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Damping of electromagnetic waves due to electron-positron pair production
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The problem of the back reaction during the process of electron-positron pair production by a circularly
polarized electromagnetic wave propagating in a plasma is investigated. A model based on the relativistic
Boltzmann-Vlasov equation with a source term representing the Schwinger formula for the pair creation rate is
used. The damping of the wave, the nonlinear up-shift of its frequency due to the plasma density increase, and
the effect of the damping on the wave polarization and on the background plasma acceleration are investigated
as a function of the wave amplitude.
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I. INTRODUCTION with the laser pulse and several electron-positron pairs were
. . . detected 12]. Another scheme for reaching critical intensi-
The product|or_1 o_f electror_1—p03|tron pairs attracts great atqg \y 55 suggested in R¢fL3], where the interaction of the
t.en.tlon because |t_ is a nonlinear effect that Ilgs beyond the, oo, pulse with electron density modulations in a plasma,
limits _of perturbation 'gheory. The s_tudy of this effect can produced by a counterpropagating breaking wake plasma
shed light on the nonlinear properties of the quantum elecyaye, results in the frequency up-shift and pulse focusing. In
trodynamics(QED) vacuum. this scheme intensities of the order of the critical density can
This effect was first predicted for the case of a constanpe obtained using #8W/cn? laser pulses. Hence, a more
electric field more than 60 years apj (see als@2,3)). Itis  detailed study of the Schwinger effect in time-varying elec-
well known that a plane electromagnetic wave cannot protromagnetic fields and of all the processes that accompany it
duce electron-positron pairs because both its electromagnetitas become an urgent physical problem from an experimen-
invariants,(E2-B?)/2 andE-B, are equal to zero. For this tal point of view also.
reason this effect was first considered in the case of a con- The process of electron-positron pair production by elec-
stant electric field, in which case the first invariaff2  tromagnetic fields that are solutions of the Maxwell equa-
~B?)/2 does not vanish. Later, this analysis was extended t§ons in & plasma and in vacuum was studied recently in
the case of a spatially homogeneous time-varying electri®€fs- [14,18. In Ref. [15] it was shown that already for
field [4—8], but these results were long believed to be ofintensities of the laser pulse smaller than the critical inten-
academic interest only, because the power of the laser sy§'-ty' the energy loss due to pair production is of the same

tems available at that time was far below the limit for pairOrOIer of the energy storied in the pulse. Therefore it is no

roduction to become experimentally observaf8ed, 10 longer possible to consider the electromagnetic field in the
p P y oy fnulse as an external field and the energy loss by the electro-

Hci\t/vzvgr Eﬂe recent devil?ﬁment of Ia?er ttecr}nolcagy ?as Mhagnetic field due to pair production and particle accelera-
sulted in the increase of the power of optical and infrared; " ist be taken into account.

lasers by many orders of magnituflel]. Presently, lasers The problem of the backreaction of the produced particles

systems are available that can deliver pulses with intensitiegn the background field was discussed extensively in a num-
of the order of 18 W/cn? in the focal spot. Such intensities ber of papers on the particle formation process in high en-

are still much smaller than the characteristic intensity for pairergy hadronic interactiongl6—19 as well as under the ac-
. > 9 )
productionl s=4.6x 10°° W/cn, which corresponds, for a tion of electric field§20,21]. In the former case this process

laser pulse with wavelength-1 um, to an electric field can be viewed as the quantum tunneling of quark-antiquark

equal to the critical Schwinger field Esy=1.32 and gluon pairs in the presence of the background color-
X 10*® V/cm. Nevertheless, there are projects that aim to giuon pars | P grou

reach intensities as high as?#010°® W/cn? already in the electric field of quantum chromodynami¢QCD). Such a

: ” . color field is formed between two receding nuclei which are
cqmmg_decade. In. addition, severql methods for reaching th(‘?olor charged by the exchange of soft gluons at the time of
critical intensity with presently available systems have been, .cion " This leads to the formation of a very strong color-
proposed recently. One of these schemes was demonstra

! ) 1 ctric field and, hence, to more copious pair production. It
in the experiments at SLAC where 'faV/cn? laser pho- was understood that, in solving a dynamical problem with a

tons, backscattered by a 46.6 Gev electron beam, interac:tes ong initial electric field, the effect of the produced par-

ticles on the electric fiel¢the back reactionshould be taken
into consideration. The quark-gluon plasma emerging

*Electronic address: bulanov@heron.itep.ru through tunneling in nucleus-nucleus collisions will change
"Electronic address: fedotov@cea.ru the color-electric field due to the appearance of conduction
*Electronic address: pegoraro@df.unipi.it and polarization currents. The first current is due to the par-
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ticle motion in the field while the latter arises from the pro- slowly. In this case we see the wave amplitude damp with
cess of pair creation. A kinetic equation coupled to Maxwelltime.

gquations was used tq solve thi_s problem. '_rhe pair produc- This paper is organized as follows. In Sec. Il we review
tion process was considered as if occurring in QED, and theome well known properties of a strong electromagnetic
color-electric field was assumed to be Abelian, spatially hOWave ina p|asma_ In Sec. Il we Study the equations govern-
mogeneous and time-dependent. However a spatially homong the process of pair production and the evolution of the
geneous time dependent electric field is not a solution Ofelectromagnetic wave. In Secs. IV and V we consider two

Maxwell equations in vacuum. We also note that in Refs|ipniting cases: fast changing field and slow changing field.
[16-21 special attention was paid to the properties of therns main results and conclusions are presented in Sec. VI.
emerging plasma, while the properties of the backgroun

field were not studied in detail.

In the present paper, we consider the process of electron: RELATIVISTICALLY STRONG ELECTROMAGNETIC
positron pair production in a cold collisionless plasma, under WAVE IN A PLASMA
the action of a electromagnetic field which is an actual solu-
tion of the Maxwell equations, as well as the backreaction of ~First, we recover the properties of a relativistically strong
the produced pairs on the background field. In doing so welectromagnetic wave propagating in an underdense colli-
use the Boltzmann-Vlasov equation, with a source term obsionless electron-positron plasma that are needed in order to
tained from the pair production rafd6-18. In order to  determine the form of the time varying electric field. This
elucidate the role of the magnetic field component on thealiscussion is based on the results obtained by Akhiezer and
electron-positron pair production, we consider a planar, cirPolovin in Ref.[23]. We consider a circularly polarized elec-
cularly polarized, electromagnetic wave propagating in artromagnetic wave, propagating in an electron-positron
underdense collisionless plasrfar the sake of simplicity plasma. In the following we use the=1 and#=1 conven-
we consider an electron-positron plagmim the case of a tion.
plane wave in a plasma the first field invariaB?-B?)/2 is An electromagnetic wave propagating in a plasma has a
not equal to zero due to the different dispersion equatiogroup velocity smaller than the speed of light in vacuum.
with respect to that in vacuum. Therefore, in a plasma,Thus it is possible to make a transformation to the reference
electron-positron pairs can be produced by a plane electrdrame moving with the wave group velocity,. In this frame
magnetic wave, as was shown in REE4]. In this case a the magnetic field of the wave vanishes and its time-varying
Lorentz transformation to the reference frame moving withelectric field is spatially homogeneous and is thus governed
the group velocity, of the wave transforms the electromag- by the equation
netic field into a purely electric field, that rotates with con-
stant frequ_ency, and With_ no associated magnetic field. Al- dE = —dmj = — 47 >, €q - f v f(p,0dp, (D)
though this transformation reduces the problem under dt amr - (27)
consideration to the situation where the pairs are produced )
by a time-varying electric field, the effects of the wave mag-Vhere Y:p/(mz+p2)l/23 p.:|p.|:(p§+p§+p§)l’2, folp,) is
netic field are incorporated rigorously into our model. Wwe the positron(electron dlstrlbgtlon function, normalized such
notice that a similar approach was used earlier in Rzd]. thatffq(p,t)d3 p/(2m °=n, gives the numben, of electrons
However in this latter paper a linearly polarized electromag2F POsitrons per unit volume, arg}, is their electric charge
netic wave was considered and an approximation wa¥ith a=+ for the positrons and:=- for the electrons. We
adopted that is only valid in the limit of a small amplitude consider the case of an electrically quasineutral plasma,
electromagnetic field. where the density of positrons is equal to the density of elec-

In the present paper we consider the effect on the backfOns,n.=n_=no, with n, the density in the moving frame. If
ground wave in the plasma caused by the pairs produced bye assume that the plasma is cold, i.e., that the particle dis-
the wave through their polarization and conduction currentstfibution function of the speciesx can be written as
In particular, by considering the interaction between thefa(P,)=n.(2m)*8(p—p,(1)), the system of equations for the
wave and the p|asma as an initial value prob|em in the movE'ECtriC field evolution in the moving frame reduces to

ing frame, we study the evolution of the wave electromag- dE
netic field. Due to the nonlinear properties of the equations — = -4, > eV, (2)
governing the field evolution in time, we find a strong non- dt a=+,-
linear dependence of wave field properties on the wave ini-
tial amplitude. We find a nonlinear up-shift of the wave fre- dp,, . P,

h £ its polarizati d damping of i —%=g,E, withv,=——5—. 3
guency, a change of its polarization state and damping of its dt (P + p2) 12

amplitude. In order to exemplify these effects, we consider

two limiting cases of the electric field evolution. In the first We assume symmetric initial conditions, so that the positron
limit the amplitude of the initial electric field is assumed to and the electron momenfa , perpendicular to the direction
be so large that most of the electron-positron pairs are prosf propagation of the laser pulse have opposite signs and
duced instantaneously. This leads to an instantaneous changgual absolute valuep, ,=-p_,=p,, while they have

of the electric field amplitude and frequency. In the secondequal parallel momenturp,=p, . Here the nonzero value
limit we consider a regime where the pair production rate isp; o=-Mv4y, of the parallel momentum is due to the Lorentz
relatively small, so that all parameters of the wave changéransformation from the laboratory to the moving frame and
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yg=(1—v§/cz)‘1’2. For these initial conditions and for a cir- transversal and longitudinal components, which oscillate at
cularly polarized pulse, the square of the electron momenturdifferent frequencies¢see, e.g., Ref24]). Thus the problem
p?=|p|=(p2+ p§+ p2) is constant in time and the solution of of the pair production by a linearly polarized wave is more
the equation of motion complicated to solve.

dsz _ 87Te2n0p1_ lIl. KINETIC DESCRIPTION OF THE ELECTRON-

d ~  (m?+p?)? @ POSITRON PAIR PLASMA
for the particle perpendicular momentym , , which is ob- We consider the propagation of a circularly polarized
tained by combining Eq€2) and(3), is simply given by electromagnetic wave in an underdense collisionless plasma
B ) in the reference frame moving with the wave group velocity
p. =—P(e,cost+e, sinQ), vg- The relativistic kinetic equation
= i of of
A =Ay(e cosOt +e, sinQt), (5) Ea +e,E- (9_; =q,(E.p), (12)

whereA is the vector potentiald,=P/e and
&2 12 describes the dependence on time and momentum of the dis-
- {&} ()  tribution functionf,(p,t) in this moving frame where a spa-
(P + P?+ pf,o)l/2 tially homogeneous electric fiel@ is present. The source

is the Langmuir frequency which enters the dispersion equat-erm in Eq.(12) is proportional to the quasiclassical prob-

tion of an electromagnetic wave propagating in a plasma. Ir"flbility
this moving frame the wave electric field is given by p{ m(m? + pi)]

E = QAy(e, sinQt - g, cosQt). (7) |eE(t)]

Note that, since in the moving frame the wave number of theéf tunneling through the gap between the lower and the up-
oscillating laser field is zero, its frequency coincides with theper contm.uur_n of electron energy spectrum in the presence of
Langmuir frequency. In the laboratory frame instead thethe electric field. We note that the form of EQ.3) corre-

(13

wave dispersion equation is given by sponds to the case of constant figRd. However, the char-
5 1o o acteristic time of pair productior/l., wherel.=#/mc is
"=k + 07, 8 electron Compton wavelength, is negligible with respect to

where Q can be reexpressed in terms of the electron andh® wave period. This estimate gives a lower bound on the
positron densities=ng/y, and of the particle energgm?  Pair production time while the estimate that follows from the

+P9)12 in the laboratory frame asQ=[(8me?n)/(m? qua_siclassical approximation gives for th_e time (_)f sub-_barrier
motiont,,,=1/aw [7,14], wherea=eA/mcis the dimension-

E_ss amplitude of vector potential. However, fa¥ 1 (the
case we are consideringeven this estimate yields a pair
production time much shorter than the wave period. Thus, it
is possible to use Ed13) for the time-varying electric field
ith time playing the role of a parameter. In addition, fol-
owing the reasoning of Ref$16-18, we assume that the

+P?)12)12 The phase and group velocities of a nonlinear
electromagnetic wave in a plasma depend on the plasma p
rameters and on the wave amplitude. From &).we find
that the phase velocity,,=w/k and the group velocity,
=dwl Jk, are related according to expressigfv,=1. In the
laboratory frame the electric and the magnetic fields ar

given by pairs are produced at rest, i.e., the momentum distribution of
E=-3A = wAjesin(wt’ —kx) — g, cofwt’ —kx], (9)  the source term is taken to be proportional to the Dirac delta
function
B=V X A=kAJecogwt’ —kx) - e, sin(wt’ —kx)], 2E(1)2 -
10 au.(E,p) = - ap). (14
(10 2 [eE()
respectively, witht” the time in the laboratory frame. This assumption is reinforced by the fact that the momentum

We see that in a plasma the first invariant of the electroyistribution  in Eq. (13 has a width p, ~[|eE(t)[]¥2
magnetic field7=(E2-B?)/2 is not equal to zero and is =m{|e(t)|]¥2<m which is negligible with respect to the mo-
given by mentum that electrongpositrong acquire in the electric
02 , 1[0 2 5 field. Here p=eE/n?=E/Eg<1 is the normalized electric
?AOEE<_> o (1) field and Eg=n?/e is the critical Schwinger field. The

source term has been normalized in such way that
It vanishes when the plasma density tends to zero, i.e., ifiq(E,p)d®p/(2m)® gives the number [(eE)?/47°)
vacuum. In the following we shall use the notatith xexd-mn?/eE] of positrons(electron$ produced accord-
=(QA) =(Q/ w)E,. ing to Schwinger’s formula.

In Ref.[22] the model case of a linearly polarized wave We solve Eq(12) by integrating it along the particle char-
was considered. However a finite amplitude linearly or ellip-acteristics. The equations for the characteristics for each spe-
tically polarized wave propagating in a plasma has botltiesa are

F=
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_ dp, _ df, _ , _ A
Pi = Pios ar e.E, at Oa- (15 Jcond) =~ Zezno[mz + pfo + @AY(t)]12
t _ ’ |2
Introducing the functiom(t):—ng(s)ds by integratingE(t) - 2e2f A(t) —A(t) 5 1/2|eE(t3)|
over time, we obtain [m?+ A - A2 87
2
: Xexp{— G }dt’, (22)
pl=eaf E(9)ds+p o i€, p,+eAl)=p,.o. leE(t")]
0

(16)

e’m i1
jnolD) = —=EMexp - —— |, 23
As a result the distribution function is given by the following
expression whereA=|A(t)|. In performing the momentum space integra-
tion we have used the fact that the pairs are produced with

t zero momentum. Inserting these expressions for the current
fo=Tfao(PLPL +EA() + f dufpL + e [A) densities into the right-hand side of E4.9) and using the
0 dimensionless vector potentiaFeA/m and the normalized
-A(t)],t'}dt’, (17)  electric field n=eE/n?, we obtain the equation for the elec-
tric field evolution in the presence of pair production
wheref, o(p/ll,p.) is the distribution function of the initial da(t)
plasma positrongelectrons before the passage of the elec- —=—-my(t),

tromagnetic wave. Let us assume that at the initial time dt

=0 the plasma is cold so that
dz(t) _ 2 at)

0= No(2m)°8(p,) (D) = Pyo), 1  Mdr 1A+ ad]2
where we recall thap, is the component of the particle mo- e oam-at)  [pt)P
mentum parallel to the electromagnetic wave propagation 0 [1+|a(t)—a(t’)|2]1’2 8
and p,o is its initial value which arises from the Lorentz
transformation from the laboratory to the moving frame. xp{ } ' n(t)ex p{ }
The modification of the kinetic equation given by the | 7(t")] 772 |7(1)]

source term in Eq{(14) must also be accompanied by a (24)
change of the source term in Maxwell equations. The

electron-positron pair production by a spatially homoge-wherew,=(8me’n,/m)*/?is the nonrelativistic Langmuir fre-
neous time-varying electric field leads to the appearance of guency, Bo=p,o/m and x=8me?m?, where the factom’
time-dependent electric dipole which generates a polarizastands for the inverse of the invariant Compton 4-volume
tion current. Thus the current density in E@) acquires an m4:c/I§zO.14>< 10°3 cm 3 s. Similar equations were ob-
additional term with respect to the situation when no pairtained in Refs[18], where however there was no initial dis-

production is present. Then E() reads ag18] tribution function and a spatially homogeneous electric field
in vacuum was used, which is not a solution of Maxwell’s
dE ) i . equations.
ar 4 tor = = 47(] cona* I pol) (19) The nonlinear integro-differential equatio®4) cannot be

solved analytically. Numerical solutions of this equation are
presented in Fig. 1 for different initial amplitudes. We can
see that the process of electron-positron pair production
0 &p leads to the damping of the wave in the plasma and to the
i - N . nonlinear up-shift of its frequency. The damping is due to the
jeardt) =€ 2| fo(p t)(f’ﬂ2 +pA)t2(2m)* (20 fact that each pair creation takes a portion of the field energy
equal to 2nc® as well as the amount needed for the particle
and the polarization current ig6] (see the Appendix for acceleration. The up-shift of the field frequency is due to the
detail9 increase of the plasma density, and thus of the Langmuir
frequency, as new pairs are created. This frequency up-shift
is seen in Fig. 1, and bears a strong resemblance to the blue-

where the conduction current is

a=+,—

o)== 2 | Gu(p,t)(mP+ p2)1’2 3 (21)  shift of an electromagnetic wave that propagates in a me-
|E(t)| a=+,- (2m) dium that becomes ionized, as investigated theoretically in

Refs.[25] and experimentally in Ref$26].
Using the distribution functioi17), we obtain the following Since the pair production rate depends on the field ampli-
expressions for the current densities tude exponentially, an unbalanced damping of the field
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FIG. 1. Time evolution in the moving frame of theand they components of the dimensionless vector potential for different initial
amplitudes:a=1.4x 10° (a), (d), a=1.5x 10° (b), (), a=1.9x 1P (c), (f) with initial plasma densityn,= 10" cm 2 in the moving frame;
vg=1; ¥4=10. The upper row shows thecomponent of the vector potential, the lower theomponent. On the axis time is measured
in secondsa=1 corresponds, for a &m wavelength pulse, to an intensity of #0/cn? anda=4.6x 10° to the Schwinger intensity.

components can occur and lead to a change of the field pdwithout source termsof an elliptically polarized nonlinear
larization. We should also note that the decrease of the anpulse in a plasma. The situation shown in Fi¢c)2s differ-
plitude of the vector potential is accompanied by a frequencent from the two previous ones. In this latter case the pair
up-shift, so that the decrease of the amplitude of the electriproduction rate at the beginning of the field evolution is so
field is not as fast as that of the vector-potential. These proparge[see Fig. &)] that the first wave oscillation cycle can-
erties of the electric field are shown in Fig. 2, where thenot be completed, leading to oscillations of theomponent
projections of the polarization vector are presented for thef the wave vector potential around a nonzero mean value
same set of initial parameters as in Fig. 1. In Fi@ 2ve see  determined by the balance between the time averaged parts
the damping of thex component of the electric field and the of the first two terms on the right-hand side of the second of
transition from circular to elliptic polarization with the major Egs.(24). This shift of the center of the oscillations of tke
axis of the ellipse directed along tlyeaxis. In addition, in  component of the vector potential leads to a reduction of the
Fig. 2(b) we see a rotation of the principal axes of the ellipse.oscillation frequency of this wave component so that, in this
The rotation of the principal axes of the polarization ellipsecase, thex and they components of the wave oscillate at
was discussed in Rdi24] in the case of the free propagation different frequencies.
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FIG. 2. Trajectories of the projections of the electric field polar-
ization vector for the same set of initial conditions as in Fig. 1.
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2.0x1071°
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FIG. 3. Dependence of the plasma electfpositron density on
time for the same set of initial conditions as in Fig. 1 in the moving
frame:a=1.4x10° (a), a=1.5x 10° (b), anda=1.9x 1C° (c). The
density is measured in units of ¥acm3 and time in seconds.

()

dence is due to the oscillations of the amplitude of the elec-
tric field that occurs in an elliptically polarized waveee
Fig. 2). The electron-positron pairs are mainly produced near
the maxima of the electric field amplitude, while there is
practically no pair production in between. From these plots
we can also see that the frequency is up-shifted since the
width of the steps decreases with time. For the pulse ampli-
tude of frame(c), the pair production occurs almost instan-
taneously at the beginning of the pulse evolution.

The difference between the above three cases is clearly

The increase with time of the pair plasma density isillustrated by the different shapes of the particle distribution

shown in Fig. 3 starting from an initial density before the

functions in thep,-p, plane.(Note that the electron and the

start of the pulse propagation. We see that the particle densifyositron distributions are one the mirror image of the ojher.
increases in steps as a function of time. This time depen cases(a) and (b) electrons and positrons are mostly cre-
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FIG. 4. The electron distribution functions vergysandp, in the moving reference frame for the same set of initial conditions as in Fig.
1 at time 2< 10719 s. Particle momenta are normalized on the dimensionless vector-potential amalitudgplied times 16. Black circles
correspond to the initial plasma particle distribution at time 2019 s.

ated at the maxima of the electric figl| (and thus of the The particle distribution function is shown in Fig. 5 ver-
vector potentialA|). Since at birthp, =0, in the case of a sus the parallel momentup) in the laboratory frame at time
circularly polarized electric field this should lead to a ringt=2x 10"1°s. Note that in casg) the strong damping of the
type distribution. However, since the wave polarization be-wave due to the pair creation and the resulting nonadiabatic
comes elliptical because of the back reaction due to the painteraction has lead to a strong acceleration of the particles in
creation, the distribution function of each population con-the initial plasma. Such large values of the longitudinal mo-
sists, in the canonical momentum +e,A plane, mainly of mentum of electrongpositrons in the laboratory frame are
two blobs at £,A,, In the p,-p, plane, these blobs move due to the transverse acceleration of electrgusitronsg in
according to the time evolution of the vector potenfalOn  the moving frame. Performing the Lorentz transformation
the contrary the position of the initial distribution function back to the laboratory frame we obtain for the longitudinal
(denoted by a dark dot in the figyreorresponds tq momentum in the laboratory frame of the initial electrons
+e,A=0. In case(c) the pairs are created mostly at the startand positrong, = yg[pjo +vg4(1 +pfy+|a?) 2= ygv,lal where

at p, +e,A=e,A(t=0). Since the time evolution oA(t) is  we used|a|> |p,g.

ergodic, as shown in Fig. 2, their distribution tends to be In summary, the production of electron-positron pairs by
randomized in thep,-p, plane.(See Fig. 4c).) the electromagnetic wave propagation in the plasma leads to
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IV. FAST CHANGING ELECTROMAGNETIC FIELD

We assume that the amplitude of the initial electric field is
so large that the electron-positron pair production and the
consequent change of the properties of the wave electric field
occur almost instantaneously. In this case we may approxi-
mate the time dependence of the source term as

qa(Evprt) = Té(t)qa(EO!p)a (25)

whereE, is the initial amplitude of the electric field and
, , | is a characteristic time defined such that the total number
10 1.0x10° 2 0x10° of pairs produced is kept constant and given by
(@) P (| 0|21 87 exd — ! | 70| ] per Compton 3-volumé. Then, it
is possible to carry out the integration owérin the right-
hand side of Eq(24). As a result we obtain

da, at

__ p{_L} a(t) - ag
= g O T ol [Tt a) —agr e 20

We note thata, in Eq. (26) and the initial valuea(0) of
the amplitude of the vector potential in E(R6) are con-
. . | nected in an indirect way since the initial conditions for Eq.
10 1.0x10¢ 2.0x10° (26) are determined by the value of the electric field after the
(b) D main part of the pair production has already taken place
when the amplitude of the field has been reduced so that it is

5 0 [ no longer capable of producing a significant amount of pairs.
| Therefore the values,, 7, that enter the right-hand side of
4 ol Eq. (26) should be considered as referring to the vector po-
L tential and to the electric field at the instant when the pairs
3 0F are created. From these values we can deduce the value of
= L a(0) using energy conservation and taking into account the
2.0F polarization current.
In order to understand the basic properties of the electric
1.0F field evolution described by E@26), it is convenient to lin-
r | | earize it. To do so, we assume tlza€ 1 and obtain
O L
10 1.0x10° 2.0x10° a”(t)+(ch’,2+KN)a(t)—KNaO:O, (27)
() P

where N=1{|ng|?/8r lexd~m/|nl] and w’=wi/(1
FIG. 5. The electron distribution functions vergusn the labo- ~ +P%¢)*% We see that Eq(27) describes oscillations with
ratory reference frame for the same set of initial conditions as irfrequency(w;,2+ «kN)¥2, Taking ay,=(ag,, 0) we obtain

Fig. 1 at time 2< 1071% s, Momentum is measured in the same units

as _in Fig. 4. The \{ertical lines correspond to the distribution of the at) = ?ngN _ ?ngN cos{(wF’f + kN)Y2]

initial plasma particles. w,"+ kN wy"+ kN

the up-shifting of the wave frequency and to the damping of +ay cog (wy? + kN)VA], (28)
the wave amplitude and changes the polarization state of the

wave. In order to illustrate these effects analytically, we con- a/(t)=-a sir[(wgz + kN)Y2], (29

sider two limiting cases of the electric field evolution, which o . ,

can be clearly distinguished on the basis of the results showf{nere zthe initial - conditions  area(0)=(a,,0), a'(0)

in Fig. 1. First, we will consider the case of a fast changing=(0(wp’+«N)"%a;). Thus, Egs.(28) and (29) describe an
field when the initial electric field amplitude is so large that €lliptically polarized field oscillating with an upshifted fre-
the most of the electron-positron pairs is produced instantlyduency, as consistent with the numerical solution of 24).

This case can be i.IIustrated by the results shown .Fag)..l V. SLOWLY CHANGING ELECTROMAGNETIC

Then, we will consider the case of a slowly changing field, FIELD

when the pair production rate is relatively small and all

the parameters of the wave change slowly as illustrated in We assume that the pair production rate is small, so that
Fig. 1(a). the parameters of the electromagnetic wave change slowly.
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Then, we can neglect(t) with respect taa(t’), since, as the The solutions of the Maxwell equation for the evolu-
wave amplitude decreases with tins€t) becomes increas- tion of the electric field in the plasma for different initial
ingly small compared taa(t’). Then, after differentiation amplitudes are shown in Fig. 1. We see that, when the pro-

with respect to time, Eq(24) reads cess of electron-positron pair production is taken into ac-
3 count, the evolution of the vector potential in the plasma
d*a(t) + wzﬂ a(t) leads to the damping of the wave, accompanied by a nonlin-
dt® Pdt[1 + pﬁo +a%(t)]¥? ear shift of its frequency. The damping of the vector potential
is due to the pair production which takes away a portion of
- a(t) 2 __T the wave energy. This process is followed by the increase of

=k [ n(t)|“ex . (30) . . o
[1+a%(t)]*? | 7(b)] plasma density which leads to the up-shifting of the wave

frequency.

If we linearize Eq(30) and set the pair production rate equal

) The damping of the vector-potential amplitude, together
to constant, we obtain

with its frequency increase, gives rise to an interesting

w2 phenomenon—the decrease of the wave amplitude followed
a”(t) + —‘;—llza’(t) - kWa(t) =0, (31 by the increase of its frequency. Pair production decreases
(1+ p||0) the wave amplitude while the growth of plasma density all

where W=[elexp(-7/[€]) and€ is the electric field ampli- V€' the Space causes the increase of the wave frequency
[eexp(—/[e) P hich is proportional to square root of the density. This ef-

tude averaged over the field evolution. The equations fozgct resembles the case when the electromaanetic wave
the two components of the vector potential are decouple . T ; 9
ropagates in an ionizing mediuf5].

and thus the polarization state is preserved. The solution df' °P . ? . .
P P Since the pair production rate depends on the field ampli-

Ea. (30 is tude exponentially, an unbalanced damping of the field com-
ayy(1) = Cyyy eXp(—iwqt) + Coyy EXP(— i wjyt) ponents occurs and leads to the change of the wave polariza-
+ Capy expl— i) (32) tion (.seel Fig. 2 C.)ne. can cIear_Iy see the (?ha_mge of the
3xy @3t electric field polarization from circular to elliptic and the
where the frequencies; (i=1,2,3 are the roots of the third decrease of one of the two electric field components.
order polynomial equatiogﬁ—ywﬁ/(1+pﬁo)1’2+iKW:O and _ Finally, we c_onsidered two limiting cases in_order to iden-
the constant€,, , are determined by the initial conditions. It Ufy the properties and the exact causes of this nonlinear be-
is obvious from the form of the polynomial equation that havior of _the_ wave. In the first case th(_a initial amplltude of
one of its roots is imaginary and positive, while the otherthe electric field is so large that the pair production and the
two are complex. The two terms in the solution with com-change of the wave properties occur instantaneously. In the
plex frequencies describe a damped wave, while the thir§econd case the pair production rate is small so that the prop-
term corresponds to a spurious, exponentially growing, tern§'t€s of the wave change slowly. In the first case we obtain

that can be excluded by an appropriate choice of the initia" electric field oscillating with a new frequency and ampli-
conditions. tude. The frequency increase is due to the fact that the den-

sity of plasma increases because of the pair production. In
the second case we obtain a damped wave with an amplitude
VI. CONCLUSION AND DISCUSSIONS that decreases slowly with time. We see that the process of

In the present paper we considered the problem of th&lectron-positron pair production leads to the damping of the
back reaction of the produced electron-positron pairs on thwave. There is a nonlinear shift of its frequency due to the
electromagnetic wave. We showed that there is a loss diecrease of its amplitude: as a result the frequency is up-
wave energy due to the pair production and acceleration ofhifted.
these pairs in the electromagnetic field of the wave.

We studied the propagation of a relativistically strong
electromagnetic wave in an underdense electron-positron ACKNOWLEDGMENTS

plasma. As is well known, a plane wave does not produce rnq 4,thors would like to acknowledge fruitful discus-

electron-positron pairs in vacuum. However the situationg .\ ith N B. Narozhny, V. D. Mur, L. B. Okun, and V. S.
changes in a plasma. Due to the fact that in plasma the fir opov. This work was sup,ported in p,art by the Russian Fund
field invariant” does not vanish, a plane wave can produc&q, 'k ngamental Research under projects 03-02-17348 and

pairs that back react on the wave. In order to describe th64_02_17157 and the Federal Program of the Russian Min-
behavior of the electrons and positrons, we adoptedakinetii%try of Ind’ustry Science and Technology grant No
plasma description and used the relativistic Boltzmann-40_052_1_1_1112_ '

Vlasov equation. Solving this equation we obtained the dis-
tribution functions of electrons and positrons which we used
to derive the current density that enters the right-hand side of
Maxwell equation for the electric field. We note that all the

calculations were carried out in the reference frame moving
with the group velocity of the wave. In this frame there isno  The form of the polarization current can be derived from

magnetic field as the wave has only an electric field. the energy-conservation law. In order to calculate the expres-

APPENDIX: PROPERTIES OF THE POLARIZATION
CURRENT
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sion for the polarization current we calculate the second mo-

ment of the kinetic equatiofil2):

2N1/2 _ [ar % 3
> | [(mP+p?) m]{m+eaE &p}dp

a=t

=> f [(m? + p) Y2~ m]q,(E,p)dp, (A1)
which we write as
oK . on
E_Jcond'Ezz_mEa (AZ)

where

k=3 f [+ P22 - m]f . (p, )P

is the kinetic energy of the plasma particles, and

. p
Jcond:ef (msz)l/QE_: eafa(p,t)d"‘p

PHYSICAL REVIEW E1, 016404(2005

5=2 f (m? + p) V%, (E, p)dp.
We can thus rewrite EqA2) in the following form

2K+ M) = oopg E+3, (A3)
where the expression inside the brackets corresponds to the
full energy of the plasma particles. The energy balance equa-
tion for the electromagnetic field in the moving reference,
frame where only the electric field is present, can be obtained
by multiplying Eq.(19) by the vectorE

d(E? _ .
E ET :_Jcond'E_]poI'E-

Here we took into account that no external current is present
in our case. Adding EqgA3) and (A4) we obtain

(A4)

J E?
5<K+n+—):—jpo|-E+2. (A5)

8
The expression inside the brackets in E&5) is the energy
of the system of the electromagnetic field and the plasma
electrons and positrons. Energy conservation requires the
right-hand side of Eq(A5) to be zero. Thus the polarization

is the conduction current. The second moment of the rightcurrent should be of the form

hand side of the kinetic equation gives two terms. One of
them,man/ at, is related to the rest energy increase due to the

pair production, and another is equal to

E
jpo|=@2 J (m?+pA¥4,(p,Hyd®p. (A6)
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