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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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[. INTRODUCTION viding the creation of the particles with the rest masses. The
process of the electron-positron pair production by the
The production of electron-positron pair from light fields monochromatic photon fields in the plasmalike media with
is one of the most intriguing phenomena that is predicted byhe macroscopic dispersing properties, in the wide region of
quantum electrodynamics. This is a principally nonlinearelectron densities of a classical plasma up to the superdense
process that can be observable in superintense laser fielfidly degenerated plasma, as well as in plasmas with the
through multiphoton channels. The appearance of supesharp nonstationary propertie@articularly, in a laser-
power ultrashort laser pulses exceeding the intensitieproduced plasmaby various approximations have been in-
10'® W/cn? in optical region or 18 Wi/cn? in near- vestigated in Refd5-8]. Specially, for the solution of non-
infrared region, when the energy of the interaction of eleclinear laser-vacuum interaction problem an approach based
tron with the field over a wavelength exceeds the electroron the Dirac model of vacuum in the given strong EM clas-
rest energy, opens actual possibilities to observesthee™  sical field has been evolvd@].
pair production from these fields. Generally, the interaction To avoid the negative impact of a plasma’s particles on
of such fields with the vacuum makes available the revelathe created electron and positrons the vacuum versions of the
tion of many nonlinear quantum-electrodynamic phenomenapair production by superintense laser pulses in the presence
For a description of those phenomena the main approach of a third body are of great interest.
quantum electrodynamics Feynman diagrams corresponding The satisfaction of conservation laws for tee,e” pair
to perturbation theoryd AV w<<1; eis the electric chargd, production process in the EM field is equivalent to the satis-
is the Plank constant), and w are the amplitude of the faction of the condition
vector potential and the wave frequency, respectjvisiger-
tainly not applicable. Besides, as it is known, the conserva- E2—H?>0, (2)
tion laws for thee™,e™ pair production process in the field
of a plane monochromatic wavavhich laser radiation re- whereE, H are the electric and magnetic strengths of the
sembles very closelycan not be satisfied in vacuum without field. The latter is obvious in the frame of reference where
a third body. As a third body can serveyaquanta and the there is only electric field that provides the creation of pair
first experimental observation of electron-positron pair from(in the opposite case we would have only a magnetic field
intense light field andy quanta[1] has been made at the that cannot produce a paiiThe condition(2) can be satisfied
Stanford Linear Accelerator Centé8LAC) [2]. As a third  in the stationary maxima of a standing wave being formed by
body may serve an ion/nucleus and the papar4| are de- two opposite waveglaser beams In the present work the
voted to the experimental observation of electron-positrormultiphoton process of pair production in vacuum in the field
pair from intense light fields in the plasma. On the otherof opposite laser beams of the same frequencies is investi-
hand the conservation laws for the pair production in thegated. The nonlinear solution of Dirac equation has been
field of a plane monochromatic wave can be satisfied in dound for such laser intensities€eA/mc~1) when the
plasmalike medium where an electromagneétid) wave  pairs are essentially produced at the lengtkia , where is
propagates with a phase velocity larger than the light speethhe wavelength of laser radiation. On the other hand, these
in vacuum. In this case lengths are much more than the characteristic quantum size
of electromagnetic vacuunm=\. (A;=%/mcis the Comp-
ton wavelength of an electron; for the productioneof,e™
pair at the Compton wavelengths EM fields with electric
strengthE,~10'® V/cm are requirey
(c is the light speed in vacuurk,is the wave vectgr which Note that thee™,e™ pair production process in a homo-
means that we have a “photon with nonzero rest mass” progeneous periodic electric field has been studied by various
methods in a number of pap€i8-16], however, the multi-
photon probabilities were obtained by using the perturbation
*Corresponding author. FAX(3741) 570-597. Email address: theory for the very weak fields, wheaA/iw<1 (for the
avetissian@ysu.am special casa¥=90°, as well [15].
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The organization of the paper is as follows. In Sec. Il wetion in the process aé~,e™ pair creation will be conditioned
present a nonlinear solution of the Dirac equation forby the areas of stationary maxima at the direction along the
vacuum electrons in the field of strong opposite EM waveslectric field strength of the standing wave. Consequently, we
of the same frequenciestanding wavg in the resonance can neglect the inhomogeneity of the field in considering
approximation. In Sec. Ill, we calculate the multiphoton problem, i.e., the Eq(5) will reduce to the following equa-
probabilities ofe™,e" pair production in above mentioned tion:
approximation and present the energetic and angular distri-

_butions_and_total n_umber of crea_ted pairs ir_1 the_limit of short iﬂz[&(ﬁ—ZercosmHBm]\P. 6)
interaction time. Finally, conclusions are given in Sec. IV. at

In this approximation the magnetic fields of the counter-
propagating beams cancel each other. In case of* pair
production in a plasm§8] we had a similar equation in the
center of mass frame of created particles. So we will follow

Let a plane transverse linearly polarized EM waves withthe approach developed in our earlier wg&d. Since the
frequencyw and amplitude of vector potentidl,, interaction Hamiltonian does not depend on the space coor-

dinates, the solution of E¢6) can be represented in the form
Ar=Agcogwt—Kk 1), A;=Agcodwt+k-r), (3) of alinear combination of free solutions of the Dirac equa-
tion with amplitudesa;(t) depending only on time:

1. NONLINEAR SOLUTION OF DIRAC EQUATION
FOR VACUUM ELECTRONS IN THE STRONG
ELECTROMAGNETIC RADIATION FIELD

propagate in the opposite direction in vacuum.
To solve the problem af-photon production of aes™,e” 4
pair in the given radiation field&) we shall make use of the Wo(r,t)=2, a(t) v, (7
Dirac model—all vacuum negative-energy states are filled =1
with electrons. The Dirac equation in the field) has the pere,
form (here we sefi=c=1)
P12

.&\I'_ n o~ (0) _ E+m|* [
i—— ={af p—eA,cog wt—kr) Vis= op exdi(pr—Eb],
ot 2E E+m¥12
—eAycog wt+kr)]+Amiv, (4) _
E-+m\|%? X34
where Wg?‘{:(f op exdi(pr+Et)], (8
E+mX34

. [0 o . (1 0

a=l ol Pl -1 where

are the Dirac matrices, with the Pauli matrices. 2. 212 . 1 o 0
Then we have a stationary maxima of a standing wave E=(p7+m)™  e1=xa=| ), ¢2=xa={ 4] O

and Eq.(4) may be rewritten in the form

The solution of Eq.(6) in the form (7) corresponds to an
) I - expansion of the wave function in a complete set of ortho-
'7:{a[p_Zer(COSkr)COS“’t]JﬁBm}\I’- (®)  normal functions of the electrorf@ositrons with specified
momentum[with energiesE= * (p?+m?)¥? and spin pro-
According to the Dirac model the electron-positron pairjectionsS,= = 3]. The latter are normalized to one particle
production by EM wave field occurs when the vacuum elec{er unit volume. Since there is symmetry with respect to the
trons with initial negative energieS,<0 due ton-photon  directionA, (the OY axis) we can take, without loss of gen-
absorption pass to the final states with positive enerfiies erality, the vectop to lie in theX-Y plane (,=0).
=Ey+nw>0. Since we study the case of superstrong laser Substituting Eq(7) into Eq. (6), then multiplying by the
fields at which the pairs are essentially produced at théiermitian conjugate functiorﬁfi(o)* and taking into account
length <\ and on the other hand the Hamiltonian of the orthogonality of the eigenfunction®) and(9), we obtain a
interactionH;,.~p(A1+A,), then the significant contribu- set of differential equations for the unknown functiagét),

day(t) PPy —I[E(E+m)—pJ]
(jt()=|eA(t)[%al<t>+ > EETm) yeX|o<|2Et>a4(t>],
day(t) pxPy—i[E(E+m)—p;] .
st()z—.eAa)[%amH T yexp(—lewal(t)}, (10

016502-2



ELECTRON-POSITRON PAIR PRODUCTION IN TH. . . PHYSICAL REVIEW E 66, 016502 (2002

where i.e., before the interactiotthe waves are turned on adiabati-
cally att=—x) there are only the electrons with negative
A(t)=2Aqcoswt (11 energies. From the condition of conservation of the norm we

is the vector potential of total field corresponding to station-have

ary maxima of the interferential field in E¢5) [in the area 4
[<\]. 2_
. I . . (=2, 1
A set of equations similar to Eq10) is also obtained for 21 l2(0) 3
the amplitudesa,(t) and az(t). According to the assumed
Dirac model we have the following initial conditions: which expresses the equality of the number of created elec-
trons and positrons whose creation probability is, respec-
_ 2_ _ 2_ _ 2_ _ 2_
|as(—)*=[as(==)*=1, [ay(—=)[*=[a(—=)[*=0, tively, |a; (t)|?and 1-|az (t)|2 The application of the uni-
(120  tary transformation8]

al(t)zcl(t)exp[i %ﬁ A(t’)dt’}, (14
p2 —1/2 PP p2 epy t
a4(t):c4(t)(l—E—);) [ﬁ I( _E(E—im) exr{—i? ooA(t')dt,}, (15

simplifies the set of equations for the amplitudes. For thet+E energy level(in the assumed approximatipand, con-
new amplitudes, (t) andc,(t) we have the following set of sequently, the multiphoton probabilities ef ,e™ pair pro-

equations: duction will have maximal values for the resonant transitions
dey(t) 2E=nw. The latter just is the conservation law of the pair
D S f(D)ea(), production process at which both electrons and positrons will
dt be created back to back according to zero total momentum:
pe- +pe+ =0, since considering field is only time dependent
dey(t) — g% [see, Eq(6)]. So, we can utilize the resonant approximation,
f(t)cy(t). (16) . ; : .
dt as in a two-level atomic system in the monochromatic wave
field. Generally, in this approximation, at detuning of reso-
Here, nanceA,= 2E—nw<w, we have the following set of equa-
o tions for the certaim-photon transition amplitudes(l”)(t)
f(h=i 2 feexdi(2E-nw)t], (17)  andc{(1):
nZe
where dc(ln)(t) it exlia O (1)
C_ E pi 1/2 ( m py) dt n n 4 )
”_Zpy 1 £2 Nwd, 4§E » (19
and J, is the ordinary Bessel function. We include in Eq. def(t
(19 the quantity y q ‘(‘j—t()zifnexp(—mnt)c(lm(t), (20)
_ e|Eol ' (19
M Cw which is valid for the slow varying functions{”(t) and

(n) . . g .
which is the dimensionless relativistic invariant parameter of 4 (t), i.e., at the following condition:

the wave intensity €, is the amplitude of the electric field

strength of one incident waye ")
The new amplitudes;(t) andc,(t) satisfy the same ini- ’dclA(t)

tial conditions(12): |c1(—=)|=0, |c4(—>)|=1. dt
Because of space homogeneity the generalized momen-

tum of a particle conserves so that the real transitions in the

field occur from a— E negative energy level to the positive The solution of Eq(20) has the following form:

<[c(t)| . (21)
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f2 14
n _.
V() [2=—=3sinf(Q,7), 3 12
Qp o
% 10
2 *?4 8
()= 1~ —Zsir(Qq7), (22) 5
Q7 =
A
S
where y5
5 2
0

[ A2 L ; . , .
Q.= fﬁ+7n (23 1.4 1.405 1.41 1.415 1.42 1.425

E (in units of rest energy)

is the “Rabi frequency” of Dirac vacuum at the interaction i 1. Envelope of the parametty (Rabi frequency of Dirac
with a periodic EM field andr is the interaction time. As is  yacuum states in the exact resonarice 9=0, scaled in units of
seen from Eq(22) with this frequency the probability of pair the laser frequency as a function of created particles energy for a
production oscillates in the standing wave field during thaaser photon energy of 1.17 eV and intensity xK3ID8 W/en?.
whole interaction time similar to Rabi oscillations in two

level atomic systems. tivistic parameter of intensityé<1, according to the
condition(27). Besides, to satisfy the conditigd6) we must
[ll. MULTIPHOTON PROBABILITIES OF NONLINEAR take into account the very sensitivity of the paramdier
PRODUCTION OF ELECTRON-POSITRON PAIR consequently(), [see Eq.(23)], towards the argument of

Bessel function according to Eq18). For satisfaction of
mentioned conditions we take=0.9995, which corresponds
to an intensity of neodymium laser 1.830'® W/cn?. As is
seen from Fig. 1f,, and consequently “Rabi frequencyl,

The probability of then-photone™,e" pair production
with the certain energf, summed over the spin states, and
taking into account Eqg7), (14), and(15), is

w,=2|c{" (12 (24y has a peak aE= v2m [which corresponds to asymptotic
" ! behavior of Bessel functiod,(Z) atZ=n>1].
Hence, from Eq(22) we have Let us consider the case of short interaction time, when
E2 ( p?cos Q,7<1. (29)
" 207p?cog ¥ E? In this case we can determine a probability of multiphoton

pair production per unit time according to following defini-

m p cosd : ; ;
% nszJﬁ(%E P )sinz(ﬂnr), (25) tion of Dirac 6 function
Sirf(Q
where 9 is the angle between the directions of the momen- (—zm—>2w75(An).

tum of produced electron@ositrong and the amplitude of n
the total field electric strength.

The condition of applicability of this resonant approxima-
tion (21) is equivalent to the condition

The differential probability of aa-photone™,e™ pair produc-
tion process per unit time, summed over the spin states, in
the phase-space volunvel®p/(27)2 is given by the follow-

O <o, (26)  ing formula:
which corresponds to such intensities of a given radiation n*w?(E*~p?cos'dy) [ 4eAp cosd
field, for which dw,= 1672p?c029 n( Eo )
_elEl _ 27) X 8(E—nw/2)Vdp. (29
mcw

By integrating over the electrofpositron energy we ob-

To study the energy spectrum of created electrons anghin the angular distribution of e-photon differential prob-

positrons we will show the dependence of the main paramgpjity density (in the space volum&'=1) of created elec-
eterf,, on number of photons, or on particle energ§. This  rons (positrong

guantity determines both the “Rabi frequency” of the Dirac

vacuum state$),, (in the exact resonandg,=(),) and the dw, n3w?® n2w2sirtd+4m2codd ,
probability of n-photon pair production. = ; =
In Fig. 1, we plot the envelope of the parametgiscaled do  64n® (n’w?-4m?)"*cosy

in units of the laser frequency as a function of created par-
ticle energy at the angl&=0. Simulations have been per-
formed for neodymium lasdi..17 eV photon energyat rela- Nnw

4e|Eo|(n’w?—4m?)Y2
3 cos?d |, (30
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FIG. 2. The angular dependence of the partial differential prob- FIG. 3. The angular dependence of the differential probability of
ability of N photone™,e" production per second, per érspace e ,e" production per second, per énspace volume for a laser
volume. & is the angle between the direction of the momentum ofphoton energy of 1.17 eV and intensity 1:850' Wicn?. 9 is
produced electrons and amplitude of the electric field strength othe angle between the direction of the momentum of produced elec-
one incident waveN is the most probable number of photons for a trons and amplitude of the electric field strength of one incident
laser frequency of 1.17 eV and intensity 1880 W/cn?, at ~ wave.
which the most probable energy of created particles'&r2

To obtain the total probability density of thes ,e™ pair
production—number of pairs created per unit time in the unit
space volume—we shall integrate the expresgii) over
solid angle taking into accouri80). The integration overp

wheredo=sindddde is the differential solid angle.

The angular distribution of a-photon partial probability
of thee™,e™ pair production for the most probable number
of photonsn=N=22m/w is presented in Fig. 2. Simula- s opvious because of azimuthal symmetry existing in this
tions have been performed for the same values of the paramy;.oss For the integration ovérwe turn to the new vari-
eters as in Fig. 1. The curve of this dependence shows th 'bleyzcosﬂ and arrive at the following expression:
the probability ofN- photon pair production process has a
peak at the anglé=0 in agreement with the approach de-
veloped for the solution of this probleassumed approxi-

mation| <\). The width of the peak id 9~N~13<1. The “nSwS (11 4p?
same dependence holds for the anfjte 7. w= E 37 f =5
In Fig. 3 the angular distribution of the probability of n=ng 3£mPJo \y= n
multiphoton pair production, Jame am? | M2
XJn T — n2w2 Yy dy, (32)
dw & dw,
%_nzno dO 1 (31)
which contains an integral already being tabylsr].
is presented, which has such a behavior as a pafioton Taking into account the results of the integrati¢82) we
probability (no=2E/w is the threshold number of photons obtain the total probability density of the ,e™ pair produc-
for the pair production process tion in the field of strong opposite EM waves in vacuum:
|
i n%w® || 272 2z + 7332 1(Zo) Z23%.,(Zy)  4p? za"
W: —_— —
S 327p | |an2—1 |77 2n(2n-1) " 2n(2n+1) 242 (2n+1)(n!)222"
1 1 3 5
X 5F3 n+§,n+§;n+1,2n+1,n+§;—zo . (33

Here, ,F3(n+3,n+3;n+1,n+1n+3:— Zé) is the generalized hypergeometric function, and

4m¢ am? \ M2
zoz(—) 1-——| . (34)

w n%w
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~ Performing a numerical summation ovefor above men-  pair production process involving 191 photons per el-
tlone(_j values of parame.terls n the form@S), for a number ementary act at the |engtﬂ]§)\ may occur with a measur-
of pairs created per unit time in the unit space volume weyple probability. The probability of the-photone™,e* pair

FI 4 —3 ~—1 . . . . . . .
obtain: w~2x10* cm™® s™%. In actual cases the total prodyction with a certain enerdg is a periodic function of
number of the created particles depends on space volume gfg interaction time similar to the Rabi oscillations in atomic

laser beam interaction, which will be determined by a 'ase%ystems. In this case the Rabi frequency has a nonlinear de-

bealr:n diameted 'E thetc_:rost§ section ?ni:iddwurlagl%ns of plJlsespendence on the amplitudes of the opposite EM wave fields.
7. ol & rougn esimafion we fa cm, Considerable number of electron-positron pairs can be pro-

~10* s, andl~\/10 (taking into account the condition : ; : .
<\ of the developed approximatipand for the total num- gﬂfsii by a proper choice of intensity and duration of laser

ber of the created pairs wd?l r from one spike of the field
we have~10°.
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