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We study the nonlinear process ofe−e+ pair creation by a nucleus which moves at a relativistic energy in the
laboratory frame and collides with an intense x-ray laser beam. The collision system under consideration is
chosen in such a way that the simultaneous absorption of at least two photons from the laser wave is required
in order to exceed the energy threshold of the reaction. We calculate total and differential rates for both
free-free and bound-free pair production. In the case of free-free pair creation we demonstrate the effect of the
laser polarization on the spectra of the produced particles, and we show that at very high intensities the total
rate exhibits features analogous to those well known from above-threshold ionization rates for atoms. In the
case of bound-free pair creation a singularity is found in the laboratory frame angular distribution of the
produced positron. This singularity represents a distinct characteristic of the bound-free pair production and
allows one to separate this process from free-free pair creation even without detecting a bound state of the
captured electron. For both types of pair creation we consider the dependences of the total rates on the collision
parameters, give the corresponding scaling laws, and discuss the possibility to observe these nonlinear pro-
cesses in a future experiment.
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I. INTRODUCTION

The large progress in laser technology over the last two
decades has given rise to extensive research activities in the
field of laser-matter interactions. The emphasis has mainly
been put on the strong-field processes of multiphoton and
tunneling ionization or excitation of atoms, molecules, or
clusters by intense laser pulses, thereby restricting the focus
on systems that are governed by nonrelativistic dynamics
(see, e.g.,[1,2] and references therein). For the process of
strong-field photoionization of atoms also relativistic effects
have been studied in some detail(see, e.g., Refs.[3–11]).
However, if an atomic system is submitted to a radiation field
of extremely high frequency and/or intensity, then not only
excitation or ionization can occur but also the reaction chan-
nels of e−e+ pair creation open. The different processes are
schematically depicted in Fig. 1. Within the Dirac sea pic-
ture, the process of pair creation can be viewed as the tran-
sition of an electron from the negative-energy continuum
into a positive-energy state. In the case of free-free pair cre-
ation (a) the latter is also a continuum state, while it is a
discrete bound state in the case of bound-free pair creation
(b). In Fig. 1 also the process of ionization(c) is shown,
which is the transition from a positive-energy bound state to
the positive-energy continuum. Notice the especially close
relation between the processes(b) and (c).

The subject of laser-induced pair production is mainly
discussed in connection with the new x-ray free-electron la-
ser (XFEL) facilities [12], presently under construction at
SLAC and DESY[13]. They are proposed to yield beams of
spatially coherent synchrotron radiation with single-photon
energies up to v,10 keV at intensities close toI
,1020 W/cm2, corresponding to an intensity parameterj
,ÎI /vc of the order of 10−3 [14]. If an atom, an ion, or a

bare nucleus at rest is exposed to such an XFEL field, then,
in principle, pair creation is possible but it requires the ab-
sorption of n,100 laser photons. Therefore, the resulting
production rate will be negligibly small, since, as a general
rule, the rate for ann-photon process scales asj2n in the j
!1 regime.

To overcome this problem, one can make use of a nucleus
that is not at rest but moves at a relativistic energy through
the laser wave; that is, one can consider pair creation in a
laser-nucleus collision[15,16]. Then, in the rest frame of the
nucleus, the photon energy is Doppler shifted, which consid-
erably lowers the required number of laser photons to be
absorbed. In the case of a head-on collision, the enhancement
factor is maximum and given bys1+bdg where b is the
reduced velocity of the nucleus in the laboratory frame and

FIG. 1. Schematic sketch of the processes of(a) free-free pair
creation,(b) bound-free pair creation, and(c) ionization.
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g=s1−b2d−1/2 is its Lorentz factor. Note that the laser elec-
tric field strength is equally enhanced in the nucleus frame.
In Ref. [15] we focused on the situation where an extremely
relativistic nucleus, whose energy lies in the range of the
upcoming large hadron collider at CERN, is moving through
a superintense near-optical laser wave. Under those circum-
stances the pair creation can be viewed as a quasistatic tun-
neling process.

In contrast to this high-intensity and low-frequency(i.e.,
j@1) scenario, we consider in the present paper the comple-
mentary low-intensity and high-frequency(i.e., j!1)
situation—that is, pair production in the collision of a mod-
erately relativistic nucleus and an XFEL beam. The param-
eters of the colliding system are chosen such that the absorp-
tion of at least two photons is required in order to surmount
the energy threshold of the reaction. Pair creation by two-
photon absorption is the lowest order of multiphoton or non-
linear pair production. Note that the corresponding linear
process—i.e., pair creation by a singleg quantum of suffi-
ciently high energy in the Coulomb field of a nucleus—was
considered long ago[17]. We study both free-free and
bound-free nonlinear pair production where, in the latter
case, the created electron is simultanuously captured into a
bound state of the projectile nucleus. We calculate the total
reaction rates as well as the energetic and angular distribu-
tions of one of the produced leptons. While in Refs.[15,16]
we treated a circularly polarized laser field only, in the
present paper we also consider the numerically more in-
volved case of a linearly polarized wave and demonstrate the
influence of the laser polarization on the particle spectra.
Notice that the effect of the laser polarization on the total
production rate in thej@1 regime (i.e., the tunneling re-
gime) has been discussed in Ref.[18]. Furthermore, we ex-
tend the presentation of two-photon bound-free pair creation
given in our Letter[16], where this nonlinear process was
considered for the first time.

Before we start our consideration, a last remark may be in
order. A few years ago, the nonlinear process of free-free
e−e+ pair creation in the collision of an ultrarelativisticelec-
tron beam with an intense optical laser pulse was experimen-
tally observed at SLAC[19]. This process seems to be
closely related to the free-free pair production in highly en-
ergetic nucleus-laser collisions. However, the very important
difference between these two processes is that, according to
the theoretical analysis in Ref.[19], the pair production in
the electron-laser collision mainly proceeds via an indirect
mechanism where first a high-energy photon is produced by
Compton backscattering, which afterwards creates a pair by
interacting with the optical photons. Since the Compton
cross section strongly depends on the mass of the scattering
particle, the two-step process is suppressed by several orders
of magnitude in the case of aheavyprojectile like a nucleus
(cf. also the discussion in Ref.[15]). Therefore, in the
present paper the two-step mechanism for pair production is
not taken into account.

II. THEORY

A. General

When we consider pair creation in a laser-nucleus colli-
sion, we have to treat the lepton motion in the combined

electromagnetic fields of the nucleus and laser wave. That is,
we have to deal with the Hamiltonian[20]

H = − ica · = + g0c2 − AN
0 + a ·AL, s1d

which, for simplicity, is taken in the rest frame of the
nucleus. Here,AN

0 =Z/ uxu is the nuclear Coulomb potential
andAL

m=s0,ALd denotes the laser four-potential taken in the
radiation gauge. In general, the transition amplitude for a
quantum mechanical process can be expressed in two
equivalent ways, either in the post form(see, e.g.,[21])

sS− 1d f i = −
i

c
E fsH − i]tdF fg†Cid

4x s2d

or in the prior form

sS− 1d f i =
i

c
E C f

†sH − i]tdFid
4x, s3d

where Ci sC fd is an eigenstate of the full HamiltonianH,
while F f sFid is an exact asymptotic final(initial) state lack-
ing only the potential that causes the transition. If we chose
the latter potential to be the nuclear Coulomb potential, then
the prior form amplitude for pair creation can be written as

sS− 1d f i = −
i

c
E C f

†AN
0cp,s

s+dd4x, s4d

with the negative continuum Volkov statecp,s
s+d describing the

outgoing positron(see below). For the fully interacting state
C f that describes the motion of the produced electron, no
analytical expression is known. In the following subsections
we will therefore employ physically reasonable approxima-
tions toC f that are suited for the treatment of free-free and
bound-free pair production, respectively.

Beforehand, we note that in this paper the laser field is
described by a classical, monochromatic plane wave with the
wave vectorkm=v /cs1,ezd and the amplitudea, which is
either linearly polarized,

AL
msxd = a1

m cosh, s5d

or circularly polarized,

AL
msxd = a1

m cosh + a2
m sinh. s6d

Here, h=skxd, a1
m=as0,exd, and a2

m=as0,eyd. The Dirac
equationsi]”+A” L /c−cdC=0 in such a transversal plane wave
is exactly solved by the Volkov states[22,23]

cp,s
s±dsxd = NpS1 ±

k”A” L

2cskpdDup,s
s±dei fs±dsxd, s7d

with

f s±dsxd = ± spxd +
1

cskpdE
h FspALd 7

1

2c
AL

2Gdh8.

The indices(6) refer to the charge of the corresponding
Dirac particle,pm and s are its (free) four-momentum and
spin projection, respectively, andup,s

s±d denotes a free Dirac
spinor[24]. The normalization constant is conveniently cho-
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sen asNp=Îc/q0, whereq0=Eq/c is the zeroth component of
the so-called effective four-momentum,

qm = pm +
AL

2

2c2skpd
km s8d

which characterizes the motion of an otherwise free Dirac
particle in a laser wave; hereAL

2=j2c4 denotes the time-
averaged square of the laser amplitude, where the dimension-
less quantityj is the intensity parameter. By the Lorentz
scalarq2=m*

2c2, the effective massm* of the leptons in the
laser field is defined. Note that, due to the small value ofj,
the effective momentum and the asymptotic free momentum
practically coincide in the high-frequency field of an XFEL.

B. Free-free pair creation

First, we consider the case of free-free pair creation where
not only the positron but also the electron is produced in a
continuum state[cf. Fig. 1(a)]. If the electron velocityv−
with respect to the nucleus is not too small(i.e., if Z/v−
!1), then the influence of the laser field should be dominant
in comparison with the nuclear Coulomb field. For this rea-
son, one may describe the outgoinge− state by a correspond-
ing positive continuum Volkov state and find in this way
from Eq. (4) the approximate amplitude

sS− 1dff = −
i

c
E fcp−,s−

s−d g†AN
0cp+,s+

s+d d4x s9d

for free-free(ff ) pair creation. Clearly, up to an overall sign,
we would have found the same expression, if we had started
from the post-form amplitude(2) instead. The integral in Eq.
(9) can be solved analytically by Fourier expansion with the
use of the generating function of the Bessel functionsJn [25].
The resulting fully differential production rate can be ex-
pressed in the form

d6Rff =
cZ2

2p3 o
nùn0

o
s±

uMp−p+

snd u2
dsQn

0d
Qn

4

d3q+

q+
0

d3q−

q−
0 , s10d

where the first sum runs over the number of absorbed laser
photons, beginning with the smallest possible numbern0,
Qn

m=q+
m+q−

m−nkm is the four-momentum transfer to the
nucleus, and theMp−p+

snd denote some reduced amplitudes.
In the case of a circularly polarized laser wave of the form

(6) these reduced amplitudes read[15]

Mp−p+

snd = ūp−,s−

s−d HSe” −
a2sekd

2c2skp+dskp−d
k”DBn + S e”k”a”1

2cskp+d

−
a”1k”e”

2cskp−dDCn + S e”k”a”2

2cskp+d
−

a”2k”e”

2cskp−dDDnJup+,s+

s+d ,

s11d

with e=s1,0d such thate”=g0 and the coefficients

Bn = Jnsādeinh0,

Cn =
1

2
fJn+1sādeisn+1dh0 + Jn−1sādeisn−1dh0g,

Dn =
1

2i
fJn+1sādeisn+1dh0 − Jn−1sādeisn−1dh0g. s12d

Here, we have used the abbreviationsā=sa1
2+a2

2d1/2 and
h0=arccossa1/ ād=arcsinsa2/ ād with

a j =
sajp−d
cskp−d

−
sajp+d
cskp+d

s13d

for j =1,2.
In the case of a linearly polarized laser wave of the form

(5) we have instead

Mp−p+

snd = ūp−,s−

s−d He”Bn + F e”k”a”0

2cskp+d
−

a”0k”e”

2cskp−dGCn

−
a2sekdk”

2c2skp+dskp−d
DnJup+,s+

s+d . s14d

This time, the so-called generalized Bessel functionsJ̃n (see,
e.g.,[26]) enter the coefficients:

Bn = J̃nsa1,a2d,

Cn =
1

2
fJ̃n−1sa1,a2d + J̃n+1sa1,a2dg,

Dn =
1

4
fJ̃n−2sa1,a2d + 2J̃nsa1,a2d + J̃n+2sa1,a2dg. s15d

Here,

J̃nsa1,a2d = o
m=−`

`

Jn−2msa1dJmsa2d, s16d

with

a1 = F sa1p−d
cskp−d

−
sa1p+d
cskp+dG, a2 = −

a2

8c2F 1

skp−d
+

1

skp+dG .

s17d

C. Bound-free pair creation

In the case of pair production with capture the electron is
created in a bound state of the nucleus[cf. Fig. 1(b)]. Speak-
ing of a bound Coulomb state in the presence of a laser wave
implies that this state still keeps its main properties as a
bound state and, therefore, a clear physical meaning can be
attributed to this state. This is guaranteed, e.g., if the nuclear
field strengthFN experienced by the bound electron is sig-
nificantly larger than the peak laser field strengthFL (taken
in the nuclear rest frame). In such a case, the effect of the
laser wave on the bound electron should be less important
than that of the nuclear Coulomb field. Under such circum-
stances, in Eq.(4) one may use the approximationC f <f1s,
wheref1s is the Coulomb ground state. We chose the ground
state to represent the bound system because most of the elec-
trons are expected to be captured into theK shell since it can
accomodate larger momenta. We thus arrive at the approxi-
mate amplitude
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sS− 1dbf = −
i

c
E f1s

† AN
0cp,s+

s+d d4x s18d

for bound-free(bf) pair creation. If, instead, we had started
from the post form version(2) and had employed a corre-
sponding approximation toCi, then we would have got the
slightly different expression

sS̃− 1dbf =
i

c
E f1s

† a ·ALcp,s+

s+d d4x = −
i

c
E f̄1sA” Lcp,s+

s+d d4x.

s19d

One can, however, show that both forms yield identical tran-
sition rates since the amplitudes(18) and (19) differ by a
(total) time derivative only. Note, moreover, that the approxi-
mations that Eqs.(18) and (19) are based upon are essen-
tially similar to those used in the so-called strong-field ap-
proximation theories[26–28] which are widely applied in the
theoretical treatment of laser-atom interactions.

We now want to derive in some detail the differential pair
creation rate, since this was omitted in Ref.[16]. The deri-
vation is more conveniently performed starting from the
post-form amplitude(19). Further, in contrast to our treat-
ment of free-free pair production, we restrict ourselves to the
case of a circularly polarized laser beam[cf. Eq. (6)]. We
perform the calculation in the rest frame of the nucleus: i.e.,
in what follows all quantities are to be taken in this frame.
Note that this derivation is similar to that given in Ref.[3]
where the strong-field photoionization of a hydrogenlike ion
was considered.

The ground-state wave function in Eq.(19) can be written
as

f1ssxd = gsrdxs−
sq,wde−iE1st,

where the radial wave functiongsrd and the spinorsxs−
sq ,wd

are taken from Ref.[24]. The fully differential production
rate is essentially given by the square of the amplitude(19)
summed over the particle spins:

J = o
s±

usS̃− 1dbfu2

=
1

cq0o
s±

E d4xE d4x8e−iffs+dsxd−fs+dsx8d+E1sst−t8dggsrdgsr8d

3 ūp,s+

s+d S1 +
A” Lk”

2cskpdDA” Lxs−
x8s−

A” L8S1 +
k”A” L8

2cskpd
Dup,s+

s+d .

s20d

Here,E1s=sc2 with s=f1−saZd2g1/2 is the ground-state en-
ergy, and functions that depend onx8 rather than onx are
marked by a prime—e.g.,AL8=ALsx8d. The electron-spin sum
in Eq. (20) can be carried out explicitly by calculating the
matrix

M = o
s−

xs−
x8s−

. s21d

Then, the positron spin sum can be evaluated in the usual
way as

T = o
s+

ūp,s+

s+d Gup,s+

s+d =
1

2c
TrhGsp” − cdj, s22d

with

G = SA” L +
a2

2cskpd
k”DMSA” L8 +

a2

2cskpd
k”D .

Hence, we get

J =
1

cq0 E d4xE d4x8e−iffs+dsxd−fs+dsx8d+E1sst−t8dggsrdgsr8dT.

s23d

This integral can be solved analytically by expanding the
exponential into a Fourier series. The result for the doubly
differential transition rate(per unit time) is

d2Rbf

dEqd cosuq
= 4

a2

Z3 o
nùn0

uqu
suA + uB + ucd
f1 + sr/Zd2g4 dsEq + E1s − nvd,

s24d

with the smallest possible number of photonsn0, r= uq−nku,
and

uA =
P
c

h„fJn−1szdg2 + fJn+1szdg2
…fsp0 + cds2sr/Zd4U2 + sp0

− cdt2sr/Zd2V2 − s2/Zdpzstsr/Zd2spz − bkzdUVg

+ s4/ZdJn−1szdJn+1szdstsr/Zd2p'
2 UVj,

uB = − 2
v

c2sr/Zd2PnfJnszdg2fs2sr/Zd2U2 + t2V2 + s2/Zdstsp0

+ bkz − 2pzdUVg,

uC =
a2

c3sp0 − pzd
PfJnszdg2sr/Zd2fs2sr/Zd2U2 + t2V2

− s2/Zdstspz − bkzdUVg. s25d

Furthermore, in Eq.(25) we have used the abbreviationst
=s1−sd /aZ, p'= upusinup, z=ap' /cskpd, b=n−a2/2c2skpd,
and

P =
s1 + sdfGssdg222ss−1d

Gs1 + 2sd
f1 + sr/Zd2g2−s

sr/Zd6 ,

U = sinX + sr/ZdcosX,

V = ssr/ZdcosX − f1 + s1 + sdsr/Zd2gsinX,

X = s arctansr/Zd. s26d

III. RESULTS AND DISCUSSION

A. Free-free pair creation

In this subsection we present our results on free-free pair
production by a proton colliding atg=50 head-on with an
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intense x-ray laser of 9 keV photon energy that is either lin-
early or circularly polarized. We mainly focus on the situa-
tion where the laser wave has an intensity of 8
31019 W/cm2 (i.e., j=7.5310−4). This corresponds to a
constant electric field strength ofFL=1.831011 V/cm in the
case of a circularly polarized wave and to a peak field
strength ofFL=2.531011 V/cm in the case of a linearly
polarized wave. In the rest frame of the nucleus, the laser
frequency and field strength are enhanced by the factors1
+bdg<100. Hence, the energetic threshold for pair creation
can be surmounted by the absorption of at least two photons
from the laser wave. As long asj!1, the relative contribu-
tion of the higher photon orderssnù3d is proportional toj2

and, thus, negligible. Clearly, this argument does not hold
any longer if the value ofj approaches unity. Therefore, at
the end of the subsection we want to slightly broaden its
scope by discussing some results on few-photon pair creation
in the j<1 transition regime.

In the following, we use primed quantities in the nuclear
rest frame and unprimed quantities in the laboratory frame.

1. Positron spectra: Polarization effects

First we discuss the energetic and angular distributions of
the produced particles. Within our approach, which is of first
order in the nuclear Coulomb potential, the spectra for the
emitted electron and the emitted positron are identical. For
definiteness, all figures refer to the produced positron. We
give the differential rates with respect to the effective posi-
tron momentumq+

m, which is practically identical with the
observable free momentump+

m [cf. Eq. (8) and the following
remark]. In principle, the spectra shown are thus directly
accessible to an experiment.

We start with the positron spectra in the rest frame of the
proton. As Fig. 2 shows, the energy spectra in this frame are
symmetric about the mean value of 900 keV, where they
attain a maximum. This maximum is more pronounced in the
case of a linearly polarized laser beam. Clearly, the symme-
try arises from the fact that in the approximation used the
distributions are identical for both leptons. Figure 3 shows

the production rates differential in the positron emission
angle with respect to the laser beam direction. The angular
distributions for linear and circular laser polarization are very
similar. In both cases the particles are mainly emitted under
angles of about,30°. While the polar angle distributions of
Fig. 3 for linear and circular laser polarization are very simi-
lar in shape, the azimuthal angle spectra, shown in Fig. 4,
display a very distinct polarization effect. In the case of a
linearly polarized wave about 40% more positrons are emit-
ted along the polarization axis than perpendicular to it[cf.
Eq. (5)], whereas in the case of a circularly polarized wave
the distribution is isotropic due to obvious symmetry rea-
sons. In addition, we note that the electron and positron are
preferably emitted with (almost) opposite transversal
momenta—i.e., with a large relative transversal velocity. For
this reason, the final-state Coulomb interaction between the
electron and positron is small, which justifies its neglect in
our treatment.

We now turn to the corresponding positron spectra in the
laboratory frame. Note that the laboratory frame and the
nucleus frame are connected by a Lorentz boost along the

FIG. 2. Projectile frame rates, differential in the positron energy
Eq+8 , for free-free pair creation by a proton colliding atg=50 with
an intense XFELsv=9 keV, I =831019 W/cm2d of linear or cir-
cular polarization.

FIG. 3. Projectile frame rates for free-free pair creation, differ-
ential in the polar emission angleuq+8 of the positron. The param-
eters of the colliding system are the same as in Fig. 2.

FIG. 4. Projectile frame rates for free pair creation, differential
in the azimuthal emission anglefq+8 of the positron. The parameters
of the colliding system are the same as in Fig. 2.
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beam axis. Figure 5 shows the laboratory-frame energy spec-
tra. The main contribution to the total rate comes from pos-
itrons in the energy range 8 MeV&Eq+&30 MeV. For ener-
gies below,20 MeV the differential rate is considerably
larger for a linearly polarized wave, whereas for higher en-
ergies the results for both polarizations practically coincide.
Figure 6 shows the laboratory-frame rate differential in the
polar emission angleuq+ of the positron with respect to the
propagation direction of the laser beam. The particles are
emitted within a narrow cone around the backward
direction—that is, under small angles of typically 1.5° with
respect to the proton beam direction. This is similar to our
results on free-free pair creation in the tunneling regime[15].
We note that the azimuthal angle spectrum in the laboratory
frame differs from the nuclear frame spectrum shown in Fig.
4 only by an overall constant factor ofg−1, which is due to
time dilation.

2. Total rates: Above threshold pair creation

Integration of the differential rates yields a total
laboratory-frame production rate of 4.8 s−1 for linear polar-

ization and of 3.8 s−1 for circular polarization; this means
that on average,2310−13 pairs are produced per collision if
we assume the laser beam to have a finite duration of 100 fs.
Further we note that also in the tunneling regime a linearly
polarized laser wave is more efficient for pair creation than a
wave of circular polarization[18]. A similar polarization ef-
fect is also known from the perturbative treatment of strong-
field photoionization[29].

In agreement with the general scaling law mentioned in
the Introduction, the nonlinear production rates are propor-
tional to j4 or I2, respectively, unless the laser intensity
amounts to or exceeds,1025 W/cm2, which corresponds to
a value of the intensity parameter close to unity. For such
high intensities the contributions from the higher photon or-
derssnù3d become non-negligible, as Fig. 7 shows, where
the partial rates for pair creation by absorption of two to six
photons are given. ForI =1025 W/cm2 the contributions from
the higher photon orders are already considerable, while for
I =1026 W/cm2 they even exceed the contribution fromn
=2. An analogous phenomenon is known from the above-
threshold ionization(ATI ) of atoms in strong laser fields
(see, e.g.,[1]). Similarly as for the ATI, the above threshold
pair creation atj*1 forms a bridge between the multiphoton
pair creationsj,1d studied in this paper and the tunneling
pair creationsj@1d considered in Ref.[15].

B. Bound-free pair creation

In this subsection we consider bound-free pair creation by
a heavy nucleus that collides at a Lorentz factor ofg=50
head-on with an intense x-ray lasersv=9 keV,j=7.5
310−4d of circular polarization. The corresponding laser
field strength and intensity amount toFL=1.831011 V/cm
and I =831019 W/cm2. The nuclear charge is chosen asZ
=50 such that theK-shell Coulomb field ofFN<Z335.14
3109 V/cm is about 40 times larger than the laser electric
field strength ofFL8<1.831013 V/cm in the nuclear rest
frame. The binding energy of aK-shell electron amounts to
EK=E1s−c2=35 keV. The photon energy in the nucleus

FIG. 5. Laboratory-frame rates for free-free pair creation, differ-
ential in the laboratory-frame energyEq+ of the positron. The pa-
rameters of the colliding system are the same as in Fig. 2.

FIG. 6. Laboratory-frame rates for free-free pair creation, differ-
ential in the polar emission angleuq+ of the positron. The param-
eters of the colliding system are the same as in Fig. 2.

FIG. 7. Partial laboratory-frame rates for free-free pair creation
by a proton colliding atg=50 with a circularly polarized XFEL of
9 keV photon energy for different values of the laboratory-frame
laser intensity.
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frame is v8<900 keV. Here and in the following we use
primed quantities in the rest frame of the nucleus and
unprimed quantities in the laboratory frame. Hence, as be-
fore, the threshold for pair creation can be exceeded by the
absorption of at least two photons, whereas the contribution
of the higher photon orders(i.e., nù3) is negligibly small.

Furthermore, we note the following facts: The pondero-
motive energyEpond=j2c2/2<0.15 eV of a free electron in
such a laser wave is orders of magnitude smaller than the
K-shell binding energyEK. Similarly, the radiusrosc=jc/v8
,10−14 cm and the velocityvosc=jc,107 cm/s of the laser-
induced quiver motion are many times smaller than the
K-shell radiusrK<10−10 cm and theK-shell orbital velocity
vK<aZc<1010 cm/s. Moreover, a rough estimate shows
[30] the lifetime of the bound hydrogenlike system in the
laser wave to be orders of magnitude longer than theK-shell
orbiting time 2prK /vK<10−19 s. All this gives further evi-
dence that the Coulomb state of the bound electron in the
presence of the laser field has a direct physical meaning. On
the other hand, neglecting the higher photon orders and the
small ponderomotive effects, the created positron is emitted
with a fixed kinetic energy of about 800 keV in the nucleus
frame. This corresponds to a positron velocity ofv+
<126 a.u. and, hence, to a rather small ratio ofZ/v+<0.4.
The Volkov description of the outgoing positron can there-
fore be regarded a reasonable approximation.

1. Positron spectra

First we present our results on the angular and energetic
distributions of the produced positron. For comparison, we
have also calculated the corresponding rates for linear
bound-free pair creation by the absorption of a single photon
of twice the energy from an equally intense laser wave. Also
for comparison, we further give the differential rates for two-
photon free-free pair creation by simply scaling our results
on free-free pair production by proton impact by the factor
Z2 (cf. Sec. III A). For the positrons originating from nonlin-
ear bound-free pair creation we will use the shorthand nota-
tion “bound-free positrons.” Accordingly, the “one-photon
positrons” and “free-free positrons” are those produced by
linear bound-free pair creation and nonlinear free-free pair
creation, respectively.

Figure 8 shows the angular spectra of the created posi-
trons in the nuclear rest frame. The emission angle is mea-
sured with respect to the propagation direction of the laser
beam. The angular distribution attains a maximum at
,10° –15° in the cases of nonlinear and linear bound-free
pair creation and at,30° in the case of nonlinear free-free
pair creation. Since the emission angle is, roughly speaking,
inversely proportional to the emission momentum, the differ-
ent positions of these maxima are due to the fact that the
kinetic energy of the free-free positrons is, on average, half
as large as the fixed kinetic energy of the bound-free and the
one-photon positrons(cf. Fig. 2). For the same reason, the
comparatively broad energetic distribution of the free-free
positrons gives rise to an angular distribution that is broader
than the distributions of the other positrons. Comparing the
quite similar spectra of the bound-free and one-photon posi-
trons, we notice that the distribution of the latter is slightly

shifted to smaller emission angles. From a theoretical point
of view this shift is due to the small argument behavior of the
Bessel functionJ0szd that, according to Eq.(25), appears in
the one-photon rate but not in the nonlinear rate. The abso-
lute values of the one-photon rate are orders of magnitude
larger because of the weaker intensity dependence.

Now we turn to the differential production rates in the
laboratory frame. As Fig. 9 shows, here the energies of the
bound-free and one-photon positrons roughly amount to
6 MeV&Eq&12 MeV, which is noticeably smaller than the
typical energies of the free-free positrons. Note that small
emission angles in the nucleus frame correspond to small
emission energies in the laboratory frame. The one-photon
spectrum exhibits an interesting feature since, unlike the
nonlinear spectra, it is a monotonously decreasing function
with the maximum value at the smallest possible positron
energy. This qualitative distinction is caused by the above-

FIG. 8. Projectile frame rates, differential in the polar emission
angleuq8 of the positron, for nonlinear free-free and bound-free pair
creation in the collision of a relativistic heavy nucleussZ=50, g
=50d and an intense XFELsv=9 keV, I =831019 W/cm2d. Also
shown is the rate for bound-free pair creation by a single photon of
18 keV.

FIG. 9. Laboratory-frame rates for free-free and bound-free pair
creation, differential in the energyEq of the positron. The param-
eters of the colliding system are the same as in Fig. 8. Also shown
is the rate for bound-free pair creation by a single photon of
18 keV.
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mentioned slightly different behavior of the nucleus-frame
angular distribution of the one-photon positrons at small
angles(cf. Fig. 8).

Figure 10 shows the angular distributions of the bound-
free and free-free positrons in the laboratory frame. In sharp
contrast to the corresponding angular spectra in the nucleus
frame (cf. Fig. 8) the laboratory frame distributions are
highly different from one another. While the free-free posi-
trons smoothly cover the narrow angular range between, say,
177.5° and 179.8°, practically all bound-free positrons are
emitted into the angle 177.25°, thereby forming an almost
discrete spectrum located slightly below the continuous free-
free spectrum. This singularity arises from the fact that the
fixed positron velocityv+ in the nucleus frame is smaller
than the relative velocity between the two frames of refer-
ence(cf. Refs.[16,21]). One can show that the angle, where
the singularity appears, coincides with the smallest possible
emission angle that, for kinematical reasons, is accessible to
the positrons. This minimum angleumin is given by

sinumin =
g+b+

gb
, s27d

with b+=v+/c andg+=s1−b+
2d−1/2. The same argument holds

for the one-photon positrons; i.e., their angular spectrum ex-
hibits the same singularity(and is therefore not shown in Fig.
10). To the free-free positrons, however, this argument does
not apply since their energy in the nuclear rest frame is not
fixed but varies over a broad range. Thus, in some sense one
may say that the fixed emission energy of the bound-free
positrons in the nucleus frame leads to a(practically) fixed
emission angle in the laboratory frame.

2. Total rates: Scaling behavior

When we integrate the laboratory-frame spectra shown
above, we get total rates ofRbf=6.53103 s−1 for nonlinear
bound-free pair creation andRff =9.63103 s−1 for nonlinear
free-free pair creation. This means, if we assume the projec-
tile nucleus to collide with a finite laser pulse of 100 fs

length, then we can give the rough estimate that, on average,
3.3310−10 bound-free and 4.8310−10 free-free pairs are cre-
ated per collision. The corresponding rate for the one-photon
process(with the double-photon energy) is much larger and
amounts to 4.031010 s−1.

From our numerical calculations we can also determine
the dependences of the total rates for two-photon pair pro-
duction on the collision parametersZ, g, j, andv. Clearly,
both rates scale asj4 in the j!1 regime. Further,Rbf~Z5

shows the typicalZ dependence of a capture process[21]
whereas, according to Eq.(10), Rff scales asZ2. Note that the
total rates in the nucleus frame,R8=gR, can depend on the
remaining parametersg andv only through the combination
v8=s1+bdgv<2gv. As Fig. 11 shows,Rbf8 is proportional
to v8 while Rff8 increases with its third power. Thus, in sum-
mary, the scaling behavior of the total rates for two-photon
pair production is given by

Rbf ~ g−1Z5j4sv8 − vmind,

Rff ~ g−1Z2j4sv8 − vmind3, s28d

with vmin denoting the respective threshold frequencies for
two-photon pair creation(i.e., 2vmin=m*c

2+E1s in the case
of bound-free pair creation and 2vmin=2m*c

2 in the case of
free-free pair creation). We stress, however, that both our
theoretical approaches are not justified near to these thresh-
olds since the influence of the nuclear Coulomb field on the
resulting low-energy leptons is not small.

IV. SUMMARY AND CONCLUSION

We have considered the strong-field processes of free-free
and bound-freee−e+ pair creation by few-photon absorption
in the collision of a relativistic nucleus and an intense x-ray
laser beam. We mainly focused on a situation where the pair
production occurs by the simultaneous absorption of two
photons while the contribution of the higher photon orders is
negligibly small. We discussed in detail the resulting angular
and energetic distributions of one of the emitted particles. In

FIG. 10. Laboratory-frame rates for nonlinear free-free and
bound-free pair creation, differential in the polar emission angleuq

of the positron. The parameters of the colliding system are the same
as in Fig. 8.

FIG. 11. Total nuclear-frame rates for two-photon pair creation
as a function of the nuclear frame photon energy forZ=50, g=50,
andj=7.5310−4.

MÜLLER, VOITKIV, AND GRÜN PHYSICAL REVIEW A 70, 023412(2004)

023412-8



the case of free-free pair creation a particular emphasis was
laid on the effect of the laser polarization on the lepton spec-
tra. In the case of bound-free pair creation we found that the
positron spectra are mainly governed by kinematical con-
straints. Further, the scaling behavior of the total production
rates was analyzed. In addition to these two-photon creation
processes we briefly discussed a situation where, due to an
increasing laser intensity, also higher photon orders are con-
tributing. Under such circumstances the production process
may be calledabove-threshold pair creation(in analogy with
the well-known ATI).

Finally, we briefly address the question whether the non-
linear processes of free-free and bound-free pair creation can
be observed in experiment. According to our results, the total

production rates are rather small. Nevertheless, since the cre-
ated leptons are emitted with high energy into a narrow an-
gular cone, they should be accessible to a measurement. We
further note that the free-free and bound-free reaction chan-
nels can be clearly discriminated from each other, either by
taking advantage of the qualitatively different angular distri-
butions of the emitted positrons or by aiming at the(coinci-
dent) detection of the created electrons. In the case of bound-
free pair creation the latter would mean to detect the
hydrogenlike ion formed by the projectile nucleus and the
captured electron. A rough estimate shows that the majority
of these ions will survive the passage through the laser beam
[16,30].
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