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Vacuum polarization (VP) is investigated for the interaction of a polarized γ-ray beam of GeV photons
with a counterpropagating ultraintense laser pulse. In a conventional setup of a vacuum birefringence
measurement, a VP signal is the emerging small circular (linear) polarization of the initially linearly
(circularly) polarized probe photons. The pair production via the nonlinear Breit-Wheeler process in such a
high-energy environment eliminates part of the γ photons in the outgoing γ beam, increasing the statistical
error and decreasing the accuracy of this VP signal. In contrast, we investigate the conversion of the
emerging circular polarization of γ photons into longitudinal polarization of the created positrons,
considering the latter as the main VP signal. To study the VP effects in the highly nonlinear regime,
where the Euler-Heisenberg effective Lagrangian method breaks down, we have developed a Monte Carlo
simulation method, incorporating vacuum birefringence and dichroism via the one-loop QED proba-
bilities in the locally constant field approximation. Our Monte Carlo method will enable the study of VP
effects in strong fields of arbitrary configuration. With 10 PW laser systems, we demonstrate the feasibility
of detecting the fermionic signal of the VP effect at the 5σ confidence level with a few hours of
measurement time.

DOI: 10.1103/PhysRevD.110.012008

I. INTRODUCTION

Quantum electrodynamics predicts virtual electron-posi-
tron pair creation by a photon in vacuum, resulting in
vacuum polarization (VP) in strong electromagnetic fields
and the quantum vacuum behaving as a birefringent
medium [1–3]. This intriguing phenomenon has not been
directly proven in an experiment despite continuous
attempts [4–7]. This is important not only as a proof of
nonlinear QED, but also it may point towards new physics
beyond the standard model [8–11].
The vacuum birefringence (VB) signal is enhanced using

stronger background fields, longer interaction distances,
and a higher probe frequency, and the main hindering factor
is the background noise. The long interaction distance has
been implemented in PVLAS [12,13] and BMV [5] experi-
ments, which aim to measure the ellipticity acquired by a
linearly polarized optical light propagating through a strong
static magnetic field (8.8 T) of a long extension (1 m),
however, without conclusive results so far [4].

The advent of high-intensity optical [14,15] and x-ray
free-electron lasers (XFEL) [16], coupled with rapid
advancements in x-ray polarimetry (with achievable pre-
cision of 8 × 10−11 [17]), has opened new perspectives
for measuring VB with the use of ultrastrong laser fields
(with magnetic fields reaching 106 T) and keV photons of
XFELs [18–22]. Using a 10 petawatt (PW) class laser, the
induced ellipticity signal can reach up to ∼10−4 for the
XFEL probe [22]. The HIBEF consortium is developing the
flagship experiment in this regime [23].
Further enhancement of the VB signal is envisaged for a

combination of γ-ray sources [24] and PW laser facilities
[25–28]. The ultrastrong laser fields can also be replaced
by the fields of an aligned crystal [29]. The common VB
signal discussed in this setup is the polarization of the γ-ray
beam after the interaction, which relies on the feasibility
of sensitive γ-ray polarimetry, which is a challenging
task [27]. In the VB setup via laser-γ-beam collisions,
copious real pairs are produced due to nonlinear Breit-
Wheeler process, which is the source of vacuum dichroism
(VD) [28]. This effect is especially dramatic when the
quantum nonlinearity parameter is large χγ ≳ 1 [30]. The
pair production decreases the number of γ photons in the
final state, increasing the statistical error of the VB signal
measurement, thus playing the role of undesirable noise.
While in the case of optical and x-ray probes the

treatment of VB is valid within the Euler-Heisenberg
effective Lagrangian method, as the probe photon energy
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is negligible with respect to the electron rest mass, the QED
photon polarization operator in the strong background field
should be employed in the case of a γ probe. The QED
polarization operator within one-loop approximation has
been investigated in Refs. [30–34], which has been applied
to the VP problem [28,35]. In particular, in Ref. [28], the
feasibility of detecting VB and VD with 10 PW laser
systems and GeV γ photons on the timescale of a few days
was demonstrated. For VB in a crystal, circular polarization
of ∼18% is obtained with incident photons in the energy
range of 180 GeV [29]. Recently, it has been proposed to
use helicity flips to detect VB [35]; however, the obtained
signature is of high order (α2) in the fine structure constant
α, with a suppressed probability.
In this paper, we put forward a method for observing VB

via the created positron longitudinal polarization during the
interaction of linearly polarized γ photons with a linearly
polarized ultraintense laser pulse in the highly nonlinear
regime with χγ ≳ 1. We employ a general scheme of the
pioneering experiment E-144 at stanford linear accelerator
center [36–39], to produce γ photons via Compton scatter-
ing and further convert them into electron-positron pairs in
an ultrastrong laser field using the nonlinear Breit-Wheeler
process. However, we add a polarization perspective to this
seminal scheme to exploit it for the application of a VB
measurement. Here, the initially linearly polarized γ pho-
tons propagate in a PW laser pulse, acquiring circular
polarization due to VP. The helicity of the photons is
subsequently transferred to the produced pairs during the
nonlinear Breit-Wheeler process, generating longitudinally
polarized positrons with polarization up to ∼70%.
Therefore, rather than the conventional photonic signal
of VP, we find a strong signature of VB in the positron
polarization; see the scheme of the interaction in Fig. 1. In
contrast to previous schemes where the pair production is
undesirable, increasing the statistical error of the VB
measurement, we employ the pairs as a source for a

valuable VB signal. To carry out the investigation, we
have developed a Monte Carlo method for the simulation of
VB and VD of a γ-ray beam in a highly nonlinear regime,
which applies to an arbitrary configuration of a background
strong field. We demonstrate the experimental feasibility of
our proposal for measuring VB with an average statistical
significance of 5σ on the measurement timescale of a few
hours in upcoming 10 PW laser facilities.

II. VACUUM BIREFRINGENCE AND DICHROISM

Let us first introduce our Monte Carlo method, which
allows us to treat the γ-photon polarization dynamics
induced by the VB and VD in the strong field of arbitrary
configuration. Until now, the QED Monte Carlo method is
known for the simulation of the photon emission and pair
production processes [40–47], which employ the polariza-
tion resolved probabilities of the photon emission and pair
production in strong fields via the tree diagrams in the
locally constant field approximation; see the overview in
Ref. [48]. The loop diagram contribution of the order of α
via the interference of the one-loop self-interaction with the
forward scattered one is also included for the electron,
describing the so-called no-photon emission probabilities
for the electron polarization change [34,49]. However, the
similar loop diagram contributions for a photon polariza-
tion change were missing in the present QED Monte Carlo
codes and have been implemented in this work.
The impact of radiative corrections to photon polariza-

tion includes a polarization generation of ξ3 associated
with VD and a rotation of ξ⊥ ¼ ðξ1; ξ2Þ induced by VB,
where ξi ¼ ðξ1; ξ2; ξ3Þ are the Stokes parameters of the
incident photons. The former corresponds to the imaginary
part of polarization operator, which is related to the pair
production probability via the optical theorem, and the
latter corresponds to the real part of the polarization
operator. The polarization variation of a photon propagating
in a background field is described by the Feynman
diagrams shown in Fig. 2. Panel (a) shows the probability
via the tree-level propagation diagram, being zeroth order
in the fine structure constant α. Panel (b) presents the
probability via the interference diagram of the tree-level
propagation diagram and the one-loop propagation dia-
gram, being first order in α. The results of the QED
calculations up to theOðαÞ-order loop contribution [34] are
presented in Appendix A. The first term PL

VD of Eq. (A4)
describes VD, while the second one PL

VB is related to VB.

FIG. 1. Measurement scheme for VP: γ photons of linearly
polarized penetrate a strong counterpropagating laser pulse, with
linearly polarized aligned at 45 deg with respect to the γ
polarization. The γ photons develop circular polarization due
to VB and align along the electric field due to VD. Subsequently,
the circular polarization of γ photons is transformed into the
longitudinal polarization of electrons and positrons as generated
in the nonlinear Breit-Wheeler process, yielding a discernible
fermionic signal of VP.

FIG. 2. Diagrams contributing to polarization variation of a
photon: (a) zeroth order in α, the tree-level propagation diagram,
and (b) first order in α, interference diagram of the tree-level
propagation diagram and the one-loop propagation diagram.
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A. Photon polarization due to the no-pair
production probability

The polarization change due to VD arises because
photons with different polarization states are absorbed
via pair production differently during propagation. In other
words, the dependence of pair production probability
by a photon on the photon polarization will result in the
polarization variation of the total photon beam. This
selection effect is termed as the change of the photon
polarization state during the no-pair production process.
We derive below the “no-pair production” probability and
use it in our modified Monte Carlo code to describe VD.
We begin with the probability for pair production

dWP ¼ αm2dεffiffiffi
3

p
πω2

�Z
∞

zp

dxK1
3
ðxÞ þ ε2þ þ ε2

εεþ
K2

3
ðzpÞ

− ξi3K2
3
ðzpÞ

�
; ð1Þ

where ξi3 is the Stokes parameter for linear polarization
along polarization basis ê1 ¼ ð1; 0; 0Þ and ê2 ¼ ð0; 1; 0Þ.
The no-pair production probability obtained from the
probability conservation is

wNPðξiÞ ¼ 1 − fwþ f · ξigΔt;

w ¼
Z

αm2dεffiffiffi
3

p
πω2

�Z
∞

zp

dxK1
3
ðxÞ þ ε2þ þ ε2

εεþ
K2

3
ðzpÞ

�
;

f ¼ −
Z

αm2dεffiffiffi
3

p
πω2

ê3K2
3
ðzpÞ: ð2Þ

The dependence of pair production probability on photon
polarization ξi3 results in a preference of the final polari-
zation state (see also the discussion at Eq. (5.12) in
Ref. [50]). Because of this selection effect of initial photon
polarization, the final polarization vector after the no-pair
production process becomes

ξNPf ¼ ξið1 − wΔtÞ − fΔt
1 − fwþ f · ξigΔt

¼ dNP

cNP : ð3Þ

We can estimate the polarization variation induced by the
no-pair production process as ΔξNP ¼ wNPðξiÞðξNPf − ξiÞ
and derive the equation for the corresponding evolution of
Stokes parameters:

dξNP

dt
¼
Z

αm2dεffiffiffi
3

p
πω2

ðê3 − ðξi · ê3ÞξiÞK2
3
ðzpÞ: ð4Þ

Note that if the photon is in a pure state ξi ¼ �ê3 then there
is no polarization variation induced by no-pair production

process. If the photon is in a mixed state along ê3 or other
directions other than ê3, then

dξ1
dt

¼ −
Z

αm2dεffiffiffi
3

p
πω2

ξ3ξ1K2
3
ðzpÞ;

dξ2
dt

¼ −
Z

αm2dεffiffiffi
3

p
πω2

ξ3ξ2K2
3
ðzpÞ;

dξ3
dt

¼
Z

αm2dεffiffiffi
3

p
πω2

ð1 − ξ23ÞK2
3
ðzpÞ: ð5Þ

B. Vacuum birefringence

The term PVB in the loop contribution is associated with
the real part of the polarization operator. It induces a
retarded phase between the polarization components along
the basis ê1 and ê2, resulting in a rotation between ξ1 and
ξ2, and in this way contributing to VB. The full VB effect
arises due to the net contribution of the α-order loop
process and the pair-production tree process (with partial
cancellation). In our simulation, the VB is realized by
rotation of the photon polarization vector in ðξ1; ξ2Þ plane at
each step [22,28,34] [see Eq. (A10)], 

ξf1

ξf2

!
¼
�

cosφ sinφ

− sinφ cosφ

� 
ξ1

ξ2

!
; ð6Þ

where φ ¼ αm2

ω2 Δt
R
dε Gi0ðξÞ

ξ , with ξ ¼ 1=½δð1 − δÞχγ�2=3,
δ ¼ ε=ω, and Gi0ðxÞ being the Scorer prime function.

C. Employed Monte Carlo simulation method
for vacuum birefringence and dichroism

Our modified QED Monte Carlo code is augmented to
include VB and VD via Eqs. (3) and (6) as described above.
Thus, our Monte Carlo method provides the full account for
the spin- and polarization-resolved tree process (nonlinear
Breit-Wheeler) and the loop process (vacuum polarization). In
our Monte Carlo code, at each simulation step Δt, the pair
production is determined by the total pair production prob-
ability and the positron energy and polarization by the spin-
resolved spectral probability [48], using the common algo-
rithms [40–47]. If the pair production event is rejected, the
photon polarization state is determined by the photon-polari-
zation dependent loop probabilitywNP. The full description of
the Monte Carlo method is given in Appendix B.
Note that we are working in the regime of χγ ≳ 1;

αχ2=3 ≪ 1, where recoil and pair production are important,
but the radiation field is a perturbation. In our simulation,
we take into account the α-order contributions, i.e., the tree-
level first-order processes of photon emission (nonlinear
Compton) and pair photoproduction (nonlinear Breit-
Wheeler), as well as the one-loop radiative corrections
to the electron self-energy (electron mass operator) and
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photon self-energy (photon polarization tensor). The tree-
level first-order processes are related to the one-loop self-
energies by virtue of the optical theorem. In the considered
regime, high-order radiative corrections are negligibly
small. They become significant only when αχ2=3 ≳ 1 and
are therefore not included in our code.

III. SETUP FOR THE DETECTION
OF THE VACUUM POLARIZATION EFFECTS

IN STRONG LASER FIELDS

A. Generating a linearly polarized γ-ray beam
via linear Compton scattering

Weassume that the probe γ photons are produced by linear
Compton scattering of a linearly polarized laser pulse with
intensity of I ∼ 1016 W=cm2 (a0 ¼ 0.1) and pulse during of
τp ¼ 10 ps. To derive the parameters of the probe γ-photon
beam, we simulate the process with realistic incoming
electron beam parameters according to Refs. [28,51]. The
electron beam counterpropagating with the laser pulse
consists of N0

e ¼ 2 × 106 electrons. The electron initial
kinetic energy is 8.4 GeV, the energy spread Δε0=ε0 ¼
0.035, and the angular divergence Δθ ¼ 0.24 × 10−3 mrad.
The angular distribution and spectrumof emitted photons are
obtained using CAIN code [50], which takes into account of
the electron distribution, angular (energy) divergence of the
electron beam, radiation reaction, and stochasticity of scat-
tering events. The γ photons within θmax ¼ 0.05 mrad are
highly polarizedwith ξ̄i ¼ ð−0.91; 0; 0Þ and have an average
energy of ω̄γ ¼ 1.1 GeV with energy spread Δωγ=ω̄γ ¼
0.54; see Fig. 3. The photon yield within θ ≤ θmax is Nγ ¼
1 × 106 ≈ 0.5N0

e− . The latter is in accordancewith analytical
estimations; see Appendix C. The γ-ray beam can be

generated in a beamline similar to the beamline 2 of the
Laser Electron PhotonExperiment at SPring-8 (LEPS2) [52],
if an upgrade of the laser intensity up to a0 ¼ 0.1 and the
electron angular divergence up to Δθ ¼ 0.24 × 10−3 mrad
are implemented.

B. Fermionic signal of vacuum polarization
in strong laser fields

Afterward, these photons collide with a 10 PW laser
beam for the high-energy VB and VD experiment. Here, we
use a focused Gaussian linearly polarized laser pulse, with
the peak intensity I ∼ 1023 W=cm2 (a0 ¼ 150), wavelength
λ0 ¼ 800 nm, pulse duration τp ¼ 50 fs, and the focal
radius w0 ¼ 5λ0 [53,54].
The simulation results for the final photons are shown in

Figs. 4 and 5. The outgoing photon beam consists of the
probe photons, survived after pair production (∼105), and a
substantial amount of new born photons from radiation of
produced pairs (∼108). The remaining probe photons are
still confined within θ ≤ θmax as the off-forward scattering
(∼α2) is negligible. After propagating through the laser
field, the average polarization of probe photons changes to
ξ̄ ¼ ð−0.53;−0.60; 0.37Þ [Figs. 4(c)–4(e)], while the
larger-angle photons exhibit a distinct linearly polarized:
ξ̄0 ¼ ð0; 0; 0.59Þ [Fig. 4(b)].
To analyze the simulation results, we use simplified

estimations. The VD is described by Eq. (5). In the case of
the photon initial polarization ξ1 ≈ 1 and ξ3 ≈ 0, the VD

FIG. 3. (a) Angular distribution of γ photon density
log10 d2N=dθx=dθy ðmrad−2Þ and (b) polarization ξ1 vs θx (mrad)
and θy (mrad). (c) The angular distribution of γ photon density
dNγ=dθx ðmrad−1Þ (black solid line) and polarization ξ1 (red
solid line) vs θx. (d) The energy distribution of γ photon density
mdNγ=dω ðGeV−1Þ (black solid line) and polarization ξ1 (red
solid line) vs ωðGeVÞ.

FIG. 4. Top row: the photon angular distribution after the
interaction: (a) for the density d2Nγ=dθxdθy and (b) for the
photon polarization ξ3, with θx;y in mrad. Middle row: the angular
distribution of photon polarization within jθx;yj∈ ½0; θmax� for
(c) degree of linear polarization at �45° with respect to
polarization basis PLP

1 ¼ ξ1, (d) degree of circular polarization
with PCP ¼ ξ2, and (e) degree of linear polarization along
polarization basis with PLP

3 ¼ ξ3. Bottom row: same as the
middle row, but without VP effects.
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acts as a polarization damper to reduce ξ1 but to increase ξ3.
Meanwhile, the VB induces a polarization rotation from ξ1
to ξ2 according to Eq. (B10), resulting in a decrease of ξ1
and an increase of ξ2. With these equations, we estimate the
average polarization for a 1 GeV photon after the inter-
action ξ̄ ¼ ð−0.53;−0.65; 0.39Þ, which is in a qualitative
accordance with Figs. 4(c)–4(e).
In the highly nonlinear regime χγ ≳ 1, considerable

amounts of pairs are produced. The photons emitted by
the generated electrons and positrons are mixed with
probe photons that carry photonic signals of VP. To clarify
the impact of secondary photons and reveal the pure
VP effects, we artificially turn off the polarization
variation during the no-pair production process. The
average polarization of photons at small angle becomes
ξ̄0 ¼ ð−0.87; 0.0; 0.06Þ; see Figs. 4(f)–4(h). The circular
polarization ξ02 disappears without VP regardless of photon
emissions. However, the radiation of pairs affects the
linearly polarized of final photons. The average polariza-
tion of the emitted photons by unpolarized electrons
(positrons) we estimate using the result of Ref. [46],

ξ01¼ ξ02¼ 0;ξ03 ¼K2
3
ðzqÞ

�
ε2þ ε02

ε0ε
K2

3
ðzqÞ−

Z
∞

zq

dxK1
3
ðxÞ
�−1

;

ð7Þ
where zq ¼ 2

3
ω
χeε

0 with ε and ε0 being the electron (positron)
energy before and after emission, respectively. Since ξ03 is
inversely proportional to the emitted photon energy ω0, the
average polarization at a small angle is reduced by ∼1%
because of the mixing of the emitted hard photons. For soft
photon emissions in the large angle region [Fig. 4(b)],
we have ξ01 ¼ ξ02 ¼ 0 and ξ03 ≈ 0.5 according to Eq. (7),
resulting in an average polarization of the entire beam as
ξ̄ ¼ ð0.0; 0.0; 0.59Þ. In the high-energy regime, photon
emission of produced pairs significantly broadens the
angular distribution [Figs. 4(a) and 4(b)] and changes
the average polarization of detected photons. Therefore,
accounting for the photon emissions is necessary for
accurately distinguishing the VP effect.

The full spectrum including all photons is shown in
Fig. 5. The spectrum and polarization exhibit distinct
behavior in the two regions divided by ωc ¼ 0.6 GeV.
The density distribution in the low-energy region has a
feature of synchrotron radiation as it mostly consists of
emitted photons, while the high-energy region exhibits a
flat-top structure just as for the probe photons [Fig. 5(a)].
We find an increase of ξ2;3 and decrease of ξ1 in the high-
energy region due to VP [Fig. 5(b)] because the polariza-
tion of probe photons is significantly affected by VB and
VD. Interestingly, the photons emitted in the low-energy
region also present a sizeable circular polarization ξ2,
indicating that the created eþe− pairs obtain longitudinal
polarization when taking into account VP.
The polarization features of the created positrons are

shown in Fig. 6. The positrons are longitudinally polarized
with average polarization of ∼13% and highest polarization
up to ∼70% [Figs. 6(b) and 6(f)]. The yield of positrons
is Neþe− ≈ 7.5 × 105 ∼ 0.75Nγ [Figs. 6(a) and 6(e)]. In the
high-energy region, most of the probe photons are con-
verted to pairs via nonlinear Breit-Wheeler process. The
longitudinal polarization of positrons stems from the
helicity transfer of circular polarization from the probe
photons, that is induced by VB at the early stage of
interaction. The emitted photons, detrimental to the
high-precision measurement of photonic signals, have a

FIG. 5. (a) Photon spectra with (solid line) and without (red
dashed line) VP effect (VPE). (b) The average photon polariza-
tion vs photon energy ω (GeV): ξ1 (blue solid line), ξ2 (red dot-
dashed line), ξ3 (green dotted line), with VP effect (thick line) and
without VP effect (thin line).

FIG. 6. Top row: the positron angular distribution: (a) for the
number density d2Neþ=dθxdθy ðmrad−2Þ and (b) for the longi-
tudinal polarization Pk, when θx;y are in mrad. Middle row: same
as top row but without VP effects. Bottom row: (e) positron
number density mdNeþ=dεþ and (f) the longitudinal polarization
vs positron energy εþ (GeV), with (blue solid line) VP and
without (red dashed line) the VP effect.
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negligible impact on the fermionic signal, as secondary pair
production from soft radiation is minimal (∼10−2Neþe−).
Thus, the emergence of longitudinal polarization is essen-
tially a pure signature of VB. As can be seen from Fig. 6(d),
the longitudinal polarization vanished without VP.
For experimental feasibility, we estimated the impact of

probe photons energy on fermionic signals of VB; see
Fig. 7. As the energy of the probe photon increases, the
strength of VB signal also increases due to the larger χγ,
because the high photon energy could accelerate the rota-
tion from ξ1 to ξ2 for a fixed laser duration. Therefore, the
longitudinal polarization of positrons increases with pho-
tons energy within some limits, before reaching ∼15% at
ω ¼ 0.75 GeV in the case of parameters of Fig. 7. After-
ward, the polarization saturates within some photon energy
range and further decreases with higher ω. This is because
with higher ω, and higher χγ, the probe photon undergoes
pair production before attaining a significant circular
polarization due to VB. As a result, unlike the scaling
law of positron density that monotonously increases with
photon energy, the polarization purity has an optimal
energy range within the interval of ω=GeV∈ ½0.75; 1�.

IV. EXPERIMENTAL FEASIBILITY OF A
VACUUM POLARIZATION MEASUREMENT

A. Møller polarimetry for detecting
positron polarization

Let us discuss the feasibility of VB detection taking
advantage of the positron polarization. There are conven-
tional techniques for measuring longitudinal polarization
of positrons (electrons), such as Compton [55–57] and
Møller polarimetries [58–60]. For the discussed parameter
regime, the Møller polarimetry is more advantageous,
which employs the scattering of polarized solid targets
off the positrons (electrons) off a solid targets. Here, the
longitudinal polarization is deduced via the measured

asymmetry hRi ¼ Nþ−N−
NþþN−

, where N� are the number of

scattered positrons when the positron helicity is parallel or
antiparallel to the target polarization [59]. The cross section
in the center of the momentum frame of the electron reads

dσ
dΩ0 ¼

dσ0
dΩ0

�
1þ

X
i;j

Pi
BAi;jP

j
T

�
; ð8Þ

where Pi
BðPj

TÞ are the components of the beam (target)
polarization, as measured in the rest frame of the beam
(target) positrons. Here, we set a new coordinate system
with z0 axis along the momentum of the positron beam and
the y0 axis normal to the Møller scattering plane. The prime
in the positron coordinate definition is for distinguishing it
from that used for the laser-electron interaction.
The cross section is characterized by the unpolarized

cross section dσ0
dΩ0 and nine asymmetries Ai;j. The beam

polarization components Pi
B are extracted from the meas-

urement of the spin-dependent cross section on a target of
known polarization PT and using Eq. (8). To lowest order in
QED, the unpolarized cross section and nine asymmetries
are the following in the ultrarelativistic approximation [59]:

dσ0
dΩ0 ¼

�
αð1þ cos θ0CMÞð3þ cos2 θ0CMÞ

2msin2 θ0CM

�
2

;

Az0z0 ¼ −
ð7þ cos2θ0CMÞsin2 θ0CM

ð3þ cos2 θ0CMÞ2
;

−Ax0x0 ¼ Ay0y0 ¼
sin4 θ0CM

ð3þ cos2 θ0CMÞ2
;

Ax0z0 ¼ Az0x0 ¼ −
2sin3 θ0CM cos θ0CM
γð3þ cos2 θ0CMÞ2

;

Ax0y0 ¼ Ay0x0 ¼ Ay0z0 ¼ Az0y0 ¼ 0: ð9Þ

Note that θ0CM is the center of mass (CM) scattering angle.
To measure the longitudinal polarization, the experimen-
tally determined quantity is the asymmetry parameter

R ¼ Nþ − N−

Nþ þ N−
: ð10Þ

Considering the connection between the laboratory scatter-
ing angle and the center of mass scattering angle,

θ02L ¼ 2me

�
1

ps
−

1

pi

�
;

ps ¼
pi

2
ð1þ cos θ0CMÞ; ð11Þ

the Az0z0 is a function of the incident electron energy γ and
the detection angle θ0d in the laboratory frame. Here, ps (pi)
is the momentum of the scattered (incident) positrons for
Møller scattering.

FIG. 7. The scaling law of positron number Neþ (black solid
line) and longitudinal polarization Pk (red dashed line) vs energy
of probe photon ω (GeV). The probe photons’ number is
Nγ ¼ 1 × 105, and ξ ¼ ð1; 0; 0Þ. The laser parameters are the
same as in Figs. 4–6.
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In our setup, the positrons after the interaction are
distributed in a wide angle range of Δθx ∼ 200 mrad.
We collect the positrons within 10 mrad for the measure-
ment of vacuum birefringence. The spectrum and polari-
zation distribution for positrons within 10 mrad are shown
in Fig. 8. It can be seen that the positrons have a quite
large energy range Δε ∼ ε0 around the mean energy ε0.
Then, we have to take into account that the rest frames of
the particles are different at different energies. In this case,
the asymmetry parameter for a certain detection angle θ0d is
given by

hRi ¼ Nþ − N−

Nþ þ N−
¼
P

iσ0iζ
z
iA

0
zziP

z
TNeþi

nzlP
iσ0iNeþi

nzl

¼
P

iσ0iζ
z
iA

0
zziNeþiP

iσ0iNeþi

Pz
T; ð12Þ

where σ0i ≈
dσ0i
dΩ0 ΔΩ0 is the unpolarized cross section for

positrons with energy εþi andΔΩ0 is related to the detection
angle in the laboratory frame via ΔΩ0 ¼ − 8mpiθ

0
L

ð2mþpiθ
02
L Þ2

Δθ0L.
nz and l are the density and length of the target, and Neþi
is the number of positrons with energy εþi , respectively.
The maximum target polarization is Pz

T ¼ 8.52%.
The maximum of asymmetry is hRimax ≈ 0.0089 for θ0L ¼
0.1414 rad [Fig. 9]. The current experimental capability of
measuring the asymmetry parameter is Am ¼ 0.5% × PT ×
7
9
¼ 3.89 × 10−3PT ≪ hRimax ¼ 0.1 × PT .
Next, we estimate the measurement time for vacuum

birefringence with 5σ confidence level. The thin foil
circular disks used in the Møller polarimeter are a few
microns thick (13–25 μm), which should be smaller than
the milliradiation length (mRL ¼ 10−3 radiation length) to
avoid secondary photon emissions. Consider a target
composed of a Fe-Vo alloy (Supermendur: 49% Fe, 49%
Co, 2%Va by mass). A 25 μm foil is only 1.5 mRL,
which can be used in a Møller polarimeter. The density
of the target is 8.12 g=cm3 [density near room tempera-
ture (g=cm3): Fe 7.874, Co 8.9, Ni 8.902]. The elec-
tron density of the target can be calculated from nz ¼
ρNAhZi=hAi ≈ 2.26 × 1024 where hZi and hAi are the
average atomic number and mass number of the

Vacoflux alloy, NA ¼ 6.022 × 1023 is Avogadro’s number,
and ρ is the density of the foil. The average atomic
number hZi is 26.43 (Fe 26, Co 27, Va 23), and average
the mass number is 57 a.u. (Fe 55.8 a.u., Co 58.9 a.u.,
Va 50.94 a.u.).
The standard deviation then can be estimated with

ΔR ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nþ þ N−

p ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
iσ0iðθ0L ¼ 0.14ÞNeþi

nzl
q : ð13Þ

For the detecting angle of θ0L ¼ 0.14 rad with
Δθ0L ¼ 0.03 rad, the standard deviation is ΔR ¼ 0.0236.
To achieve a confidence level of hRi ¼ 5ΔR, one needs
Ñeþ ¼ 2.35 × 108 positrons. Assuming electron bunches
with N0

e− ¼ 1 × 108 is used for Compton backscattering,
our scheme could generate Neþ ¼ 1.3 × 106 positrons
within 10 mrad. Using a few PW laser with a repetition
rate of 1=60 Hz [53,61], the measurement of vacuum
birefringence with 5σ confidence level requires a meas-
urement time of Ñeþ=Ne=ð1=60Þ=3600 ≈ 3 h. The meas-
urement time can be further reduced if all outgoing
positrons are focused to a small angle and included in
the measurement.
Achieving a 5σ confidence level for fermionic signals

requires 180 shots of a 10 PW laser. For a laser with a
repetition rate of 1=60 Hz, it requires 3 h in a continuous
measurement. In real experiments, the measurement is still
feasible but with an extended measurement time to main-
tain the quality of each laser shot. For instance, in the 10
PW beamline at the Shanghai Superintense Ultrafast Laser
Facility, completing 180 shots usually takes approximately
2 months [62]. Meanwhile, the measurement time can be
reduced at the expense of confidence level. A measurement
time of 7 min is implied for a measurement with σ
confidence level.
The estimation of the Müller polarimetry signal is given

in Appendix D.

FIG. 8. (a) Positron density and (b) longitudinal polarization
within 10 mrad.

FIG. 9. The scaling law of asymmetry hRi vs detection angle θ0L
in the laboratory frame.
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B. Impact of secondary photon emissions

The impact of secondary emissions on the photonic
signal are shown in Figs. 11(a) and 11(b). The emissions
of pairs extend the spectrum to the low-energy region
[Fig. 11(a)] and significantly affect the average polari-
zation around 0.5 GeV [Fig. 11(b)]. The emitted photons
are linearly polarized with ξ̄3 ≈ 59%; see Fig. 11(a).
Fortunately, the polarization and spectrum in the high-
energy region are not affected by the radiation of pairs. If
the γ photons with energy higher than 0.75 GeV are
postselected, a clean signal of vacuum polarization can
be obtained. Otherwise, the low-energy photons will over-
whelm the VP photonic signal.
The impact of secondary emissions on the fermionic

signal is shown in Figs. 11(c) and 11(d). The radiation of
pairs results in a redistribution of positron energy; see
Figs. 11(c) and 11(d). Without radiation, the positrons
exhibit a wide energy distribution, extending up to 1.5 GeV.
However, when radiation reaction is included, the energy
distribution of the positrons peaks at 30 MeV. Moreover,
the secondary emission alters the distribution of polariza-
tion. The maximum polarization increases from 34% to
71% when taking into account secondary emissions. This
can be explained as follows. Without radiation, positrons
with different polarizations are mixed, resulting in a
relatively low average polarization [see Fig. 10(c)]. The
positrons at larger θy have smaller longitudinal polarization
[Fig. 10(c)] but higher transverse polarization [Figs. 10(a)
and 10(b)], and vice versa at smaller θy. While positrons
with polarization levels of up to 70% already exist, they are
overwhelmed by the large number of positrons with lower
polarization. When radiation is taken into account, the
positrons with different polarization are separated due
to the spin-dependent radiation probability, i.e., dWrad ∝
dW0 − ω

εþ
ζyK1

3
ðzqÞ with dW0 being the unpolarized

radiation probability. Specifically, positrons with large
negative ζy (and correspondingly small ζz) undergo more
dramatic radiation reactions and are therefore more sig-
nificantly redshifted. As the components with low polari-
zation are reduced, ζ̄z at the high-energy end of the
spectrum increases [Fig. 11(d)].
Even though the maximum of polarization increases, the

average polarization decreases from 17% to 13%. This is
confirmed by the following equation describing the evo-
lution of the average longitudinal polarization [63]:

dPk
dt

¼ −
e
m
P⊥ ·

��
g
2
− 1

�
β × Bþ

�
gβ
2
−
1

β

�
E

�

−
αmffiffiffi
3

p
πγ

Pk

Z
∞

0

u2du
ð1þ uÞ3 R∞zq dxK1

3
ðxÞ

≈ −
αmffiffiffi
3

p
πγ

Pk

Z
∞

0

u2du
ð1þ uÞ3 R∞zp dxK1

3
ðxÞ ; ð14Þ

where u ¼ ω0=ε0 and the last term is due to radiation. The
approximation in Eq. (14) is justified because P⊥ · E ¼ 0
for radiative polarization in linearly polarized laser fields.
According to Eq. (14), the longitudinal polarization jdPkj
decreases due to radiation.

C. Impact of the initial γ beam parameters

1. Initial γ photons energy

We have employed the relatively low-energy electrons
(LEPS2 beamline at SPring-8) because the photon energy
obtained by perfect backscattering of 8.4 GeV electron
is ω ¼ ð1þ βÞεω0=ðε − εβ þ 2ω0Þ ≈ 1.13 GeV, which is

FIG. 11. (a) Photon spectrum mdNγ=dω with (blue solid line)
and without (red dashed line) pair radiation. (b) The distribution
of photon polarization vs photon energy ω (GeV) with (thick
lines) and without (thin lines) radiation from pairs for: ξ1 (blue
solid line), ξ2 (red dot-dashed line), and ξ3 (green dotted line).
(c) Positron spectrum mdNeþ=dεþ. (d) Longitudinal polarization
of positrons Pk vs εþ (GeV) taking into account pair radiation
(blue solid line) or neglecting it (red dashed line). The laser pulse
duration τp ¼ 50 fs.

FIG. 10. The angular distribution of the polarization of posi-
trons with εþ > 1 GeV: (a) for ζx, (b) for ζy, and (c) for ζz.
(d) The angular distribution of the number density d2N=dθxdθy
for positrons with εþ > 1 GeV.
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within the optimal energy range for enhancing signal of
vacuum polarization.
Can a better result be obtained with a more advanced

electron source, e.g., LUXE? With the high-energy elec-
trons at LUXE (17.5 GeV), the interaction enters the
nonlinear nonperturbative regime, where the photon den-
sity and energy increase, however, at the expense of a
decrease in polarization. The production rate of photons
increases from Nγ ≈ 0.5Ne−

0
to Nγ ≈ 0.66Ne−

0
[Figs. 12(b)

and 12(c)], while the average polarization of positrons
decreases from jξ1j ¼ 0.91 to ξ1 ¼ 0.78 [Fig. 12(a)].
Meanwhile, the photon spectrum undergoes broadening
to 6 GeV [Fig. 12(d)]. Hence, the photons obtained
under the parameters of the LUXE project fall outside
the optimal range for conducting vacuum polarization
measurements. For instance, with the probe γ photons
obtained with 17.5 GeV electrons, the positrons number
increases from Neþ ¼ 3.8 × 107 to 8.2 × 107 for initial
electrons Ne−

0
¼ 108 [Figs. 13(a) and 13(c)], while the

longitudinal polarization of produced positrons decreases
from 13% to 6.4% [Figs. 13(b) and 13(d)]. The substantial
decreases in polarization leads to a longer measurement
time, tmeas ¼ 6.7 h.

2. Initial γ photon polarization

The variability in the collection angle of photons could
introduce uncertainty to the polarization of the γ-ray beam.
As the collision angle of the γ-ray beam increases from
Δθmax ¼ 0.05 to 0.1 mrad, the photon yield increases while
the average polarization decreases from jξ1j ¼ 0.9 to 0.7.
This decline in photon polarization results in an extended
measurement time for vacuum polarization. However, this

is counterbalanced by the enhanced positron yield.
Consequently, the measurement time increases slightly
from 2.9 to 3 h as the polarization degree decreases;
see Fig. 14(a).

D. Impact of the laser parameters

1. Pulse duration

The duration of the laser pulse controls the conversion of
the circularly polarized γ photons into the longitudinally
polarized positrons and determines the balance between the
photonic and fermionic signals of VP.
The effect of VP is less significant in a shorter laser pulse

with a pulse duration of τp ¼ 25 fs, compared to the 50 fs
case discussed so far; cf. Fig. 15 with Fig. 16. However,
the number of survived outgoing photons is larger. Thus, in
the considered scenario, half of the probe photons decay
into pairs, while the other half survive without undergoing
pair production. For an initial count of N0

e− ¼ 1 × 108

electrons, we are left with Nγ ¼ 2.5 × 107 probe photons
available for measuring vacuum polarization. Even though
the photon yield is higher compared to the τp ¼ 50 fs case
[Fig. 15(a); cf. Fig. 16(a)], the variation in polarization
induced by vacuum polarization is smaller, due to the
reduced interaction length [Fig. 15(b); cf. Fig. 16(b)].
The average photon polarization in the small-angle region
(θ < 0.05 mrad) becomes ξ ¼ ð78%; 37%; 21%Þ. In this
case, employing the polarimetry method outlined in
Sec. IV B, a single-shot measurement could achieve a
confidence level of 3σ for vacuum birefringence and 6σ
for vacuum dichroism.
Meanwhile, as the pulse duration decreases from 50 to

25 fs, the positron yield reduces from Neþe− ¼ 7.5 × 107 to

FIG. 12. (a) Angular distribution of γ photon density
log10d2N=dθx=dθy ðmrad−2Þ and (b) polarization ξ1 vs θx (mrad)

and θy (mrad) obtained with parameters of LUXE: a0 ¼ 3
ffiffiffi
2

p
,

εi ¼ 17.5 GeV, pulse duration 30 fs. (c) The angular distribution
of γ photon density dNγ=dθx ðmrad−1Þ (black solid line) and
polarization ξ1 (red solid line) vs θx. (d) The energy distribution
of γ photon density mdNγ=dω ðGeV−1Þ (black solid line) and
polarization ξ1 (red solid line) vs ωðGeVÞ.

FIG. 13. The positron angular distribution produced by photons
of Fig. 12: (a) for the number density d2Neþ=dθxdθy ðmrad−2Þ
and (b) for the longitudinal polarization Pk, when θx;y are in
mrad. (c) Positron number density mdNeþ=dεþ and (d) the
longitudinal polarization vs positron energy εþ (GeV).
Nγ0 ¼ 8 × 105.
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Neþe− ¼ 2.5 × 107 [Fig. 15(c)]. The fermionic signal also
becomes less pronounced. The average longitudinal polari-
zation of positrons decreases to Pk ¼ 8%, with the maxi-
mum polarization reaching Pm

k ¼ 40% [Fig. 15(d)]. In this
scenario, to achieve a confidence level of 5σ for measuring
vacuum birefringence, the required measurement time

would need to be extended to 7 h. When the pulse duration
is reduced, the effects of vacuum polarization remain
detectable, but achieving a reasonable confidence level
necessitates a relatively longer measurement time.

2. Laser intensity

We examine the fermionic signal with a laser intensity of
a0 ¼ 50, which is comparable with current laser parameters
at ELI Beamlines (1 PW pulses, repetition rate 10 Hz, pulse
duration 30 fs). Assume the probe γ photons are obtained
by linear Compton scattering of a linearly polarized laser
pulse off a 15 GeVelectron beam. The generated γ photons
within 0.02 mrad are highly polarized with ξ1 ¼ −0.87 and
have an average energy of ωγ ¼ 3 GeV, with the energy
spread Δωγ=ωγ ¼ 0.54; see Fig. 17. The yield of the γ
photons within 0.02 mrad isNγ ¼ 0.44Ne−

0
. Next, the probe

photons propagate through a 1 PW laser pulse (a0 ¼ 50).

FIG. 15. (a) Photon density mdNγ=dω and (b) polarization
distribution within 0.05 mrad vs photon energy ω (GeV) for: ξ1
(blue solid line), ξ2 (red dot-dashed line), and ξ3 (green dotted
line). (c) Positron density mdNeþ=dεþ and (d) the distribution of
longitudinal polarization within 10 mrad vs positron energy εþ
(GeV). The laser pulse duration τ ¼ 25 fs.

FIG. 17. (a) Angular distribution of γ-photon density
log10d2N=dθx=dθy ðmrad−2Þ and (b) polarization ξ1 vs θx (mrad)
and θy (mrad). (c) The angular distribution of γ photon density
dNγ=dθx ðmrad−1Þ (black solid line) and polarization ξ1 (red
solid line) vs θx. (d) The energy distribution of γ photon density
mdNγ=dω ðGeV−1Þ (black solid line) and polarization ξ1 (red
solid line) vs ωðGeVÞ. The initial electron energy is 15 GeV.

FIG. 14. The scaling laws of positron yieldNþ
e (black solid line) and meaurement time tMeas in unit of hours (red dashed line) vs (a) the

polarization of the initial γ photons ξ̄1, (b) laser intensity a0, and (c) the collision angle θc between laser and the γ-ray beam.

FIG. 16. (a) Density of probe γ photons before (red dashed line)
and after (blue solid line) interacting with the laser. (b) Polarization
of probe γ photons before (thin line) and after (thick line)
interacting with the laser. The laser pulse duration is τp ¼ 50 fs.
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The polarization features of the created positrons are shown
in Fig. 18. The positrons are longitudinally polarized with
average polarization of 3.8% and highest polarization up to
∼14% [Figs. 18(b) and 18(f)]. The yield of positrons is
Neþe− ≈ 2.4 × 105 ∼ 0.25Nγ [Figs. 18(a) and 18(e)]. Des-
pite the decrease in total pair yield, the number of pairs
within 10 mrad increases from Neþe− ¼ 1.3 × 106 to
7.3 × 106 due to the smaller deflection angle. The increase
in positron density at small angles is beneficial for
polarization measurement but is offset by the decrease in
polarization. In order to detect VB at the 5σ confidence
level, the required positron number is Ñeþ ¼ 1.4 × 109,
corresponding to 200 shorts of measurement. Considering
the high repetition rate of the 1 PW laser is 10 Hz, the
measurement time is 20 sec, much smaller than the 10
PW case.
The scaling law of measurement time and laser intensity

is shown in Fig. 14(b). With the increase of the laser
intensity, the positron density increases monotonously,
while the measurement time has an optimal at a0 ¼ 150
[Fig. 14(b)]. When the laser intensity increases from 100 to
150, the measurement time decreases from 3.5 to 2.9 h due
to the larger χγ. However, further increases in laser intensity
lead to an increase in measurement time, as the probe
photon undergoes pair production before attaining signifi-
cant circular polarization.

3. Collision angle of γ and laser beams

The collision angle could also affect the pair yield and
consequently induce a increase of measurement time. As
shown in Fig. 14(c), the pairs yield decreases slightly from
Neþe− ¼ 7.6 × 105 to Neþe− ¼ 7.2 × 105 with the increase
of collision angle from θc ¼ 0° to θc ¼ 20°. When the

positrons within 10 mrad are collected for measurement,
tMeas increases significantly from 2.9 to 257 h. However, if
the detection angle of positrons is rotated with collision
angle, the measurement time remains ∼3 h, which is robust
against the fluctuation of θc.

V. CONCLUSION

Concluding, we analyzed a setup for a high-energy VP
measurement using a 10 PW laser system with 1 GeV
linearly polarized γ probe photons, with a newly developed
complete QEDMonte Carlo simulation method for describ-
ing vacuum polarization in the high-energy limit. Deviating
from the conventional photonic signal of VP, we identified
the fermionic signal of VB in the positron polarization
that is free from disturbances caused by secondary emis-
sions and more feasible for VB detection. In our scheme,
previously avoided real pairs are employed as a better
source for detecting VB, providing a novel method for
probing quantum vacuum nonlinearity.The fermionic sig-
nal remains robust against experimental fluctuations, ena-
bling a 5σ confidence level within a few hours.
In addition, the high polarization and density of γ

photons allows for a single-shot measurement for vacuum
polarization, achieving an 8σ confidence level. The
revealed polarization feature of positrons provides an
alternative way of measuring vacuum birefringence.
As a byproduct, our scheme supplies a well-collimated
(∼0.05 mrad), dense (∼2.7 × 105), and highly circularly
polarized γ-ray beam with an average polarization reaching
up to 60% as well as dense (7.5 × 105) longitudinally
polarized positrons with a highest polarization of ∼70% via
QED loop effects. Besides the potential application in
detecting vacuum birefringence, such polarized particles
are highly demanded in studies of fundamental physics and
related applications, in particular, in nuclear physics,
astrophysics, and high-precision high-energy physics at
accelerators, including parity violation, photon-photon
scattering, and photoproduction of mesons.

ACKNOWLEDGMENTS

We gratefully acknowledge helpful discussions with
Professor Y.-F. Li. This work is supported by the
National Natural Science Foundation of China (Grant
No. 12074262) and the National Key R&D Program of
China (Grant No. 2021YFA1601700).

APPENDIX A: THE QED TREATMENT OF
VACUUM POLARIZATION

According to the QED loop calculation in Ref. [34], the
Oðα0Þ-order loop contribution is

P0 ¼ 1

2
ð1þ ξi · ξ0Þ; ðA1Þ

FIG. 18. Top row: the positron angular distribution: (a) for the
number density d2Neþ=dθxdθy ðmrad−2Þ and (b) for the longi-
tudinal polarization Pk, when θx;y are in mrad. Bottom row:
(c) positron number density mdNeþ=dεþ and (d) the longitudinal
polarization vs positron energy εþ (GeV). Laser intensity a0 ¼
50 and pulse duration tp ¼ 10T.
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where the initial and final photon polarizations are repre-
sented by the Stokes parameters ξi and ξ0, respectively. The
OðαÞ-order loop contribution via the interference diagram
in Fig. 2(b) reads

P1 ¼ hPLi þ PL
0 · n0 þ PL

1 · n1 þ n1 · PL
10 · n0: ðA2Þ

The sum of these contributions is

PL ¼ PL
VD þ PL

VB ðA3Þ

PL
VD ¼ 1

2

�
1 −

Z
ω

0

dεCp

�Z
∞

zp

dxK1
3
ðxÞ þ ε2 þ ε2þ

εþε
K2

3
ðu0Þ

− K2
3
ðzpÞê3 · ξi

��
þ 1

2
ξ0
��

1 −
Z

ω

0

dεCp

×

�Z
∞

zp

dxK1
3
ðxÞ þ ε2 þ ε2þ

εþε
K2

3
ðzpÞ

��
ξi

þ
Z

ω

0

dεCpK2
3
ðzpÞê3

�
; ðA4Þ

PL
VB ¼ αm2

2ω2
Δt
Z

dε
Gi0ðρÞ
ρ

ξ0 · ε3ij · ξi

¼ αm2

2ω2
Δt
Z

dε
Gi0ðρÞ
ρ

ðξ01ξi2 − ξ02ξi1Þ; ðA5Þ

where Cp ¼ αm2ffiffi
3

p
πω2; zp ¼ 2

3χγ
ω2

εþε
; χγ ¼ jFμνkνj=mFcr is

the strong-field quantum parameter; εþ and ε are the
energy of produced positrons and electrons, respectively;
ρ ¼ 1

½δð1−δÞχγ �2=3; δ ¼ ε=ω; and Gi0ðxÞ is the Scorer prime

function.
The first term of Eq. (A3) PL

VD, stemming from the
imaginary part of of the polarization operator, describes
VD, while the second term PL

VB is associated with the real
part of the polarization operator and induces VB.
When the pair production is negligible, the loop prob-

ability of all orders can be resummed into a time-ordered
exponential [34]:

P¼ 1

2
ξ0 · e−4hPBWi½ðϵ0ϵ0þ ϵ3ϵ3Þcoshνþðϵ0ϵ3þ ϵ3ϵ0Þsinhν

þðϵ1ϵ1þ ϵ2ϵ2Þcosφþðϵ1ϵ2 − ϵ2ϵ1Þ sinφ�ξi
¼ e−WP

2
½ðcoshvþ ξi3 sinhvÞþ ξ01ðξi1 cosφþ ξi2 sinφÞ

þ ξ02ð−ξi1 sinφþ ξi2 cosφÞþ ξ03ðsinhvþ ξi3 coshvÞ�;
ðA6Þ

where WP ¼ 4hPBWi is the total pair production proba-
bility, and

φ ¼ αm2

ω2
Δt
Z

dε
Gi0ðρÞ
ρ

; v ¼ −
αm2

ω2
Δt
Z

dε
Ai0ðρÞ
ρ

;

ðA7Þ

with Ai0ðxÞ being the Airy prime function. The final Stokes
parameters for the remaining probe photons read

ξf1 ¼ ξ1 cosφþ ξ2 sinφ
cosh vþ ξ3 sinh v

;

ξf2 ¼ −ξ1 sinφþ ξ2 cosφ
cosh vþ ξ3 sinh v

;

ξf3 ¼ sinh vþ ξ3 cosh v
cosh vþ ξ3 sinh v

: ðA8Þ

The photon number at a distance l takes the form

NðlÞ ¼ e−WPðcosh vþ ξ3 sinh vÞNð0Þ: ðA9Þ

Equations (A8) and (A9) coincide with Eq. (15.20) given in
Ref. [64]. The average polarization of a photon ensemble
defined as ξ̄f ¼ ξfLW

L, with the final polarization state
of photons ξfL ¼ ðξf1 ; ξf2 ; ξf3Þ and the loop probability
WL ¼ e−WPðcosh vþ ξ3 sinh vÞ, reads
0
BBB@
ξ̄0

ξ̄1

ξ̄2

ξ̄3

1
CCCA¼ e−WP

0
BBB@
coshν 0 0 sinhν

0 cosφ sinφ 0

0 −sinφ cosφ 0

sinhν 0 0 coshν

1
CCCA
0
BBB@
ξ0

ξ1

ξ2

ξ3

1
CCCA;

ðA10Þ

which coincides with Eq. (11) of Ref. [28]. However, rather
than averaging over the survived ones as in the present
work, the polarization defined in Ref. [28] is obtained by
averaging over the initial photon number:

ξ̄f ¼ ξfLW
L ¼ NNP

↑ − NNP
↓

NNP
↑ þ NNP

↓

·
NNP

NNP þ NP ¼ NNP
↑ − NNP

↓

NNP þ NP ;

ðA11Þ

where NNP ¼ NNP
↑ þ NNP

↓ is the number of photons that

are survived from pair production, with NNP
↑ and NNP

↓

being the number of photons with final polarization ξ0 ¼
�ξf and ξf ¼ ðξf1 ; ξf2 ; ξf3Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξf21 þ ξf22 þ ξf23

q
, and NP is the

number of photons that decay into pairs. Therefore, the
average polarization defined by Eq. (A11) is by the factor

NNP

NNPþNP smaller than the polarization of the survived
photons in the final state. For small χγ ≪ 1, the difference
between the definitions of the photon final polarization is
negligible.
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APPENDIX B: MONTE CARLO SIMULATION
METHOD FOR VACUUM BIREFRINGENCE

AND DICHROISM

In this section, we present the spin- and polarization-
resolved Monte Carlo method for the tree process
(nonlinear Breit-Wheeler) and the loop process (vacuum
polarization). In our Monte Carlo code, at each simulation
step Δt, the pair production is determined by the total
pair production probability, and the positron energy and
polarization are determined by the spin-resolved spectral
probability [48], using the common algorithms [40–47].
If the pair production event is rejected, the photon polari-
zation state is determined by the photon-polarization
dependent loop probability wNP.

1. Spin- and polarization-resolved
pair production probability

The pair production probability including all
the polarization and spin characteristics takes the form
[47,48]

dWPðξ;ζ−;ζþÞ ¼
1

2
ðdW11þdW22Þþ

ξ1
2
ðdW21þdW12Þ

− i
ξ2
2
ðdW21−dW12Þþ

ξ3
2
ðdW11−dW22Þ

¼ 1

2
ðG0þ ξ1G1þ ξ2G2þ ξ3G3Þ; ðB1Þ

where

G0 ¼
Cp

2
dε

��Z
∞

zp

dxK1
3
ðxÞ þ ε2þ þ ε2

εþε
K2

3
ðzpÞ

�

þ
�Z

∞

zp

dxK1
3
ðxÞ − 2K2

3
ðzpÞ

�
ðζ− · ζþÞ

þ
�
ω

εþ
ðζþ · bÞ − ω

ε
ðζ− · bÞ

�
K1

3
ðzpÞ

þ
�
ε2þ þ ε2

εεþ

Z
∞

zp

dxK1
3
ðxÞ

−
ðεþ − εÞ2

εεþ
K2

3
ðzpÞ

�
ðζ− · v̂Þðζþ · v̂Þ

�
;

G1 ¼
Cp

2
dε

�
−
ε2þ − ε2

2εþε
K2

3
ðzpÞv̂ · ½ζþ × ζ−�

þ
�
ω

ε
ðζþ · sÞ − ω

εþ
ðζ− · sÞ

�
K1

3
ðzpÞ

−
ω2

2εþε

Z
∞

zp

dxK1
3
ðxÞfðζ− · bÞðζþ · sÞ

þ ðζ− · sÞðζþ · bÞg
�
;

G2 ¼
Cp

2
dε

�
−

ω2

2εþε
K1

3
ðzpÞ½s · ðζ− × ζþÞ�

þ
�
ω

εþ

Z
∞

zp

dxK1
3
ðxÞþ ε2þ− ε2

εþε
K2

3
ðzpÞ

�
ðζþ · v̂Þ

þ
�
ω

ε

Z
∞

zp

dxK1
3
ðxÞ− ε2þ− ε2

εþε
K2

3
ðzpÞ

�
ðζ− · v̂Þ

−
ε2þ− ε2

2εþε
K1

3
ðzpÞ½ðζ− · v̂Þðζþ ·bÞþ ðζ− ·bÞðζþ · v̂Þ�

�
;

G3 ¼
Cp

2
dε

�
−K2

3
ðzpÞ þ

ε2þ þ ε2

2εþε
K2

3
ðzpÞðζ− · ζþÞ

þ
�
−
ω

ε
ðζþ · bÞ þ ω

εþ
ðζ− · bÞ

�
K1

3
ðzpÞ

−
ðεþ − εÞ2
2εþε

K2
3
ðzpÞðζ− · v̂Þðζþ · v̂Þ

þ ω2

2εþε

Z
∞

zp

dxK1
3
ðxÞ½ðζ− · bÞðζþ · bÞ

− ðζ− · sÞðζþ · sÞ�
�
: ðB2Þ

Here, v̂ is the unit vector along velocity of the produced
electron, s the unit vector along the transverse component
of electron acceleration, and b ¼ v̂ × s. The 3-vector ξ ¼
ðξ1; ξ2; ξ3Þ is the Stokes parameter of the incoming photon,
ω is the photon energy, and εþ and ε− are the energy of the
created positron and electron, respectively.

a. Spin quantization axis for the produced electron

After taking the sum over positron polarizations [48],

dW̃pðξ; ζ−Þ ¼
1

2
ðG̃0 þ ξ1G̃1 þ ξ2G̃2 þ ξ3G̃3Þ;

G̃0 ¼ Cpdε

�Z
∞

zp

dxK1
3
ðxÞ þ ε2þ þ ε2

εþε
K2

3
ðzpÞ

−
ω

ε
ðζ− · bÞK1

3
ðzpÞ

�

G̃3 ¼ Cpdε

�
−K2

3
ðzpÞ þ

ω

εþ
ðζ− · bÞK1

3
ðzpÞ

�

G̃1 ¼ −Cpdε
ω

εþ
ðζ− · sÞK1

3
ðzpÞ

G̃2 ¼Cpdε

��
ω

ε

Z
∞

zp

dxK1
3
ðxÞ− ε2þ− ε2

εþε
K2

3
ðzpÞ

�
ðζ− · v̂Þ

�
;

ðB3Þ
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which can be rewritten in the form [48]

dW̃pðξ;ζ−Þ¼
1

2
ða−þζ− ·b−Þ

a−¼Cpdε

�Z
∞

zp

dxK1
3
ðxÞþε2þþε2

εþε
K2

3
ðzpÞ

−ξ3K2
3
ðzpÞ

�

b−¼−Cpdε
�
ξ1

ω

εþ
sK1

3
ðzpÞþ

�
ω

ε
−ξ3

ω

εþ

�
bK1

3
ðzpÞ

þ
�
−
ω

ε

Z
∞

zp

dxK1
3
ðxÞþε2þ−ε2

εþε
K2

3
ðzpÞ

�
ξ2v̂

�
:

ðB4Þ

The final polarization vector of the produced electron
resulting from the scattering process itself is ζ−f ¼ b−

a−
,

which determines the spin quantization axis for the pro-
duced electron ζ−f ∶ n− ¼ ζ−f =jζ−f j.

b. Spin quantization axis for the produced positron

After taking the sum over electron polarizations, we
obtain [48]

dW̄pðξ; ζþÞ ¼
1

2
ðḠ0 þ ξ1Ḡ1 þ ξ2Ḡ2 þ ξ3Ḡ3Þ;

Ḡ0 ¼ Cpdε

�Z
∞

zp

dxK1
3
ðxÞ þ ε2þ þ ε2

εþε
K2

3
ðzpÞ

þ ω

εþ
ðζþ · bÞK1

3
ðzpÞ

�

Ḡ3 ¼ Cpdε

�
−K2

3
ðzpÞ −

ω

ε
ðζþ · bÞK1

3
ðzpÞ

�

Ḡ1 ¼ Cpdε
ω

ε
ðζþ · sÞK1

3
ðzpÞ

Ḡ2¼Cpdε

��
ω

εþ

Z
∞

zp

dxK1
3
ðxÞþε2þ−ε2

εþε
K2

3
ðzpÞ

�
ðζþ · v̂Þ

�
;

ðB5Þ

which can also be written as [48]

dW̄pðξ; ζþÞ ¼
1

2
ðaþ þ ζþ · bþÞ

aþ ¼ Cpdε

�Z
∞

zp

dxK1
3
ðxÞ þ ε2þ þ ε2

εþε
K2

3
ðzpÞ

− ξ3K2
3
ðzpÞ

�
ðB6Þ

bþ ¼ Cpdε

�
ξ1K1

3
ðzpÞ

ω

ε
sþ

�
ω

εþ
− ξ3C̄0dε

ω

ε

�
bK1

3
ðzpÞ

þ ξ2v̂

�
ω

εþ

Z
∞

zp

dxK1
3
ðxÞ þ ε2þ − ε2

εþε
K2

3
ðzpÞ

��
: ðB7Þ

The final polarization vector of the produced positron
resulting from the scattering process itself is ζþf ¼ bþ

aþ
,

which determines the spin quantization axis for the pro-
duced positron: nþ ¼ ζþf =jζþf j.
After taking the sum over positron and electron polar-

izations, we get the spin unresolved pair production
probability:

dWP
TðξÞ ¼ aþ: ðB8Þ

2. Polarization-resolved no-pair
production probability

If a pair production event is rejected, the photon
polarization should also change due to the dependency
of the no-pair production probability on the photon
polarization:

WNPðξ; ξ0Þ ¼ 1

2
ðcNP þ dNP · ξ0Þ

cNP ¼ 1 −
Z

ω

0

aþdεΔt

dNP ¼ ξ

�
1 −

Z
ω

0

dεCp

�Z
∞

zp

dxK1
3
ðxÞ

þ ε2þ þ ε2

εεþ
K2

3
ðzpÞ

�
Δt
�

þ
Z

ω

0

dεCpê3K2
3
ðzpÞΔt; ðB9Þ

where ê3 ¼ ð0; 0; 1Þ. The final polarization state of
the photon after the no-pair-production step becomes
ξNP
f ¼ dNP=cNP, which defines a quantization axis for
photon polarization: nNP ¼ ξNP

f =jξNP
f j.

3. Algorithm of event generation

(1) Update photon polarization: At each time step, the
photon polarization needs to be updated with local
acceleration.
(a) Calculate the instantaneous polarization basis

vectors e1 ¼ s − ðn · sÞn and e2 ¼ n × s, with
unit vectors of electron acceleration s and
photon propagation direction n.
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(b) Update the photon Stokes parameters

ξ01 ¼ ξ1 cos ð2ψÞ − ξ3 sin ð2ψÞ;
ξ02 ¼ ξ2;

ξ03 ¼ ξ1 sin ð2ψÞ þ ξ3 cos ð2ψÞ;

where ψ is the angle between the new and old
basis vectors.

(2) Decide pair production event: At each simulation
step, the pair production and the electron (positron)
energy are determined by the probability of Eq. (B8)
with the updated Stokes parameters, using the
common stochastic procedure.
(a) Generate two random numbers r1; r2 ∈ ½0; 1�

with uniform probability.
(b) Compute the pair production probability Pðr1Þ ¼

dWP
Tðξ; r1ωÞΔt for the given initial photon

polarization ξ, electron energy ε ¼ r1ω, and
positron energy εþ ¼ ð1 − r1Þω.

(c) If r2 < Pðr1Þ, an eþe− pair is created. Other-
wise, reject.

(3) Decide the polarization of outgoing particles:
(a) Case 1: Pðr1Þ > r2: pair production occurs.

After each pair production, the spin of the
produced electron (positron) is either parallel
or antiparallel to n− (nþ) using the stochastic
procedure with another random number
r3 ∈ ½0; 1�. With the given ε−, εþ and photon
polarization ξ, compute the pair production
probability Pζ−ζþ ¼ dWPðξ; ζ−; ζþÞΔt with
fζ−; ζþg∈ f↑;↓g indicating parallel or antipar-
allel with respective quantization axis.

(i) If r3 < P↓↓, the electron is spin down
with respect to n− and the positron is spin
down with respect to nþ, i.e., ζ− ¼ −n−,
ζþ ¼ −nþ.

(ii) If P↓↓ < r3 < P↓↓ þ P↓↑, ζ− ¼ −n− and
ζþ ¼ nþ.

(iii) If P↓↓ þ P↓↑ < r3 < P↓↓ þ P↓↑ þ P↑↓, ζ− ¼
n− and ζþ ¼ −nþ.

(iv) If P↓↓þP↓↑þP↑↓<r3<P↓↓þP↓↑þP↑↓þP↑↑,
ζ− ¼ n− and ζþ ¼ nþ.

(b) Case 2: Pðr1Þ < r2: pair production is rejected.
The photon polarization state collapses into
one of its basis states defined with respect
to nNP.

(i) Generate another random number r4 ∈ ½0; 1�.
(ii) Compute the no-pair-production probability

Pξ0 ¼ WNPðξ; ξ0Þ for a given initial photon
polarization ξ. Here, ξ0 ∈ f↑;↓g indicates spin
parallel or antiparallel with nNP.

(iii) If P↑=ðP↑ þ P↓Þ > r4, ξ0 ¼ nNP. Otherwise,
ξ0 ¼ −nNP.

In the above algorithm, the pair spin (photon
polarization) is determined by the spin-resolved
(photon-polarization-resolved) probabilities ac-
cording to the stochastic algorithm and instan-
taneously collapses into one of its basis states
defined with respect to the instantaneous quan-
tization axis. Alternatively, one could set the
pairs in a mixed spin state ζ 0� ¼ ζ�f or photon

polarization ξ ¼ ξNP
f in the case of no-pair

production.
(4) Rotate the photon polarization: Calculate the in-

stantaneous retarded phase induced by vacuum
birefringence use Eq. (A7), and update ξ1 and ξ2
following Refs. [22,28,34]:

 
ξf1

ξf2

!
¼
�

cosφ sinφ

− sinφ cosφ

� 
ξ1

ξ2

!
: ðB10Þ

4. Benchmark of our simulation method

We have demonstrated the no-pair-production probabil-
ity used in our code corresponds to the loop probability,
with which Eq. (15.20) in Ref. [64] and Eq. (11) in
Ref. [28] can be reproduced. To further benchmark the
accuracy of our code, we have plotted the phase variation
induced by vacuum birefringence and final Stokes param-
eters for different parameters. With the parameters used in
Ref. [28], our results are in good agreement with Figs. 4
and 5 in Ref. [28]; see Fig. 19.

APPENDIX C: ESTIMATE OF THE PHOTON
YIELD IN THE COMPTON PROCESS

The yield of photons can be estimated using the
perturbative QED theory for linear Compton scattering
[3]. The total cross section for photons scatted by angles
φ∈ ½0; 2π� and θ∈ ½0; θmax� is

FIG. 19. (a) Plot of δϕ as a function of χ and a0N for a
rectangular pulse profile. (b) Final Stokes parameters for γ photons
propagating through the 10 PW laser pulse in the Extreme
Light Infrastructure-Nuclear Physics [54] ðSð0Þ ¼ 1; 0;−1; 0Þ.
The Stokes parameters are obtained by averaging over the probe
photon number.
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σbs ¼
4πr2e
m2x2

Z
θmax

0

ω2
γF0 sin θ; ðC1Þ

where re ¼ α=m ¼ 2.818 × 10−13 cm with m being the
electron mass and

F0 ¼ V þ U2 þ 2U;

V ¼ x=yþ y=x;U ¼ 2=x − 2=y;

x ¼ 2pk0
m2

¼ 2εω0

m2
ð1þ βÞ;

y ¼ 2pk0

m2
¼ 2εωγ

m2
ð1 − β cos θÞ; ðC2Þ

β ¼ jp⃗j=ε0 with ε0 ¼ 8.4 GeV being initial electron
energy, p⃗ being the electron momentum, and
ω0 ¼ 1.55 eV being the energy of laser photon for linear
Compton scattering. The energy ωγ of the final photon is
determined via 4-momentum conservation and is given by

ωγ ¼
ð1þ βÞεω0

εþ ω0 − ðεβ − ω0Þ cos θ
: ðC3Þ

For θmax ¼ 0.05 mrad, we have σbs ≈ 2.68r2e. Employing
pulse duration Δt ¼ 10 ps, I ¼ 4.3 × 1016 W=cm2,
ω0 ¼ 1.55 eV, one could estimate the yield of γ photons
via Nγ=Ne ¼ σbsðI=ω0ÞΔt ≈ 0.4, which roughly coincides
with our simulation results.

APPENDIX D: MÜLLER POLARIMETRY FOR
DETECTING PHOTON POLARIZATION

When measuring vacuum birefringence via photonic
signals, previous approaches employed small χγ or short
interaction length to mitigate background noise stemming
from real pair production. Consequently, the acquired
ellipticity by probe photons was typically too small for
detection. However, our method utilizes larger χγ, leading
to the remaining probe photons acquiring substantial
circular polarization. This significant enhancement enables
the measurement of vacuum polarization using photonic
signals. Note, however, that the pair production in this
regime significantly suppresses the number of survived
photons, having impact on the accuracy of the measure-
ment. Even though the γ-ray polarimetry for circular
polarization poses challenges, the decrease of ξ1 and
increase of ξ3 can be regarded as the photonic signals
for detecting VB and VD, respectively. The polarization of
γ photons can also be detected by converting photons to
electron and positron pairs in a high Z target. The
asymmetry of the angular distribution of produced pairs
can be used as photonic signals of vacuum birefringence
and dichroism [28].

The cross section of electron-positron photoproduction
by a photon with energy ω ≪ m colliding with an atom
(charge number Z) is given by [28,65]

dσpp ¼ dφ
2π

fσ0S0 þ σ1½S1 sin 2φþ S3 cos 2φ�g; ðD1Þ

where

σ0 ¼ 2
Z2αr2e
ω3

Z
ω−m

m
dε
Z

1

m2=ε2
dζfðε2 þ ε02Þð3þ 2ΓÞ

þ 2εε0½1þ 4u2ζ2Γ�g;

σ1 ¼ 2
Z2αr2e
ω3

Z
ω−m

m
dε
Z

1

m2=ε2
dζf8εε0u2ζ2Γg;

Γ ¼ ln ð1=δiÞ − 2 − fðZÞ þ Fðδ=ζÞ;
ζ ¼ 1=ð1þ u⃗2Þ;
u⃗ ¼ p⃗⊥=m ¼ jp⊥jðcosφ; sinφÞ;
δ ¼ mω=ð2εε0Þ;

fðZÞ ¼ ðZαÞ2
X∞
n¼1

1

nðn2 þ ðZαÞ2Þ ;

Fðδ=ζÞ ¼ −
1

2

X3
i¼1

α2i ln ð1þ BiÞ

þ
X3

i;j¼1;i≠j
αiαj

�
1þ Bj

Bi − Bj
ln ð1þ BjÞ þ

1

2

�
;

Bi ¼ ðβiζ=δÞ2; βi ¼ ðZ1=3=121Þbi;
α1 ¼ 0.1; α2 ¼ 0.55; α3 ¼ 0.35;

b1 ¼ 6; b2 ¼ 1.2; b3 ¼ 0.3:

For photons with a wide spectrum [see Fig. 16(a)], the
asymmetries for detecting vacuum birefringence (RB) and
vacuum dichroism (RD) are

RB ¼ ðNπ=4 þ N5π=4Þ − ðN3π=4 þ N7π=4Þ
ðNπ=4 þ N5π=4Þ þ ðN3π=4 þ N7π=4Þ

;

RD ¼ ðN0 þ NπÞ − ðNπ=2 þ N3π=2Þ
ðN0 þ NπÞ þ ðNπ=2 þ N3π=2Þ

; ðD2Þ

where Nβ0 denotes the number of pairs detected in the
azimuthal angle range φ∈ ðβ0 − β; β0 þ βÞ of the trans-
verse plane, with β ¼ 33° as optimal angle for both
observables, and
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Nπ=4 ¼ N5π=4 ¼
X
i

Nγinzl
Z

π=4þβ

π=4−β

dφ
2π

fσ0iS0i

þ σ1i½S1i sin 2φþ S3i cos 2φ�g

¼
X
i

Nγinzl

�
σ0iS0i

β

π
þ σ1iS1i

sin 2β
2π

�
;

N3π=4 ¼ N7π=4 ¼
X
i

Nγinzl

�
σ0iS0i

β

π
− σ1iS1i

sin 2β
2π

�
;

N0 ¼ Nπ ¼
X
i

Nγinzl

�
σ0iS0i

β

π
þ σ1iS3i

sin 2β
2π

�
;

Nπ=2 ¼ N3π=2 ¼
X
i

Nγinzl

�
σ0iS0i

β

π
− σ1iS3i

sin 2β
2π

�
:

ðD3Þ

Here, the subscript i denotes the variables for photons with
energy of ωi. Substituting the above expressions ofNβ0 into
Eq. (D2), we have

RB ¼
P

iNγiσ1iS1i sin ð2βÞP
iNγiσ0iS0i2β

;

RD ¼
P

iNγiσ1iS3i sin ð2βÞP
iNγiσ0iS0i2β

: ðD4Þ

Using a effective thickness of 3.66 × 1020 corresponding
to a conversion efficiency of η ¼ 0.01 with σ0 ¼ 344r2e
in Ref. [28] and the polarization distribution of photon
after interaction with the laser [see Fig. 6(a)], we obtained
the asymmetry RB ¼ −0.0369 and RD ¼ 0.0246. In the
case in which the photons do not interact with the laser,
we obtain R0

B ¼ −0.0617 and R0
D ¼ 0. The observables

of vacuum polarization are AB ¼ RB − R0
B ¼ 0.0247 and

AD ¼ RD − R0
D ¼ 0.0246.

The produced pair number is

Neþe− ¼
X
i

Nγinzlσ0iS0i
4β

π
; ðD5Þ

which gives the standard deviation ΔRB;D ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffi
Neþe−

p
.

Assuming an electron bunch with N0
e− ¼ 1 × 108 is used

for linear Compton scattering, the photon yield within
0.05 mrad is around N0

γ ¼ 0.5 × 107. Then, the confidence
level for a single short could reach

nB ¼ AB

ΔRB
¼ AB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4βnzl
π

X
i

Nγiσ0iS0i

s
¼ 8;

nD ¼ AD

ΔRD
¼ AD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4βnzl
π

X
i

Nγiσ0iS0i

s
¼ 8; ðD6Þ

indicating a single short measurement of vacuum polari-
zation could reach a confidence level of 8σ.
Note that one should make sure that the observables

AB ¼ 0.0247 are much larger than the error of the initial

photon polarization measurement ∼ΔR0
B ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffi
N0

eþe−

q
¼

0.0035 as ξ10 ≠ 0 for initial γ rays. Apparently, the
condition AB − ΔR0

B > ΔR0
B is fulfilled for a single shot.

However, as for previous schemes [28], the feasibility
relies on the capacity of postselection techniques to
reduce the substantial background noise from radiation
and cascaded detectors to enhance the conversion effi-
ciency [66–68] and suppress multiple Coulomb scattering
[69]. We emphasize that the experimental detection
capacity for γ polarization (typically ≳10% [70]) is
currently significantly lower than that for positrons
(typically ∼0.5% [71]).

[1] O. Halpern, Scattering processes produced by electrons in
negative energy states, Phys. Rev. 44, 855 (1933).

[2] V. Weisskopf, The electrodynamics of the vacuum based on
the quantum theory of the electron, K. Dan. Vidensk. Selsk.
Mat. Fys. Medd. 14, 1 (1936).

[3] V. B. Berestetskii, E. M. Lifshitz, and L. P. Pitaevskii,,
Quantum Electrodynamics (Pergamon Press, Oxford,
1982), Vol. 4.

[4] A. Ejlli, F. Della Valle, U. Gastaldi, G. Messineo, R. Pengo,
G. Ruoso, and G. Zavattini, The PVLAS experiment: A
25 year effort to measure vacuum magnetic birefringence,
Phys. Rep. 871, 1 (2020).

[5] A. Cadène, P. Berceau, M. Fouchè, R. Battesti, and C.
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