section 3.2 and schematically shown
in Figure 9 was adapted to fit the experimental conditions
of the HED instrument of the EuXFEL for the proof-of-
principle experiment, as can be seen in Figure 15. The
experiment is designed to be used with XFEL photon energy

https://doi.org/10.1017/hpl.2024.70 Published online by Cambridge University Press

of 8766 eV, so that a 440 plane of a germanium crystal can be
used as a polarization analyser. The XFEL beam is coming
from the left-hand side of the picture, entering the IC1 exper-
imental chamber about — 1.2 m upstream from the interaction
point. The whole setup is in vacuum chambers up until the
Kapton window located before the detectors, at about Sm
downstream from the target chamber center (TCC). At the
entrance point (—1.1 m), obstacle Ol is located, which is
made of a vertical wire-like structure with a diameter of
125-150 wm to block the central part of the beam. The
focusing lens (L1) is located 47 cm upstream from focus, and
consists of 12 beryllium lenses with a 50 wm central radius
of curvature. The beryllium lenses have a 400 um diameter,
which is the limiting factor for the incoming beam size. Just
after the lens stack, obstacle O2 is located, made of simple
wire with a size matching Ol. A pinhole of about 50 pm
diameter is placed exactly in the focus, which prevents
radiation scattered on the first lens from propagating further.
The image of Ol projected by lens L1 is at the position
85 cm downstream from the focus, where aperture Al is
located. The scattering on the edges of these slits is a critical
factor for the success of the setup, and therefore several
possibilities for how to limit the beam are being pursued,
as described further. The second lens stack (L2), consisting
of six lenses of the same type as lens 1, is located 114 cm
downstream from focus, to image the focal plane onto the
detector plane. An intermediate aperture (A2) is located in a
separate chamber at the image of obstacle O2, that is, about
4 m downstream of focus. Six to seven metres downstream,
at the end of the experimental hutch, is where the detector
bench is located. This can either host detectors in the direct
beam, which is useful for initial alignment and testing, or
can be used for measurement of the polarization distinction.
Alternatively, an analyser setup hosting two detectors and Ge
crystal can be put in the hutch, as described below.

In order to align and monitor the X-ray beam, the diode
screen with the photodiode, as well as several fluorescent
screens, is located along the beam propagation axis. For the
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Figure 16. Result of the diffractive simulation. The sub-figures show the 2D intensity profiles of the beam along the beam path at various positions: (a) just
behind the first obstacle, (b) at the pinhole position, close to beam focus, (c) before aperture Al, (d) behind aperture Al, (e) at an intermediate position and
(f) at the detector, with a red square indicating the area into which the signal scattered at focus would be imaged. The axes are in units of um and the colour

scale is logarithmic over three orders of magnitude.

ultimate discovery experiment the ReLaX optical beam will
counter-propagate with the XFEL beam, focused down by an
f/1 off-axis parabolic mirror (OAP). In this experiment the
ReLaX beam is expected to deliver 300 TW in 25 fs, and be
focused down to a focal spot FWHM diameter of 1.3 pm.
This focusing scheme, beam routing and corresponding
diagnostics are yet to be developed.

There are two key parameters to evaluate the quality
of the dark-field setup. The shadow factor S was already
defined in the theory in Section 3.2. The definition from
the experimental point of view is that it is the ratio of
X-ray photons in the active area of the final detector to the
number of X-ray photons entering the chamber if there is no
scattering at the focal spot involved.

The aim of the design of a good setup is then to minimize
the S factor while keeping the overall transmission suffi-
cient. Therefore a transmission factor 7 is defined to indicate
a chance of producing and detecting vacuum birefringence
scattering processes. As the angular distribution of vacuum
birefringence scattered photons is not known at this point, we
define T simply as T'= T x T, where T is the transmission
from entrance to the chamber towards the focal position
(therefore indicating how many photons will be interacting
with the field), and 7 is a transmission from the focal point
towards the active area of the detector when both obstacles
O1 and O2 would be removed — therefore indicating chance
that a scattered photon will be detected. By the active area of
the final detector, we mean an area containing the image of
the focal spot, therefore an area where vacuum birefringence
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scattering can be detected. Distinguishing this area, which
might be smaller than 10 pm, from the remaining area of the
detector is an important part of the setup.

Therefore, it can be said that the factor T represents
the signal in the experiment, while the shadow factor S
represents the noise. The standard method of optimization
would be to maximize the signal-to-noise ratio, represented
by the fraction 7/S. However, as will be shown later, this
would lead to prohibitively low signal values (effectively
closing up the apertures), providing zero measured photons.
Therefore a measure of 7%/S was identified as an optimal
quantity to be maximized, or less exactly, minimizing the &
factor while keeping the T at a reasonable 10% level.

4.2.1. Diffractive simulations

In order to design and optimize the X-ray beam path and all
its elements, the whole setup was simulated by a complex
simulation using the LightPipes framework!'*’!, which is
designed to propagate a coherent beam where diffraction
is essential. Most of the simulations presented here have a
700 wm box size, resolution of 47 nm and therefore 15,000 x
15,000 simulated points. This was tested to be sufficient to
avoid numerical imprecision for given cases. All obstacles
and apertures are modelled as two-dimensional (2D) maps of
thickness, that is, their exact three-dimensional (3D) shape
is neglected. The thickness is converted into transmission
and phase shifts by using the online Henke tables!'**!. The
full result of a typical simulation is shown and described in
Figure 16.
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Figure 17. Example of optimization of the experimental parameters. The horizontal axis is the shadow factor, while the vertical one is the signal transmission
factor. The diameter of the wire (obstacle O1) is encoded in the colour of the points.

An example of parameter optimization is shown in
Figure 17. Here each point represents one set of parameters
defining the experimental geometry, and its colour
corresponds to the diameter of the obstacle O2 in pm. It
can be seen that optimal obstacles are rather large with a
diameter of around 140 pm. It is very useful to see that
the typical optimal simulations are following the trend
n~ s® where n corresponds to the noise of the measurement
(which is proportional to the shadow factor), and signal
s is representing the possibility to detect a signal photon.
That means that a simple optimization of the signal-to-noise
ratio would lead to prohibitively small signals. Therefore, in
further considerations, an approach to minimize the noise
while keeping the signal on the 10% level was used.

4.2.2. Obstacles

As basic types of obstacles will be round wires, the diffrac-
tion and scattering on the edges of the wires are critical.
Thus, their surfaces shall be polished to high surface quality,
either by focused ion beam (FIB) or electrochemical etching.
Commercially available diameters of 200 and 175 pm will be
used and simulations have confirmed that the diameter of O2
shall be smaller than that of O1.

Alternatively, a custom-made microfabricated shape was
developed to minimize the diffraction and was produced
with electroplating. This method uses a focused laser or
electron beam to create the desired shape from bulk silicon.
Afterwards, nickel is deposited through electroplating. The
so-called trumpet shape obtained in this way exhibits a
quadratic increase of thickness as a function of decreasing
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distance from the axis, which transfers to an exponential
increase of its opacity. Therefore, as the tip of such a shape
is very thin, given by the manufacturing possibilities of the
order of a single wm, the diffraction on such a tip is very
limited. On the other hand, the close-to-transparent edge
might cause a significant refraction effect, which diverts the
photons away from the axis, and therefore such photons do
not propagate further downstream and do not contribute to
the noise on the detector.

A variant of such an object is depicted in Figure 18. The
left-hand pane shows the thickness profile as a function of
radial distance. The profile is symmetrical, only positive
values are shown and are in a wire-like geometry, that is,
extended over the not shown dimension. The second and
third subplots show the calculated absorption and phase shift
caused by the obstacle.

4.2.3. Performance evaluation

Once a set of all beamline elements is given, it is still
not trivial to find the optimal settings for the opening of
both apertures Al and A2. Opening of each aperture has
its optimal value, which could not be independent of the
other one. In general, if an aperture is open too wide, a
significant amount of scattered radiation can go through,
while if it is closed too much, the signal transmission is
decreased and, eventually, additional scattering on the slit
edge can be produced. Therefore, a set of simulations for
various openings is performed for a given set of components.
Figure 19 shows the simulated S and T factors in the top
row, and the derived quantities S/T? and S/T® in the second
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Figure 18. Design of microfabricated obstacles. The left-hand pane shows their shape (thickness as a function of position perpendicular to beam), while the
other two panes show the transmission and phase shift induced to the XFEL beam, the combined effect of which is to deflect the beam on the edges rather
than to scatter it.

Shadow factor S Signal transmission T
500 10-¢ 500
12
v, | 00 @ @ @ w0,/ 00 0000 @ y
: OO0 00 @ : 00000 O
E300- 10-8 E300- 8
S - [%]
o~ ~
: 09 @ @ @ : 00 O 000 @O
@ 200 A 10—° @ 200 A .
3 3
<< < 4
100 A 10-1° 100
0 T r T T 10711 0 T T T T 0
0 100 200 300 400 500 0 100 200 300 400 500
Aperture 1 size [um] Aperture 1 size [um]
S/T? S/T®
500 1072 500 10°
o0 00 - 0
400 - . 10 400 - . . 1071
: 00000 e E 9000
3 3
o 300 A o 300 4 102
N N
= E 105 &
™ i
: @ @ @ @ © 2 29000 i
£ 200 - 2 200 4 103
6 o
< <
100 100 10-4
. ' . . . ' - ' . ' .
0 T T T T 108 0 T T T T 105
0 100 200 300 400 500 0 100 200 300 400 500
Aperture 1 size [um] Aperture 1 size [um]

Figure 19. Diffraction simulation of various openings of the slits of apertures Al and A2 while using the wires as obstacles. The first two figures show the
simulated shadow and transmission factors, while the bottom figures show derived S/7? and S/T® factors, which are considered for optimization. Minimum
values of the latter factors are desirable for our purpose.

https://doi.org/10.1017/hpl.2024.70 Published online by Cambridge University Press


https://doi.org/10.1017/hpl.2024.70

Towards a vacuum birefringence experiment at HIBEF

Shadow factor S

500 10—6
400 A 107
B
=
o 300 4 10-®
N
v
o~
ot
2 200 8 : 10-°
(o]
o
<
N 88::::: .
0 - r - . 10-11
0 100 200 300 400 500
Aperture 1 size [um]
S5/T?
500 10-2
-3
400 A 10
g 10-4
o 300 4
N
[
~ 103
g
£ 200 ~ .
g 10
<
100 A
0 1078
0 200 300 500

Aperture 1 size [um]

Figure 20. Diffraction simulation of various openings of the slits of apertures

aperture as Al.

row, for the case in which both Ol and O2 are tungsten
wires with respective diameters of 200 and 175 pm. The best
performance, that is, the minimum value, of S/ T6=2x10"*
is achieved for openings of 150 and 80 pm, respectively. A
different size of Al increases this factor significantly, while
A2 does not have that strong an influence, showing that the
majority of signal reduction is done on the O1-A1 pair, while
the O2—A2 pair plays rather a minor role.

This effect is seen even more strongly in simulations with
optimized O1-A1 components, as seen in Figure 20. Here,
the trumpet shape for Ol is used, and Al is used with the
soft edges of W slits with a plastic phase corrector. By this
approach, we improve the best-simulated value for S by a
factor of approximately/almost equal to 30, and the value
for S/T® by a factor of approximately/almost equal to 20.
What is interesting is to see that this value is for an A2 size
of 300 um, and is essentially not changing if the aperture
is opened more, showing that the cleaning on the first set
of components is so superior, that the O2-A2 set does not
produce any improvement.
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4.2.4. Ge analyser

As mentioned above, the advantage of the dark-field scheme
relies on combining two methods to distinguish the LbL scat-
tered photons from the non-scattered (direct) XFEL photons,
the angular scattering and the change of polarization. The set
of obstacles and apertures is performing the angular selec-
tion, while the second one is yet to be done by a polarization
analyser. The main requirements when designing an analyser
for these setups were identified as follows:

(i) bandwidth covering the majority of the XFEL spec-
trum;

(i1) possibility to measure both polarization states.

As we are relying on crystal-based polarizers, where the
setting of the Bragg angle to 45° ensures reflection of only
the s-polarization, we have to admit that, to our knowledge,
all considered crystal reflections in their default configura-
tion have insufficient bandwidth, that is, they are below or at
0.2 eV, while the bandwidth of the self-seeded XFEL is of
the order of 1 eV.
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Figure 21. Integrated reflectivity of the considered crystal cuts. For each crystal cut we in addition depict the value of /w? in arbitrary units.

Table 5. Parameters of different cuts of Ge 440 crystal reflection.

Case Angle between surface and 440 plane [°]  Darwin width [urad]  Bandwidth [eV]  Integrated reflectivity [rad]
Standard (110) 0 21 0.18 18
111 35.25 45 0.39 39
001 + 5.0° miscut 40 62 0.54 52
001 + 2.5° miscut 42.5 88 0.77 69

This is pushing the design to use asymmetrical cut crystals,
where the angle of incidence is not equal to the Bragg angle.
In this configuration, the bandwidth can be significantly
improved without losing much of the peak reflectivity, and
therefore also the integrated reflectivity is increased. A sum-
mary of the performance of considered or common crystals
is shown in Figure 21, where the integrated reflectivity is
plotted as a function of photon energy, where the given plane
can serve as a polarizer. However, it is important to realize
that for the success of the vacuum birefringence experi-
ment, the quantity Iw?, where I is the integrated reflectivity
(approximated as peak reflectivity times Darwin width) and
w is the probe photon energy, is a good indicator for a suit-
able crystal, as the number of scattered photons scales as w?.
The data points in Figure 21 labelled as assym are those used
with asymmetrical cuts with various degrees of asymmetry.
That clearly shows that either the Ge 440 or Ge 335 in
asymmetrical cuts is the crystals of choice. From those the
Ge 440 was chosen, which fixes the experimental constraint
to 8766 eV. Various cuts and their integrated reflectivities
are summarized in Table 5. Theoretically, it is clearly better
to employ shallower incidence, which however requires a
larger crystal surface with perfect quality. Therefore, various
crystals with different cuts are being used for the upcoming
experimental campaign, to find which will perform best in
given experimental conditions.

The second condition — the possibility to measure both
polarization states — could be easily fulfilled by employing
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a thin transmissive crystal, as is done in other spectrome-
ters already used, for example, at the HED instrument!'*1,
However, two issues arise if that were to be used in the
asymmetric (shallow Bragg angle) geometry: the crystal
would have to be extremely thin, and its surface would have
to be very precise along a large area. A combination of
these two constraints leads us to the conclusion that such
precision is not feasible. Therefore, the so-called Baronova
configuration!'*! is employed, which utilizes a thick crystal
in reflective geometry, but in such a geometry that both polar-
ization states are reflected on different planes, and therefore
in different directions. This setup will be adopted at the
XFEL such that the native XFEL polarization (horizontal)
will be reflected above the beam, while the polarization-
flipped photons will be reflected horizontally to another
camera. The reflectivities for both beams shall be in the
predicted value of about 50 jirad.

5. Conclusions and outlook

The HED-HIBEF facility at the EuXFEL offers a unique
opportunity for the exploration of fundamental properties of
the ground state of nature. From a microscopic viewpoint,
HED-HIBEF has access to a parameter range of sufficiently
large CM energy and photon number density to measure the
LbL scattering cross-section, which is induced by quantum
fluctuations of QED degrees of freedom. From an effective
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macroscopic viewpoint, HED-HIBEF can create sufficiently
strong fields to discover a nonlinear response of the quantum
vacuum, violating the classical superposition principle and
providing the vacuum with medium-like properties.

The experiment planned by the present collaboration aims
at the discovery of vacuum birefringence, taking advantage
of several recent developments: in addition to the HED-
HIBEF facility reflecting the progress in generation and
control of ultra-intense NIR and X-ray pulses, our concept
draws from the evolution of X-ray optics, most prominently
high-purity polarimetry, as well as novel theoretical tools for
the prediction of quantum signatures generated by generic
spatiotemporal pulse distributions.

Because of the diminutiveness of the expected signal,
our collaboration envisages several prospective scenarios
designed to isolate the nonlinear quantum signature from the
expected large linear background. Firstly, beamtime will be
used to pursue the dark-field scenario where the discovery
potential hinges on the shadow factor S in combination with
X-ray polarimetry as a measure for the quality of background
suppression. Currently available facility parameters together
with theory predictions, diffractive simulations and practical
feasibility suggest this scenario for a first step. However,
unforeseen obstacles or improvements in other crucial exper-
imental parameters may subsequently give preference to one
of the other scenarios brought forward by our collaboration.

The first discovery of vacuum birefringence would be a
landmark for several reasons: within QED, vacuum bire-
fringence and CMV are genuine prediction similar to phe-
nomena such as the Lamb shift or the anomalous magnetic
moment of the electron. In the same measuring manner
as the latter to increasing precision, vacuum birefringence
should be studied in full detail, because precision experi-
ments provide stringent tests of our understanding of nature,
each one coming with its own discovery potential for unex-
pected deviations.

Vacuum birefringence gives direct access to the HE effec-
tive action. For instance, the dark-field scenario and the
three-beam setup can measure the two HE coefficients ¢; and
¢, separately. This makes these types of experiments an ideal
laboratory for investigating effective actions more generally.
The fact that effective actions are used for effective field the-
ories in modern physics ubiquitously, for example, in particle
physics!"# 1481 solid-state physics''*%!> cosmology!'>!15%,
searches for hypothetical new physics!’*!>* and even in
quantum gravity!>>!5 with the HE action establishing this
important concept for the first time makes systematic studies
very desirable. In the present context of strong-field QED,
the effective action can be studied below and — for increasing
probe photon energy — near the mass threshold.

As the nonlinear response of the vacuum is a result of
quantum fluctuations of all interacting degrees of freedom,
the CMV kcmy is not only determined by electron—positron
fluctuations. To the lowest order in the coupling constant,
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all charged degrees of freedom contribute as a matter of
principle. However, since kcyy ~ 1 /m*, the contributions
of the next-to-lightest charged particles, muons and charged
pions, with masses above 100MeV, are suppressed by 9-10
orders of magnitude, presumably interfering with the QED
contributions beyond the four-loop level. In contrast to high-
energy collider-type experiments, the discovery potential
of quantum vacuum experiments extends to the regime
of small masses but possibly weakly coupled degrees of
freedom!'>71581,

In fact, already the first cavity-based experiment, BFRT,
searching for vacuum birefringence as well as vacuum
dichroism, produced limits on hypothetical small-mass
scalar or pseudoscalar degrees of freedom!'"”) and their
potential coupling to photons. By now, the set of hypothetical
particles — often put forward as dark-matter candidates —
that can be searched for in quantum vacuum experiments
includes (pseudo-)scalar axion-like particles, scalar or
fermionic minicharged particles and additional light
vector bosons; see, for example, Refs. [160, 161] for a
corresponding analysis of the published PVLAS data. In
principle, probe photons exposed to a strong field can also
mix with neutrinos or gravitons, inducing a tiny standard-
model background for vacuum dichroism!'6>-'64],

The strongest bounds on the set of hypothetical particles
typically come from astrophysics or cosmology, since
such extra degrees of freedom can contribute to heat or
photon transport and thus modify generic time or length
scales subject to astrophysical observations. However, such
bounds often rely on further (stellar or cosmological) model
inputl?>+163:1661 " jystifying independent purely laboratory-
based experiments as provided by vacuum response
measurements.

The search potential of the vacuum birefringence mea-
surement at HED-HIBEF depends on both the hypothetical
model degrees of freedom as well as on the details of
the measurement scenario. Compared to earlier experiments
providing laboratory bounds, such as PVLAS, ALPS, or
OSQARU197:168] "several aspects are different: for example,
with reference to Equation (19), our experiment is designed
to improve on the flip probability ~ IZz2w% by using an ultra-
intense laser with large I, and an XFEL with large wx, but
at the expense of a small interaction length z. Naively, the
flip probability for axion-like particles in certain regimes
scales as approximately ~ I; z* for minicharged particles as
the QED result for birefringence at small frequencies and as
approximately ~ E/ 2 / w)z(/ > for large frequencies where also
dichroism becomes significant, and is even independent of I,
for vector bosons with kinetic mixing.

An advantage of HED-HIBEF using an XFEL probe
beam is to provide access to mass scales up to the keV
regimel'®!7% where the bounds of Refs. [78, 167, 171] for
axion-like particles are rather weak. (Note that bounds in
the higher-mass regime!'’”! stem from collider experiments
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and often do not directly measure the axion—photon coupling
but rather proceed via its embedding into the electroweak
gauge group!'”?l) Also, enhancements due to resonance
effects!!0%170:I741551 may increase the search potential con-
siderably. We emphasize that further possible advantages
arising from the use of, for example, the dark-field scenario
relying on the spatiotemporal structure of the field, still
remain to be explored.

Let us finally remark that experimental studies of nonlinear
vacuum response to strong fields open a new window on
fundamental physics probing the parameter space of high
amplitude rather than high energy. The scientific potential
of this research area has yet to be realized. In a manner
analogous to nonlinear media or (relativistic) plasmas for
triggering optical phenomena used for a variety of applica-
tions, it is conceivable that the quantum vacuum will finally
be put to use as the ultimate medium at highest intensities.
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