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Electron-positron pair creation is considered when intense laser pulses collide head-on with <1 MeV
x-ray photons in the presence of stationary Coulomb charges Zð−eÞ. The analysis employs Coulomb-
corrected Volkov states and is not limited to Born’s approximation in Z. The cross section and the yield
increase dramatically with increasing Z, potentially enabling (i) measurable yields with petawatt lasers and
(ii) sensitive tests of strong-field QED.
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Vacuum has characteristics resembling a tangible
medium due to the coupling of its virtual particle-anti-
particle field with external fields [1,2]. It has complex-
valued permittivity and permeability tensors [3–9] and
manifests nonlinear properties in uncommonly intense
fields [10–15]. Figure 1(a) shows pair creation ex nihilo
by collision of two photons γ þ γ → e− þ eþ in what is
referred to as the Breit-Wheeler process [2,16].
With intense lasers the rates formanyQEDprocesses enter

the realm of observation, e.g., [15–32]. SLAC’s pioneering
photoproduction γ þ nω → e− þ eþ experiments ushered
in a new era by colliding high-energy photons γ with n
TW-class laser photonsω [16,33–35]. For this variant of the
Breit-Wheeler process [2], e.g., [36–44] to be allowed the
Mandelstam invariant

ffiffiffi
s

p
must exceed 2m, imposing a lower

bound on the integer n. The high-energy photons were
generated by Compton scattering laser photons from
∼50GeV electrons, enabling the reaction with n > 4.
Analysis of QED processes in intense fields is facilitated
by known exact solutions of Dirac’s equation representing
dressed electron-positron states (Volkov states) [2,16].
Positrons can be also produced in the presence of an

external charge Zð−eÞ via the Bethe-Heitler process
γ þ Z → Z þ e− þ eþ, Fig. 1(b)[2,16] and, e.g., [45–51].
Variants of Schwinger, of Breit-Wheeler, of Bethe-Heitler
processes, and combinations thereof, have been analyzed,
e.g., [27,52–71]. Lorentz boosts when relativistic nuclei
are employed enhance the production rate, e.g.,
[49,53–56,58,68]; the yield has been determined for
LHC-class nuclei in the Born approximation, assuming
Zα ≪ 1 (α ¼ e2=ℏc) [72,73].
The pair production rate depends sensitively on the ratio

of the laser electric field EL to the Schwinger electric field
ES ¼ m2c3=ℏjej. When EL=ES is small the process is in the
tunneling regime where the rate is exponentially small,
scaling as ∼e−ES=EL , e.g., [59,60]. In the opposite limit the
exponential factor does not appear, and the rate is far more
prolific, e.g., [68]. In order to access the prolific regime of
the Breit-Wheeler process using currently available lasers,

GeV-class photons are required [33–35]. The process
considered here is sketched in Fig. 2(a), where laser
photons collide head-on with high-energy (<2mc2)
photons in the presence of stationary nuclei with high
Z—wherein the Born approximation is inapplicable [74].
For this process the assist given by x-ray photons with
frequency ωX to leptons to tunnel through the barrier is
conveniently measured by parameters κ, ξ defined by

κ ≡ ℏωX=2mc2;

ξ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð

ffiffiffiffiffiffiffiffiffiffiffiffiffi
8þ κ2

p
− κÞκ=2

q
: ð1Þ

The pair production rate is now proportional to
∼C2ðZÞe−β, where β ¼ 4

ffiffiffi
3

p
ξ3ðES=ELÞ=ð1þ ξ2Þ [Eqs. (7)

and (8) below]. When β ≫ 1 the rate is again
exponentially small. However, the factor in the exponential
involving ξ rapidly vanishes as ℏωX → 2mc2ðκ → 1;
ξ → 0Þ, thus enhancing the production rate. Additionally,
C2ðZÞ is a very strong function of Z. This shows that (i) the
rate is strongly enhanced by the presence of Coulomb
charges, and (ii) the prolific regime can be accessed with
∼1 MeV photons. This Letter explores the regime β ≫ 1
leaving the opposite limit for future research. There are
numerous analyses of QED in the presence of strong laser
fields. The very large increase in the pair production yield
with Z to be demonstrated here can be useful for testing

FIG. 1. Production of e−-eþ pair, described by planewaves with
momenta p−;−pþ. Tree-level diagrams with weak photon fields.
Bare-fermion propagator labeled by iSF. (a) Breit-Wheeler proc-
ess with photons ðk1; ε1Þ and ðk2; ε2Þ. (b) Bethe-Heitler process
with photon ðk; εÞ and nucleus Zð−eÞ. Time axis points upward.
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predictions ofQED in the presence of strongCoulomb fields
without requiring high-energy photons in the same class as
SLAC’s or LHC-class nuclei.
The S-matrix element for pair creation mediated by

x rays with vector potential Aμ
X is given by [75,76] Sfi≡

−iðe=cℏÞ R d4yΨ̄fðyÞ=AXðyÞΨiðyÞ;ðf ≠ iÞ, with the inter-

pretation that a positron ΨiðyÞ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mc2=EþV

p
vðpþ; sþÞ×

exp½iSþðyÞ=ℏ� with 4 momentum pþ (Eþ=c ¼ p0þ > 0)
and polarization sþ is created at y along with an electron
ΨfðyÞ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mc2=E−V

p
uðp−; s−Þ × exp½iS−ðyÞ=ℏ� with 4

momentum p− (E−=c ¼ p0− > 0) and polarization s−.
Feynman’s slash notation =AX ≡ γ · AX is employed, γμ

are the Dirac matrices, eð< 0Þ is the charge on an electron
and uðp; sÞ; vðp; sÞ are bispinor plane wave amplitudes
normalized in a box of volume V.
The action SðyÞ, governed by the vector potential 4

vectors of the laser Aμ
L ¼ ð0;AÞ and of the Coulomb charge

ðV; 0Þ, determine the Coulomb-corrected Volkov states
ΨðyÞ. The laser field, in the radiation gauge, has wave
number 4 vector k satisfying ∂ · AL ¼ k · AL ¼ k · k ¼ 0.
Use is made of the expansion SðyÞ ¼ S0ðyÞ þ
ðℏ=iÞS1ðyÞ þ � � � reflecting the quasiclassical nature of

the solution. There is a further expansion SjðyÞ ¼ Sð0Þj ðyÞ þ
Sð1Þj ðyÞ þ � � � ðj ¼ 0; 1; ...Þ wherein the effects of the
Coulomb field are incorporated perturbatively but in the
exponent [77]. Thus,

Sð0Þ0 ðyÞ ¼ ∓p · y −
Z

k·y
dφ

�
ep · AL

ck · p
∓ e2AL · AL

2c2k · p

�
;

Sð0Þ1 ðyÞ ¼ �e=k=AL=2ck · p, give the usual Volkov solution
[2,16], where φ ¼ k · y and the upper (lower) sign refers

to electrons (positrons), and the Coulomb action Sð1Þ0 ðyÞ ¼
∓ ðe=c2Þ R k·y dφV½yðφÞ�E½yðφÞ�=k · p is ordered to be

smaller but its contribution in the exponent supersedes
Born’s approximation. These three contributions to the
action define the thick external lines in Fig. 2(b), con-
stituting Coulomb-corrected Volkov (dressed) states.
The laser field Aμ

LðyÞ ¼ −ALε
μ
L cosðk · yÞ is linearly

polarized, where kμ ¼ ðω=c;kÞ, ω is the frequency, k̂ is
the unit 3 vector along the propagation direction, and εμL is
the polarization. The x rays are described by electric field
EXðkX · yÞ, frequency ωX ¼ ck0X, and vector potential
Aμ
XðyÞ ¼ ð−y:EX;−k̂Xy:EXÞ in the electric field gauge

[77–79], Supplemental Material [80], where k̂X is a unit 3
vector in the propagation direction and AX · AX ¼ 0. Taking
EX ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2πℏωX=V
p

ε̂XðeikX ·y þ e−ikX ·yÞ, where ε̂X is a unit 3
vector along the polarization direction, it follows that
Aμ
XðyÞ ¼ −y:EXε

μ
X, with εμX ¼ ð1; k̂XÞ, with one photon

of energy ℏωX in volume V.
In SLAC’s experiments with GeV-class x rays a few laser

photons sufficed for photoproduction. With infrared lasers
and moderate energy ℏωX < 1 MeV x rays, on the other
hand, >106 laser photons will be required. This limit
corresponds to tunneling through a barrier [81] and the
quasiclassical approach is applicable [82]. This approach is
valid if (i) laser electric field EL ≡ ωAL=c ≪ ES and
(ii) laser photon energy ℏω ≪ mc2. The tunneling fre-
quency is ωt¼jejEL=mc [15] from which ωt=ω ¼
jejEL=mcω, the significance of which is that for
ωt=ω ≫ 1 tunneling takes place before the field
changes significantly. This adiabatic limit corresponds to
−a ¼ ð−eÞEL=mcω ≫ 1.
The S-matrix element is given by

Sfiðp−; pþÞ ¼ −i e
cℏ

ffiffiffiffiffiffiffiffiffiffi
mc2

E−V

s ffiffiffiffiffiffiffiffiffiffi
mc2

EþV

s

×
Z

d4yeiΦðyÞ½ūðp−; s−ÞMresðyÞvðpþ; sþÞ�;

ð2Þ

where MresðyÞ and ΦðyÞ are given in the Supplemental
Material [80]. The momentum distribution of the e− − eþ

pair is proportional to jSfiðp−; pþÞj2. The distribution is
dominated by the exponential expð−2ImΦ̃Þ, where
Φ̃ðp−; pþÞ is given by Eq. (1) in the Supplemental
Material [80]. For a laser beam with kμ ¼
ðω=cÞð1; 0; 0; 1Þ and εμL ¼ ð0; 0; 1; 0Þ the distribution peaks
near the vertex of the elliptic paraboloid

pz0

mc
¼ ξ2

2
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ ξ2

p þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ ξ2

p �
py

mc

�
2

þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ ξ2

p
3þ ξ2

�
px

mc

�
2

;

ð3Þ

where

FIG. 2. (a) Experimental arrangement for pair production using
laser (k), x ray (kX), and Coulomb charges [Zð−eÞ]. Laser beam
propagates along the z axis with electric field polarized along the
y axis (vertical). Figure-eight orbit of leptons in the laser field lies
in the plane of the paper. (b) Leptons described by actions S−; Sþ.
External (thick) lines in (b) depict Coulomb-corrected Volkov
states (Furry representation [2]). X-ray field is assumed weak.
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ImΦ̃ðpx;py;pzÞ≈
−λ=πƛC

3a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− ðpy=mcaÞ2

q �ð ffiffiffi
3

p
ξÞ3

1þ ξ2

þ 2
ffiffiffi
3

p ð3þξ2Þξ
½2þξ2þðpy=mcÞ2ð1þξ2Þ�2

×

�
pz−pz0

mc

�
2

þ3
ffiffiffi
3

p
ξ

2

�
px

mc

�
2
�
; ð4Þ

and ƛC ¼ ℏ=mc is the reduced Compton wavelength.
Incorporating the contribution of the Coulomb potential

V ¼ Zð−eÞ= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
yðφÞ · yðφÞp

, the phase in Eq. (2) is

ΦðyÞ ¼ Φ̃− 1

ℏ
ðp1− þ p1þÞx− 1

ℏ
ðp2− þ p2þÞyþ qz

þ ν log
½p̃srþ zpzðφsÞ þ ypyðφsÞ�−
½p̃sr− zpzðφsÞ− ypyðφsÞ�þ

; ð5Þ

where pzðφsÞ; pyðφsÞ; p̃s; q are given by Eqs. (3)–(5) and
(7) in Supplemental Material [80], r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 þ y2

p
and

ν ¼ ∓iZακ=
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − κ2

p
ð6Þ

is the analog of Sommerfeld’s parameter [83,84]. [The
� signs in Eq. (6) are associated with branches of
the square-root function and not with the particles.] For
the high laser intensities of interest portions of the figure-
eight orbit along both the laser electric field and the E×B

directions contribute to the Coulomb phase (last) term in
Eq. (5). Large x-ray momenta κ enhance the Coulomb
coupling to the formed dipole pair—manifested by the
appearance of κ in the numerator of Eq. (6). For x-ray
momenta κ → 1, however, the escaping pair tends to “stall”
and the momentum p̃s=mc ¼ �i

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − κ2

p
→ 0, effectively

enhancing the influence of the charge Z. This well-known
behavior turns out to hold in the classically forbidden,
under the barrier motion here. The time integration in
Eq. (2) is carried out along the steepest descent paths and
the spatial integration is effected by employing Eq. (5)
(Supplemental Material [80]). The phase is modified by the
full logarithmic form of Coulomb wave functions [85–89],
extending previous analyses.
The differential cross section dσ for e−-eþ creation is

proportional to jSfiðp−; pþÞj2 and varies asZ2 for smallZ as
in standard Bethe-Heitler process (Supplemental Material
[80]). The total cross section is obtained by integrating over
the density of final states. While polarized leptons are
critical to the discovery of new physics [90–96], for the
purposes here it suffices to sum over final spins. Noting that
λ ≫ λX, where λX ≡ 2π=k0X is the x-ray wavelength, the
yield per laser shot is Y ¼ πðcα=λÞτNXðnCLxƛ4C=λ

2
XÞ×ffiffiffiffiffiffiffiffiffiffi

ƛC=λ
p

C1C2ðZÞCtrace. Here, τ is the laser pulse duration,
NX ¼ 2ZRLπw2nX is the number of x-ray photons in the
interaction volume 2ZRLπw2, w and ZRL ¼ πw2=λ are the
laser spot radius and Rayleigh range, respectively, nX is
the x-ray photon density, nC is the density of charges, Lx is
the x-axis width,

C1 ¼
π3=2e−β

6
ffiffiffiffiffiffiffiffiffi−2ap ffiffiffi

34
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2 þ 8

p
þ κffiffiffiffiffiffiffiffiffiffiffiffiffi

κ2 þ 8
p − 3κ

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ξ2

ξ5ð1þ ξ2=3Þ

s
;

β ¼ 4
ffiffiffi
3

p
ξ3ðES=ELÞ=ð1þ ξ2Þ ¼ 2λ

ffiffiffi
3

p
ξ3=ð−aÞπƛCð1þ ξ2Þ; ð7Þ

C2ðZÞ ¼
27−4jνjπ3=2jνj

ρ

�ð2jνj − 1ÞΓð3
2
− 2jνjÞ

Γð−2jνjÞ η4jνj þ 28jνjð1þ 2jνjÞΓð3
2
þ 2jνjÞ

Γð2jνjÞ
1

η4jνj

�
;

Ctrace ¼ eβ
Z ffiffi

β
p

− ffiffi
β

p dsMðsÞðϑ2 þ s2=βÞ−1 expð−β=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − s2=β

q
Þ; ð8Þ

MðsÞ ¼ 2ð1 þ ξ2Þf1 þ a2=2 þ a2s2=β þ ð2a4s2=βÞ×
cosh½2ImφsðsÞ� þ ða4=8Þ cosh½4ImφsðsÞ�g, ρ¼ð

ffiffiffiffiffiffiffiffiffiffiffi
8þκ2

p −
7κÞ5ðκ2− ffiffiffiffiffiffiffiffiffiffiffi

8þκ2
p

κþ2Þ3=2=6 ffiffiffi
6

p
, η¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1−3κ=

ffiffiffiffiffiffiffiffiffiffiffi
8þκ2

p
Þ=2

q
,

ϑ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2þ ξ2Þ=ð1þ ξ2Þ

p
=ð−aÞ, and φsðsÞ¼cos−1½s= ffiffiffi

β
p þ

i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð

ffiffiffiffiffiffiffiffiffiffiffi
8þκ2

p
−3κÞð

ffiffiffiffiffiffiffiffiffiffiffi
8þκ2

p
þκÞ

q
=4a�.

The x-ray pulse duration is ≥4ZRL=c ≫ τ.
Two restrictions of the theory must be noted. First,

the quasiclassical approximation requires β ≫ 1. This

parameter depends on the laser amplitude [Eq. (7)] and
dominates the yield since it appears in the exponent of C1.
Reducing the assist provided by the x rays [i.e., reducing κ
in Eq. (1)] decreases the yield. However, the yield can be
restored by increasing the laser intensity (i.e., EL). Second,
the circle of convergence for C2ðZÞ in Eq. (8) imposes the
restriction jνj < 3

4
on the Sommerfeld parameter defined in

Eq. (6) [Eqs. (6) and (8) in Supplemental Material [80] ].
Equation (6) then imposes a maximum value of Z for a
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given x-ray momentum ℏk0X. This limitation of the analysis,
however, is not fundamental to the physics.
With these provisos, Fig. 3(a) shows the yield for a 10

PW laser and for x-ray photons with κ ¼ 0.925, 0.95, 0.98.
Figure 3(b) shows the results for a higher-power laser—
1EW—and for x-ray photonswith κ ¼ 0.6, 0.75, 0.925. The
plots highlight the fact that the yield depends on laser power
and x-ray momentum through the combination captured by
the expression for β in Eq. (7) [73]. What is new is the very
rapid increase in the yield with both x-ray momentum and
Coulomb charge Z. This expands the window for probing
strong-field QED since comparison between the theory here
and experiment extends to Coulomb charges exceeding the
validity of Born’s approximation. In this connection it
should be pointed out that—as noted in the previous
paragraph—the circle of convergence for C2ðZÞ Eq. (8) is
limited by jνj < 3

4
. The solid portions of the curves in

Figs. 3(a) and 3(b) lie within the circle of convergence,
while the dashed portions gobeyond it. For the 1EW, κ ¼ 0.6
example the theory holds along the entire curve—i.e., for
1 ≤ Z ≤ 137. In order to obtain accurate results in the space
occupied by the dashed curves, approximations must be
removed in both the expression for the Coulomb-corrected
Volkov state and in the subsequent integrations (see
Supplemental Material [80]). Numerical treatment is a
possible solution.
The momentum distribution for Z ¼ 18 (Ar), κ ¼ 0.98,

and a 10 PW laser is shown in Fig. 3(c). Specifically,
it is a plot of the differential cross section per nucleus
per normalized momentum cubed dσ½b�=d3p̄ [with
d3p̄≡ dpydpzdδpy=ðmcÞ3], integrated over dpxdδpz.
After integrating over the remaining momenta the cross
section per nucleus is ≈70 pb. The ymomentum of the pair
is nearly balanced—save for a small difference δpy that
develops since the electron and the positron have opposite
coupling to the Coulomb charge. The central findings of this
Letter exemplified by Fig. 3 are (i) the rapid rise of the yield
with κ andZ implying high sensitivity—a feature that can be
helpful in testing QED—and (ii) the pair occupies an
organized and compact region of momentum space as
shown in Fig. 3(c). The context of Fig. 3(c) can be further
appreciated by comparing with momentum distributions
arising in ordinary tunneling ionization of atoms (e.g., [77]).

FIG. 3. (a) Yield (pairs per laser shot) versus nuclear charge Z
for 10 PW laser and x-ray photons with normalized energy
κ ¼ 0.925, 0.95, 0.98, with other parameters listed in Table I.
(b) Yield versus nuclear charge Z for 1 EW laser and x-ray
photons with normalized energy κ ¼ 0.6, 0.75, 0.925. In (a)
and (b) strict convergence is maintained on the solid line
segments only. (c) Momentum distribution of e−-eþ for
10 PW case, κ ¼ 0.98, and Z ¼ 18. The laser beam prop-
agates along the z axis with electric field polarized along the
y axis. Leptons are ejected in opposite directions along the y
axis and δpy ≡ p2− þ p2þ measures the difference between
their y momenta [Eq. (2) in Supplemental Material [80] ].
Distribution in py-pz plane, given by Eq. (4), is symmetric
about py ¼ 0 with vertex on pz axis given by Eq. (3).

TABLE I. Parameters for determination of e−-eþ yield for
10 PW and for 1 EW lasers.

Laser wavelength 800 nm
Laser spot radius 2.5 μm
Laser pulse duration 35 fs
X-ray photon density 5 × 1017 cm−3
X-ray pulse duration 4ZRL=c ¼ 327 fs
Coulomb charge density 1020 cm−3
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Several mechanisms are available for the generation of
high-energy photons, e.g., [33,97,98]. Laser-driven wake-
field electrons can serve to generate the <1 MeV x rays
considered here. One possibility is to derive pulses for
x-ray generation and pair creation from the same chirped
pulse amplification system. The two pulses are routed
through different compressors in order to allow for differ-
ing pulse durations.
Positrons find use in positron emission tomography,

testing fundamental symmetries of nature and are sine qua
nons in lepton colliders [99,100]. For the latter they are
conventionally generated by pair production in high-Z
moderators [101,102]. Laser-driven configurations—with
positron generation induced via ponderomotive-wakefield
acceleration of electrons in plasma—can be prolific sources
[97,98,103–107]. While the laser drive enhances flexibility,
the laser repetition rate, positron bunch energy spread, and
emittance will ultimately determine the utility of this
approach [105,108].
In summary, the tunneling regime of pair creation can be

accessed using PW-scale lasers alone. The PW laser pulse
collides with x rays in a medium of heavy, stationary nuclei.
The x-ray energy is engineered to be below the threshold
for ordinary pair creation, such that many laser photons are
required to make up the deficit. The positron yield is
increased by orders of magnitude relative to the laser alone,
and without the need for a large accelerator. In order to
attempt such an experiment, a number of details remain to
be explored, such as identifying sources of noise, and
determining the parameters that optimize the signal to noise
ratio. The process described arises automatically in any
environment consisting of ultraintense fields, x rays, and
nuclei.
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