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Experimental efforts toward the detection of the nonperturbative strong-field regime of the Breit-
Wheeler pair creation process plan to combine incoherent sources of GeV γ quanta and the coherent fields
of tightly focused optical laser pulses. This endeavor calls for a theoretical understanding of how the pair
yields depend on the applied laser field profile. We provide estimates for the number of produced pairs in a
setup where the high-energy radiation is generated via bremsstrahlung. Attention is paid to the role of the
transversal and longitudinal focusing of the laser field, along with the incorporation of a Gaussian pulse
envelope. We compare our corresponding results with predictions from plane-wave models and determine
the parameters of focused laser pulses which maximize the pair yield at fixed pulse energy. Besides, the
impact of various super-Gaussian profiles for the laser pulse envelope and its transverse shape is discussed.
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I. INTRODUCTION

Materializing quantum vacuum fluctuations into real
electron-positron pairs from collisions of photons is among
the iconic predictions of quantum electrodynamics that
support the contemporary perception of the quantum
vacuum as a source of nonlinear electromagnetic inter-
actions. In fact, theoretical studies that followed Breit and
Wheeler’s pioneering work on the linear pair production
by two photons [1] revealed creation channels γ0 þ nγ →
e− þ eþ in which n background photons could be absorbed
simultaneously in the course of a single pair creation event
[2–7]. This nonlinear landscape is expected to occur in both
the perturbative weak-field (ξ ≪ 1) and nonperturbative
strong-field (ξ ≫ 1) regimes ruled by the laser intensity
parameter ξ ¼ jeE0j=ðmωÞ, characterized by the laser
frequency ω and peak field strength E0.

1 In the former
scenario the partial rates linked to nonlinear events
Rn ∼ ξ2n are suppressed as the number of absorbed photons
(n > 1) grows. This means that—in practice—nonlinear

Breit-Wheeler reactions in the field of a laser with ξ < 1 are
likely to take place with the absorption of few photons only.
The described scenario was confirmed experimentally by
the SLAC E-144 collaboration [8]. Besides, by accelerating
gold ions to ultra-relativistic energies, an experimental
validation of the linear channel (n ¼ 1) in collisions of
quasireal photons has been reported recently [9].
In contrast to the perturbative scenario, a large amount

of laser photons is predicted to be absorbed when a single
pair is produced under the condition ξ ≫ 1. So far this
highly nonlinear regime lacks an experimental observation,
mainly because the total production rate R ∼ exp½−8=ð3κÞ�,
with κ ¼ 2ω0E0=ðmEcÞ for counterpropagating beam geo-
metry, is exponentially suppressed unless the effective peak
field strength ðω0=mÞE0 comes close to the characteristic
Schwinger scale Ec ¼ m2=jej ≈ 1.3 × 1016 Vcm−1. Here,
ω0 stands for the frequency of the weak field. While E0 as
large as Ec is yet inaccessible in the laboratory frame, the
possibility of producing highly energetic γ radiation
(ω0 ≳Oð1Þ GeV) via bremsstrahlung combined with both
the current availability of multi-petawatt laser facilities [10]
and unprecedented detection techniques, makes the first
confirmation of the nonperturbative strong-field regime of
the Breit-Wheeler pair creation process come into reach. As
a consequence, various experimental endeavors are being
planned worldwide, including the projects E-320 at SLAC
[11] and LUXE at DESY [12,13] as well as the upcoming
experiments at the Rutherford Appleton Laboratory [14]
and the one put forward by the Center of Advanced Laser
Applications (CALA) [15].
Clearly, as the high-intensity lasers involved in the listed

collaborations (I ≲Oð1022Þ Wcm−2) are tightly focused
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1Throughout this paper we use Lorentz-Heaviside units where
c ¼ ℏ ¼ ϵ0 ¼ 1. Besides, the signature of the metric tensor is
chosen with diagðgμνÞ ¼ ð1;−1;−1;−1Þ. The symbols e and m
stand for the electron charge and mass, respectively.
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and the production of γ quanta through bremsstrahlung
generates a broad spectrum, attempts in describing theo-
retically the forthcoming measurements require to go
beyond the traditional treatments of pair production by a
monoenergetic γ beam and a plane-wave laser field,
on which most of the investigations carried out so far rely
[3–7,16–28]. This situation renders theoretical studies of
the strong field pair production process in realistic setups a
subject of raising interest. Although a comprehensive theo-
retical framework including the aforementioned properties is
far from being accomplished, progresses toward under-
standing the role of the transversal focusing of the high-
intensity laser pulse have been achieved at the fundamental
level, where a single γ quantum of fixed energy intervenes
[29–31]. Parallelly, there have been efforts for assessing the
impact of the spectral distribution of bremsstrahlung γ quanta
on the production of pairs by adopting variousmodels for the
strong background laser field [32–34].
The present manuscript aims to provide first estimates

for the expected pair yields by including simultaneously
both the focusing of the high-intensity laser pulse as well as
the frequency spectrum and spatial spreading of the brems-
strahlung γ beam.We consider a modern version of the setup
proposed originally by Reiss [6], in which a high-intensity
optical laser field and high energy γ quanta—produced in the
course of the interaction between highly energetic incident
electrons and a thin high-Z target—collide, giving rise to
electron-positron pairs (see Fig. 1).2 The benchmark param-
eters used in our investigation are in correspondence with
those envisaged in Ref. [15], which guarantee the realization
of the nonperturbative strong-field regime (ξ ≫ 1, κ ∼ 1) of
the Breit-Wheeler pair production process. In this para-
meter regime, a locally constant field approximation (LCFA)
can be applied [7,36–40]. Its use allows us to assess the role
of the transversal and longitudinal focusing of the laser field
along with the incorporation of the Gaussian pulse envelope.
We show that the inclusion of the spatial laser focusing
reduces the pair production yield as compared to scenarios
relying on plane-wave pulses comprising the same pulse
energy and establish intensity-focusing parameters for which
the number of production events is optimized. Besides, the
impact of choosing super-Gaussian profiles for the pulse
envelope and the transversal shape of the laser field is
analyzed separately.
The manuscript is organized as follows. In Sec. II we

provide details of the theoretical framework used in our
analysis. Particularly, in Sec. II A various aspects of the
bremsstrahlung γ radiation are introduced and some assump-
tions are adopted. We then proceed with Sec. II B, where
some laser field profiles to be investigated are presented.

Next, in Sec. II C expressions for the production probability
and the number of produced pairs per radiating electron are
elucidated via LCFA. In parallel, an expression for the pair
production rate in a constant crossed field is derived for the
regime where the conditions ξ ≫ 1 and κ ≈ 1 are fulfilled
simultaneously. The formulas obtained in Sec. II C are
afterwards exploited to assess numerically the impact of
the different laser field models. The results of these evalu-
ations are discussed in Sec. III. While in Sec. III A compar-
isons between the constant crossed field, plane-wave and
paraxial field models are carried out, Sec. III D is devoted to
evaluate effects linked to super-Gaussian profiles. The role of
different focal regionswithin the photo-production of pairs is
studied in Sec. III B, whereas the impact of the relation
between tighter focus and higher intensity is investigated in
Sec. III C. Finally, in Sec. IV, we present our conclusion,
whereas in the appendices details on the space-dependent
quantum nonlinearity parameter are given and expressions
for the electric field beyond the paraxial approximation are
listed.

II. THEORETICAL APPROACH

The envisaged setup is split into two stages in which the
generation of high-energy γ radiation and the pair produc-
tion processes occur separately. While in the first stage, the
γ quanta are produced through bremsstrahlung of an
incident highly collimated beam of ultrarelativistic elec-
trons, in the second stage a fraction of them collides with a
high-intensity laser pulse. This section is devoted to
introduce the analytical tools that are used in the descrip-
tion of the strong-field nonlinear Breit-Wheeler pair pro-
duction as it may occur in the depicted configuration
(see Fig. 1).

FIG. 1. Sketch of an experimental setup put forward to create
e−eþ-pairs from the collision of bremsstrahlung γ quanta and a
tightly focused laser pulse in the nonperturbative strong-field
regime (ξ ≫ 1, κ ∼ 1) of the Breit-Wheeler process. The high-Z
target responsible for the generation of the γ radiation is supposed
to be thin. A magnet is located right after the target to deflect
primarily the electron flux that traverses it. The spreading beam
of bremsstrahlung photons forms a cone colored in blue. For
more details on the planned experiment we refer the reader
to Ref. [15].

2A similar setup has been put forward as an alternative route
for verifying the linear Breit-Wheeler reaction. The interested
readers are referred to Ref. [35], where the associated phenom-
enology is discussed in detail.
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A. Bremsstrahlung spectrum

In our numerical computations, we shall consider inci-
dent electron beams comprising several pC of total charge
which have reached an energy E0 of few GeV via laser
wake-field acceleration (LWFA). The spatial extent of such
electron beams depends on the precise regime of accel-
eration. To be specific, we shall assume that the accelerat-
ing field needed for exciting the plasma wake is taken
from the same laser source which provides the tightly
focused laser pulse that drives the pair production process
in the second stage, as it is experimentally planned [15].
However, in contrast to the latter pulse, the former will be
weakly focused. The axial extension of the electron beam σz
varies depending upon the plasma density ne < 1018 cm−3
and the parameters of the weakly focused laser wave. The
experiment at CALA aims to prepare amonoenergetic bunch
by the end of the accelerationprocess and thiswill occur if the
electron beam is short enough to experience an approx-
imately uniform accelerating field. This in turn takes place at
distances smaller than the plasma wavelength λp ¼ 2πω−1

p

with ωp ¼ ðe2ne=mÞ1=2 referring to the plasma frequency.
Indeed, in the blow-out regime of the LWFA nb > ne, with
nb referring to the electron beam density, both the axial σz
and radial σr extensions of the witness bunch are bound
by σz;r < λp=ð2πÞ [41–43]. Under such a circumstance, the
beam spreading characterized by a broadening angle θe− has
been estimated to be of the order of θe− ≈ 0.5 mrad,while the
distance traveled by the electrons toward the high-Z target
will be set to Le− ¼ 10 cm.
Simulations carried out in Ref. [15] provide evidences

that only ∼1% of the electrons in the beam will produce
bremsstrahlung radiation. Upon penetrating a high-Z target
with thickness LT much smaller than the characteristic
radiation length Lrad of the material [LT ≪ Lrad], the
emission of bremsstrahlung photons takes place within
the electron beam volume which undergoes almost no
spatial spreading due to the ultrarelativistic nature of its
constituents. Hence, we will assume that the longitudinal
extension of the bremsstrahlung burst amounts to σz as
well. In this context, the spreading angle of generated
radiation can be approximated by the inverse electron
Lorentz factor θγ ≈ 1=γe ¼ m=E0 ∼Oð1Þ mrad. As a con-
sequence the vast majority of the bremsstrahlung photons
are emitted tangentially to the direction of propagation of
the incident electron beam. The energy spectrum of
bremsstrahlung photons, which are produced by electrons
passing through a solid high-Z target, in the thin target
approximation and complete screening case3 reads [44,45]

Iγðf;lÞ ¼ E0

dN γ

dω0 ≈
l
f

�
4

3
−
4f
3
þ f2

�
; ð1Þ

where N γ is the number of emitted photons by a radiating
electron, f ¼ ω0=E0 refers to the normalized photon energy
of the emitted γ radiation and l ¼ LT=Lrad denotes
the normalized target thickness. In our numerical studies
we shall assume a target made of tungsten for which the
radiation length is Lrad ¼ 3.5 mm.
Unless stated otherwise, we use Eq. (1) throughout this

study. However, we should mention at this point that
another approximative formula for the bremsstrahlung
spectrum is available in the literature [45] which, in contrast
to Eq. (1), is well suited for thicker targets with l < 2:

Iγðf;lÞ ≈
ð1 − fÞ4l=3 − e−7l=9

fð7=9þ 4=3 logð1 − fÞÞ : ð2Þ

We compare the outcomes from Eqs. (1) and (2) for LT ¼
50 μm (l ¼ 0.015) in Fig. 2. Here, the dashed red line
accounts for the thin target approximation, whereas the
blue solid holds for thicker targets. Both analytical models
(1) and (2) are known to describe the spectrum of
bremsstrahlung photons well (as, for example, the com-
parison with numerical GEANT4 simulations in [15,32]
demonstrates), but show an unrealistic divergence in the
infrared limit f → 0. However, as we will see below, the
low energetic part of the spectrum with f ≲ 0.2 will
practically not contribute to the pair creation in the
envisaged parameter regime. Hence, the divergence is
not harmful and the impact of this part of the spectrum
may be neglected. Furthermore, the thin target approxima-
tion does not manifest the characteristic steep decrease at
the point f ≈ 1 stemming from the fact that no photons can
be emitted with energy greater than the energy of the
incident electrons. Also this region of the spectrum
therefore needs to be considered with care. The

FIG. 2. Bremsstrahlung spectra according to Eqs. (1) (red
dashed) and (2) (blue solid).

3In general, the bremsstrahlung spectrum depends on the atomic
number Z of the target material. This is encoded in Eq. (1) via the
radiation length Lrad. Additional Z − dependent terms have been
ignored, though, which introduces a minor error of maximal 2.5%
[44,45]. Moreover, “complete screening” refers to screening of
nuclear Coulomb potentials by atomic electrons, which is particu-
larly effective at high energies E0 and small emission angles θγ .
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contributions of incident electrons with different energies to
the pair creation rate by considering separately thin and tick
targets are studied at the beginning of Sec. III.
As described above, in the second stage the bremsstrah-

lung γ burst collides with a high-intensity laser pulse of
optical frequency ω ∼Oð1Þ eV and large value of ξ ≫ 1.
The collision will take place at some distance L ∼Oð1Þ m
from the target under a collision angle ϕ between the
bremsstrahlung beam and the strong laser pulse. Observe
that, due to the spreading, the bremsstrahlung radiation
covers a volume (see Fig. 1):

Vγ ≈ πσzr̄2 with r̄ ¼ rmin þ rmax

2
ð3Þ

the average radius of the truncated cone formed by the
bremsstrahlung burst. Here, the maximal and minimal radii
are rmax ≈ θrmsσz þ rmin and rmin ¼ σr þ Le−θe− þ Lθrms,
respectively with σr < λp=ð2πÞ denoting the transversal
extension of the witness beam and θrms ¼ ðθ2e− þ θ2γÞ1=2
counting for the root-mean squared of the spreading angle.
We note that, in the planned experiment at CALA,
r̄ ≈ rmin ≈ Le−θe− þ Lθrms ≈ 320 μm (see Ref. [15]).

B. Laser field profiles

The element of the setup that is left to be described is
the high-intensity laser field which takes part in the second
stage of the experiment. We will suppose this pulse back-
ground propagating along the z − axis with a linear
polarization characterized by the vector ϵ ¼ ð1; 0; 0Þ.
Consequently, the nontrivial electric field component to
be specified is Ex ¼ By. While in the course of our cal-
culations various strong field profiles are analyzed, the field
shape resulting from the paraxial approximation is adopted
as a reference model [46]:

Ex ¼ E0

e−ð
ffiffiffiffiffiffiffiffiffiffi
2 lnð2Þ

p ðt−zÞ
τ Þ2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ζðzÞ2
p e−ð

r
wðzÞÞ2 sinðΦÞ: ð4Þ

Here, wðzÞ ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ζðzÞ2

p
stands for the beam width

which depends on the longitudinal coordinate z via the
factor ζðzÞ ¼ z=zR. In this context, zR ¼ πw2

0=λ is the
Rayleigh length, whereas w0 refers to the beam waist size
at the focal point (z ¼ 0). The nontrivial Gaussian depend-
ence on r2 ¼ x2 þ y2 accounts for the transversal behavior
of the pulse, whereas its temporal extension τ is taken at
FWHM from the intensity. Moreover, the pulse phase is

Φ ¼ ωðt − zÞ − ζðzÞ r2

w2ðzÞ þ arctanðζÞ: ð5Þ

The beam energy carried by this pulse, which in practice
is fixed and does not change by focusing into various field
profiles, can be calculated from the associated local power:

Pðt; zÞ ¼ E2
0

2

πw2
0

2
e−2ð

ffiffiffiffiffiffiffiffiffiffi
2 lnð2Þ

p
φ
ωτÞ

2

×

�
1 −

1

1þ ζðzÞ2 ½cosð2φÞ − ζðzÞ sinð2φÞ�
�

ð6Þ

with φ ¼ ωðt − zÞ. Once the integration over time is carried
out, one obtains the pulse energy

WG ≈
E2
0

2

πw2
0

2

τ

2

ffiffiffiffiffiffiffiffiffiffi
π

lnð2Þ
r

ð7Þ

with the accuracy up to a term decreasing exponentially in
ðωτÞ2, providedωτ ≫ 1. The expression abovewill be used
to adjust the laser intensity and focusing parameters linked
to other field models while keeping their energies equal
to Eq. (7).
In addition to the previous focused Gaussian pulse, we

shall adopt a description for the strong laser field which
relies on a pulsed plane wave model. The field associated
with this scenario can be read off from Eq. (4) when the
limit w0 → ∞ is taken. Explicitly,

ExðφÞ ¼ E0e
−ð

ffiffiffiffiffiffiffiffiffiffi
2 lnð2Þ

p
φ
ωτÞ

2

sinðφÞ ≔ E0ψðφÞ: ð8Þ

In contrast to the paraxial approximation a plane wave is
infinitely extended perpendicularly to the direction of
propagation and as a consequence, the associated beam
power would formally diverge. In order to perform a fair
comparison, the infinite transversal beam area can be
parametrized conveniently by Aint. In such a scenario the
instantaneous beam power results PðφÞ ¼ E2

xðφÞAint and
the corresponding energy carried by the beam reads

Wpw ≈
E2
0

2
Aint

τ

2

ffiffiffiffiffiffiffiffiffiffi
π

lnð2Þ
r

: ð9Þ

A comparison with Eq. (7) allows us to identify the
effective interacting area Aint ¼ πw2

0=2. Implicitly, this
means that the strong field is truncated transversally, i.e.
ExðφÞ → ExðφÞΘðrÞΘðw0=

ffiffiffi
2

p
− rÞ with ΘðxÞ denoting

the unit step function. Observe that in the limit ωτ → ∞
the plane wave in Eq. (8) becomes monochromatic with a
power PðφÞ ¼ E2

0 sin
2ðφÞAint. In this context, the beam

energy equals Wmpw ¼ hPiT int, where hPi ¼ IAint is its
mean power with I ¼ E2

0=2 referring to the time-averaged
intensity. Upon a comparison between Wmpw and Eq. (9)

we end up with T int ¼ τ
2

ffiffiffiffiffiffiffi
π

lnð2Þ
q

.

The procedure is extendable to paraxial pulses modu-
lated by super-Gaussian profiles (see Fig. 3), which are
characterized by higher powers within the time-dependent
exponent of Eq. (4); i.e., when the power 2 there is replaced
by n ¼ 4; 8;… the field becomes
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Ex ¼ E0

e−ð
ffiffiffiffiffiffiffiffiffiffi
2 lnð2Þ

p ðt−zÞ
τ Þnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ζðzÞ2
p e−ð

r
wðzÞÞ2 sinðΦÞ: ð10Þ

Observe that, as n increases, the field profiles linked to
super-Gaussian models acquire plateaus which enable to
reach the peak intensity several times as compared to the
case modulated by the standard Gaussian function.
Likewise, the aforementioned growing of n reduces gradu-
ally the ramping (deramping) interval, making its slope
steeper than in the Gaussian model. The corresponding
energies for n ¼ 4 and n ¼ 8 are

Wn¼4 ≈
E2
0

2

πw2
0

2

τ21=4Γð5
4
Þffiffiffiffiffiffiffiffiffiffi

lnð2Þp ;

Wn¼8 ≈
E2
0

2

πw2
0

2

τ23=8Γð9
8
Þffiffiffiffiffiffiffiffiffiffi

lnð2Þp ð11Þ

with ΓðxÞ denoting the Gamma function [47]. Observe that
as long as we refer to a common laser system the peak
intensity will vary when the pulse energy is kept fixed.
Super-Gaussian profiles can also be used when modeling

the transverse shape of the wave. However, in contrast to
the previous scenario, the intensity linked to these beams at
the focal plane z ¼ 0 is [48,49]

IðrÞ ¼ I0e
−2ð r

w0
Þm ð12Þ

with m ≥ 2 and peak intensity I0 ¼ E2
0. Correspondingly, a

pulse transversally focused by a super-Gaussian profile
has a nonvanishing electromagnetic field component of the
form

Ex ¼ E0e
−ð

ffiffiffiffiffiffiffiffiffiffi
2 lnð2Þ

p
φ
ωτÞ

2

e−ð
r
w0
Þm sinðφÞ: ð13Þ

For m ¼ 2, the formula above describes the leading order
termof the paraxial field [seeEq. (4)] in z=zR ≪ 1, which is a
good approximation for the focal inner region. In the limit of
m → ∞ the transversal part tends to a rectangular function.
The pulse energy for m ¼ 4 and m ¼ 8 results into

Wm¼4 ≈
E2
0

2

π3=2w2
0

23=2
τ

2

ffiffiffiffiffiffiffiffiffiffi
π

lnð2Þ
r

;

Wm¼8 ≈
E2
0

2

πw2
0Γð54Þ
21=4

τ

2

ffiffiffiffiffiffiffiffiffiffi
π

lnð2Þ
r

: ð14Þ

We remark that an analytical expression for the transversal
super-Gaussian beams does not exist outside the focal plane
z ¼ 0. Hence,Eq. (13) can only be appliedwhen longitudinal
focusing of the laser beam can be disregarded.

C. Pair creation by bremsstrahlung photons
in a strong laser pulse within the locally

constant field approximation

We shall suppose that the production process is domi-
nated by the space-time region in which the strong field
condition ξðx; tÞ ≫ 1 holds. Under such circumstances the
characteristic pair formation length l ∼ λ=ðξπÞ turns out to
be much smaller than λ ¼ 2πω−1, enabling an effective
description in which the laser background can be treated
locally as a constant field whose electric and magnetic field
strengths are orthogonal and equal. This locally constant
field approximation is applicable for low frequencies
ω ≪ m and large values of ξ starting from ξ≳ 5, as it
was shown in Ref. [50].
As a consequence, the local probability rate per unit of

volume for producing a pair by a single bremsstrahlung γ
photon can be approximated by [51,52]

dP
dtdV

����
ξðx;tÞ≫1

≈ RðκÞjξ→ξðx;tÞ; ð15Þ

where RðκÞ is the transition rate per volume of the pair
production process in a constant crossed field [3,4,7]:

RðκÞ ¼ −
αm2

6
ffiffiffi
π

p
ω0Vγ

Z
∞

1

duð8uþ 1Þ
u

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uðu − 1Þp Φ0ðzÞ

z
: ð16Þ

Here κ ¼ kk0ξ=m2 denotes the quantum nonlinearity
parameter with k0 ¼ ðω0; k0Þ and k ¼ ðω; kÞ referring to
the corresponding four-momentum of the γ quanta and
the laser wave. Observe that the local density rate depends
on the derivative Φ0ðzÞ ¼ dΦ=dz of the Airy function
ΦðzÞ¼ 1ffiffi

π
p

R∞
0 dt cosðt3

3
þztÞ with argument z¼ð4u=κÞ2=3.

We remark that the expression above applies as long as
ξ ≫ maxf1; κ1=3g holds and perturbation theory is still

FIG. 3. Plane-wave pulses (w0 → ∞) with Gaussian and super-
Gaussian-profiles with n ¼ 4 and n ¼ 8 are shown in blue,
green and red, respectively. While the pure Gaussian envelope is
dotted, the corresponding modulated functions linked to n ¼ 4
and n ¼ 8 are dashed and dot-dashed. These envelopes are given
as references. This picture has been generated by setting τ¼ 5 fs
and ω¼ 1.55 eV.
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valid, i.e., if the condition ακ2=3 < 1 is fulfilled with α ≈
1=137 referring to the fine structure constant [53–58].
In the following we shall assume that the mean collision

angle between the bremsstrahlung burst and strong laser
pulse is ϕ ¼ π. As we are interested in comparing the pair
yields stemming from various external field models, we
shall discuss in this section particularities of the corre-
sponding expressions for the number of produced pairs per
radiating electron:

N ≈
Z

E0

0

dω0hPi dN γ

dω0 ¼
Z

1

0

dfhPiIγ; ð17Þ

where Iγ are given in Eqs. (1) and (2) and the change of
variable ω0 ¼ fE0 has been carried out. In the formula
above hPi ¼ 1

2δϕ

R ϕþδϕ
ϕ−δϕ dϕ̃Pðϕ̃Þ is the pair production

probability [see Eq. (15)]:

PðϕÞ ≈
Z
Γ
dtdV RðκÞjξ→ξðx;tÞ ð18Þ

averaged over the collision angle. Hereafter we suppose a
deviation δϕ due to the spreading of both the decaying
gamma quantum and the laser pulse much smaller than ϕ,
i.e. ϕ ≫ jδϕj, in which case the approximation hPi ≈P
applies.
Noteworthy, the domain of integration in Eq. (18), i.e. Γ,

is defined by the interaction region where the strong field
condition ξðx; tÞ ≫ 1 is fulfilled. Observe that for an
optical laser with frequency ω¼ 1.55 eV and peak intensity
I0 ≈ 2 × 1022 W=cm2 (i.e. ξ ¼ 70), this translates into
Iðx; tÞ=I0 ≫ 2 × 10−4. As Fig. 4 exhibits, this spacetime
sector is characterized by oscillations of the strong field
modulated by both the focusing and pulse shape functions.
Despite the cumbersome form of Γ, the fast damping of
RðκÞ for κ ≪ 1 allows us to extend this domain to the whole
interaction region, where the bremsstrahlung beam and
laser pulse overlap, without introducing an appreciable
error. Indeed, in the presence of a strong pulse, the
integration region turns out to be determined by the most
separated wavefronts of the bremsstrahlung burst. This
requires that in our model the radiation mode with
frequency ω0 extends over the phase interval − 1

2
ω0σz ≤

k0x ≤ 1
2
ω0σz. In Fig. 4, this restriction translates into a band

encompassed between the dashed lines: z� ¼ −t� 1
2
σz. At

this point we should stress that the derivation of Eq. (16)
relies on a monochromatic plane-wave wave function for
the decaying γ quantum. This means that our model
assumes the axial σz and radial r̄ extensions of the
bremsstrahlung radiation to substantially exceed the asso-
ciated wavelength λ0 ¼ 2πω0−1, which is safely fulfilled.
With all these details to our disposal we find that the

scenario where the strong laser field turns out to be
described by a paraxial Gaussian pulse (see Sec. II B),
the probability can be expressed as

P ≈ 2π

Z
∞

−∞
dt

Z
∞

0

rdr
Z

−tþ1
2
σz

−t−1
2
σz

dz RðκÞjξ→ξðx;tÞ; ð19Þ

where cylindrical coordinates have been adopted. The
combination of Eqs. (17)–(19) with (1) included, consti-
tutes the starting point of our numerical analysis. We note
that beyond the paraxial approximation, the cylindrical
symmetry of the laser pulse is broken through nontrivial
dependences on the azimuthal angle [see Eqs. (B1) and
(B2)]. In such a case, the factor 2π in the expression above
has to be replaced by an integration over the aforemen-
tioned angle.
Next, we consider models in which the strong field

background depends only on the phase φ (see Eq. (8) and
the discussion that follows it). This scenario can be
formulated conveniently via light-cone coordinates:
x� ¼ 1ffiffi

2
p ðt� zÞ, x⊥ ¼ ðx; yÞ [59,60]. As a consequence,

the strong field phase becomes φ ¼ kþx− with kþ ¼
ðk0 þ k3Þ= ffiffiffi

2
p ¼ ffiffiffi

2
p

k0. In this context, kk0 ¼ kþk0−,
whereas the phase of the gamma quantum k0x ¼ k0−xþ.
We note that this set of variables allows us to express the
pair production probability as

P¼ ω0

kþk0−
V int

Z
∞

−∞
dφRðκÞjξ→ξðφÞ

¼−
αm2

6
ffiffiffi
π

p
kk0

V int

Vγ

Z
∞

−∞
dφ

Z
∞

1

duð8uþ1Þ
u

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uðu−1Þp Φ0ðzÞ

z
: ð20Þ

FIG. 4. Behavior of the laser intensity Iðx; tÞ ¼ E2ðx; tÞ of a
paraxial pulse [see Eq. (4)] in t and z (upper panel) and in x and z
(lower panel). Here, the dashed lines represent wavefronts of
bremsstrahlung radiation separated between each other by a
distance σz ¼ 2zR. The inset of the upper panel reveals the
oscillatory feature of the strong field along t and z axes. We have
used the same benchmark values and notation as in Table I.
For these values and I0 ≈ 2 × 1022 W=cm2, the strong field
condition ξðx; tÞ ≫ 1 translates into Iðx; tÞ=I0 ≫ 2 × 10−4 and
zR ¼ 15.7 μm.
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Notice that the establishment of the second line required
the substitution of Eq. (16) explicitly. As before, z ¼
ð4u=κðφÞÞ2=3 with κðφÞ ¼ κjψðφÞj. In this expression
V int is the interacting volume, the precise form of which
depends on the strong field model.4 Indeed, if the latter
turns out to be a plane wave, V int and Vγ coincide and the
resulting expression agrees with the outcome resulting from
Eq. (33) of Ref. [37]. However, in contrast to our
procedure, the expression in the aforementioned reference
was obtained from the imaginary part of the vacuum
polarization tensor in a plane-wave background via the
optical theorem. Now, if the strong pulse is truncated
transversally with a size w0=

ffiffiffi
2

p
< r̄, the interaction vol-

ume turns out to be determined by the region occupied by
the external field. In this case V int ¼ Aintσz with Aint given
below Eq. (9), and V int=Vγ ≈ w2

0=ð2r̄2Þ, where the result
given below Eq. (3) has been used. The ratio between V int
and Vγ accounts for the fraction of bremsstrahlung photons
that interact with the strong laser pulse and for the
parameters assumed in Sec. III amounts to ≈2 × 10−5.
Lastly, if the external field is approximated by ExðφÞ ¼

E0Θð12Δφ − φÞΘðφþ 1
2
ΔφÞ, the background turns out to

be a constant crossed field. Under such condition the pair
creation probability from Eq. (20) reads

P ¼ T intVintRðκÞ ð21Þ

provided the relation T int ¼ τ
2

ffiffiffiffiffiffiffi
π

lnð2Þ
q

¼ Δφ=ð2ωÞ holds (see
below Eq. (9) for T int).
Now, the experiment put forward by CALA aims to

probe the nonperturbative strong-field regime (ξ ≫ 1,
κ ∼ 1) of the Breit-Wheeler process. In order to elucidate
the behavior of R in this limit, we first exploit the relation
Φ0ðzÞ ¼ − zffiffiffiffi

3π
p K2=3ð23 z3=2Þ with KνðxÞ denoting the modi-

fied Bessel function of the second kind [47]. As a
consequence, Eq. (16) can be written as

R ¼ αm2

6πω0Vγ

8

33=2κ

Z
∞

8
3κ

dp
3κpþ 1

p3=2
ffiffiffiffiffiffiffiffiffiffiffiffi
p − 8

3κ

q K2=3ðpÞ; ð22Þ

where the change of variables p ¼ 8u=ð3κÞ has been
carried out. For κ ∼ 1 the main contribution in the integral
results from the region p ∼ 8=ð3κÞ. By approximating the
integrand with its most slowly decreasing part, we end up
with

Rκ≈1 ≈
αm2

6πω0Vγ

ffiffiffiffiffi
8κ

p Z
∞

8
3κ

dp
K2=3ðpÞffiffiffiffiffiffiffiffiffiffiffiffi
p − 8

3κ

q

¼ αm2

πω0Vγ

�
2

3

�
3=2

K7=12

�
4

3κ

�
K1=12

�
4

3κ

�
: ð23Þ

In Fig. 5 we show the behavior of the rate given in Eq. (22)
as a function of κ (black solid). For comparison, we have
added the rate linked to Eq. (23) in red dashed style and the
one corresponding to the case κ ≪ 1 in blue dotted. It is
worth remarking that in the region of κ ∈ ½1.5; 2.5� the error
introduced by Eq. (23) lies below 2% and grows to
approximately 10% for κ ≪ 1. This analysis reveals that
Rκ≈1 provides a good description of the pair production rate
for the present study and will be adopted in the forthcoming
numerical calculations.

III. RESULTS AND DISCUSSION

A. Comparison of different field models

In this section we use the expressions derived so far to
provide estimates for the pair yield by an incident radiating
bremsstrahlung electron assuming various laser field mod-
els. We shall consider an ideal collision characterized by a
perfect synchronization. To avoid longitudinal mis-
matching, the extension of the bremsstrahlung burst will
be chosen so that, at t ¼ 0, it covers fully the strong field
region of the laser pulse. An examination of Fig. 4 indicates
that the conservative value of σz ¼ 2zR ≈ 31.4 μm—which
is taken hereafter as a reference parameter—guarantees the
previous condition. Observe that the upper bound discussed
at the beginning of Sec. II A, i.e. σz < λp=ð2πÞ [41,42],
implies that the plasma density has to satisfy the condition
ne < 2.25 × 1016 cm−3 for consigning a monoenergetic
witness bunch. We note that this limitation remains within
the ballpark ne < nb with nb ≈ 1018 cm−3 established in
Ref. [15]. Unless explicitly stated otherwise, we use the

FIG. 5. Comparison of the numerically evaluated rate as given
in Eq. (16) (black solid) with the analytical κ ≈ 1 asymptote from
Eq. (23) (red dashed) and the limiting case Rκ≪1 ≈
αm2

8ω0Vγ
ð3
2
Þ3=2κe− 8

3κ that is valid for κ ≪ 1 (blue dotted) [4].

4For a collision geometry other than head-on, V int can depend
on the crossing angle ϕ.
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benchmark parameters listed in Table I, and a counter-
propagating geometry (ϕ ¼ π).
We begin our study by analysing the dependence of the

created particle distribution on the bremsstrahlung photon
energy. This behavior is summarized in Fig. 6. Depending
on the underlying field description, the curves (blue dashed
for constant crossed fields (CCF), black solid for pulsed
plane wave and red solid for pulsed Gaussian) show the
corresponding number of produced pairs. The figure was
generated in the following way: for the blue curve we
consider only a fraction of the—infinitely extended—field
enclosed in the spacetime volume V intT int, which contains
the same energy as the Gaussian laser pulse [see Eq. (21)].
In the case of the pulsed plane wave we proceed analo-
gously and restrict the spatial components to V int. While the
constant crossed field description provides the most opti-
mistic prediction, the incorporation of a finite laser duration
and a laser focusing diminishes the expected yield by about
a factor 5 and 10, correspondingly.
Additionally, all curves in Fig. 6 increase as the energy of

bremsstrahlung photons grows meaning that higher

energetic photons facilitate the studied pair production
process. For the sake of completeness we note that at the
right edge of the spectrum the curves should have a
maximum at f ≈ 1 and fall sharply to zero afterwards.
This trend is closely linked to the fact that no γ photons can
be produced with energy exceeding E0 and, accordingly, no
pairs can be created. The absence of the falling is a result of
using the thin target approximation Eq. (1) in N (see
Refs. [44,32]). For comparison, Fig. 6 includes a red dotted
curve, which results when the thick target approximation in
Eq. (2) is applied and a focused Gaussian pulse model
adopted. As both red curves lie very close to each other and
the contribution of the low energy range f ∈ ½0; 0.2� is
negligible we conclude that in the regime of interest, the
approximation in Eq. (1) is well applicable and, thus, will
be used throughout this study [see discussion below
Eq. (2)]. In Fig. 6 we have also contrasted the differential
number of pairs resulting from the expressions in Eqs. (16)
(blue) and (23) (green dotted). The close overlapping of the
curves supports the applicability of the asymptotic formula
Rκ≈1 in the regime of interest.
The behavior of the expected total number of created

pairs as a function of ξ is depicted in Fig. 7. Results
stemming from Eq. (21), with the inclusion of (19) and (20)
are shown in dashed blue, solid black and solid red,
respectively. This figure includes a red dotted curve which
has been obtained by setting the collision angle ϕ ¼ 9π=10,
as it is planned in the experiment described in Ref. [15].
The corresponding rate has been obtained by performing
a rotation of the integration region depicted in Fig. 4.
In line, the limitation in the phase of the bremsstrahlung
radiation translates into the following limits in z:
z� ¼ −ðt ∓ 1

2
σzÞ=j cosðϕÞj þ rj tanðϕÞj. Observe that the

last term may be neglected as long as the longitudinal
extension of bremsstrahlung beam is larger than the laser
pulse length. We remark that the outlined procedure

FIG. 6. Differential number of pairs in dependence on the
scaled energy of bremsstrahlung photons for ξ ¼ 70. We use the
same benchmark values and notation as in Table I.

FIG. 7. Pair yield per radiating electron for constant crossed
fields (blue dashed), pulsed plane wave (black) and pulsed
Gaussian profile (red). The same benchmark parameters and
notation of Table I have been used.

TABLE I. The benchmark parameters envisaged at the experi-
ment to be carried out at CALA in Ref. [15]. These values are
adopted hereafter.

Incident electron energy E0 2.5 GeV
Distance traveled by the bunch Le− 0.1 m
Incident electrons collimation angle θe− 0.5 mrad
Normalized target thickness l 0.015
Distance traveled by bremsstrahlung L 0.5 m
Wavelength of the strong pulse λ 0.8 μm
Pulse waist size w0 2 μm
Pulse length τ 30 fs
Laser intensity parameter ξ 70
Laser repetition rate 0.1 Hz
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represents a good approximation whenever the collision
geometry is close to the counterpropagating case.
It can be seen that the incorporation of more realistic field

configurations, as it was indicated previously in Fig. 6,
modifies the expected outcome by lowering the pair pro-
duction yield. We remark that the reduction effect originates
solely from the laser field description as energy is kept
constant for all field shapes (see Sec. II B). While in the case
of the constant crossed field the intensity is kept high and
constant within the whole interaction spacetime volume
[which can be read off from Eq. (7)], the field intensity
linked to aGaussian profile changes from itsmaximumat the
center of the interaction volume to minimal values at its
edges. Hence, regardless the consideration of the whole
spacetime in the integration of Eq. (18), the intensity gradient
has a significant impact on the pair creation yield. The
particles are mainly produced in the rather small high-field
region close to the focal point—whereas the extended outer
regions of the pulse, where the pair production is negligible,
still contribute to the pulse energy.
Let us particularize the analysis for ξ ¼ 70 which

corresponds to an intensity of I ≈ 1022 W=cm2. Under
such circumstances the expected number of created posi-
trons per incident radiating electron in a single laser shot is
4 × 10−8. With experimental techniques available nowa-
days such as laser wake-field acceleration, electron bunches
with up to ≈1 nC charge can be generated [61,62]. For an
envisaged energy of E0 ¼ 2.5 GeV, we expect bunches of
several pC [15]. Therefore, with a 10 pC electron bunch
≈0.03 pairs per laser shot can be observed, if we assume
that 1% of incident electrons will emit a bremsstrahlung
photon (see discussion in Sec. II A). Hence, when taking
into account a laser repetition rate of 0.1 Hz a yield of 10
Breit-Wheeler pairs is expected per hour. This outcome
turns out to be much smaller than a prediction reported in
Ref. [32], where for ξ ¼ 30 up to 104 pairs per laser shot

and a pC of 2 GeV incident electrons were estimated.
However, in contrast to our scenario the prediction given in
[32] assumes that the divergence of the bremsstrahlung ray
can be counteracted by focusing the incident electron
bunch. In our case, the pair yield is reduced by a factor
V int=Vγ ∼ 10−5 that results from the beam divergences.
As a next step we analyse, in Fig. 8, the dependence of

the pair yield on the thickness of the bremsstrahlung burst.
For obtaining the depicted results we modelled the laser as
a paraxial Gaussian pulse [see Eq. (4)]. The curve exhibited
in this picture shows a downward tendency, which is caused
by the longitudinal focusing. Observe that, when the
bremsstrahlung bunch is shorter than the laser focal region
2zR, more γ photons experience high intensity of the pulse,
provided a good synchronization is achieved. On the
contrary, for longer bremsstrahlung bunches the contribu-
tions from lower intensity regions will decrease the pair
yield at the edges of the interaction volume.

B. Contributions from different focal regions

Next, we examine the contributions to the number of
pairs stemming from different focal regions. The outcome
of this investigation is exhibited in Fig. 9. These curves
have been obtained when modelling the laser field as a
paraxial Gaussian pulse and changing the integration limits
in Eq. (19) to z ∈ ½−0.75; 0; 75�zR, z ∈ ½−0.5; 0; 5�zR,
z ∈ ½−0.25; 0; 25�zR, respectively, and t� ¼ −z� 1

2
σz.

Here, the patterns in red filled circles, blue open boxes
and green open circles manifest the fraction of the pair
yield stemming from the reduced integration regions to
z ∈ ½−0.75; 0.75�zR, ½−0.5; 0.5�zR and ½−0.25; 0.25�zR,
respectively. Our assessment reveals that the relative con-
tribution from the innermost region is the higher, the lower
the bremsstrahlung photon energy is. This is understand-
able because, for rather low-energy γ photons, a large value
of the laser field is very crucial to yield a sizable pair
production signal. However, the major contribution to the

FIG. 8. Dependence of the pair yield on the thickness of the
bremsstrahlung bunch σz for parameters given in Table I. More-
over, the number of gamma photons in the pulse is kept constant.

FIG. 9. Differential number of pairs for different branches of
focal regions for a focused Gaussian pulse for ξ ¼ 70. The other
parameters are given in Table I.
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total number of pairs stems from high bremsstrahlung
energies (see Fig. 6), where the particles are created in the
following proportions: while 52% result from jzj ≤ 0.25zR,
the doubled region with jzj ≤ 0.5zR gives 94%, and
practically 100% of the pair production is contained
in jzj ≤ 0.75zR.
Figure 10 shows how the percentage of the particles

produced in different focal regions varies with the laser
intensity parameter. Here, we model the laser pulse and
change the integration limits as described previously for
Fig. 9. The trend exhibited by the curves indicates that with
thegrowingofξ the importance of the outer zones increases as
the high intensity region that facilitates the pair production is
extended to the whole Rayleigh length. To be more precise,
while the innermost region (green open circles) accounts for
about 53% of created pairs for ξ ¼ 70, its impact increases to
about 58%when the intensity parameter is lowered to20.This

tendency results from the fact that, for rather low ξ, the local
quantum nonlinearity parameter κ reaches significant values
(close to 1), as required for a sizeable pair production signal,
only in the inner focal region. Outside this region, κ quickly
falls far below 1 and the pair production is suppressed,
accordingly. In contrast, when ξ is large, the local value of
κ reachesa sizeable leveloveramorewidespread regionwhere
the pair production can occur with significant probability.
(Note that the slope of the curves in Fig. 7 decreases with
increasing ξ, so that local changes of the field strength in a
Gaussian pulse become less crucial when ξ is large.)
A comparison of the distribution of created pairs

along the z − axis with σz ¼ 2zR and σz ¼ 2zR=6 is shown
in Fig. 11. In both cases the dashed curves ignore the
longitudinal focusing in the description of the laser field,
which is achieved by omitting dependences on ζðzÞ in
the paraxial field model in Eq. (4). Conversely, the solid
curves incorporate this effect. Also here, the integration
in t was limited by t� ¼ −z� 1

2
σz. Observe that the

red curves deviate from each other outside the zone
z ∈ ½−0.25; 0.25�zR. The outcomes for a shorter bremsstrah-
lung bunch with σz ¼ 2zR=6 is shown in blue and black.
Here, the effect of the longitudinal focusing is absent as the
interaction occurs in the innermost focal region (read the
discussion below Fig. 8). Moreover, the larger maximum of
the blue curve as compared to the red one at z ¼ 0 can be
understood as a direct consequence of the shorter brems-
strahlung extension: the number of γ quanta that experiences
the region of highest field strength turns out to be larger.

C. Focusing effects

The significance of a wider longitudinal focusing is
studied further in Fig. 12, where the ratio between the
number of produced pairs linked to models with (N) and
without (Nz¼0) longitudinal focusing is exhibited as a

FIG. 10. Percentage of created particles from different focal
regions for a focused Gaussian pulse. The other parameters are
given in Table I.

FIG. 11. Distribution of created pairs in the longitudinal
direction. We use the same benchmark values and notation as
in Table I.

FIG. 12. Dependence of the ratio between the number of
produced pairs with (N) and without (Nz¼0) longitudinal focusing
on the intensity parameter ξ (upper panel) and the pulse length τ
(lower panel). The other parameters are given in Table I.
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function of the intensity parameter (upper panel) and the
pulse duration (lower panel). In both panels the black and
blue dotted curves correspond to E0 ¼ 2.5 GeV and
E0 ¼ 5 GeV. However, while the upper panel has been
obtained by setting the laser pulse duration to τ ¼ 30 fs, the
lower panel follows by setting ξ ¼ 70.
On the one hand, the upper panel manifests that the

increasing energy of the incident electrons allows us to
neglect the longitudinal focusing: for ξ ¼ 70 the relative
error 1 − N=Nz¼0 drops from ∼8% to ∼4%. This tendency,
similarly to the effect caused by the intensity, originates in
the dependence of κ on the considered parameters (see i.e.
Eq. (A3) with ω0 ¼ fE0). When the values of E0 and ξ are
so that κ ≈ 1, the corresponding rate as given in Eq. (23) has
a slope less pronounced than in the case where κ ≪ 1 (see
also Fig. 5). On the other hand, the curves in the lower
panel of Fig. 12 show a plateau for τ ≳ 3 fs.
Next, we examine the implication of the transversal laser

focusing in more detail. According to Eq. (7), the laser
energy WG ∝ Iw2

0, where I ¼ E2
0=2 stands for the average

laser intensity. Hence, we can study the impact on the
number of pairs yielded by varying simultaneously both the
laser intensity I and the beam waist w0 while keeping WG
constant as achieving higher intensity demands stronger
focusing, i.e. narrower beam. This is done by introduction
of a scaling factor x for field amplitude and waist size that
can be varied without altering the pulse energy:

WG ∝
�
ξ0
x

�
2

ðw0xÞ2 ¼ const: ð24Þ

Likewise, the field amplitude can be varied simultaneously
with the pulse duration, keeping again WG fixed.

The outcome can be seen through the blue curve in
Fig. 13 for w0∈ ½1;2.3�μm and I∈ ½0.86;4.2�×1022W=cm2.
Here, the smallest value of the beamwaist corresponds to the
highest intensity. The graph shows a pronounced declining
pattern as the intensity decreases gradually while the
waist size grows simultaneously. This can be explained
becauseN ∝ cotðxÞ, wherex is the proportionality factor that
diminishes ξ and increases w0. The introduction of this
parameter encodes two paths to optimize the production of
pairs: either by increasing the intensity or by increasing the
interaction volume. However, as it can be seen from Fig. 13,
the former benefits the process more than the latter in the
considered parameter range. Thus, an optimization of the
volume quotientV int=Vγ should be achieved by, for example,
collimating the incident electron beam with a quadrupole
magnet (decreasing θe−) or via a faster deflection of electrons
which have passed the high-Z target (decreasing L) and not
by loose focusing. Observe that the red dotted curve in
Fig. 13 depicts the dependence of the yielded pair number on
the variations of intensity and pulse duration when keeping
the pulse energy constantWG ∝ Iτ2. In analogy to the effect
of the beam waist, we see that the consideration of longer
pulses at the cost of smaller intensity does not benefit the
production of pairs.
By applying a similar procedure as described above, an

optimal intensity for the considered setup is found when
the incident electron energy is chosen as E0 ¼ 10 GeV.
Figure 14 exhibits the maximum at x ≈ 0.9, which corre-
sponds to ξ ≈ 120 (I ≈ 3 × 1022 W=cm2) and w̃ ≈ 0.9 μm.
It is worth noting that for x≲ 0.9, although the strong laser
field is more tightly focused, its increased intensity does not
guarantee a maximization of the pair production yield. On
the contrary, the respective decrease in the interaction

FIG. 13. Impact of focusing when keeping the laser pulse
energy constant. Here, the pair yield is maximal for all curves at
the smallest considered value x ¼ 0.5, which corresponds to the
largest intensity parameter ξ ¼ 2ξ0, minimal beam waist w̃ ¼
w0=2 (black) and minimal pulse duration τ ¼ τ0=4 (red dotted).
The comparison is made for the reference values ξ0 ¼ 70, w0 ¼
2 μm and τ0 ¼ 30 fs corresponding to x ¼ 1.

FIG. 14. Number of produced pairs as a function of the laser
intensity and the beam waist while keeping the pulse energy
constant. The optimal intensity point is found at x ≈ 0.9, corres-
ponding to I ≈ 3 × 1022 W=cm2 (ξ ¼ 120) at w̃ ¼ 0.9 μm. The
comparison is made for the reference values ξ0 ¼ 110, w0 ¼
1 μm corresponding to x ¼ 1 and E0 ¼ 10 GeV.
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volume outweighs the effect from the increased intensity
and results in a shrinking number of created pairs. This
study extends the outcome found in Ref. [15], where a
similar analysis was carried out for pair production by a
monoenergetic γ beam and an intense, not focused laser
pulse. As a consequence, the optimal intensity established
there was around I ≈ 1022 W=cm2 for ω0 ¼ 2.5 GeV
and w̃ ¼ 2 μm.
As it was pointed out previously, the results so far were

generated within the paraxial approximation, which is valid
as long as the diffraction angle is very small:

ϵ ¼ 2

w0ω
≪ 1: ð25Þ

However, at the points w0 ¼ 1 μm and w0 ¼ 0.5 μm for
λ ¼ 0.8 μm (see Figs. 13 and 14) we reach ϵ ≈ 0.255 and
ϵ ≈ 0.51 correspondingly, which brings the scenario closer
to the diffraction limit. Hence, in order to evaluate the
extent to which our calculations are well suited, higher
order terms in ϵ have been incorporated (see Appendix B).
The outcome of this study is summarized in Fig. 15. In this
picture, we see the number of created pairs for two
particular energies of the bremsstrahlung spectrum, i.e.
we do not average over it but rather keep the photon energy
constant at 500 MeV (left panel, f ¼ 0.2) and 2375 MeV
(right panel, f ¼ 0.95). In both cases small deviations in
the number of created pairs per bremsstrahlung photon start
to appear for ϵ≳ 0.4. This fact agrees with the extent of
modifications that appear in the electric and magnetic fields
at ϵ≳ 0.5 when going beyond the paraxial approximation
in Ref. [46], where these fields were initially introduced.
Hence, the paraxial approximation is well applicable for the
laser parameters envisaged in the present study.

D. Super-Gaussian profiles

We wish to determine the extent to which the results
discussed so far are sensitive to the chosen Gaussian time
envelope. To evaluate the deviations, we incorporate in the
paraxial model [as given in Eq. (4)] a super-Gaussian time
profile (see Sec. II B and Fig. 3). These envelopes are
characterized by steeper edges and broader plateau regions
as contrasted to a standard Gaussian. In order to make a fair
comparison we keep the energy of super-Gaussian pulses
(exemplarily n ¼ 4 and n ¼ 8) equal to the standard paraxial
pulse. This has been achieved by adjusting the intensities to

FIG. 15. Deviation in the number of created pairs when
considering Gaussian pulse in paraxial approximation (black
solid) and beyond paraxial pulses (dotted red and dashed blue) for
different diffraction angles ϵ and ξ ¼ 70. Here, the energy of
incident photons is fixed to ω0 ¼ 500 MeV (left panel) and ω0 ¼
2.357 GeV (right panel).

FIG. 16. Number of produced pairs for laser pulses with super-
Gaussian time envelopes (red, blue dashed) compared to standard
Gaussian with intensity parameter ξ ¼ 70 (black solid) when
keeping the laser energy at the standard Gaussian level. Dotted
curves result when the value of ξ is kept the same for all pulse
shapes.

FIG. 17. Number of produced pairs for laser pulses with super-
Gaussian time envelopes (red, blue dashed) compared to standard
Gaussian (black solid) when keeping the laser energy at the
standard Gaussian level. Hence, the intensity parameters read ξ ¼
70 for n ¼ 2, ξ ¼ 63.5 for n ¼ 4 and ξ ¼ 59.6 for n ¼ 8.
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In¼4 ¼ I
ffiffiffi
π

p
25=4Γð5=4Þ ≈ 0.82I;

In¼8 ¼ I
ffiffiffi
π

p
211=8Γð9=8Þ ≈ 0.73I; ð26Þ

where I stands for the standard paraxial intensity. Thus, we
check a standard Gaussian at a particular ξ against super-
Gaussian time envelopes with lower effective intensity param-
eters (as ξ ¼ jej

mω

ffiffiffiffiffi
2I

p
). The outcome is depicted in Fig. 16,

where the ξ parameter of the standard Gaussian has been
varied. Here, the number of created pairs stemming from the
latter time profile (solid black line) is compared to super-
Gaussians with n ¼ 4 (red dashed) and n ¼ 8 (blue dashed).
While the three curves show an upward trend, the super-
Gaussians overpass the pure Gaussian result at ξ ≈ 40. This
agrees with our previous finding that, for relatively lower
values of ξ, the pair production is optimized by the highest
field intensity, whereas for large ξ values, the process may
benefit more strongly from a broadening of the high-field
interaction zone. Moreover, the dotted lines in Fig. 16 result
from the study, where no modification of the intensity was
undertaken. As expected, in this case the super-Gaussians lead
to a higher pair yield in the whole intensity range, with the
outcome for n ¼ 8 exceeding the one for n ¼ 4.
Further details are presented in Fig. 17, where the

dependence of the pair yield on the pulse duration is
shown. Here, as it was done previously the laser pulse
energy is kept constant while the field shape is varied by
taking a Gaussian with n ¼ 2, ξ ¼ 70 (black solid) and
super-Gaussians with n ¼ 4, ξ ¼ 63.5 (red dashed) and
n ¼ 8, ξ ¼ 59.6 (blue dashed). While the number of
created particles grows with increasing pulse duration
for every investigated temporal profile, the broader enve-
lopes lead to a higher pair production yield. Hence, for the
considered values of ξ, the effect of increasing the effective
interaction time T int over the plateau region [see Eq. (11)]
outweighs the decrease in intensity, which was needed to
keep the pulse energies equal.
Now, we proceed to study the impact of changing

interaction volume when considering super-Gaussian pro-
files in the transversal focusing. To assess the extent to
which the number of produced pairs is modified due to this
feature, we adjust their intensities so that the energy carried
by these fields coincides with that linked to the standard
Gaussian in paraxial approximation. Hence, the corre-
sponding laser intensity parameters turn out to be

ξn¼4 ¼ ξð2=πÞ1=4 ≈ 0.89ξ;

ξn¼8 ¼ ξð23=4Γð5=4ÞÞ−1=2 ≈ 0.81ξ: ð27Þ
At this point, we have varied the ξ − parameter associated
with the paraxial model to evaluate the number of yielded
pairs. We note that the analytical expression for the super-
Gaussians applies only in the z ¼ 0 plane, which means
that the consequences linked to the longitudinal focusing

are ignored. As it has been indicated previously [see
Fig. 11], for parameters used in the present study this
assumption will not lead to a substantial error. The results
of this evaluation are summarized in Fig. 18. Here, the
outcome related to a super-Gaussians with n ¼ 4 is
exhibited in red dashed, whereas the one linked to n ¼ 8
appears in blue dashed style. Observe that both curves lie
above the black solid curve corresponding to the paraxial
result. The effect shown in Fig. 18, although small,
provides some hints regarding the importance of optimizing
the interaction area: the effect of decreasing the intensity
from I ¼ 1022 W=cm2 to In¼4 ¼ 8.4 × 1021 W=cm2 and
In¼8 ¼ 6.9 × 1022 W=cm2 may be outweighed by broad-
ening the laser beam. Additionally, Fig. 18 shows dotted
curves which describe the number of pairs yielded when the
intensity is kept constant for all pulse models. As before,
under this condition, the super-Gaussians give larger out-
comes than the standard Gaussian throughout, with the pair
yield being largest for the super-Gaussian with n ¼ 8.

IV. CONCLUSION

Summarizing, we have investigated how the nonlinear
Breit-Wheeler pair creation process in the nonperturbative
regime with ξ ≫ 1 depends on the model adopted for
describing the strong field of the laser. Our analysis has
been focused on a setup which combines highly energetic γ
photons produced from bremsstrahlung and a high intensity
laser pulse. We have shown that, in such a scenario, an
optimization of the yield closely depends on both the laser
intensity and the extension of the interaction region.
Throughout the paper we have contrasted the outcomes

resulting from different laser field models, including the
constant crossed field, the plane-wave and the paraxial
Gaussian pulse. This analysis indicates that transversal and

FIG. 18. Number of produced pairs for laser pulses with super-
Gaussian spatial envelopes (red, blue dashed) in the transverse
plane compared to standard Gaussian with intensity parameter ξ
(black solid) when keeping the laser energy at the standard
Gaussian level. Dotted curves result when the value of ξ is kept
the same for all pulse shapes.
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longitudinal focusing of the beam are important features to
be taken into account to quantitatively describe upcoming
experiments characterized by ξ ≫ 1 and κ ≈ 1. In order to
gain clarity of their role, the percentage of pairs produced in
various focal zones along the longitudinal direction has
been elucidated. We have shown that, for relatively
moderate values of ξ, the majority of particles is produced
in the innermost focal region, whereas the contributing
interaction zone grows when ξ is increased. Besides, the
consequences of broadening the transversal beam profile
and the pulse length were investigated separately by
adopting super-Gaussian models for the strong laser field.
However, this study has revealed no significant difference
with respect to the paraxial scenario.
Moreover, the influence of changes in the laser intensity,

pulse duration and energy of the incident bremsstrahlung
electrons has been considered and the crucial importance of
an optimized overlap between the transverse extent of the
bremsstrahlung beam and the laser beam waist was empha-
sized. For the parameters of an envisaged future experiment,
relying on incident electrons of E0 ¼ 2.5 GeV energy to
generate the bremsstrahlung and laser pulses of 800 nm
wavelength, ξ ¼ 70 and 30 fs pulse duration [15], we expect
the creation of about 0.03 pairs per 10 pC of incident charge
and laser shot. This number appears to be resolvablewith the
advanced detection technologies available nowadays.
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APPENDIX A: TIME AND SPACE DEPENDENT
QUANTUM NONLINEARITY PARAMETER

In order to take into account the structure of the strong
field we express the quantum nonlinearity parameter

κ ¼ jej
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−ðFμνk0νÞ2

q
=m3 in terms of the electromagnetic

field tensor Fμν. As a consequence

κ ¼ jejω0E0

m3
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; ðA1Þ

where Ei and Bi are the electric and magnetic field
components, respectively [see Eq. (4)]. Here, ϕ denotes
the collision angle, which refers to the z-axis: we assume
the geometry, in which the strong laser pulse propagates
with the wave vector k ¼ ωez (see Fig. 1).
When the expression above is particularized to the case

described in Sec. II B, we end up with

κ ¼ jejω0

m3
½1 − cosðϕÞ�jExðt; r; zÞj: ðA2Þ

In Fig. 19 the dependence of κ on the longitudinal
coordinate z is displayed. This picture has been generated
by taking into account Eq. (4) with r ¼ 0 and t ¼ 0. Hence,
in the parameter range discussed in this work the local
values of κ encompass the interval between 0 and roughly
2. In the limiting case of w0 → ∞ Eq. (A2) reproduces the
formula for the quantum nonlinear parameter in a plane
wave background Exðt; zÞ ¼ ExðφÞ ¼ E0ψðφÞ:

κpwðφÞ ¼ κjψðφÞj; ðA3Þ

where κ ¼ ωω0½1 − cosðϕÞ�ξ=m2 refers to the standard
quantum nonlinearity parameter that arises in calculations
dealing with a monochromatic plane wave [37] and the
function ψðφÞ is defined in Eq. (8).

APPENDIX B: GAUSSIAN PULSE BEYOND
PARAXIAL APPROXIMATION

The electric and magnetic fields of a strong Gaussian
pulse are modified by higher order contributions in the
diffraction angle ϵ ¼ w0=zR. According to Ref. [46], up to
fourth order they read

FIG. 19. Local values of the quantum nonlinearity parameter κ
for Gaussian pulses with (red dotted) and without (black solid)
longitudinal focusing at t ¼ 0, r ¼ 0.
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Ex ¼ E0e
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In these formulas ν ¼ x=w0, η ¼ y=w0, ρ2 ¼ ν2 þ η2 and

Sn ¼
�

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ζðzÞ2

p
�

n
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cos ½Φþ ðn − 1Þ arctanðζÞ�;

where an explicit expression for Φ can be found in Eq. (5).
Moreover, the pulse energy calculated with accuracy up to
the fourth order in ϵ reads

WBPA ≈
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