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Two oppositely charged particles created within a microscopic space-time region can be separated,
accelerated over a much larger distance, and brought to a recollision by a laser field. Consequently,
new reactions become feasible, where the energy absorbed by the particles is efficiently released. By
investigating the laser-dressed polarization operator, we identify a new contribution describing high-energy
recollisions experienced by an electron-positron pair generated by pure light when a gamma photon
impinges on an intense, linearly polarized laser pulse. The energy absorbed in the recollision process over
the macroscopic laser wavelength corresponds to a large number of laser photons and can be exploited
to prime high-energy reactions. Thus, the recollision contribution to the polarization operator differs
qualitatively and quantitatively from the well-known one, describing the annihilation of an electron-
positron pair within the microscopic formation region.
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Recollision processes are responsible for a variety of
phenomena, which have been investigated especially in the
realm of atomic and molecular physics. After an atom (or a
molecule) is ionized by a laser field, the electron is
accelerated and possibly brought to a recollision with the
parent ion. The energy that the electron absorbs between the
ionization and the recollision can be released in different
ways: as a high-energy photon after recombination (high-
harmonic generation) or by striking out another electron
(nonsequential double ionization), see, e.g., [1–5]. The
maximal energy absorbed by the recolliding ionized electron
in a laser field with peak electric field strength E0 and mean
angular frequency ω is found to be about 3.17Up, where
Up ¼ e2E2

0=ð4mω2Þ is the ponderomotive potential, with
e < 0 and m being the electron charge and mass, respec-
tively [6–10]. Recently, applications of recollisions in
nuclear physics have been discussed as well [11,12].
Recollision processes also play an important role in high-

energy physics as originating, for example, from an electron
and a positron initially bound in a positronium atom, which
may annihilate during a recollision and create other particles,
analogously as in an ordinary collider experiment [13–15].
Moreover, the electron and the positron inducing the high-
energy recollision process can also be created from vacuum
in an ultrastrong laser field, e.g., in the presence of a
laser field and a nucleus [16]. In both mentioned cases,
classical considerations show that the available energy in the
recollision, which happens after the particles propagated
for approximately one laser wavelength, is of the order
of mc2ξ2 ¼ 4Up, where ξ ¼ jejE0=ðmωcÞ. This explains
why the ultrarelativistic regime ξ ≫ 1 is of relevance in
high-energy recollision physics.
From a pictorial point of view one expects that in the

realm of quantum field theory, recollisions are described
by loop diagrams. The simplest Feynman diagram, which

contains an electron-positron loop, is the polarization oper-
ator (PO); see Fig. 1. Since the seminal work of Baier et al.
[17] and Becker and Mitter [18], the PO in a plane-wave
field has been investigated in many publications (see, e.g.,
[19–23]). Surprisingly, no high-energy recollisions have
been identified so far. To explain this, we note that for
strong background fields (ξ ≫ 1) the leading-order contri-
bution to the PO in 1=ξ (quasistatic approximation) permits
only the net exchange of a few laser photons [24]. It
describes electron-positron pairs annihilating within the
coherence length λ=ξ of pair production, which is much
smaller than the laser wavelength λ ¼ 2πc=ω.
In the present Letter we consider high-energy recolli-

sions experienced by an electron-positron pair, which is
created by pure light in the collision of a gamma photon
and an intense laser field (see Fig. 1). It is shown for the
first time that the PO contains subleading contributions
in 1=ξ, which allow for the efficient absorption of up to

FIG. 1. Depending on the distance 2ϱ of the two polarization-
operator vertices, this Feynman diagram describes either radiative
corrections to the photon propagator or laser-induced recollision
processes. The wavy lines denote photons, the double lines the
laser-dressed electron (positron) propagators, and the straight
solid lines indicate the particles produced in the secondary
reaction. The meaning of the other symbols is explained in the
text (time increases from right to left).
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about 3.17ξ3=χ laser photons (if χ ≳ 1), where
χ ¼ ð2ℏωγ=mc2ÞðE0=EcrÞ is the quantum nonlinearity
parameter, ℏωγ the gamma photon energy, and Ecr ¼
m2c3=ðjejℏÞ ¼ 1.3 × 1016 V=cm the QED critical field
[5]. Contrary to the leading-order quasistatic approximation
considered so far, the subleading contributions to the PO
derived in this Letter describe recollision processes, as the
creation and annihilation point of the electron-positron pair
are separated on the scale set by the laser wavelength.
Correspondingly, it is possible to absorb much more energy
from the laser field (for χ ≳ 1 the Heisenberg uncertainty
relation is not violated, as even real eþe− photoproduction
is energetically allowed [25–51]). Experimentally, the
regime χ ≳ 1, ξ ≫ 1 could be explored by colliding
GeV photons (obtainable, e.g., via Compton backscatter-
ing) [52–59] with strong optical laser pulses [60–63].
Exemplarily, we consider now recollision processes

where the virtual photon decays into a lepton pair (see
Fig. 1). The generalization of the calculation to other
secondary reactions is technically more involved but
conceptually straightforward (from now on units with
ℏ ¼ c ¼ 1 and α ¼ e2=4π ≈ 1=137 are used).
To reduce the calculation to its essential part, we focus

on the electron-positron loop and neglect the influence of
the laser field on the final particles in Fig. 1. After applying
the usual Feynman rules [64,65], the total recollision
probability is given by

WðkγÞ ¼ −
Z

∞

n0

dn
ϵμΠμν½ϵρΠρν��
2kkγαð2πÞ2

σtotðq2Þ ð1Þ

(for an electron-positron pair in the final state also the
scattering channel and the laser dressing must be taken into
account). In Eq. (1) kμ ¼ ðω; kÞ denotes the average four-
momentum of the laser photons, kμγ ¼ ðωγ; kγÞ and ϵμ the
momentum and polarization four-vector of the incoming
gamma photon (k2γ ¼ 0), respectively, Παβ ¼ Παβðkγ; qÞ the
nonsingular part of the PO (after renormalization of the
vacuum part) [17–23] and qμ¼kμγþnkμ the four-momentum
of the intermediate virtual photon (

ffiffiffiffiffi
q2

p
¼ ffiffiffiffiffiffiffiffiffiffiffiffi

2nkkγ
p

is the
center-of-mass energy of the laser-induced electron-positron
recollision). Furthermore, σtotðq2Þ represents the total cross
section for the secondary process, e.g.,

σtotðq2Þ ¼
4πα2

3q2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

μ=q2
q

ð1þ 2m2
μ=q2Þ; ð2Þ

for muon pair production [64,65] and n0 a possible
kinematic threshold [e.g., n0 ¼ 2m2

μ=ðkkγÞ for muon pair
production, where mμ is the muon mass].
Recollisions are only possible if the laser is linearly

polarized. Therefore, we use AμðϕÞ ¼ aμψðϕÞ for the four-
potential (ξ¼jej

ffiffiffiffiffiffiffiffi
−a2

p
=m, χ¼ ξkkγ=m2) and Fμνðϕ;ϕ0Þ ¼R ϕ

ϕ0
dϕ0Fμνðϕ0Þ ¼ fμν½ψðϕÞ − ψðϕ0Þ� for the integrated

field-strength tensor, where fμν ¼ kμaν − kνaμ. In the
numerical calculations we have used the pulse ψ 0ðϕÞ ¼
sin2½ϕ=ð2NÞ� sinðϕÞ with N ¼ 5 cycles (the prime denotes
the derivative with respect to the argument).
For linear polarization the field-dependent part of the PO

reads (the notation agrees with [51])

Πμνðkγ; qÞ − Πμν
F¼0ðkγ; qÞ

¼ −
Z þ∞

−∞
dky

Z
∞

0

dϱ
ϱ

×
α

2π
½P11Λ

μ
1Λ

ν
1 þ P22Λ

μ
2Λ

ν
2 þ PQQ

μ
1Q

ν
2�; ð3Þ

where ϱ ¼ ðky − kxÞ=2 and kx (ky) denotes the laser phase
when the pair is created (annihilated) (see Fig. 1). In the
considered case of an incoming photon, counterpropagat-
ing with respect to the laser field, the four-vectors Λμ

1 and
Λμ
2 can be chosen as ϵμ∥ and ϵμ⊥, respectively (the indexes ∥

and ⊥ refer to the polarization direction of the laser),
whereas the last term on the right-hand side of Eq. (3) does
not contribute. Thus, jR P⊥;∥j2¼ jRþ∞

−∞ dky
R∞
0 dϱϱ−1P⊥;∥j2

determines the recollision probability for the corresponding
photon polarization [see Eq. (1)]. For the subsequent
analysis it is sufficient to note that the coefficients
P11 ¼ P∥ and P22 ¼ P⊥ contain the oscillatory phase
factor exp ½iφðϱ; kyÞ� (see [51] for details), where

φðϱ; kyÞ ¼ nky − 4ðξ=χÞ½ϱþ ξ2Dðϱ; kyÞ�; ð4Þ

with Dðϱ; kyÞ ¼ ϱðJ − I2Þ and

I ¼
Z

1

0

dl ψðky − 2ϱlÞ;

J ¼
Z

1

0

dl ψ2ðky − 2ϱlÞ: ð5Þ

We first investigate the integral in ϱ for a fixed value
of ky. For ξ ≫ 1 and at fixed χ the phase factor
exp ½−4iðξ3=χÞDðϱ; kyÞ� is highly oscillating and we can
apply a stationary-phase analysis. The stationary points
ϱk are determined by the condition D0ðϱk; kyÞ ¼
½ψðky − 2ϱkÞ − Iðϱk; kyÞ�2 ¼ 0, which implies

ðky − kxÞψðkxÞ ¼
Z

ky

kx
dϕ ψðϕÞ ð6Þ

(for D the prime denotes the partial derivative with respect
to ϱ). Equation (6) links the creation (kx) and the annihi-
lation (ky) phases (see Fig. 2) and it has a straightforward
classical interpretation. In fact, the electron (Pμ

þ) and
positron (Pμ

−) four-momentum Pμ
�ðϕÞ ¼ ½E�ðϕÞ;P�ðϕÞ�

inside a plane-wave field is classically given by [5,66]
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Pμ
�ðϕÞ ¼ Pμ

�;0 �
eFμ

νðϕ;ϕ0ÞPν
�;0

kP�;0
þ e2F2μ

νðϕ;ϕ0ÞPν
�;0

2ðkP�;0Þ2
;

ð7Þ

where Pμ
�;0 ¼ Pμ

�ðϕ0Þ. To determine the recollision point
from the classical trajectory, we assume that both particles
are created at the same space-time point xμ (laser phase
ϕ0 ¼ kx). The more asymmetrically the initial photon
momentum is distributed between the two created particles,
the smaller becomes the recollision probability (as the
impact parameter increases). Therefore, we also assume
that both particles have the same initial momentum
P�;0 ¼ kγ=2 and we find that Eq. (6) exactly corresponds
to the condition that the (classical) coordinates of the
electron and the positron coincide again at a later phase
ϕ ¼ ky. Since one needs ωγ ≫ m to reach χ ≳ 1, the
particles are created with ultrarelativistic energies.
The stationary-phase equation D0ðϱk; kyÞ ¼ 0 always

admits the solution ϱ0 ¼ 0, independently of the shape
of the background field. The contribution of this stationary
point is formed for values of ϱ in the region 0 ≤ ϱ≲ 1=ξ,
where the phase 4ðξ3=χÞDðϱ; kyÞ is less than or of the order
of unity. Thus, this contribution describes the immediate
annihilation of the created electron-positron pair within a
distance of the order of λ=ξ inside an (effectively) constant-
crossed field (quasistatic limit). The compensation of the
large parameter ξ3=χ in the phase occurring at ρ≲ 1=ξ
explains why the stationary point ρ0 provides the leading
contribution to the PO and, at the same time, why it
allows for a net exchange of only a few laser photons [24].
On the other hand, laser-induced recollision processes are
described by the contributions to the integral in ϱ close to
the nonvanishing stationary points ϱk, k ¼ 1; 2;…, with
ϱk ≳ π ≫ 1=ξ (see Fig. 2). As we will see below, these
contributions are formed in the regions jϱ − ϱkj≲ 1=ξ,

where the phase 4ðξ3=χÞDðϱ; kyÞ remains of the order of
ξ3=χ. Thus, although such contributions are suppressed
with respect to that from ϱ0, they are essential to understand
the high-energy plateau region of the photon-absorption
spectrum [see Fig. 3 (left side)].
In order to determine the contribution from the

recollision processes, we expand the function Dðϱ; kyÞ
around ϱk up to the third order [D00ðϱk; kyÞ ¼ 0], with
D000ðϱk ≠ 0; kyÞ ¼ 8½ψ 0ðky − 2ϱkÞ�2. Since the third-order
term of the expansion scales as ðϱ − ϱkÞ3ξ3=χ, the con-
tribution is formed in the region jϱ − ϱkj≲ 1=ξ and also the
linear term in ξ in φðϱ; kyÞ must be taken into account.
All higher-order terms can be neglected. On the other hand,
the preexponent functions in P⊥;∥ vanish at ϱk and it is
necessary to expand them up to linear terms in ϱ − ϱk. Now,
we apply the change of variable ϱ − ϱk ¼ ½rχ=ð4ξÞ�t, where
r¼ ½2=χðϱk;kyÞ�2=3, with χðϱ;kyÞ ¼ χjψ 0ðky− 2ϱÞj being
the quantum-nonlinearity parameter at the pair-production
vertex. Then, the phase φðϱ; kyÞ can be approximated
by φðϱ; kyÞ ≈ φðϱk; kyÞ − ðtrþ t3=3Þ. After extending
the integration boundaries in the new variable t to �∞, the
contribution to the integral from the region around the
stationary point ϱk ≠ 0 reads

Z
∞

0

dϱ gðϱÞeiφðϱ;kyÞ

≈ eiφðϱk;kyÞπχ=ð2ξÞ
× ½gðϱkÞrAiðrÞ þ ig0ðϱkÞAi0ðrÞr2χ=ð4ξÞ�; ð8Þ

where gðϱÞ is an arbitrary, slowly varying function and
Ai is the Airy function [67]. As expected, at χ ≪ 1 the
above contribution features an exponential suppression
∼ exp f−4=½3χðϱk; kyÞ�g, i.e., as the electron-positron
pair-production amplitude inside a (locally) constant-
crossed field [5,27].

FIG. 2 (color online). Combinations of creation (kx) and
annihilation (ky) laser phases for which a recollision is possible
[see Eq. (6)]. The color depicts the quantity n proportional to
the energy absorbed (classically) by the electron-positron pair in
the laser field [see Eq. (11)]. The solid black line illustrates the
absolute value of the laser-envelope function ψ 0ðkxÞ in arbitrary
units.

FIG. 3 (color online). Left side: Comparison of the quasistatic
contribution (lower yellow curve) with the full numerical calcu-
lation (upper gray curve). Right side: Plateau-region, analytical
(red curve) and numerical calculation coincide [χ ¼ 1, ξ ¼ 10,
N ¼ 5, see Eq. (3)].
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By applying Eq. (8) to Eq. (3) we obtain

Z
∞

0

dϱ
ϱ
P⊥ ≈ im2eiφðϱk;kyÞ

πχ2

2
fψ 0ðky − 2ϱkÞ

×Mðϱk; kyÞW0½x1ðϱk; kyÞ�r2Ai0ðrÞ=ð4ϱkÞ
−W2½x1ðϱk; kyÞ�rAiðrÞ=ðϱ2kξ2Þg ð9aÞ

and

Z
∞

0

dϱ
ϱ
P∥ ≈ −im2eiφðϱk;kyÞψ 0ðky − 2ϱkÞMðϱk; kyÞ

×W1½x1ðϱk; kyÞ�r2Ai0ðrÞ
πχ2

2ϱk
þ
Z

∞

0

dϱ
ϱ
P⊥;

ð9bÞ

where x1ðϱ; kyÞ ¼ ðξ=χÞ½ϱþ ξ2Dðϱ; kyÞ�, Mðϱ; kyÞ ¼
ψðkyÞ − ψðky − 2ϱÞ and the functions Wi are defined
in [51].
Now, we proceed to determine the stationary points of

the integral in ky. To this end we have to solve the equation
φ0ðkyÞ ¼ 0, where φðkyÞ ¼ φ½ϱkðkyÞ; ky� [see Eq. (8)].
The stationary-phase condition reads

n ¼ ξ3

χ

�
2M2ðϱk; kyÞ þ

2

ξ2
−

1

ξ2
Mðϱk; kyÞ

ϱkψ
0ðky − 2ϱkÞ

�
; ð10Þ

where ϱk ¼ ϱkðkyÞ [note that for ψ 0ðky − 2ϱÞ → 0 the
pair-production probability is exponentially suppressed].
The leading-order contribution with n ≈ 2M2ðϱk; kyÞξ3=χ
corresponds to the four-momentum

k0μ ¼ nkμ ¼ 2ðξ3=χÞ½ψðkyÞ − ψðkxÞ�2kμ ð11Þ

that the electron-positron pair has classically absorbed
from the laser field [see Eq. (7) and Fig. 2]. For a

monochromatic field pairs created after the peak
(ϕ ≈ π=10) have the highest recollision energy and we
obtain the cutoff nc ¼ 3.17ξ3=χ, which corresponds to the
result 3.17Up obtained in atomic high-harmonic generation
(Up ¼ mξ2=4) [5–9]. The ξ3=χ-scaling of the cutoff is
confirmed by a full numerical calculation in Fig. 4.
Now, the approximate contribution of the stationary

point kys, solution of Eq. (10), is given by

Z þ∞

−∞
dky hðkyÞeiφðkyÞ ≈ hseiðσπ=4þφsÞ

ffiffiffiffiffiffiffiffi
2π

jφ00
s j

s
; ð12Þ

where hðkyÞ is an arbitrary, slowly-varying function,
hs ¼ hðkysÞ, φs ¼ φðkysÞ, φ00

s ¼ φ00ðkysÞ, σ ¼ signðφ00
s Þ,

and

φ00ðkyÞ ¼ −4
ξ3

χ

�
Mðϱk; kyÞψ 0ðkyÞ −M2ðϱ; kyÞ

2ϱk
þ ϱ00k

ξ2

�
;

ð13Þ

where ϱ00k ¼ ϱ00kðkyÞ. If two stationary points coalesce, the
Airy uniform approximation [68] must be used instead of
Eq. (12). In Fig. 3 the recollision contribution was
calculated analytically using the above approximations
and compared with a full numerical calculation (right
side). For large photon numbers both results agree already
for ξ ¼ 10.
Combining Eqs. (9) and (12), we conclude that the

recollision contribution to j R P⊥j2 scales as ξ−6χ10=3 at
χ ≳ 1 [WiðxÞ ∼ x−1=2 [51], the ξ−6 scaling is confirmed
numerically in Fig. 4], while the quasistatic contribution is
independent of ξ [20].
Using Eq. (1) we can estimate the ξ scaling of the

ratio R between the recollision probability WðkγÞ and
the pair-production probability Weþe−ðkγÞ. Since n ∼ ξ3,
ϵμΠμν½ϵρΠρν�� ∼m4ξ−6, and Weþe−ðkγÞ ∼ ξ [51], we obtain
R ∼ ξ−3m2σtot, where σtot ∼ σtotðq2 ¼ m2ξ2Þ. An intuitive
explanation of this scaling is based on the wave packet
spreading of the electron-positron pair between the
production and the recollision as in [14,16]. In fact, in
the frame where the recollision is head-on and along the
polarization direction of the laser, one obtains R ∼ σtot=A
[64], where A ¼ ΔLbΔLk, with ΔLb ∼ ξ=m and
ΔLk ∼ ξ2=m being the spread of the particles along the
direction of the magnetic field and along the propagation
direction, respectively [see also Eq. (7)]. Note that the
initial conditions assumed in [16] for the classical propa-
gation do not correspond to the most probable ones
employed here, which explains the different scaling of
the quantity R there.
As the tree-level production of μþμ− pairs is exponen-

tially suppressed [expð−8=3χμÞ, with χμ ∼ 10−7χ], their
observation would unambiguously prove the existence of

FIG. 4 (color online). Numerically calculated photon absorp-
tion spectra for χ ¼ 1, N ¼ 5 and ξ ¼ 102=3 ≈ 4.6 (upper two),
ξ ¼ 10 (middle two), ξ ¼ 104=3 ≈ 21.5 (lower two). Of each pair
the upper (lower) spectrum corresponds to perpendicular (paral-
lel) polarization.
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recollision processes. For a pulse with 5 cycles, χ ¼ 1 and
ξ ¼ 200 ≈mμ=m (kinematic threshold) we obtain to lead-
ing order a probability of 2 × 10−20 per incoming gamma
photon. However, for ξ≳ 200 the emission of additional
photons within the electron-positron loop should be taken
into account. In fact, Nγ ≈ παξ photons are emitted on
average by each particle in the loop (integrating the total
emission probability yields Nγ ¼ 4.5) [5]. Taking the
corresponding exponential decay of the electron (positron)
wave function into account [5,69], the probability for μþμ−
pair production without the emission of additional photons
is ∼10−24. We stress that this is a lower bound for the
exact probability, as the emission of additional soft photons
does not prevent the recollision.
Finally, we consider the case of an eþe− pair in the final

state. Because of the ξ−6 scaling of the plateau (see Fig. 4)
much higher recollision probabilities are now obtained in
the regime χ ¼ 1, ξ ¼ 10. From Eq. (1) we expect ∼10−13
recollision events per incoming gamma photon for a 5-cycle
pulse. Furthermore, in this case Nγ < 1 and still the
absorption of ∼103 laser photons is possible. Therefore, in
comparison with tree-level eþe− photoproduction, recolli-
sion-produced eþe− pairs cover a much wider phase-space
region, such that these channels are, in principle, distinguish-
able (after the recollision also the momentum component pB
of each particle along the direction of the laser magnetic field
spans up to mξ, whereas for the tree-level channel momenta
pB > m are exponentially suppressed [27]).
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