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Ninety years after their prediction, quantum vacuum nonlinearities in macroscopic electromagnetic
fields still await a direct experimental verification in the laboratory. A particularly promising route towards
their first measurement is the collision of counterpropagating laser beams in a pump-probe type
experiment. Here, the key challenge is to separate the small quantum vacuum signal at the oscillation
frequency of the probe that is mainly emitted in the vicinity of its forward cone from the large probe
background. While quantitatively accurate predictions of the associated quantum vacuum signals are
available, to date there is no framework that combines these predictions with a diffractive beam propagation
code. Such codes are designed to holistically model optical experiments and can reliably account for
diffraction and absorption losses of optical devices, such as lenses and apertures. The latter inevitably
influence and modify both the induced signal and background components prior to their detection in
experiment. The present work addresses this topical issue and reports on the first implementation of a
quantum vacuum signals emission module in an established diffractive beam propagation toolkit designed
for the realistic modeling of optical experiments.
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I. INTRODUCTION

Despite the impressive successes of Maxwell’s electro-
dynamics in the accurate description of the physics of
macroscopic electromagnetic fields, the precision of this
classical theory will ultimately be limited by quantum
corrections. Already about 90 years ago Heisenberg and his
students Euler and Kockel determined the leading quantum
corrections in the absence of real charges in the low-energy
limit [1–3]. These effectively emerge from integrating out
the charged particle fields of the underlying microscopic
theory of QED and supplement free Maxwell theory
described by the Lagrangian LM ¼ 1

4
FμνFμν with an

interaction Lagrangian Lint comprising infinitely many
local nonlinear interactions of the prescribed electromag-
netic field Fμν in vacuum.
Charge conjugation invariance of the QED vacuum [4]

implies that all effective interactions that are generated are

even in Fμν ∼ fEi; Big. Its electric Ei and magnetic Bi
field components are rendered dimensionless by the
critical fields Ecr ¼ m2c3=ðeℏÞ ≃ 1.3 × 1018 V=m and
Bcr ¼ Ecr=c ≃ 4 × 109 T, respectively, surpassing the
strengths of all macroscopic electromagnetic fields cur-
rently available in experiment by orders of magnitude.
Hence, the latter qualify as weak fields and it is typically
sufficient to consider only the effective interaction terms
that scale quartic with Fμν; those scaling as ∼ðFμνÞ2ðnþ2Þ
with n∈N are relatively suppressed by 2n powers of
fEi=Ecr; B=Bcrg ≪ 1. At the same time, derivative cor-
rections [5–7] are subleading at low energies by definition
and can in particular be safely neglected as long as the
typical spatiotemporal scales of variation λ of the fields
fulfil λ ≫ ƛC with reduced Compton wavelength of the
electron ƛC ¼ ℏ=ðmcÞ ≃ 3.8 × 10−13 m. We emphasize
that the electromagnetic fields studied in the remainder
of this article perfectly meet these weak-field and low-
energy conditions. Therefore, we have (c ¼ ℏ ¼ ϵ0 ¼ 1)

Lint ≃
m4

5760π2

�
e
m2

�
4�
aðFμνFμνÞ2 þ bðFμν

⋆FμνÞ2�; ð1Þ

where a, b are low-energy constants that have a series
expansion in α ¼ e2=ð4πÞ ≃ 1=137, and ⋆Fμν is the dual
field strength tensor. At leading loop order, a ¼ 4 and
b ¼ 7 [1].
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Many proposals aiming at the first direct verification of
the quantum vacuum nonlinearity predicted by Eq. (1) in
macroscopic electromagnetic fields are available; see
Refs. [8–13] and references therein. With regard to an
experimental realization, schemes envisioning the collision
of just two laser pulses in a pump-probe type experiment
look particularly promising. In this context, special atten-
tion has been put on the scenario where a brilliant x-ray
probe generated by an x-ray free-electron laser (XFEL) is
collided with a tightly focused near-IR pump laser in a
counterpropagating geometry; see in particular Ref. [14]
and references therein. So far, most of the proposals for
discovery experiments of quantum vacuum nonlinearity
have been put forward on the basis of a simplified
analytical modeling of the colliding laser fields.
While numerical quantum vacuum solvers have become

available [15–19], these have mainly been employed to test
and verify analytical predictions based on simplified laser
pulse models and to efficiently explore parameter regimes
challenging analytical approaches. To the best of our knowl-
edge, especially no successes towards integrating and
implementing the quantum vacuum signal induced in laser
pulse collision in a diffractive beam propagation code have
been reported. Such codes are designed to holistically model
coherent optical devices, such as lenses and apertures.
Achieving this is the key idea of the present work which
introduces the vacuum emission module Vacuum Interaction
Birefringence Explorer (VIBE) allowing to determine the
dominant quantum vacuum signal at the oscillation fre-
quency of the probe within the diffractive beam propagation
toolbox LightPipes [20,21]; see Fig. 1. In its current
version, VIBE should allow for the reliable study of this
signal for the specific case of a weakly focused probe
counterpropagating a tightly focused pump in unprecedented
detail. We emphasize that these conditions are specifically
met by the vacuum birefringence experiment planned to be
set up at the High Energy Density (HED) scientific instru-
ment of the European XFEL within the Birefringence
Experiment at the Helmholtz International Beamline for
Extreme Fields (BIREF@HIBEF) Collaboration [14,22]
using the XFEL as probe and the near-IR laser ReLaX
[23] as pump. For the accurate planning and analysis of this
type of experiment, a formalism capable of describing
experimentally realistic focus profiles of the colliding laser
beams at moderate numerical costs is especially timely. The
implementation in a diffractive beam propagation code
comes with additional benefits because the versatility of
the former allows us to consistently propagate the induced
quantum vacuum signal through a complete model of the
actual experimental setup.
Our present work is organized as follows: in Sec. II, we

briefly introduce the formalism used by us and detail the
various approximations and assumptions invoked by us to
arrive at tractable expressions to be straightforwardly set
up and implemented in the beam propagation toolbox

LightPipes. The subsequent Sec. III showcases several
specific example results in the context of the recent
activities at HED-HIBEF [14,22]. Finally, we end with
conclusions and an outlook in Sec. IV.

II. FORMALISM AND IMPLEMENTATION

Since the aim is to obtain nonlinear quantum vacuum
signals by applying strong macroscopic electromagnetic
fields, we decompose Fμν → Fμν þ fμν in Eq. (1) into an
applied Fμν and a signal fμν ¼ ∂

μaν − ∂
νaμ component

fulfilling kfμνk ≪ kFμνk, where aμ is the signal photon field
and k · k denotes an appropriate norm [24,25]. Linearizing in
fμν and using integration by parts, the four-vector

jνðxÞ ¼ 2∂μ
∂Lint

∂Fμν ; ð2Þ

plays the role of the source of the nonlinear quantum vacuum
signal.Using standardGreen’s functionmethods, it can readily
be shown that outside the interaction region and at asymptotic
times the electric field vector of the induced signal can be
compactly expressed as [12]

e⃗SðxÞ ¼ Re
Z

d3k
ð2πÞ3 e

ijk⃗jðˆk⃗·x⃗−tÞJ⃗ðk⃗Þ; ð3Þ

with ⃗Jð⃗kÞ ≔ ½⃗jðkÞ − ˆ⃗kj0ðkÞ�jk0¼j⃗kj, where jνðkÞ¼R
d4xe−ikxjνðxÞ¼2ikμ

R
d4xe−ikx∂Lint=∂Fμν is the Fourier

transform of Eq. (2) to momentum space and ˆk⃗ ¼ k⃗=jk⃗j is
a unit vector.
Now, the idea is to induce a sizeable signal component

by using the strong macroscopic electromagnetic fields
generated by lasers. Because both FμνFμν ¼ 2ðB⃗2 − E⃗2Þ

FIG. 1. Schematic illustration of the vacuum emission module
VIBE implemented in the diffractive beam propagation toolbox
LightPipes.
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and Fμν
⋆Fμν ¼ −4B⃗ · E⃗ tend to be very small for a single

laser field (they vanish identically for a leading-order
paraxial beam), this typically requires the collision of at
least two laser fields. As noted already in the introduction, a
particularly promising scenario is the head-on collision of
counterpropagating x-ray free-electron and near-IR high-
intensity laser pulses [14], which is also the example
studied in the present work. To be specific, we are
interested in the x-ray signal at the oscillation frequency
of the XFEL, constituting the dominant quantum vacuum
signal in the x-ray domain for this beam configuration [26].
In turn, we further decompose the electromagnetic field
driving the effect in Eq. (2) as Fμν → Fμν þ Fμν

probe into the
fields of the near-IR pump Fμν and the x-ray probe Fμν

probe,
and focus on the signal component linear in Fμν

probe. For the
current in momentum space, this implies

jνðkÞ → 2ikμ
Z

d4x e−ikx
∂
2Lint

∂Fμν
∂Fρσ F

ρσ
probe; ð4Þ

which, for a (leading-order) paraxial pump beam and upon
insertion of Eq. (1), simplifies to [27]

¼ i
1

90

α

π

�
e
m2

�
2

kμ
Z

d4x e−ikx

× ðaFμνFρσ þ b⋆Fμν
⋆FρσÞFρσ

probe: ð5Þ

Subsequently, we model pump and probe as linear
polarized (leading-order) paraxial beams and focus explicitly
on the counterpropagating pump-probe scenario. Without
loss of generality, the probe propagates in positive z direction.
Hence, we have−e⃗z × E⃗ ¼ B⃗, e⃗z × E⃗probe ¼ B⃗probe and none
of these fields has a component along e⃗z. For convenience,
we moreover introduce field profiles and polarization

vectors for the beams as E⃗ ¼ E ˆE⃗, E⃗probe ¼ Eprobe
ˆE⃗probe,

and denote the relative polarization of pump and probe by
ϕ ¼ ∠ðE⃗; E⃗probeÞ; the sign of ϕ is fixed by assuming

positive orientation of the set (E⃗, E⃗probe, e⃗z). Using
Eqs. (4) and (5), the integrand in Eq. (3) can then be
expressed as

J⃗ðk⃗Þ → ijk⃗j 2
45

α

π

�
e
m2

�
2
Z

d4x e−ijk⃗jð
ˆk⃗·x⃗−tÞE2Eprobe

× ½a cosϕðˆk⃗ × ˆB⃗þ ˆE⃗⊥Þ þ b sinϕðˆk⃗ × ˆE⃗ − ˆB⃗⊥Þ�;
ð6Þ

where v⃗⊥ ≔ v⃗ − ˆk⃗ðˆk⃗ · v⃗Þ is the component of the vector v⃗ in
the direction perpendicular to k⃗. Especially for linear
polarized beams the polarization vectors of the fields and
ϕ do not depend on space and time, such that the evaluation
of Eq. (6) boils down to performing the four-dimensional

Fourier integral over E2Eprobe. Being exclusively interested
in the dominant quantum vacuum signal at the frequency
of the probe, this can be further simplified by replacing
E2 → hE2it ¼ I, where h·it denotes time averaging over one
oscillation period and I is the intensity profile of the pump
[26]. Focusing on linear polarized beams, we now consider a
monochromatic probe and a pump with Gaussian temporal
profile (FWHM pulse duration T ). For simplicity, we
moreover assume both beams to be well characterized by
fixed transverse profiles throughout the entire interaction
region which is confined to the vicinity of z ¼ 0; without
loss of generality, we define the optimal collision point to be
located at x ¼ y ¼ z ¼ 0. In turn, we have

Eprobe ¼ Eprobeðx; yÞ sinðωprobeðz − tÞÞ

and

E2 → Iðx; yÞe− ln 2ðzþt
T =2Þ2 : ð7Þ

The above simplifying assumptions effectively amount to
using an infinite Rayleigh range approximation (IRRA) for
each of the beams; cf., e.g., Refs. [28,29]. In this approxi-
mation the Rayleigh range of a beam is formally sent to
infinity, but its waist parameter is kept finite. For pump and
probe waists of the same order, the IRRA is usually well
justified for the x-ray probe because its Rayleigh range
zR;probe surpasses all other length and time scales character-
izing the field profiles in the interaction region by orders of
magnitude [26]. At the same time, a naive IRRA is in general
not appropriate for the counterpropagating focused near-IR
pump that typically widens on lengths comparable to other
characteristic scales in the interaction region. However,
specifically for the case of an IRRA probe colliding with
a focused pump featuring a Gaussian-like central peak in its
transverse focus profile and being well characterized by a
Lorentzian longitudinal intensity profile ∼1=½1þ ðz=zRÞ2�
parametrized by a Rayleigh range parameter zR, a procedure
is available that allows to benefit from the simplifications
inherent to an IRRA also for the pump [30,31]. This
effectively requires supplementing the IRRA for the pump
in Eq. (7) with an overall rescaling factor offfiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

F̃

�
2zR
T

;
t0
T
;
T probe

T

�s
ð8Þ

to be accounted for in Eq. (6). The function F̃ appearing here
is defined as

F̃ðχ̃; χ̃0;ρÞ ¼
ffiffiffi
π

2

r
ln32

1þ 2ρ2
χ̃2

Z
∞

−∞
dK e−2ln

22K2

×

����X
s¼�1

erfcx

� ffiffiffi
2

p
ln2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2ρ2
p ½sðρK − iχ̃0Þ þ χ̃�

�����2;
ð9Þ
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where erfcxð·Þ is the scaled complementary error function
[32]. In this context the IRRAwaist parameter of the pump is
to be interpreted as an effective waist weff that is fixed such
that the quantum vacuum signal induced in strict forward
direction matches its exact counterpart determined without
the use of an IRRA. This approximation can achieve
quantitatively accurate results on the 1% level [31]. If the
condition minfT ;T probeg≲ 2zR on the FWHM pump and
probe pulse durations is met and the temporal offset t0
between the colliding pulses in the collision point fulfills
jt0j≲ zR=c, without a substantial loss in accuracy one may
even identify weff with physical waist w0 of the pump

(1=e2 with respect to intensity). Note that upon identifying zR
with its Gaussian beam value zR ¼ πw2

0=λ, for a represen-
tative value of minfT ; T probeg ¼ 25 fs and a typical near-IR
wavelength of λ ¼ 800 nm the former criterion translates
into the condition w0 ≳ 1 μm that is usually met in experi-
ment. Hence, here we use Eq. (7) together with weff ¼ w0

and multiply Eq. (6) by Eq. (8).
Switching to spherical momentum coordinates k⃗ ¼

kðcosφ sin ϑ; sinφ sinϑ; cos ϑÞ and neglecting an exponen-
tially suppressed term, the relevant Fourier integral over
E2Eprobe can then be represented as

Z
d4x e−ijk⃗jð

ˆ
k⃗·x⃗−tÞE2Eprobe → δ

�
k − ωprobe

2

1þ cos ϑ

�
2

1þ cosϑ
π

3
2

i
T

4
ffiffiffiffiffiffiffi
ln 2

p e−ð
T

4
ffiffiffiffi
ln 2

p Þ2ðk−ωprobeÞ2

×
ZZ

dx̃ dỹ e−ik sinϑðcosφx̃þsinφỹÞIðx̃; ỹÞEprobeðx̃; ỹÞ: ð10Þ

On the other hand, keeping terms up to quadratic order in ϑ in the phase of the Fourier transform in Eq. (3), we obtain

e⃗SðxÞ ≃ Re
Z

d3k
ð2πÞ3 e

ikðz−tÞe−i12kϑ2zþikϑðcosφxþsinφyÞJ⃗ðk⃗Þ: ð11Þ

Here, the first term in the exponential ensures that for zk ≫ 1, which is precisely the regime we are interested in (see below),
the integral receives substantial contributions only from ϑ ≪ 1. Correspondingly, it also amounts to an excellent
approximation to formally extend the integration over ϑ over all real positive values of ϑ. Making use of this, moreover
we replace the trigonometric functions of ϑ in Eqs. (6) and (10) by their leading terms. Upon insertion of the resulting
expressions into Eq. (11), accounting for the rescaling factor (8) and performing the k, φ and ϑ integrations, we then arrive at

e⃗SðxÞ ≃ 2ða cosϕ ˆE⃗ − b sinϕ ˆB⃗Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π

ln 2
F̃

�
2zR
T

;
t0
T
;
T probe

T

�s
1

180

α

π
T ωprobe

× Re

�
eiωprobeðz−tÞ ωprobe

2πiz

ZZ
dx̃ dỹ eiωprobe

ðx−x̃Þ2þðy−ỹÞ2
2z

Iðx̃; ỹÞ
Icr

Eprobeðx̃; ỹÞ
	
; ð12Þ

with critical intensity Icr ¼ cϵ0E2
cr ≃ 4.7 × 1029 W=cm2.

Equation (12) constitutes a key result of our present work:
it provides a concise expression for the electric field of the
dominant quantum vacuum signal at the probe frequency
induced in the head-on collision of the probe with a
counterpropagating pump far outside the interaction region
at z ≫ zR;probe. The signal field components polarized
parallel (k) and perpendicular (⊥) to the probe follow

readily from Eq. (12) by contraction with ˆE⃗probe and
ˆB⃗probe,

respectively. The relevant overlap factors

ˆE⃗probe · 2ða cosϕ ˆE⃗ − b sinϕ ˆB⃗Þ ¼ cþ − c− cosð2ϕÞ;
ˆB⃗probe · 2ða cosϕ ˆE⃗ − b sinϕ ˆB⃗Þ ¼ c− sinð2ϕÞ; ð13Þ

with c� ¼ ðb� aÞ, are fully determined by the rela-
tive polarization of the colliding laser beams and the

low-energy constants in the interaction Lagrangian (1).
The ⊥-polarized signal component can be attributed to a
birefringence property of the quantum vacuum in the
presence of a prescribed electromagnetic field and thus
constitutes the signal of vacuum birefringence [33–36],
which has been advocated as a prospective quantum
vacuum signature accessible in strong laser fields already
for a long time [37–49]. For vacuum birefringence
searches in quasistatic magnetic fields, see Refs. [9,11,50]
and references therein.
A comparison with Eq. (4) of the LightPipes

manual [21] unveils that Eq. (12) closely resembles the
Fresnel-Kirchhoff diffraction integral implemented in
LightPipes to efficiently evaluate free-space propaga-
tion of a monochromatic light field of oscillation fre-
quency ωprobe with given initial electric field distribution
Eðx; y; z ¼ 0Þ over a distance z via fast Fourier transform.
In our conventions, the expression given there reads
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Eðx; y; zÞ ¼ ωprobe

2πiz

ZZ
dx̃ dỹ eiωprobe

ðx−x̃Þ2þðy−ỹÞ2
2z

× Eðx̃; ỹ; 0Þ: ð14Þ

Note that LightPipes uses a complex representation of
the electric field. Here, we make use of this analogy to
determine the dominant quantum vacuum signal at the probe
frequency. To this end, we introduce virtual focus profiles
for the k and ⊥ polarized signal components, as follows:

�
ES;kðx; y; 0Þ
ES;⊥ðx; y; 0Þ

	
¼

�
cþ − c− cosð2ϕÞ
c− sinð2ϕÞ

	

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π

ln 2
F̃

�
2zR
T

;
t0
T
;
T probe

T

�s

×
α

90

cT
λprobe

Iðx; yÞ
Icr

Eprobeðx; yÞ; ð15Þ

where λprobe ¼ 2π=ωprobe is the probe wavelength and we
reinstated the speed of light in vacuum c. The corresponding
signal amplitudes at z ≫ zR;probe can be evaluated with the
standard free-space propagation algorithm implemented in
LightPipes. To this end, Eq. (7) is treated as a source in
LightPipes: the transverse field profile of the probe
Eprobeðx; yÞ is taken from the field propagated through
LightPipes, and the transverse intensity distribution of
the near-IR laser Iðx; yÞ is read from a separate file. Using
the versatility of the LightPipes toolbox [20,21] these
can then be further propagated through optical elements,
such as apertures and lenses, up to the detector.
We refer to the expressions in Eq. (15) as virtual, because

they do not amount to real physical focus profiles. Upon
insertion into Eq. (14), they effectively generate the
associated physical field distributions at z ≫ zR;probe. The
fields generated for smaller values of z are still to be
considered as virtual and differ from the physically realized
ones. For completeness, also note that the linearity of
Eq. (14) in Eprobe renders the ratios ES;p=Eprobe with
p∈ fk;⊥g independent of the probe field amplitude.

III. RESULTS

As a benchmark and first illustrative example we con-
sider the collision of an x-ray probe beam featuring an ideal
flat-top near-field profile (diameter d ¼ 200 μm on an ideal
absorptionless lens with purely parabolic phase of focal
length f ¼ 4 m at z ¼ −4 m) with a pump characterized by
an ideal Gaussian focus profile in a counterpropagating
geometry. Both beams collide at z ¼ 0 with zero impact
parameter. The relative polarization angle is set to ϕ ¼ π=4,
which maximizes the ⊥-polarized signal component. We
choose a probe photon energy of ωprobe ¼ 12914 eV
compatible with the use of a silicon channel-cut polarimeter
employing the Si (800) reflection for the detection of the

polarization-flipped signal [51]. For the other beam param-
eters we adopt values available at HED-HIBEF [14]:
The number of x-ray photons available for probing is
Nprobe ¼ 2 × 1011, and the pump (wavelength 800 nm,
pulse energy 4.8 J) is assumed to be focused to an FWHM
width of 1.3 μm. Finally, the FWHM durations of the pump
and probe pulses are T ¼ 30 fs and T probe ¼ 25 fs.
Somewhat arbitrarily, the detection plane is chosen sym-
metrically at z ¼ 4 m which clearly fulfils the far-field
condition z ≫ zR;probe. The important point is that this
idealized configuration can also be studied analytically
[52], which facilitates benchmarking the outcomes of our
numerical simulations with the quantum vacuum emission
module VIBE put forward in the present work. Figure 2
presents the associated simulation results. Panels (b) and (c)
display maps of the quantum-vacuum signal and the large
background of the probe x-rays traversing the counter-
propagating high-intensity pump essentially without inter-
action recoded at z ¼ 4 m. Lineouts through the peak
values of the probe and signal photon distributions at y ¼ 0
are shown in panels (d) and (e), respectively.
Figure 2 shows that, in line with expectations and

analytical estimates, the far-field divergence of the induced
quantum vacuum signal is larger than that of the back-
ground probe. This behavior can be traced back to the fact
that the transverse extent of the interaction region of the
colliding beams around z ¼ 0, and therefore the source of
the quantum vacuum signal, is effectively determined by
the smaller out of the pump and probe waist sizes. In the
present scenario, this is the pump waist. Because the
divergence scales inversely with the source size, the signal
divergence thus surpasses the probe divergence [43,53]. As
a result, the signal exhibits a larger spatial extent at the
detection plane. The k and ⊥ polarized signal components
are characterized by the same transverse distribution.
Equation (15) predicts the associated signal photon num-
bers to be related as

NS;⊥
NS;k

¼
�

c− sinð2ϕÞ
cþ − c− cosð2ϕÞ

�
2

⟶
ϕ¼π=4 c2−

c2þ
≈

9

121
: ð16Þ

A lineout of the quantum vacuum signal is shown in
Fig. 2(e) together with the results of an analytical calcu-
lation [52]. The excellent agreement in both shape and peak
amplitude serves as validation of the numerical implemen-
tation in VIBE, and motivates a full demonstration of the
capabilities of our approach using experimentally measured
beam profiles and realistically modeled optical elements.
To this end, a large-scale simulation was performed that

accounts for all the details of a realistic experimental setup
devised for the measurement of small quantum vacuum
signals. In particular, all beam profiles, apertures, and
optical components were modeled with direct input from
measured experimental data. This represents a substantial
advance beyond previous capabilities. The specific scenario
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considered corresponds to the dark-field setup [54–57],
which is currently regarded as one of the most promising
paths toward a first direct experimental verification of
quantum vacuum nonlinearity in macroscopic electromag-
netic fields in the laboratory. See Fig. 3(a) for an illustration
of the implemented setup. Now we employ a probe photon
energy of ωprobe ¼ 8766 eV compatible with a polariza-
tion-selective beam splitter made of germanium [22]. As in
the idealized example discussed previously, we assume
Nprobe ¼ 2 × 1011 and stick to the same parameters (4.8 J in
T ¼ 30 fs at 800 nm) for the pump as used there. The
transverse profile of the initial x-ray probe at z ¼ −9 m,
shown in Fig. 3(d), is taken from measurements at the HED
instrument of the European XFEL. The probe is partially
blocked by a tungsten wire of diameter dwire ¼ 160 μm
before being focused by a compound refractive lens (CRL)
“Lens 1” consisting of a stack of two individual beryllium
parabolic lenses (radius of curvature R ¼ 50 μm, wall thick-
ness at the apex twall ¼ 30 μm, aperture A ¼ 400 μm)
located further downstream at z ¼ −2.8 m. This results in
the interference fringes displayed in Fig. 3(e) in the focal
plane at z ¼ 0, where the probe is collided with the near-IR
pump beam. The transverse distribution of the latter is
derived from focus spot measurements for a beam focused
with an f=1 parabola performed at the JETi200 laser system
in Jena, Germany, and is shown in Fig. 3(f). The associated
FWHMwidth of the focal spot is about 1.3 μm. Symmetry of
free-space propagation about z ¼ 0 implies that at distances
z ≫ zR;probe the transverse profile of the probe background
reverts to its incident near-field structure, which is charac-
terized by a central dark field. By contrast, at z ≫ zR;probe the
transverse profile of the quantum vacuum signal is peaked in
the dark field Fig. 3(g). This intrinsic directional separation of
signal and background provides an efficient discrimination

mechanism: a slit formed by the appropriate placement of
two tungsten blocks with half-cylindrical inner edges of
radius 200 μm and a central opening of 30 μm at z ¼ 2.8 m
then allows to efficiently suppress the large probe back-
ground while transmitting the on-axis quantum vacuum
signal propagating in forward direction. The signal filtered
by the slit is subsequently reimaged onto the detector at
z ¼ 5.5 m by a second CRL “Lens 2” consisting of a stack
of four individual beryllium parabolic lenses (radius of
curvature R ¼ 50 μm, wall thickness at the apex
twall ¼ 30 μm, aperture A ¼ 400 μm) see Fig. 3(h).
Apart from accounting for experimentally realistic

pump focus and probe near-field profiles, within our
LightPipes/VIBE simulations all optical elements
interacting with the probe beam, such as the wire creating
the dark field, the CRLs and the slit, are modeled to reliably
reproduce their physical analogs available in experiment.
Within LightPipes, an object of thickness Lðx; yÞ that
depends on the transverse coordinates x, y and is charac-
terized by a refractive index n ¼ 1 − δþ iβ, with refractive
index decrement δ and absorption index β, modifies a
generic incident transverse beam profile Eðx; y; z0Þ at the
longitudinal coordinate z0 right in front of the object, via
both a phase term

Φðx; yÞ ¼ −
2π

λ
δLðx; yÞ ð17Þ

and a transmission term

Tðx; yÞ ¼ exp

�
−
4π

λ
βLðx; yÞ

	
; ð18Þ

such that the resulting transverse field profile directly after
the object can be expressed as

FIG. 2. Idealized example scenario of a pump-probe interaction generating a quantum vacuum signal. (a) Side view of the probe (blue)
and quantum-vacuum signal (multicolor) intensity maps. The signal is generated in the interaction region at z ¼ 0 and copropagates with
the probe towards z > 0. Transverse profiles of the (b) probe and (c) signal photon distributions in the detection plane at z ¼ 4 m.
(d) Lineout of the probe photon distribution. (e) Lineout through the peak value of the quantum vacuum signal. The black solid line is
extracted from the simulation outcome (c), and the red dotted line is the result of an analytical benchmark calculation.

MATHERON, ŠMÍD, ZEPF, and KARBSTEIN PHYS. REV. D 113, 033005 (2026)

033005-6



Eðx; y; z0 þ LÞ ¼ E0ðx; y; z0Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tðx; yÞ

p
eiΦðx;yÞ: ð19Þ

To be specific, in our simulations the wire blocking the
incident probe to imprint the dark field is implemented
as a tungsten cylinder with refractive-index parameters
δ ¼ 3.9 × 10−5 and β ¼ 2.9 × 10−6 at the considered
probe oscillation frequency of ωprobe ¼ 8766 eV. Its

thickness profile is assumed to be given by Lðx; yÞ ¼
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðdwire=2Þ2 − x2

p
within the wire and Lðx; yÞ ¼ 0

outside. The CRLs are modeled as stacks of beryllium
parabolic lenses (δ ¼ 4.4 × 10−6, β ¼ 1.7 × 10−9 at
ωprobe ¼ 8766 eV) with individual thickness profiles

Lðx; yÞ ¼ x2 þ y2

R
þ twall: ð20Þ

The lens aperture A is accounted for by setting to zero the
field for

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
> A. Importantly, the realistic modeling

of the probe beam propagation through the setup also
allows us to track and assess the transmission of each
optical element put in the beam path. See Fig. 3(b) for an
illustration of the reduction of the photon flux in the probe
beam when propagating through the setup, and Fig. 3(c) for
an analogous plot showing the reduction of the signal
photon number from its source to the position of the
detector. For a representative detector pixel size of 75 μm,

the simulations predict an approximate signal photon yield
ofNS;k ¼ 3.56 × 10−3 andNS;⊥ ¼ 2.65 × 10−4 per optimal
pump-probe interaction with zero impact parameter. Our
LightPipes/VIBE implementation readily allows for a
comparison of these values with the number of background
photons Nbgr reaching the same detector pixel. For the
present, not fully optimized setup the latter is found to be
Nbgr ¼ 470. A corresponding optimization is outside the
scope of our work reporting on the successful implemen-
tation of the vacuum emission module VIBE in
LightPipes making such studies possible under exper-
imentally realistic assumptions possible at all. However,
note that even for the specific setup studied here the
threshold on the polarization purity P of the analyzer
required to achieve an SNR above 1 for the ⊥-polarized
signal component encoding the vacuum birefringence
effect is P < NS;⊥=Nbgr ≈ 5.6 × 10−7. For x-rays with
ωprobe ∼ 10 keV purities of this order have been demon-
strated in experiment [51,58–60].
Finally, we emphasize that our numerical simulation

toolkit is also quite efficient and lightweight with regards to
numerical cost. A full-scale simulation including all the
optical elements introduced above using a transverse
resolution of 10 000 × 10 000 cells and 200 propagation
planes in LightPipes requires about five hours on a
single 24-core node with 600 GB of RAM. This makes the
approach compatible with high performance computing

FIG. 3. Data-driven simulation of an experimental setup devised to measure the quantum vacuum signal generated in a pump-probe
interaction. (a) Side view of the probe (blue) and quantum-vacuum signal (multicolor) intensity maps. Transmission of the (b) probe and
(c) signal through the setup. These panels also provide the transmissions of the individual objects inserted in the beam path. Transverse
profiles of the (d) initial and (e) focused probe. (f) Focus profile of the pump. Distribution of the (⊥-polarized) quantum vacuum signal
(g) right before the slit and (h) in the detector plane.
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resources and even high-end workstations. It is worth
noting that the high resolution used for the simulations
in the present work was primarily chosen for illustration
purposes, namely to generate the high-resolution images
displayed in Figs. 2 and 3. Much lighter simulations using,
e.g. 4000 × 4000 cells and only six propagation planes in
LightPipes, yield essentially the same physics predic-
tions, while reducing the runtime to approximately one
hour for given computational resources. This efficiency
makes the LightPipes/VIBE simulation toolkit par-
ticularly well suited for explorative parameter scans,
geometry optimization, and rapid analysis workflows.

IV. CONCLUSIONS AND OUTLOOK

In the present work we have demonstrated and put
forward the Vacuum Interaction Birefringence Explorer, a
numerical simulation tool facilitating the reliable study of
quantum vacuum signals in experimentally realistic setups
within the framework of the diffractive beam propagation
toolbox LightPipes. VIBE heavily benefits from the
versatility of LightPipes and, in its current version,
specifically enables quantitatively accurate studies of the
quantum vacuum signals generated in the collision of
counterpropagating laser beams in pump-probe type
experiments with a weakly focused probe at unprecedented
detail. The latter condition is in particular met by forth-
coming vacuum birefringence experiments using an x-ray
free-electron laser as probe.
Simulations with LightPipes/VIBE allow us to

account for the experimentally realistic focus profiles of
the colliding laser beams, and consistently propagate both
the probe background and the induced quantum vacuum
signal through a complete model of the actual experimental

setup. We are convinced that these capabilities are indis-
pensable for the accurate planing, implementation and
subsequent analysis of this type of experiment. The
moderate numerical costs of a single simulation run will
enable surveying large parameter spaces and studying the
fate of the quantum vacuum signals and associated probe
background for various different initial conditions. In
combination with a Monte Carlo algorithm that statistically
samples the parameter fluctuations inherent to any real
experimental implementation, this will allow us to reliably
account for beam misalignment and jitter effects and thus
provide important insights beyond state-of-the-art simula-
tion capabilities.
Finally, we note that there are several natural ways to

advance VIBE in the future, ranging from extensions to
other longitudinal beam profiles and collision geometries,
via adaptations to scenarios involving more than one pump
beam, towards eventually the combination with a numerical
Maxwell solver allowing us to determine the quantum
vacuum signals from first principles.
The vacuum emission module VIBE for LightPipes

is available in open source [61].
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