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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 E, and mean
angular frequency w is found to be about 3.17U,, where
U, = ¢?E}/(4mw?) 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 me*¢? = 4U,, where & = |e|Ey/(mwc). This explains
why the ultrarelativistic regime &> 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
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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 (£ > 1) the leading-order contri-
bution to the PO in 1/& (quasistatic approximation) permits
only the net exchange of a few laser photons [24]. It
describes electron-positron pairs annihilating within the
coherence length 1/& of pair production, which is much
smaller than the laser wavelength 1 = 2z¢/w.

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/&, which allow for the efficient absorption of up to

FIG. 1. Depending on the distance 2¢ 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 3.17&8%/y laser photons (if y>1), where
x = (2hw,/mc*)(Ey/E;) is the quantum nonlinearity
parameter, hw, the gamma photon energy, and E =
2c3/(le|lh) = 1.3 x 10'® 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 y Z 1 the Heisenberg uncertainty
relation is not violated, as even real et e~ photoproduction
is energetically allowed [25-51]). Experimentally, the
regime y 21, £> 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
h=c=1and a = e*/4n ~ 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

W(k,) = — / 0°° dn

(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) k#* = (w,k) denotes the average four-
momentum of the laser photons, k = (w,.k,) and ¢ the
momentum and polarization four-vector of the incoming
gamma photon (k? = 0), respectively, 1% = I1%(k, ¢) the
nonsingular part of the PO (after renormalization of the
vacuum part) [17-23] and ¢* =k, +nk* the four-momentum
of the intermediate virtual photon (\/7 \/2nkk, is the
center-of-mass energy of the laser-induced electron-positron
recollision). Furthermore, 6,,(¢*) represents the total cross
section for the secondary process, e.g.,

43”022 V1 =4mi/g*(1+2mg/q?),  (2)

for muon pair production [64,65] and n, a possible
kinematic threshold [e.g., ng = 2m2/(kk,) for muon pair
production, where m, is the muon mass].

Recollisions are only possible if the laser is linearly
polarized. Therefore, we use A*(¢p) = a*y(¢) for the four-
potential (&= |e|vV/—a?/m, y = Ekk,/m?) and F* (¢, o) =

7 A/ F () = 7l (p) — ()] for the integrated

€, 1" [elT1,, |*

Zkkya(zﬂ)z O-tot(qz) (l)

Oot (qZ)

field-strength tensor, where f* = k*a* — k’a". In the
numerical calculations we have used the pulse y/(¢) =
sin?[¢h/ (2N)] sin(¢p) with N = 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])

11 (k,. q) = T (K, @)
=[S [

X Z[PnAer + PpMAS + P Q5] (3)

where ¢ = (ky — kx)/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 A/ and
A can be chosen as ¢ and ¢/, respectively (the indexes ||
and 1 refer to the polarization direction of the laser),
whereas the last term on the right-hand side of Eq. (3) does
WP =12 dky [5° doo™ Py y|?
determines the recolllslon probability for the corresponding
photon polarization [see Eq. (1)]. For the subsequent
analysis it is sufficient to note that the coefficients
Py =P and Py = P, contain the oscillatory phase
factor exp [ip(o, ky)] (see [51] for details), where

@(0.ky) = nky —4(&/x)le + ED(eo. ky)].  (4)

with D(g, ky) = o(J — I?) and

I
I= / dl w(ky —20l),

0

J= / Ll y2(ky — 200). (s)

0

We first investigate the integral in ¢ for a fixed value
of ky. For £> 1 and at fixed y the phase factor
exp [—4i(&/x)D(o, ky)] is highly oscillating and we can
apply a stationary-phase analysis. The stationary points
or are determined by the condition D’(gy, ky) =

[w(ky — 20i) — I(0x, ky)])* = 0, which implies
ky
(ky = ke lhn) = [ dp i) (©)

(for D the prime denotes the partial derivative with respect
to ¢). 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 (P ) and
positron (P*) four-momentum P’ (¢) = [EL(p), P(¢)]
inside a plane-wave field is classically given by [5,660]
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where P, = P/, (¢). To determine the recollision point
from the classical trajectory, we assume that both particles
are created at the same space-time point x* (laser phase
¢o = 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.,=k,/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
¢ = ky. Since one needs w,>m to reach y 2 1, the
particles are created with ultrarelativistic energies.

The stationary-phase equation D'(gy, ky) =0 always
admits the solution ¢, = 0, independently of the shape
of the background field. The contribution of this stationary
point is formed for values of ¢ in the region 0 < ¢ < 1/¢,
where the phase 4(£% /y)D(g, ky) 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 1/£ inside an (effectively) constant-
crossed field (quasistatic limit). The compensation of the
large parameter £3/y in the phase occurring at p < 1/¢
explains why the stationary point p, 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 ¢ close to
the nonvanishing stationary points ¢z, k = 1,2, ..., with
or 2> 1/& (see Fig. 2). As we will see below, these
contributions are formed in the regions |¢ —¢;] < 1/,
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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 y'(kx) in arbitrary
units.

where the phase 4(&°/y)D(g, ky) remains of the order of
& /y. Thus, although such contributions are suppressed
with respect to that from g, 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 D(g, ky)
around ¢, up to the third order [D"(g, ky) = 0], with
D" (g # 0, ky) = 8[y/(ky — 20,)]?. Since the third-order
term of the expansion scales as (¢ — ;)3&/y, the con-
tribution is formed in the region |¢ — ¢| < 1/& and also the
linear term in & in ¢(g, ky) must be taken into account.
All higher-order terms can be neglected. On the other hand,
the preexponent functions in P, ; vanish at ¢; and it is
necessary to expand them up to linear terms in ¢ — ¢;. Now,
we apply the change of variable ¢ — ¢, = [ry/(4£)]t, where
r=[2/x(ex-ky)]*?, with y(e.ky) = x|y (ky —20)| being
the quantum-nonlinearity parameter at the pair-production
vertex. Then, the phase ¢(¢,ky) can be approximated
by (0. ky) ~@(or. ky) — (tr +13/3). After extending
the integration boundaries in the new variable 7 to +o0, the
contribution to the integral from the region around the
stationary point g, # 0 reads

/ " do g(o)ere)

0
~ eit/)(gk.ky)ﬂ-)(/(zg)

x [g(er)rAi(r) + ig (ee) AT (r)ry/(42)].  (8)

where g(¢) is an arbitrary, slowly varying function and
Ai is the Airy function [67]. As expected, at y < 1 the
above contribution features an exponential suppression
~exp{—4/[3y(or. ky)]}, i.e., as the electron-positron
pair-production amplitude inside a (locally) constant-
crossed field [5,27].
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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 [y = 1, £ = 10,
N =5, see Eq. (3)].
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By applying Eq. (8) to Eq. (3) we obtain

0 (], . 2
/ﬁQPL%im%W@k”?;ﬁ/%y—2&)
0

0
X M@y, ky)Wolxi (0k. ky)]r* Al (r) / (4ex)
— Wi x; (ok. ky)|rAi(r)/ (07} (9a)

and

o (], .
A'fﬁz—m%WWW%wﬂwM@ww

2
. Ty 00 dQ

X Wi lxi (@i k)] AT (r) 5=+ / Lp,,

Qk 0o 0

(9b)

where  x(0. ky) = (&/x)le + &D(0. ky)l, Mo ky) =
w(ky) —w(ky —2¢) and the functions W; 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
@'(ky) = 0, where @(ky) = @loi(ky), ky] [see Eq. (8)].
The stationary-phase condition reads

2 1 Mo, k
n="2 ZMZ(Qk,ky)—i————Ly) (10)

& o (ky —20)]

where ¢, = ¢x(ky) [note that for y'(ky —2¢) — O the
pair-production probability is exponentially suppressed].
The leading-order contribution with n ~2M? (g, ky)& /x
corresponds to the four-momentum

K = nkt =2(8 /x)lw(ky) —y(kx) PR (11)

that the electron-positron pair has classically absorbed
from the laser field [see Eq. (7) and Fig. 2]. For a
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FIG. 4 (color online). Numerically calculated photon absorp-
tion spectra for y = 1, N = 5 and & = 10%3 ~ 4.6 (upper two),
& = 10 (middle two), & = 10*3 ~ 21.5 (lower two). Of each pair
the upper (lower) spectrum corresponds to perpendicular (paral-
lel) polarization.

monochromatic field pairs created after the peak
(¢ ~ x/10) have the highest recollision energy and we
obtain the cutoff n, = 3.17& /y, which corresponds to the
result 3.17U, obtained in atomic high-harmonic generation
(U, = m&/4) [5-9]. The & /y-scaling of the cutoff is
confirmed by a full numerical calculation in Fig. 4.

Now, the approximate contribution of the stationary
point ky,, solution of Eq. (10), is given by

2

/!
s

—+o0 . )
/ dky h(ky)e?®) x peilon/4+es) . (12)

where h(ky) is an arbitrary, slowly-varying function,

hs = h(kys)9 Ps = (p(kys)? (p/s/ = (p//(kys)’ 0 = Slgn((p/s/)’
and

y g [ , M (o, ky) QZ]
ky) = =42 | M(op. kyWw/' (ky) — —= 220 4 Sk|
@"(ky) P (0x- ky)y' (ky) 200 'Féz

(13)

where ¢} = ¢} (ky). 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 £ = 10.

Combining Egs. (9) and (12), we conclude that the
recollision contribution to | [P, |* scales as E0'9/3 at
221 W;(x) ~x~1/2 [51], the £ scaling is confirmed
numerically in Fig. 4], while the quasistatic contribution is
independent of & [20].

Using Eq. (1) we can estimate the ¢ scaling of the
ratio R between the recollision probability W(k,) and
the pair-production probability W,:,-(k,). Since n~ &,
e, JI[eTL, )" ~ m*E~8, and W, (k,) ~ £ [51], we obtain
R ~ E73m?6y, where o,y ~ 6io(q> = m?*£?). 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 ~ 6,/ A
[64], where A= AL,AL,, with AL,~&/m and
AL; ~ & /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 u*u~ pairs is exponen-
tially suppressed [exp(—8/3y,), with y, ~1077y], their
observation would unambiguously prove the existence of
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recollision processes. For a pulse with 5 cycles, y = 1 and
& =200~ m,/m (kinematic threshold) we obtain to lead-

ing order a probability of 2 x 1072° per incoming gamma
photon. However, for £ 2 200 the emission of additional
photons within the electron-positron loop should be taken
into account. In fact, N, ~ za photons are emitted on
average by each particle in the loop (integrating the total
emission probability yields N, =4.5) [5]. Taking the
corresponding exponential decay of the electron (positron)
wave function into account [5,69], the probability for yu~
pair production without the emission of additional photons
is ~1072*, 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 e e~ pair in the final
state. Because of the £76 scaling of the plateau (see Fig. 4)
much higher recollision probabilities are now obtained in
the regime y = 1, & = 10. From Eq. (1) we expect ~10713
recollision events per incoming gamma photon for a 5-cycle
pulse. Furthermore, in this case N, <1 and still the
absorption of ~10% laser photons is possible. Therefore, in
comparison with tree-level e*e™ photoproduction, recolli-
sion-produced e™ e~ pairs cover a much wider phase-space
region, such that these channels are, in principle, distinguish-
able (after the recollision also the momentum component pp
of each particle along the direction of the laser magnetic field
spans up to m¢&, whereas for the tree-level channel momenta
pp > m are exponentially suppressed [27]).

A.D.P. would like to thank Alexander I. Milstein and
S. M. Andreas Fischer, Andreas Kaldun, Ben King, Anton
Wollert, and Enderalp Yakaboylu for fruitful discussions.
S. M. is also grateful to the Studienstiftung des deutschen
Volkes for financial support. All plots have been created
with MATPLOTLIB [70] and the GSL [71] has been used for
numerical calculations.

“s.meuren @mpi-hd. mpg.de
"k.hatsagortsyan @mpi-hd.mpg.de
“keitel @mpi-hd.mpg.de
§dipiazza@mpi—hd.mpg.de

[1] P. Salieres, A. L’Huillier, P. Antoine, and M. Lewenstein,
Study of the spatial and temporal coherence of high-order
harmonics, Adv. At. Mol. Opt. Phys. 41, 83 (1999).

[2] W. Becker, F. Grasbon, R. Kopold, D. B. Milosevi¢, G. G.
Paulus, and H. Walther, Above-threshold ionization: From
classical features to quantum effects, Adv. At. Mol. Opt.
Phys. 48, 35 (2002).

[3] M. C. Kohler, T. Pfeifer, K.Z. Hatsagortsyan, and C.H.
Keitel, Frontiers of atomic high-harmonic generation,
Adv. At. Mol. Opt. Phys. 61, 159 (2012).

[4] C.J. Joachain, N. J. Kylstra, and R. M. Potvliege, Atoms in
Intense Laser Fields (Cambridge University Press,
Cambridge, England, 2012).

[5] A. Di Piazza, C. Miiller, K.Z. Hatsagortsyan, and C. H.
Keitel, Extremely high-intensity laser interactions with
fundamental quantum systems, Rev. Mod. Phys. 84, 1177
(2012).

[6] M. Yu. Kuchiev, Atomic antenna, JETP Lett. 45, 404 (1987).

[71 W. Becker, S. Long, and J. K. Mclver, Higher-harmonic
production in a model atom with short-range potential,
Phys. Rev. A 41, 4112 (1990).

[8] K.J. Schafer, B. Yang, L. F. DiMauro, and K. C. Kulander,
Above Threshold Ionization beyond the High Harmonic
Cutoff, Phys. Rev. Lett. 70, 1599 (1993).

[9] P.B. Corkum, Plasma Perspective on Strong Field Multi-
photon Ionization, Phys. Rev. Lett. 71, 1994 (1993).

[10] F. Krausz and M. Ivanov, Attosecond physics, Rev. Mod.
Phys. 81, 163 (2009).

[11] H.M.C. Cortés, C. Miiller, C.H. Keitel, and A. Pdlffy,
Nuclear recollisions in laser-assisted a decay, Phys. Lett. B
723, 401 (2013).

[12] E. Lotstedt and K. Midorikawa, Nuclear Reaction Induced
by Carrier-Envelope-Phase Controlled Proton Recollision
in a Laser-Driven Molecule, Phys. Rev. Lett. 112, 093001
(2014).

[13] B. Henrich, K.Z. Hatsagortsyan, and C.H. Keitel, Posi-
tronium in Intense Laser Fields, Phys. Rev. Lett. 93, 013601
(2004).

[14] K.Z. Hatsagortsyan, C. Miiller, and C. H. Keitel, Micro-
scopic laser-driven high-energy colliders, Europhys. Lett.
76, 29 (2006).

[15] C. Miiller, K. Z. Hatsagortsyan, and C. H. Keitel, Muon pair
creation from positronium in a linearly polarized laser field,
Phys. Rev. A 78, 033408 (2008).

[16] M. Yu. Kuchiev, Production of High-Energy Particles in
Laser and Coulomb Fields and the e*e™ Antenna, Phys.
Rev. Lett. 99, 130404 (2007).

[17] V.N. Baier, A.I. Mil’shtein, and V.M. Strakhovenko,
Interaction between a photon and an intense electromagnetic
wave, Sov. Phys. JETP 42, 961 (1975).

[18] W. Becker and H. Mitter, Vacuum polarization in laser
fields, J. Phys. A 8, 1638 (1975).

[19] W. Dittrich and H. Gies, Probing the Quantum Vacuum
(Springer, Berlin, 2000).

[20] S. Meuren, C.H. Keitel, and A. Di Piazza, Polarization
operator for plane-wave background fields, Phys. Rev. D 88,
013007 (2013).

[21] V. Dinu, T. Heinzl, A. Ilderton, M. Marklund, and G.
Torgrimsson, Vacuum refractive indices and helicity flip in
strong-field QED, Phys. Rev. D 89, 125003 (2014).

[22] V. Dinu, T. Heinzl, A. Ilderton, M. Marklund, and G.
Torgrimsson, Photon polarization in light-by-light scatter-
ing: Finite size effects, Phys. Rev. D 90, 045025 (2014).

[23] H. Gies, F. Karbstein, and R. Shaisultanov, Laser photon
merging in an electromagnetic field inhomogeneity, Phys.
Rev. D 90, 033007 (2014).

[24] A. Di Piazza, On refractive processes in strong laser field
quantum electrodynamics, Ann. Phys. (Amsterdam) 338,
302 (2013).

[25] H.R. Reiss, Absorption of light by light, J. Math. Phys.
(N.Y) 3, 59 (1962).

143201-5


http://dx.doi.org/10.1016/S1049-250X(08)60219-0
http://dx.doi.org/10.1016/S1049-250X(02)80006-4
http://dx.doi.org/10.1016/S1049-250X(02)80006-4
http://dx.doi.org/10.1016/B978-0-12-396482-3.00004-1
http://dx.doi.org/10.1103/RevModPhys.84.1177
http://dx.doi.org/10.1103/RevModPhys.84.1177
http://dx.doi.org/10.1103/PhysRevA.41.4112
http://dx.doi.org/10.1103/PhysRevLett.70.1599
http://dx.doi.org/10.1103/PhysRevLett.71.1994
http://dx.doi.org/10.1103/RevModPhys.81.163
http://dx.doi.org/10.1103/RevModPhys.81.163
http://dx.doi.org/10.1016/j.physletb.2013.05.025
http://dx.doi.org/10.1016/j.physletb.2013.05.025
http://dx.doi.org/10.1103/PhysRevLett.112.093001
http://dx.doi.org/10.1103/PhysRevLett.112.093001
http://dx.doi.org/10.1103/PhysRevLett.93.013601
http://dx.doi.org/10.1103/PhysRevLett.93.013601
http://dx.doi.org/10.1209/epl/i2006-10226-2
http://dx.doi.org/10.1209/epl/i2006-10226-2
http://dx.doi.org/10.1103/PhysRevA.78.033408
http://dx.doi.org/10.1103/PhysRevLett.99.130404
http://dx.doi.org/10.1103/PhysRevLett.99.130404
http://dx.doi.org/10.1088/0305-4470/8/10/017
http://dx.doi.org/10.1103/PhysRevD.88.013007
http://dx.doi.org/10.1103/PhysRevD.88.013007
http://dx.doi.org/10.1103/PhysRevD.89.125003
http://dx.doi.org/10.1103/PhysRevD.90.045025
http://dx.doi.org/10.1103/PhysRevD.90.033007
http://dx.doi.org/10.1103/PhysRevD.90.033007
http://dx.doi.org/10.1016/j.aop.2013.09.007
http://dx.doi.org/10.1016/j.aop.2013.09.007
http://dx.doi.org/10.1063/1.1703787
http://dx.doi.org/10.1063/1.1703787

PRL 114, 143201 (2015)

PHYSICAL REVIEW LETTERS

week ending
10 APRIL 2015

[26] A.I Nikishov and V.I. Ritus, Quantum Processes in the
field of a plane electromagnetic wave and in a constant field.
I, Sov. Phys. JETP 19, 529 (1964).

[27] V.I. Ritus, Quantum effects of the interaction of elementary
particles with an intense electromagnetic field, J. Sov. Laser
Res. 6, 497 (1985).

[28] R. Schiitzhold, H. Gies, and G. Dunne, Dynamically
Assisted Schwinger Mechanism, Phys. Rev. Lett. 101,
130404 (2008).

[29] F. Ehlotzky, K. Krajewska, and J. Z. Kaminski, Fundamen-
tal processes of quantum electrodynamics in laser fields of
relativistic power, Rep. Prog. Phys. 72, 046401 (2009).

[30] G.V. Dunne, H. Gies, and R. Schiitzhold, Catalysis of
Schwinger vacuum pair production, Phys. Rev. D 80,
111301 (2009).

[31] S.S. Bulanov, V. D. Mur, N. B. Narozhny, J. Nees, and V. S.
Popov, Multiple Colliding Electromagnetic Pulses: A Way
to Lower the Threshold of e"e~ Pair Production from
Vacuum, Phys. Rev. Lett. 104, 220404 (2010).

[32] R. Ruffini, G. Vereshchagin, and S. Xue, Electron-positron
pairs in physics and astrophysics: From heavy nuclei to
black holes, Phys. Rep. 487, 1 (2010).

[33] T. Heinzl, A. Ilderton, and M. Marklund, Finite size effects
in stimulated laser pair production, Phys. Lett. B 692, 250
(2010).

[34] K. Tuchin, Non-linear pair production in scattering of
photons on ultra-short laser pulses at high energy, Phys.
Lett. B 686, 29 (2010).

[35] M. Orthaber, F. Hebenstreit, and R. Alkofer, Momentum
spectra for dynamically assisted Schwinger pair production,
Phys. Lett. B 698, 80 (2011).

[36] A. Ipp, J. Evers, C.H. Keitel, and K.Z. Hatsagortsyan,
Streaking at high energies with electrons and positrons,
Phys. Lett. B 702, 383 (2011).

[37] F. Hebenstreit, A. Ilderton, and M. Marklund, Pair produc-
tion: The view from the lightfront, Phys. Rev. D 84, 125022
(2011).

[38] K. Krajewska and J.Z. Kamifski, Breit-Wheeler process
in intense short laser pulses, Phys. Rev. A 86, 052104
(2012).

[39] A.1. Titov, H. Takabe, B. Kiampfer, and A. Hosaka,
Enhanced Subthreshold eTe~ Production in Short Laser
Pulses, Phys. Rev. Lett. 108, 240406 (2012).

[40] T. Nousch, D. Seipt, B. Kiampfer, and A.I. Titov, Pair
production in short laser pulses near threshold, Phys. Lett. B
715, 246 (2012).

[41] M. Jiang, W. Su, Z. Q. Lv, X. Lu, Y.J. Li, R. Grobe, and
Q. Su, Pair creation enhancement due to combined external
fields, Phys. Rev. A 85, 033408 (2012).

[42] B. King, N. Elkina, and H. Ruhl, Photon polarization in
electron-seeded pair-creation cascades, Phys. Rev. A 87,
042117 (2013).

[43] S.S. Bulanov, C.B. Schroeder, E. Esarey, and W.P.
Leemans, Electromagnetic cascade in high-energy electron,
positron, and photon interactions with intense laser pulses,
Phys. Rev. A 87, 062110 (2013).

[44] M.J. A. Jansen and C. Miiller, Strongly enhanced pair
production in combined high- and low-frequency laser
fields, Phys. Rev. A 88, 052125 (2013).

[45] A.M. Fedotov and A. A. Mironov, Pair creation by collision
of an intense laser pulse with a high-frequency photon
beam, Phys. Rev. A 88, 062110 (2013).

[46] A.1. Titov, B. Kdmpfer, H. Takabe, and A. Hosaka,
Breit-Wheeler process in very short electromagnetic pulses,
Phys. Rev. A 87, 042106 (2013).

[47] Q.Z. Ly, Y. Liu, Y.J. Li, R. Grobe, and Q. Su, Noncom-
peting Channel Approach to Pair Creation in Supercritical
Fields, Phys. Rev. Lett. 111, 183204 (2013).

[48] Q.Z. Lv, A. Vikartofsky, S. Norris, Y. J. Li, R. Wagner, Q.
Su, and R. Grobe, Instantaneous rest-frame transformation
method for temporally induced pair creation, Phys. Rev. A
89, 042105 (2014).

[49] C. Kohlfiirst, H. Gies, and R. Alkofer, Effective Mass
Signatures in Multiphoton Pair Production, Phys. Rev. Lett.
112, 050402 (2014).

[50] K. Krajewska and J.Z. Kaminski, Breit-Wheeler pair
creation by finite laser pulses, J. Phys. Conf. Ser. 497,
012016 (2014).

[51] S. Meuren, K.Z. Hatsagortsyan, C. H. Keitel, and A. Di
Piazza, Polarization-operator approach to pair creation in
short laser pulses, Phys. Rev. D 91, 013009 (2015).

[52] N. Muramatsu, Y. Kon, S. Daté, Y. Ohashi, H. Akimune,
J.Y. Chen, M. Fujiwara, S. Hasegawa, T. Hotta, T. Ishikawa
et al., Development of high intensity laser-electron
photon beams up to 2.9 GeV at the SPring-8 LEPS beam-
line, Nucl. Instrum. Methods Phys. Res., Sect. A 737, 184
(2014).

[53] W.P. Leemans, A.J. Gonsalves, H.-S. Mao, K. Nakamura,
C. Benedetti, C.B. Schroeder, Cs. T6th, J. Daniels, D. E.
Mittelberger, S.S. Bulanov et al.,, Multi-GeV Electron
Beams from Capillary-Discharge-Guided Subpetawatt
Laser Pulses in the Self-Trapping Regime, Phys. Rev. Lett.
113, 245002 (2014).

[54] N.D. Powers, 1. Ghebregziabher, G. Golovin, C. Liu, S.
Chen, S. Banerjee, J. Zhang, and D.P. Umstadter, Quasi-
monoenergetic and tunable X-rays from a laser-driven
Compton light source, Nat. Photonics 8, 28 (2014).

[55] X. Wang, R. Zgadzaj, N. Fazel, Z. Li, S. A. Yi, X. Zhang, W.
Henderson, Y.-Y. Chang, R. Korzekwa, H.-E. Tsai et al.,
Quasi-monoenergetic laser-plasma acceleration of electrons
to 2 GeV, Nat. Commun. 4, 1988 (2013).

[56] H.T. Kim, K. H. Pae, H.J. Cha, I.J. Kim, T.J. Yu, J. H.
Sung, S. K. Lee, T. M. Jeong, and J. Lee, Enhancement of
Electron Energy to the Multi-GeV Regime by a Dual-Stage
Laser-Wakefield Accelerator Pumped by Petawatt Laser
Pulses, Phys. Rev. Lett. 111, 165002 (2013).

[57] K. T. Phuoc, S. Corde, C. Thaury, V. Malka, A. Tafzi, J. P.
Goddet, R. C. Shah, S. Sebban, and A. Rousse, All-optical
Compton gamma-ray source, Nat. Photonics 6, 308
(2012).

[58] E. Esarey, C. B. Schroeder, and W. P. Leemans, Physics of
laser-driven plasma-based electron accelerators, Rev. Mod.
Phys. 81, 1229 (2009).

[59] W.P. Leemans, B. Nagler, A.J. Gonsalves, Cs. Té6th, K.
Nakamura, C. G. R. Geddes, E. Esarey, C. B. Schroeder, and
S. M. Hooker, GeV electron beams from a centimetre-scale
accelerator, Nat. Phys. 2, 696 (2000).

[60] V. Yanovsky, V. Chvykov, G. Kalinchenko, P. Rousseau,
T. Planchon, T. Matsuoka, A. Maksimchuk, J. Nees,

143201-6


http://dx.doi.org/10.1007/BF01120220
http://dx.doi.org/10.1007/BF01120220
http://dx.doi.org/10.1103/PhysRevLett.101.130404
http://dx.doi.org/10.1103/PhysRevLett.101.130404
http://dx.doi.org/10.1088/0034-4885/72/4/046401
http://dx.doi.org/10.1103/PhysRevD.80.111301
http://dx.doi.org/10.1103/PhysRevD.80.111301
http://dx.doi.org/10.1103/PhysRevLett.104.220404
http://dx.doi.org/10.1016/j.physrep.2009.10.004
http://dx.doi.org/10.1016/j.physletb.2010.07.044
http://dx.doi.org/10.1016/j.physletb.2010.07.044
http://dx.doi.org/10.1016/j.physletb.2010.02.026
http://dx.doi.org/10.1016/j.physletb.2010.02.026
http://dx.doi.org/10.1016/j.physletb.2011.02.053
http://dx.doi.org/10.1016/j.physletb.2011.07.027
http://dx.doi.org/10.1103/PhysRevD.84.125022
http://dx.doi.org/10.1103/PhysRevD.84.125022
http://dx.doi.org/10.1103/PhysRevA.86.052104
http://dx.doi.org/10.1103/PhysRevA.86.052104
http://dx.doi.org/10.1103/PhysRevLett.108.240406
http://dx.doi.org/10.1016/j.physletb.2012.07.040
http://dx.doi.org/10.1016/j.physletb.2012.07.040
http://dx.doi.org/10.1103/PhysRevA.85.033408
http://dx.doi.org/10.1103/PhysRevA.87.042117
http://dx.doi.org/10.1103/PhysRevA.87.042117
http://dx.doi.org/10.1103/PhysRevA.87.062110
http://dx.doi.org/10.1103/PhysRevA.88.052125
http://dx.doi.org/10.1103/PhysRevA.88.062110
http://dx.doi.org/10.1103/PhysRevA.87.042106
http://dx.doi.org/10.1103/PhysRevLett.111.183204
http://dx.doi.org/10.1103/PhysRevA.89.042105
http://dx.doi.org/10.1103/PhysRevA.89.042105
http://dx.doi.org/10.1103/PhysRevLett.112.050402
http://dx.doi.org/10.1103/PhysRevLett.112.050402
http://dx.doi.org/10.1088/1742-6596/497/1/012016
http://dx.doi.org/10.1088/1742-6596/497/1/012016
http://dx.doi.org/10.1103/PhysRevD.91.013009
http://dx.doi.org/10.1016/j.nima.2013.11.039
http://dx.doi.org/10.1016/j.nima.2013.11.039
http://dx.doi.org/10.1103/PhysRevLett.113.245002
http://dx.doi.org/10.1103/PhysRevLett.113.245002
http://dx.doi.org/10.1038/nphoton.2013.314
http://dx.doi.org/10.1038/ncomms2988
http://dx.doi.org/10.1103/PhysRevLett.111.165002
http://dx.doi.org/10.1038/nphoton.2012.82
http://dx.doi.org/10.1038/nphoton.2012.82
http://dx.doi.org/10.1103/RevModPhys.81.1229
http://dx.doi.org/10.1103/RevModPhys.81.1229
http://dx.doi.org/10.1038/nphys418

PRL 114, 143201 (2015)

PHYSICAL REVIEW LETTERS

week ending
10 APRIL 2015

G. Cheriaux, G. Mourou et al., Ultra-high intensity 300 TW
laser at 0.1 Hz repetition rate, Opt. Express 16, 2109
(2008).

[61] F. Amiranoft et al., ELI-Proposal for a European Extreme
Light Infrastructure (ELI), http://www.eli-beams.eu/.

[62] Central Laser Facility (CLF), http://www.stfc.ac.uk/clf/.

[63] Exawatt Center for Extreme Light Studies (XCELS), http://
www.xcels.iapras.ru/img/XCELS-Project-english-version
.pdf.

[64] M.E. Peskin and D.V. Schroeder, An Introduction to
Quantum Field Theory (Addison-Wesley, Reading, MA,
1995).

[65] L. D. Landau and E. M. Lifshitz, Quantum Electrodynamics,
2nd ed. (Butterworth-Heinemann, Oxford, 1982).

[66] E.S. Sarachik and G. T. Schappert, Classical theory of the
scattering of intense laser radiation by free electrons, Phys.
Rev. D 1, 2738 (1970).

[67] NIST Handbook of Mathematical Functions, edited by
F. W.J. Olver, D. W. Lozier, R. F. Boisvert, and C. W. Clark
(Cambridge University Press, Cambridge, England, 2010).

[68] C. Chester, B. Friedman, and F. Ursell, An extension of the
method of steepest descents, Math. Proc. Cambridge Philos.
Soc. 53, 599 (1957).

[69] S. Meuren and A. Di Piazza, Quantum Electron Self-
Interaction in a Strong Laser Field, Phys. Rev. Lett. 107,
260401 (2011).

[70] J.D. Hunter, Matplotlib: A 2D graphics environment,
Comput. Sci. Eng. 9, 90 (2007).

[71] GNU Scientific Library, http://www.gnu.org/software/gsl/.

143201-7


http://dx.doi.org/10.1364/OE.16.002109
http://dx.doi.org/10.1364/OE.16.002109
http://www.eli-beams.eu/
http://www.eli-beams.eu/
http://www.eli-beams.eu/
http://www.stfc.ac.uk/clf/
http://www.stfc.ac.uk/clf/
http://www.stfc.ac.uk/clf/
http://www.stfc.ac.uk/clf/
http://www.xcels.iapras.ru/img/XCELS-Project-english-version.pdf
http://www.xcels.iapras.ru/img/XCELS-Project-english-version.pdf
http://www.xcels.iapras.ru/img/XCELS-Project-english-version.pdf
http://www.xcels.iapras.ru/img/XCELS-Project-english-version.pdf
http://www.xcels.iapras.ru/img/XCELS-Project-english-version.pdf
http://www.xcels.iapras.ru/img/XCELS-Project-english-version.pdf
http://dx.doi.org/10.1103/PhysRevD.1.2738
http://dx.doi.org/10.1103/PhysRevD.1.2738
http://dx.doi.org/10.1017/S0305004100032655
http://dx.doi.org/10.1017/S0305004100032655
http://dx.doi.org/10.1103/PhysRevLett.107.260401
http://dx.doi.org/10.1103/PhysRevLett.107.260401
http://dx.doi.org/10.1109/MCSE.2007.55
http://www.gnu.org/software/gsl/
http://www.gnu.org/software/gsl/
http://www.gnu.org/software/gsl/

