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Electron-positron pair production in the field of superstrong oppositely directed laser beams
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The multiphoton electron-positron pair production through nonlinear channels by superintense opposed laser
pulses of the same frequencies in vacuum is considered. On the basis of the Dirac model the resonance
approximation for vacuum induced transitions is developed. The analytic formulas for energetic and angular
distributions and total number of created particles in the limit of a short interaction time are obtained.
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I. INTRODUCTION

The production of electron-positron pair from light field
is one of the most intriguing phenomena that is predicted
quantum electrodynamics. This is a principally nonline
process that can be observable in superintense laser fi
through multiphoton channels. The appearance of su
power ultrashort laser pulses exceeding the intens
1018 W/cm2 in optical region or 1016 W/cm2 in near-
infrared region, when the energy of the interaction of el
tron with the field over a wavelength exceeds the elect
rest energy, opens actual possibilities to observe thee2, e1

pair production from these fields. Generally, the interact
of such fields with the vacuum makes available the reve
tion of many nonlinear quantum-electrodynamic phenome
For a description of those phenomena the main approac
quantum electrodynamics Feynman diagrams correspon
to perturbation theory (eA/\v!1; e is the electric charge,\
is the Plank constant,A, and v are the amplitude of the
vector potential and the wave frequency, respectively! is cer-
tainly not applicable. Besides, as it is known, the conser
tion laws for thee2,e1 pair production process in the fiel
of a plane monochromatic wave~which laser radiation re-
sembles very closely! can not be satisfied in vacuum witho
a third body. As a third body can serve ag quanta and the
first experimental observation of electron-positron pair fro
intense light field andg quanta@1# has been made at th
Stanford Linear Accelerator Center~SLAC! @2#. As a third
body may serve an ion/nucleus and the papers@3,4# are de-
voted to the experimental observation of electron-posit
pair from intense light fields in the plasma. On the oth
hand the conservation laws for the pair production in
field of a plane monochromatic wave can be satisfied i
plasmalike medium where an electromagnetic~EM! wave
propagates with a phase velocity larger than the light sp
in vacuum. In this case

v2

c2
2k2.0 ~1!

(c is the light speed in vacuum,k is the wave vector!, which
means that we have a ‘‘photon with nonzero rest mass’’ p
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viding the creation of the particles with the rest masses. T
process of the electron-positron pair production by
monochromatic photon fields in the plasmalike media w
the macroscopic dispersing properties, in the wide region
electron densities of a classical plasma up to the superd
fully degenerated plasma, as well as in plasmas with
sharp nonstationary properties~particularly, in a laser-
produced plasma! by various approximations have been i
vestigated in Refs.@5–8#. Specially, for the solution of non
linear laser-vacuum interaction problem an approach ba
on the Dirac model of vacuum in the given strong EM cla
sical field has been evolved@8#.

To avoid the negative impact of a plasma’s particles
the created electron and positrons the vacuum versions o
pair production by superintense laser pulses in the prese
of a third body are of great interest.

The satisfaction of conservation laws for thee2,e1 pair
production process in the EM field is equivalent to the sa
faction of the condition

E22H2.0, ~2!

where E, H are the electric and magnetic strengths of t
field. The latter is obvious in the frame of reference whe
there is only electric field that provides the creation of p
~in the opposite case we would have only a magnetic fi
that cannot produce a pair!. The condition~2! can be satisfied
in the stationary maxima of a standing wave being formed
two opposite waves~laser beams!. In the present work the
multiphoton process of pair production in vacuum in the fie
of opposite laser beams of the same frequencies is inv
gated. The nonlinear solution of Dirac equation has be
found for such laser intensities (j5eA/mc2;1) when the
pairs are essentially produced at the lengthsl !l, wherel is
the wavelength of laser radiation. On the other hand, th
lengths are much more than the characteristic quantum
of electromagnetic vacuum:l @lc (lc5\/mc is the Comp-
ton wavelength of an electron; for the production ofe2,e1

pair at the Compton wavelengthslc EM fields with electric
strengthEc;1016 V/cm are required!.

Note that thee2,e1 pair production process in a homo
geneous periodic electric field has been studied by vari
methods in a number of papers@9–16#, however, the multi-
photon probabilities were obtained by using the perturbat
theory for the very weak fields, wheneA/\v!1 ~for the
special caseq590°, as well! @15#.
©2002 The American Physical Society02-1
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The organization of the paper is as follows. In Sec. II
present a nonlinear solution of the Dirac equation
vacuum electrons in the field of strong opposite EM wav
of the same frequencies~standing wave! in the resonance
approximation. In Sec. III, we calculate the multiphoto
probabilities ofe2,e1 pair production in above mentione
approximation and present the energetic and angular di
butions and total number of created pairs in the limit of sh
interaction time. Finally, conclusions are given in Sec. IV

II. NONLINEAR SOLUTION OF DIRAC EQUATION
FOR VACUUM ELECTRONS IN THE STRONG

ELECTROMAGNETIC RADIATION FIELD

Let a plane transverse linearly polarized EM waves w
frequencyv and amplitude of vector potentialA0 ,

A15A0cos~vt2k•r !, A25A0cos~vt1k•r !, ~3!

propagate in the opposite direction in vacuum.
To solve the problem ofn-photon production of ane2,e1

pair in the given radiation fields~3! we shall make use of the
Dirac model—all vacuum negative-energy states are fi
with electrons. The Dirac equation in the field~3! has the
form ~here we set\5c51)

i
]C

]t
5$â@ p̂2eA0cos~vt2kr !

2eA0cos~vt1kr !#1b̂m%C, ~4!

where

â5S 0 s

s 0 D , b̂5S 1 0

0 21D
are the Dirac matrices, with thes Pauli matrices.

Then we have a stationary maxima of a standing w
and Eq.~4! may be rewritten in the form

i
]C

]t
5$â@ p̂22eA0~coskr !cosvt#1b̂m%C. ~5!

According to the Dirac model the electron-positron p
production by EM wave field occurs when the vacuum el
trons with initial negative energiesE0,0 due ton-photon
absorption pass to the final states with positive energieE
5E01nv.0. Since we study the case of superstrong la
fields at which the pairs are essentially produced at
length l !l and on the other hand the Hamiltonian of t
interactionHint;p(A11A2), then the significant contribu
01650
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tion in the process ofe2,e1 pair creation will be conditioned
by the areas of stationary maxima at the direction along
electric field strength of the standing wave. Consequently,
can neglect the inhomogeneity of the field in consider
problem, i.e., the Eq.~5! will reduce to the following equa-
tion:

i
]C

]t
5@â~ p̂22eA0cosvt !1b̂m#C. ~6!

In this approximation the magnetic fields of the count
propagating beams cancel each other. In case ofe2,e1 pair
production in a plasma@8# we had a similar equation in th
center of mass frame of created particles. So we will follo
the approach developed in our earlier work@8#. Since the
interaction Hamiltonian does not depend on the space c
dinates, the solution of Eq.~6! can be represented in the form
of a linear combination of free solutions of the Dirac equ
tion with amplitudesai(t) depending only on time:

Cp~r ,t !5(
i 51

4

ai~ t !C i
(0) . ~7!

Here,

C1,2
(0)5S E1m

2E D 1/2S w1,2

sp

E1m
w1,2

D exp@ i ~pr2Et!#,

C3,4
(0)5S E1m

2E D 1/2S 2x3,4

sp

E1m
x3,4

D exp@ i ~pr1Et!#, ~8!

where

E5~p21m2!1/2, w15x35S 1

0D , w25x45S 0

1D . ~9!

The solution of Eq.~6! in the form ~7! corresponds to an
expansion of the wave function in a complete set of orth
normal functions of the electrons~positrons! with specified
momentum@with energiesE56(p21m2)1/2 and spin pro-
jectionsSz56 1

2 #. The latter are normalized to one partic
per unit volume. Since there is symmetry with respect to
directionA0 ~theOY axis! we can take, without loss of gen
erality, the vectorp to lie in theX-Y plane (pz50).

Substituting Eq.~7! into Eq. ~6!, then multiplying by the
Hermitian conjugate functionsC i

(0)* and taking into accoun
orthogonality of the eigenfunctions~8! and ~9!, we obtain a
set of differential equations for the unknown functionsai(t),
da1~ t !

dt
5 ieA~ t !H py

E
a1~ t !1

pxpy2 i @E~E1m!2py
2#

E~E1m!
exp~ i2Et!a4~ t !J ,

da4~ t !

dt
52 ieA~ t !H py

E
a4~ t !1

pxpy2 i @E~E1m!2py
2#

E~E1m!
exp~2 i2Et!a1~ t !J , ~10!
2-2
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where

A~ t !52A0cosvt ~11!

is the vector potential of total field corresponding to statio
ary maxima of the interferential field in Eq.~5! @in the area
l !l#.

A set of equations similar to Eq.~10! is also obtained for
the amplitudesa2(t) and a3(t). According to the assume
Dirac model we have the following initial conditions:

ua3~2`!u25ua4~2`!u251, ua1~2`!u25ua2~2`!u250,

~12!
th
f

q.

r o

e
th
e

01650
-

i.e., before the interaction~the waves are turned on adiaba
cally at t52`) there are only the electrons with negativ
energies. From the condition of conservation of the norm
have

(
i 51

4

uai~ t !u252, ~13!

which expresses the equality of the number of created e
trons and positrons whose creation probability is, resp
tively, ua1,2(t)u2and 12ua3,4(t)u2. The application of the uni-
tary transformation@8#
a1~ t !5c1~ t !expF i
epy

E E
2`

t

A~ t8!dt8G , ~14!

a4~ t !5c4~ t !S 12
py

2

E2D 21/2F pxpy

E~E1m!
1 i S 12

py
2

E~E1m!
D GexpF2 i

epy

E E
2`

t

A~ t8!dt8G , ~15!
ns
ir

will
um:
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-

simplifies the set of equations for the amplitudes. For
new amplitudesc1(t) andc4(t) we have the following set o
equations:

dc1~ t !

dt
5 f ~ t !c4~ t !,

dc4~ t !

dt
52 f * ~ t !c1~ t !. ~16!

Here,

f ~ t !5 i (
n52`

`

f nexp@ i ~2E2nv!t#, ~17!

where

f n5
E

2py
S 12

py
2

E2D 1/2

nvJnS 4j
m

E

py

v D ~18!

and Jn is the ordinary Bessel function. We include in E
~18! the quantity

j5
euE0u
mcv

, ~19!

which is the dimensionless relativistic invariant paramete
the wave intensity (E0 is the amplitude of the electric field
strength of one incident wave!.

The new amplitudesc1(t) andc4(t) satisfy the same ini-
tial conditions~12!: uc1(2`)u50, uc4(2`)u51.

Because of space homogeneity the generalized mom
tum of a particle conserves so that the real transitions in
field occur from a2E negative energy level to the positiv
e

f

n-
e

1E energy level~in the assumed approximation! and, con-
sequently, the multiphoton probabilities ofe2,e1 pair pro-
duction will have maximal values for the resonant transitio
2E5nv. The latter just is the conservation law of the pa
production process at which both electrons and positrons
be created back to back according to zero total moment
pe21pe150, since considering field is only time depende
@see, Eq.~6!#. So, we can utilize the resonant approximatio
as in a two-level atomic system in the monochromatic wa
field. Generally, in this approximation, at detuning of res
nanceDn5 2E2nv!v, we have the following set of equa
tions for the certainn-photon transition amplitudesc1

(n)(t)
andc4

(n)(t):

dc1
(n)~ t !

dt
5 i f nexp~ iDnt !c4

(n)~ t !,

dc4
(n)~ t !

dt
5 i f nexp~2 iDnt !c1

(n)~ t !, ~20!

which is valid for the slow varying functionsc1
(n)(t) and

c4
(n)(t), i.e., at the following condition:

Udc1,4
(n)~ t !

dt
U!uc1,4

(n)~ t !uv. ~21!

The solution of Eq.~20! has the following form:
2-3
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uc1
(n)~ t !u25

f n
2

Vn
2
sin2~Vnt!,

uc4
(n)~ t !u2512

f n
2

Vn
2
sin2~Vnt!, ~22!

where

Vn5Af n
21

Dn
2

4
~23!

is the ‘‘Rabi frequency’’ of Dirac vacuum at the interactio
with a periodic EM field andt is the interaction time. As is
seen from Eq.~22! with this frequency the probability of pai
production oscillates in the standing wave field during
whole interaction time similar to Rabi oscillations in tw
level atomic systems.

III. MULTIPHOTON PROBABILITIES OF NONLINEAR
PRODUCTION OF ELECTRON-POSITRON PAIR

The probability of then-photon e2,e1 pair production
with the certain energyE, summed over the spin states, a
taking into account Eqs.~7!, ~14!, and~15!, is

Wn52uc1
(n)~ t !u2. ~24!

Hence, from Eq.~22! we have

Wn5
E2

2Vn
2p2cos2q

S 12
p2cos2q

E2 D
3n2v2Jn

2S 4j
m

E

p cosq

v D sin2~Vnt!, ~25!

whereq is the angle between the directions of the mom
tum of produced electrons~positrons! and the amplitude of
the total field electric strength.

The condition of applicability of this resonant approxim
tion ~21! is equivalent to the condition

Vn!v, ~26!

which corresponds to such intensities of a given radiat
field, for which

j5
euE0u
mcv

&1. ~27!

To study the energy spectrum of created electrons
positrons we will show the dependence of the main para
eter f n on number of photonsn, or on particle energyE. This
quantity determines both the ‘‘Rabi frequency’’ of the Dira
vacuum statesVn ~in the exact resonancef n5Vn) and the
probability of n-photon pair production.

In Fig. 1, we plot the envelope of the parameterf n scaled
in units of the laser frequency as a function of created p
ticle energy at the angleq50. Simulations have been pe
formed for neodymium laser~1.17 eV photon energy! at rela-
01650
e

-

n

d
-

r-

tivistic parameter of intensityj&1, according to the
condition~27!. Besides, to satisfy the condition~26! we must
take into account the very sensitivity of the parameterf n ,
consequentlyVn @see Eq.~23!#, towards the argument o
Bessel function according to Eq.~18!. For satisfaction of
mentioned conditions we takej50.9995, which correspond
to an intensity of neodymium laser 1.3531018 W/cm2. As is
seen from Fig. 1,f n and consequently ‘‘Rabi frequency’’Vn

has a peak atE.A2m @which corresponds to asymptoti
behavior of Bessel functionJn(Z) at Z.n@1#.

Let us consider the case of short interaction time, whe

Vnt!1. ~28!

In this case we can determine a probability of multiphot
pair production per unit time according to following defin
tion of Dirac d function

sin2~Vnt!

Vn
2

→2ptd~Dn!.

The differential probability of an-photone2,e1 pair produc-
tion process per unit time, summed over the spin states
the phase-space volumeVd3p/(2p)3 is given by the follow-
ing formula:

dwn5
n2v2~E22p2cos2q!

16p2p2cos2q
Jn

2S 4eA0p cosq

Ev D
3d~E2nv/2!Vd3p. ~29!

By integrating over the electron~positron! energy we ob-
tain the angular distribution of an-photon differential prob-
ability density~in the space volumeV51) of created elec-
trons ~positrons!

dwn

do
5

n3v3

64p2

n2v2sin2q14m2cos2q

~n2v224m2!1/2cos2q
Jn

2

3S 4euE0u~n2v224m2!1/2

nv3
cosq D , ~30!

FIG. 1. Envelope of the parameterf n ~Rabi frequency of Dirac
vacuum states in the exact resonance! for q50, scaled in units of
the laser frequency as a function of created particles energy f
laser photon energy of 1.17 eV and intensity 1.3531018 W/cm2.
2-4
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wheredo5sinqdqdw is the differential solid angle.
The angular distribution of an-photon partial probability

of the e2,e1 pair production for the most probable numb
of photonsn5N.2A2m/v is presented in Fig. 2. Simula
tions have been performed for the same values of the pa
eters as in Fig. 1. The curve of this dependence shows
the probability ofN- photon pair production process has
peak at the angleq50 in agreement with the approach d
veloped for the solution of this problem~assumed approxi
mation l !l). The width of the peak isDq;N21/3!1. The
same dependence holds for the angleq5p.

In Fig. 3 the angular distribution of the probability o
multiphoton pair production,

dw

do
5 (

n5n0

`
dwn

do
, ~31!

is presented, which has such a behavior as a partialN-photon
probability (n052E/v is the threshold number of photon
for the pair production process!.

FIG. 2. The angular dependence of the partial differential pr
ability of N photone2,e1 production per second, per cm3 space
volume.q is the angle between the direction of the momentum
produced electrons and amplitude of the electric field strength
one incident wave.N is the most probable number of photons for
laser frequency of 1.17 eV and intensity 1.3531018 W/cm2, at
which the most probable energy of created particles is 21/2m.
01650
m-
at

To obtain the total probability density of thee2,e1 pair
production—number of pairs created per unit time in the u
space volume—we shall integrate the expression~31! over
solid angle taking into account~30!. The integration overw
is obvious because of azimuthal symmetry existing in t
process. For the integration overq we turn to the new vari-
abley5cosq and arrive at the following expression:

w5 (
n5n0

`
n5v5

32ppE0

1S 1

y2
2

4p2

n2v2D
3Jn

2F4mj

v S 12
4m2

n2v2D 1/2

yGdy, ~32!

which contains an integral already being tabular@17#.
Taking into account the results of the integrations~32! we

obtain the total probability density of thee2,e1 pair produc-
tion in the field of strong opposite EM waves in vacuum:

-

f
of

FIG. 3. The angular dependence of the differential probability
e2,e1 production per second, per cm3 space volume for a lase
photon energy of 1.17 eV and intensity 1.3531018 W/cm2. q is
the angle between the direction of the momentum of produced e
trons and amplitude of the electric field strength of one incid
wave.
w5 (
n5n0

`
n5v5

32pp H F 2Z0
2

4n221
21GJn

2~Z0!1
Z0

2Jn21
2 ~Z0!

2n~2n21!
1

Z0
2Jn11

2 ~Z0!

2n~2n11!
2

4p2

n2v2

Z0
2n

~2n11!~n! !222n

3 2F3S n1
1

2
,n1

1

2
;n11,2n11,n1

3

2
;2Z0

2D J . ~33!

Here, 2F3(n1 1
2 ,n1 1

2 ;n11,2n11,n1 3
2 ;2Z0

2) is the generalized hypergeometric function, and

Z05S 4mj

v D S 12
4m2

n2v2D 1/2

. ~34!
2-5
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Performing a numerical summation overn for above men-
tioned values of parameters in the formula~33!, for a number
of pairs created per unit time in the unit space volume
obtain: w;231034 cm23 s21. In actual cases the tota
number of the created particles depends on space volum
laser beam interaction, which will be determined by a la
beam diameterd in the cross section and durations of puls
t. For a rough estimation we taked;1023 cm, t
;10214 s, andl;l/10 ~taking into account the condition
l !l of the developed approximation! and for the total num-
ber of the created pairs;wd2l t from one spike of the field
we have;108.

IV. CONCLUSION

In summary we have shown that in the field of oppos
laser beams in vacuum with intensitiesj;1 the multiphoton
C-

01650
e

of
r

s

pair production process involving 105–106 photons per el-
ementary act at the lengthsl !l may occur with a measur
able probability. The probability of then-photone2,e1 pair
production with a certain energyE is a periodic function of
the interaction time similar to the Rabi oscillations in atom
systems. In this case the Rabi frequency has a nonlinea
pendence on the amplitudes of the opposite EM wave fie
Considerable number of electron-positron pairs can be p
duced by a proper choice of intensity and duration of la
pulses.
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