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Pair production by a circularly polarized electromagnetic wave in a plasma
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We present the results of the calculation of the electron-positron pair creation probability by a circularly
polarized electromagnetic wave during its propagation in underdense collisionless plasmas. The dependence of
the probability on the frequency and the amplitude of the pulse is studied in detail.
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I. INTRODUCTION Refs.[1,5—11 for a long time were generally believed to be
of purely theoretical interest in QED.
Quantum electrodynamid®QED) predicts the possibility Recently, fortunately, the situation has drastically

of electron-positron pair production in a vacuum by strongchanged, because the power of optical and infrared lasers
electric field[1]. This nonlinear effect has attracted greatrose by many orders of magnituftes]. This opened several
attention due to the fact that it lays outside the scope ofvays to approach critical QED intensity. One way was dem-
perturbation theory and sheds a light on the nonlinear quarsnstrated in the SLAC experimen47], where 46.6 GeV
tum electrodynamics properties of the vacuf@h As was electron beam interacted with counterpropagating laser
shown in Refs[1,3] a planar electromagnetic wave of arbi- pulse, whose intensity was x8.0' W/cn?. The incident
trary intensity and spectral composition does not produce theadiation in its turn interacted with the similar laser pulse and
electron-positron pairs in a vacuum because it has both thgeveral electron-positron pairs were detected. Then, the
electromagnetic field invariants;=(B*~E?)/2 and J,  projects to build free-electron lasers at TESLA electron-
=(E-B)/2 equal to zerd4]. Due to this reason the pair positron collider in DESY and the corresponding facilities at
creation was first considered for a static electric field, whichSLAC, in which coherent laser beams with the photon ener-
evidently has nonvanishing invariadf, then its theoretical gies of the order of several keV are supposed to be produced,
description was extended on the time-varying electric-typeare being designeld 8] (see also Ref$13,19,2Q). Recently,
electromagnetic field5]. In this case the electromagnetic an approach to the light intensification towards the

field invariantsJ; andJ, obey conditions Schwinger limit by using nonlinear interaction between the
electromagnetic and the Langmuir wave in plasmas has been
J;=%F, F*'=3(B?~E?<0, formulated in Ref[21]. In this scheme the QED critical field
can be achieved with present day laser systems. Hence the
J2=%FWI~:’”=%(E- B)=0, (1) theory of the Schwinger effect must be considered in more

detail in view of the new experimental possibilities.
However, here arises a question, whether the model of
_ _ : pair creation by the time-varying electrical fiel@) in a
_ 7 is the totally antisymmetric tensor. In yacuum resembles well enough the experimental situation.
particular, the pair creation in a vacuum in a spatially homo-gch a field can be generated in the antinodes of the standing
geneous electric field light wave, which is realized in a superposition of two coun-
terpropagating laser beams. In this case, the region where
E(h=Fa(t)e,,  B(1)=0, (20 electric field is much larger than the magnetic field is rela-
tively small and the results obtained in Ref5-13,23 de-
where ¢(t) =cost ande, is a unit vector in thez direction,  scribe just a small portion of the pairs that could be created
was considered in Reff5-13. by the electromagnetic wave. In the rest part, the pair cre-
The processcalled the Schwinger pair production mecha- ation will be affected by the presence of the time-varying
nism) is of fundamental importance in QED and in quantummagnetic field. This in its turn should lead to very compli-
field theory in general. However, previous estimatescated formulas for pair production probability.
[7,14,13 showed that it hardly could be observed in the To elucidate the role of the magnetic field component on
experiments using by that time available optical lasers whosthe electron-positron creation we consider below the planar
power was far from the limit able to provide an intensity of circularly polarized electromagnetic wave propagating in the
the order of 18 Wi/cn?, which corresponds to the underdense collisionless plasma. Even in a very low density
Schwinger critical electric field 1.3210'° V/icm. As closer  plasma the first electromagnetic invariaht calculated for
the electric field approaches the Schwinger limit as the subplanar electromagnetic wave is not equal to zero. That is why
barrier tunneling results in more efficient electron-positronin a plasma the electron-positron pairs can be created by the
pair production. Therefore, the results of studies presented iplanar wave. In this case the usage of the Lorentz transfor-
mation into the reference frame moving with the wave group
velocity leads to the electromagnetic wave field transforma-
*Electronic address: bulanov@heron.itep.ru tion to the purely electric field, which rotates with constant

where F,, is the electromagnetic field tensor aret”
= gHVPO
po s
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frequency, and with no magnetic field. Although this ansatz w2
reduces the problem under consideration to the situation 02=> pe NI (5
when the pairs are created by the time-varying electric field, a [1+(Z,eA0/m,Co)7]

actually, the wave magnetic field effects are incorporated rig-
orously into our model. We notice that similar approach hagve rewrite the dispersion equation in the form= (k’c?
been earlier used in R4R7]. In the present paper we use the +Q%)2
method of “imaginary time,” simple and powerful math-  The electric and the magnetic field are equal to
ematical technique for analytical continuation of the classical
equations of motion postulated to apply inside the barrier,
through the barrier where classical motion is not allowed to
join up with the equations of motion for particles that have
escaped through the barrier to the outside where classicahd
motion is again allowedsee Refs[23,24]). With the help of
“the imaginary time technique” we shall study in detail the B=VXA=kAj[ gsin(wt—kx)+ecogwt—kx)], (7)
dependence of the pair creation probability on the frequency
and the amplitude of the wave. respectively.

In addition to the pairs created by the electromagnetic We see that in a plasma the first invariant of the electro-
wave via the Schwinger mechanism there is electronmagnetic field); is not equal to zero:
positron pair creation due to the trident proc¢&5] and
bremsstrahlung photons. We shall show that the electron- I 2 . (Q 2 )
positron pair produced via the Schwinger mechanism can be Jl_E(B —E9)=- 2_02A0= e Eo- ®)
distinguished from the one appeared due to other mecha-

nisms by the momentum filter, i.e., the momentum of they; \anishes when the plasma density tends to zero, i.e., in a
Schwinger” pair in the laboratory frame is larger. vacuum(or in the limit Ag—). It also vanishes when the

The paper is organized as follows. In Sec. Il we discus%harges of plasma species go to zero, becddisew
the properties of the relativistically strong electromagneticwhich inits tUM .. ~7 ' per?
pa a*

wave in plasma. The probability of pair creation by such a The nonlinear electromagnetic wave in plasmas is also

wave is calculated in Sec. lll. In Sec. IV the discussions of o tarizaq by the dependence of its phase and group ve-
main results and conclusions are presented.

locity on the plasma parameters and on the wave amplitude.

From Eq.(4) we find that the phase velocity,,= w/k and
Il. RELATIVISTICALLY STRONG ELECTROMAGNETIC the group velocity ;= dw/dk are related to each other via

WAVE IN PLASMA eXpression ;v g=c*.
In this section we recover well-known properties of a Now we perform the Lorentz transformation to the refer-

relativistically strong electromagnetic wave in an underdens&"C€ frame moving with t_he group velocity along the direc-
collisionless plasma needed for further formulation of thellon of the wave propagation. The wave frequency andkthe
time-varying electric field configuration. A discussion of the ¢
wave behavior is based on the results obtained by Akhiezer

and Polovin in Ref[26]. We consider the circularly polar- p ®—kvg / k_“’vglc2 )

1
E= A, =§Ao[eyC03wt— kx)+ e,sin(wt—kx)] (6)

omponent of the wave vector change according to

ized electromagnetic wave, which is described by the trans- @ (1—v2/c?)12 an B (1—v2/c?)V2’
verse component of the vector potential: ¢ ¢

_ Using relationship 4= c?/v ,n=kc?/ », we obtain that in the
A=Al gsin(wt—kx) —€,g cog wt—kx)]. (3 moving reference frame the wave frequency equgls Q
and its wave number vanishek:=0. Using the Lorentz
invariance of the transverse component of the vector poten-
tial we find that in the moving reference frame the magnetic
field in the circularly polarized electromagnetic wave van-
ishes and the electric field, rotating with the frequefityis
given by expression

The wave propagates in the direction of thexis, its phase
velocity equalsw/k, g represents right-handedy€1) or
left-handed ¢= —1) circular polarization, and\y=cEq/w
with Eq being the amplitude of the electric field. The depen-
dence of the wave frequenay on thex component of the
wave vectork is given by the dispersion equation

0
W5, @ E= —Ag(6,C0S0L +gesinQt’). (10)

2_1,2-2
KL T ek me T
Further we shall use a notatidh=(QAy/c)=(Q/w)E,.

wherea=e,p,i, ... denotes species in the plasma with theSee also Ref[27], where the model case of linearly polar-
electric chargeZ.,e, massm,, and densityn,, w,, ized wave has been considered. The finite amplitude linearly
=(4mn,Z%e?/m,)'2 andc s a speed of light in a vacuum. polarized wave propagating in plasmas has both transversal
By virtue of the plasma electric neutrality condition we haveand longitudinal components, oscillating with different fre-
>,Z,n,=0. Introducing notation for the frequenay, quencies. That is why the problem of the pair production by
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this wave is technically more complicated, than the case ofield in the form(10) with the frequency) given by Eq.(5)
circularly polarized wave. It will be considered in our forth- implies the use of the macroscopic description of the wave.

coming publications. The analysis of the microscopic structure of the electron-
positron pair production in plasmas is beyond the scope of

IIl. PAIR PRODUCTION BY CIRCULARLY POLARIZED the present publication. However, since similar technique of
WAVE the Lorentz transformation into the reference frame, moving

. ) o ~with the wave group velocity, can be used to simplify the
We consider the problem of pair production in the circu- gnalysis of electron-positron pair production inside the hol-
larly polarized electric field, using the approach formulatedq,,, waveguide and in the focus regig@0], we think that
in Ref. [_8]..The wave function of the electron in the electro- tne main results obtained below in the long wave approxi-
magnetic field has the form mation[ (2mc/w)3n>1] will not change drastically.
The probability of pair creation depends on the imaginary

l/ff(p,t):f d3r d3roe P'G(r,t;r,0)4i(ro,0). (11)  part of the action as

The Green function, according to Feynman, in the coordinate dwy~exg{—2 Im[S(p)]}dp. (18

representation has the following asymptotic behavior: ) ) - i
To calculate the pair creation probability we need to find the

G(r,t;r,0)~ (2mit)*exdiS(r,t;r,,0)], (12 extremal trajectory for the sub-barrier motion of the particle,

which minimizes the action. The action functional variation

whereS is the action for the electron. For the motion in the jg
homogeneous fields;~exp(pyro). Integration of Eq.(11)
with the use of saddle point method yields the following .

equations for saddle point coordinatese Ref[8]): 0S= _f

td asé 1 9% 0.5
o 1 p; 2P 2 Gpiap, PRI

Z_S_p:(), 3_S+p0:o_ (13) =a;0p; + 2 bi; 6p; op (19
r ro

o i ) ) .~ with the functions
As it is known in the classical mechanics these equations
determine the extremal trajectory, which satisfies the top t dt Pip;
Lagrange equations. Therefore with the accuracy up to the a;= —f dtgz —pis ij= —f ?< Sij )
preexponential factor we get 0 0

3
(20)

Y~ expliS) (14 Herep=r(t) —rq is the particle displacement during its sub-
with barrier motion. The requirement of [18] being minimal
leads to the condition Ipp]=0, which determines the ex-
tremal trajectory. We introduce a notatigg for characteris-
tic momentum, which corresponds to the extremal trajectory.
In the case when the quasiclassical approximation is valid,
whereS is the reduced actiof8], r is the coordinate of the the momentum spectrum of emerging from under the barrier
particle, andr is the initial coordinate and the Lagrangian particles has a sharp peak nger g, [8]. However the dis-

R t
Szf Ldt—p-r+pg-ro, (15
0

(see Ref[4]) is given by expression cussion of the exact form of the spectrum of the produced
electrons and positrons is beyond the scope of the present
L=—mec?(1—-|v|%/c®) 2+ eA-v—egp, (16)  paper and it will be carried out elsewhere. The sub-barrier

. ) motion is determined by the classical equations:
which depends on the vectér and the scalap potential of

the electromagnetic field and on the charged particle velocity -

2.2 2172 2_ 2. 2. .2 - p=eE, (21)
v=cp/(mgc”+|p|9) Y% Here|p|*=pg+py+p;. In particu-
lar case, when the charged particle interacts with the electro-
magnetic wave, the integrand in the action functiofi) F=c P _ (22)
can be expressed via the particle energy (mZc* (m2c?+|p|?)¥2
+ | p|202) 1/2 as

We should add to these equations of sub-barrier motion the

5= _ ftgdt (17) requirement of trajectory to be the extremal one, i.e[,dm
o =0, then for the circularly polarized electric field of the
form
An expression for the action remains unchanged in a plasma,
if we assume thaf and ¢ are the vector and scalar poten- Ex=0, E,=EcosQt, E,=Esin{lt, (23

tials of net electromagnetic field acting on the electron or
positron. The representation of the electromagnetic waveve find
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p,=0y+PsinQt, p,=q,~PcosQt,  p,=dy, T s
24 3 6
2 4
2 0 p
Im[p]= =R f —————dr|=0, (25 1f 2r
lPl=q e{ 0o (mic?+|p|3)Y? Tl 29 0 o o
0 2 ¢ 6 8 1012 %2 4 6 8 10 12
(a) v (b) g

where = —iQt and P=eE/Q. From condition Inp]=0

we obtaing,=qg,=0. As we see, when the particle emerges FIG. 1. (a) The dependence of the initial electrgpositron
from under the barriert& 0) its momentum is perpendicular momentum normalized on the amplitude of vector potesst@i the

to the instantaneous direction of the electric field. Here weparametery; (b) the dependence of the electron sub-barrier motion
encounter the drastic difference of the two-dimensional castime 7, on the parametey.

of the particle motion(it was first pointed out in Ref.8]),

which is realized in the circularly polarized wave, from the - p)2( (q—p,)?
one-dimensional motion considered in R¢513,24. In the dwpy=exp — —| g(y)+Cx—S+C,——— d3p,
former case the point of particle emerging from under the me me

barrier is the turning point of the trajectory and therefore the (28)

particle momentum should be here equal to zero. In the two-

dimensional case the component of particle momentun‘f"herea:E/ECf is the normalized amplitude of the electro-

along the instantaneous direction of the electric field is zerghagnetic wave in the moving reference franpe, is the

It is due to the fact that under the barrier this component ign°mentum of the pair in the plane perpgnsdlcula_r to the di-
purely imaginary. The perpendicular component of the par/€ction of wave propagationE. =2mcc’/er is the
ticle momentum can be complex. We use a notatipn Schwinger field, and the functiong{y), ¢,(7), ¢,(v), and

— Ps and rewrite the equations fo, ands in the following ~ Cz() are given by expressiori§]

form, which corresponds to the equations of R&f with

ellipticity equal to 1: 9(y)= Wiy TOK“sz, 29)
0
sinf7o— (s—coshrg)?= 72, (26) J da(y)
Cx(7)29(7)+§—d7 , (30
fro s—coshr dr=0 7
T=VY,
0 [y?+(s—coshr)?—sinkP7]*2 _ dody)

where 7 is the singular point ofV(t) with W(t) being the _ :

action for the particle moving along extremal trajectory.  Where K =1—[sintf7—(s—coshn)’J/y%. According to Ref.

has a meaning of sub-barrier motion time amgc/P= 7. [24] the fl'Jnct'long(y.) demonstra}tes typlca! bghawor of the

The parametery was introduced in Refd5,6], and plays a pair creatlpn in the I|nee}rly polarlzed elegtrlc field. T_he func-

role of the adiabaticity parameter, as is easily inferred fronfiO" 9(¥) is presented in Fig. 2 along with two typical ex-

the functiong(y), defined below, which enters the principal amples from Ref[24].

exponential factor in the pair production probability. Indeed,

as long asy<1, i.e., in the high-field, low-frequency limit (’)’)

the result obtained in the framework of the imaginary

method agrees with the nonperturbative result of Reffor

a static, spatially uniform field. Note thatcharacterizes the

dynamics of particle tunneling through a time-varying barrier

and is similar to the well-known Keldysh parameter in the

theory of the multiphoton ionization of atoms and ions by

laser radiatiori31]. Due to the fact that in the present paper

we do not use Lorentz factor, the notatigrfor the adiaba-

ticity parameter should not cause any ambiguity. The sub- 0 2' L'} 6 é 1'0 12

barrier motion time 7, is determined by conditionf

=(m2c*+|p|?c?)¥?=0, which leads to Eq(26). Equation v

(27) follows from a condition Irfip,]=0. The behavior of FIG. 2. g(¥) vs y. The upper curve corresponds to the circu-

the functionss and 7, is presented in Figs.(@ and 1b). larly polarized electromagnetic wave, which coincides with the re-
Using 79 ands from Egs.(26) and (27) we can calculate syt of Ref.[8], next one corresponds to the linearly polarized elec-

the differential probability of the pair creation. It read®e  tromagnetic wave~coswt, the last one also to the linearly

Refs.[28,29) polarized wave, but with 1/cosht time dependence.

o o o o
O N B o O Ry
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The total probability of pair creation can be represented asg(e) . logig W
a sum of probabilities of many-photon processes 1
0.75 r
0 -

W= w,, (32) 0.5y

0.25

0 n . ) ) -5 . f 1
0 0.020.040.060.08 0.1 0.02 0.04 0.06 0.08 0.1

(a) £ (b) €

logio W

14 K

12 ¢

10 -
8 L

wherew, is dw,, integrated oved®p with energy conserva-
tion in the multiphoton process taken into acco(sge Refs.
[6,7]). In the limit of small adiabaticity parametery{1), g(N)
typical for nowadays lased®4], we get for the total prob- r
ability of pair creation per unit volume per second

6
4
2

[ = A N
T T T

_c ) T
W~ 3)\48 ex —;g(y). (33

A1 N\g 10 - -6 -5

9 -8 =7 -10 —I9 —I8 =7 -6

(c) logyp[A(cm)] (d) logjo[A(cm)]
We should note that unlike the case of linear polarization g 3. (a) The dependence afon ¢ for different values of:
here there is no additional factafe (see Ref[24] for de-  1g-10 cm, 10%cm, 5x10 °cm, 108cm, 107 cm, and
tails) compared to a constant field. It is due to the fact that im.o-¢ cm, from bottom to top(b) the dependence of Igg/V in the
the limit w—0 the circularly polarized field becomes con- volume (10°® cm)® and in 500 fms or: for different values oh:
stant one. 107° cm, 5x10°° cm, 108 cm, and 107 cm from top to bot-

However the parametey is not convenient for studying tom; (c) the dependence @fon \ for e=0.08; (d) the dependence
the probability of pair creation, because the probability de-of log;oW in the volume (10° cm)® and in 500 fms on\ for &
pends ore andy, which are not independent. These param-=0.08.

eters are related as
whereE, is the amplitude of the electric field in the labora-

M MeCow  27hg tory reference frame. So the electric field amplitude effec-
Y= T eE e (34)  tively decreases in plasma andincreases.
e In the reference frame moving with the wave group ve-

) locity using expressioril0) we find that the electron mo-
where\.=3.86< 10" cm is the electron Compton length. mentum is equal to

Therefore it is more convenient to study the probability de-
pendence on the electromagnetic wave wavelengind on p'=P[g/(s—cosQt’)—gsinQt’]. (36)
the parametee. In addition, the electromagnetic wave is .
described in terms of amplitude ), wavelength §), andits ~ The electron energy is
shape, which determines functigfy).

In order to understand at what wavelength the shape of &' = mict+2p2?

. . - e

the pulse begins to play an important role, we present the
dependence aj(e) on parametet in Fig. 3(a) for different
values of . It can be seen from this figure that far ~ Performing the Lorentz transformation to the laboratory
<107 cm the dependence af(¢) on & should be taken frame we obtain the electron energy
into account. However all the nowadays lasers are far from

2

S
1+ z—scosﬂt’

12
] . (37)

this limit (see Ref[24]). This effect can manifest itself only = — | m2c4+2P2 1+ S—Z—scosx 1 (38)
in future x-ray lasers. Moreover there is another problem Qp"® 2

with detecting this effect. One should have rather small ) o

[see Fig. &)], at which the pairs are produced at very smallWith x=wt—kx and its longitudinal momentum

rate. As it can be seen from Fig(8, where the dependence 2 2 12

of pair creation probability o for different values of\ is p :[ (ﬂ) — 1|l m2ct+2pP2| 1+ S——scosX) ] )
shown, forn=10"7 cm one pair is created at-0.08 in the * Q € 2

volume (106 cm)® and in 500 fms. To elucidate this point (39

we present Figs. (8) and 3d), where the dependence gf
andW on \ for ¢=0.08 are shown, respectively.

We should notice that the initial parameters of the elec- p
tromagnetic wave in vacuum enter the expression for pair p=—{e[s—cosy]—esinx}. (40)
creation probability through parameteysande: ¢

The transverse momentum is given by

In Fig. 4 we present averaged energy and longitudinal
_E _EQ momentum versug. The averaging was performed on the
and e= (35 i . ! N
phase of the pair creation, i.e., by calculating integral
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(&, pa)/mec? P/ mec? IV. CONCLUSIONS

60 .
50_ g In the present paper we considered the problem of the

50 30} electron-positron pair creation by the circularly polarized la-
40+ 5 ser pulse in a plasma via the Schwinger mechanism. The
301 o representation of the electromagnetic wave field in the form
o0 L ol (10) with the frequency) given by Eq.(5) corresponds to

0 2 4 6 8 10 12 0 2 4 6 8 10 12 . S .
(a) p (b) v the use of the macroscopic description of the electromagnetic

wave. The analysis of the microscopic structure of the
electron-positron pair production in plasmas is beyond the
the laboratory frame, averaged over time, vs parameteior scope of the present publication. However, since similar
wlw,=5; (b) the momenta of “Schwinger” pair&upper curvgand technique of the Lorentz transformation into the reference

“trident” pairs in the laboratory frame, averaged over time, vs pa-frame, moving with the wave group velocity, can be used to

FIG. 4. (a) The energy and the momentum of produced pairs in

rametery. simplify the analysis of electron-positron pair production in-
side the hollow waveguide and in the focus regj80], we
o (27 think that the main results obtained above in the long wave
(- -):m . - )dy. (41)  approximation[(27c/w)3n>1] will not change substan-

tially. On the other hand the elaboration of the microscopic
description will particularly determine the applicability of
the approximation used.

We see that in the limit of larg® and /() the energy and Using the properties of the dispersion equation for the
the |20n9|tUd|n8| component of the particle are proportional tog|ectromagnetic wave in plasma, we carried out the calcula-
MeC*(wP/Q) andmc(wP/Q). tion of the probability in the reference frame moving with

In addition to the pairs created by the electromagnetighe group velocity of the wave. The great simplification of
wave via the Schwinger mechanism there is electronthe problem has been achieved owing to the fact that in this
positron pair creation due the trident processe Ref[25]).  reference frame the magnetic field of the wave vanishes and

The electror(positron is created by the trident process in the the problem has been reduced to the problem of the pair
laboratory reference frame with the negligible small trans-creation in rotating electric field.

verse momentum and then it gains the transverse momentum |n the present paper we used “the imaginary time

equal to method” to calculate the probability of pair creation by the
circularly polarized electric field. There arises a problem of
validity of the quasiclassical tunneling time and the imagi-
nary time method. The calculations of the pair production by
the time-varying electric field carried out within the frame-
(420  works of the imaginary time methdé] and Dirac theory9]
agree to each other up to the preexponential factor accuracy.
It is also well known that the imaginary time technique has
Contrary to the particles created via the Schwinger mechabeen widely used in the problem of the atom ionization by
nism these electrongositron$ have in the moving refer- strong electromagnetic wave. Theoretical and experimental
ence frame nonzero longitudinal momentum. It is equal to results relevant to the ionization problem can be found in
Refs.[33,34] and in cited literature therein. See also Ref.

P
D= E[ey(cosﬂt’ —cosQtg) —e,(sinQt’ —sinQty)].

[35].
M w2 172 We noticed that there is a drastic difference between the
py="— ﬁ: —MmeC (5) —1} (43)  one-dimensional and the two-dimensional cases of particle
(1-vglc?) motion below the energy barrier, i.e., in the one-dimensional

case the particle emerges from under the barrier with zero

momentum. In two-dimensional case the particle is produced
In Fig. 4b) we present the dependence of the longitudinawith nonzero momentum perpendicular to the instantaneous
momenta in the laboratory frame of trident electrglusver  direction of the electric field, which was first pointed out in
curve and “Schwinger” electrons on parameter It is ob-  Ref.[8].
vious that these two mechanisms of pair production can eas- In the moving reference frame we calculated the probabil-
ily be distinguished, because the longitudinal momentum ofty of the pair creation. We found that one pair is produced in
Schwinger electrons is larger. The same analysis can also {0 © cm)® volume in 500 fms when the field amplitude
applied to the electron-positron pairs produced by the bremgeaches a value about 0.08 of the critical QED field for lasers
strahlung photon§32], interacting with plasma particles.  with the wavelengtth =10"%-10"8 cm. This value of the

We should note that one of the possible explanations ofield amplitude in plasma in the moving frame corresponds

this phenomenon is that Schwinger pairs are produced oto initial field amplitude in vacuunEy=Ew/Q). We also
vacuum, while in all other mechanisms the pairs are prostudied the dependence of pair creation probability on the
duced on moving plasma particles. wavelength of the electromagnetic wave.
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