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Stochastic acceleration by intense laser fields
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A stochastic acceleration mechanism which is a direct acceleration mechanism effective for the
intense laser case is studied by the Fokker—Planck approach. The Fokker—Planck equation of the
electron distribution function is derived from the equation of motion of electrons which interact with
filamented laser fields. The Fokker—Planck equation contains nonlinear coefficients and gives an
anisotropic distribution in momentum space. The strong directionality of the acceleration is
explained. The accelerated electrons tend to be collimated towards the direction of the wave vector.
The effective temperature scales Bst? with B=1. © 2002 American Institute of Physics.
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I. INTRODUCTION eration mechanism by the Fokker—Planck approach. A
Fokker—Planck equation is derived for the system where the
Laser—plasma interaction in the relativistic regime islaser field has a multiflament structure. The laser field is
crucial for electron acceleratidn;' the fast ignitor scheme assumed to be composed of filaments of uniform electromag-
for inertial confinement fusion,and x-ray lasers. For elec- netic plane waves whose phases are randomly different from
tron acceleration schemes, there exist different proposals deach other. The derived Fokker—Planck equation has nonlin-
pending on how the plasma wave is driven, such as, lasetar coefficients, which explains the directionality of electron
wake field acceleratiof,self-modulated laser wake field acceleration towards the wave vector which is observed in
acceleratiorf, and beat-wave acceleratiBnetc. In those experiments. Also, the time evolution of the effective tem-
schemes longitudinal plasma waves are excited in order tperature of electrons and the ejected angle of high energy
accelerate electrons, since transverse and uniform electrelectrons are obtained from the Fokker—Planck equation.
magnetic fields can not directly accelerate electrons. In the In Sec. Il, an electron motion in uniform electromagnetic
case of sufficiently high laser intensity and plasma densityfields is reviewed. The solution is expressed with an initial
however, the wake field acceleration mechanism becomesondition to see the possibility of a direct acceleration by the
less effective due to the wave breakihgs a direct accel- electromagnetic fields. In Sec. Ill, the Fokker—Planck equa-
eration mechanism by the transverse laser fields, research haen is derived to show how the electron distribution function
been done on the ponderomotive acceleration, or schemé&scomes anisotropic in momentum space. The directionality
using modified electromagnetic fields such as a solitary lasesf acceleration is explained from its nonlinear coefficients.
pulsel® rectified laser puls&, etc. The energy spectrum, electron temperature and ejected angle
In recent experiments, high energy electrons are obare obtained. The conclusion and discussion are given in Sec.
served without the existence of a clear electrostatic waveV.
where the laser pulse is split into filaments and the plasma is
strongly disturbed? and an direct laser acceleration mecha-
nism, which is different from the previously mentioned ones,!l. ELECTRON MOTION IN A LINEARLY POLARIZED
is confirmed to be effective for intense laser pufsean ~ PLANE WAVE
acceleration mechanism under electromagnetic fields with a We start from a review of the motion of an electron in a

randolT force was investigated by Meyer-ter-Vehn angiqany polarized plane wave with relativistic intensity. The
Shen.” It is shown that the electrons dephased by a ra”dor‘%olution is given in a well-known book. Here we use a

force, which is transverse to accelerating direction, are d"slightly generalized form which is written with an initial

rectly accelerated by the laser field. Their theory was basegnqition1¢ since the electrons with initially relativistic elec-
on the Langevin approach, i.e., the equation of motion fof,ong play an important role. The electromagnetic fields are
numbers of electrons are numerically integrated by adding 8¢5 ;med to be polarized in theirection and propagating in
random force. _ , _ the z-direction, i.e., A=A sin(wt—k?e,, wherew andk are

In the present paper, we investigate the stochastic accelpe |aser frequency and wave number in vacuum. When the
radiative reaction is neglected, the equation of motion of an
dElectronic mail: thaka@mn.waseda.ac.jp electron in the field is written as follows:
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FIG. 1. Schematic figure of the phase f@ uniform laser field,(b) fila-

mented laser field. In uniform laser field the position of the same phase of
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the laser field is in a plane which is perpendicular to the wave vector, i.e.,

$1(20) = do(20) = P3(20). In filamented laser field the phases of the laser

field are different at the sanwecoordinate, i.e.¢,(2g) # ¢d2(2o) # P3(2p) -
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where E= —(JdA/dt), mis the electron rest mass,is the
speed of lightu=p/mc, 7is proper time, i.e.dr=dt/y,
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FIG. 2. Profile ofa(uy,u,)~* for (& u,=10 and(b) u,=0. Whenu,=0
andu,>1, lla>1.

and vy is the Lorentz factor. There are two constants of mo-

tion in this system. The first one ig?—uZ—uZ=1, which is
satisfied, sincai;u'=1. The second constant is written as

dx
YU g = (4)

where y=wt—kz and n=wr. The constant is obtained

the electron motion is still periodic. After it has been passed
by the laser pulse its momentum returnsug. Thus no

energy transfer occurs. However, if the laser field suddenly
disappears or the phase of the laser field discontinuously
changes, the electron can have higher energy than the initial

from the fact that the field considered here is a plane wave?ne due to the truncation of the interaction. This is more
The analytic expressions of the electron momentum with iniEffective for initially relativistic electrons than initially at rest

tial values are written as follows:
Uyx= Uyo+a(sin(x) —sin(xo)),
a(sin(x) —sin(xo))

o

U,= Uzo+ Uy

. az(sin(x)z;sin(x()))z’ ©

whereu,q, Uy,o, andyg are the initial values o, , u,, and
X, respectively, anéd=eA/mc is the normalized vector po-
tential.

For electrons which are initially at reste., u,g="U,q
=0), a=1. This means that the maximum is a%/2 and the

electrons, since they have substantial energy at the maxima
of the periodic motion.

Ill. FOKKER—-PLANCK EQUATION

In this paper we consider the situation where the laser
field is divided into some regions in a transverse plane, such
as a multifilament structure. The structure is observed in the
experiments of electron acceleration by intense strong laser
fields, such that the laser field becomes nonuniform, e.g., the
laser pulse is split into filaments due to the interaction be-
tween the laser field and the plasma. The illustration of the
phase of the laser field is drawn in Fig. 1. In the multifila-
ment structure the surface of a constant phase is modified as

average momentum is(2)?. As far as considering the elec- Fig. 1(b). For simplicity we assumel=0, then the phase
trons which are initially at rest, the electron energy is just thesharply changes at the filament edge. The phase of the laser
order of the ponderomotive energy. For electrons whose inifield in each region is different, while it is uniform inside one

tial values areu,;=0 and u,>1, on the other hand,
1/(2a)=u,,. Then the time average ofi, becomes

region, i.e., the laser field consists of sectionally divided
plane waves. An electron inside an each region executes a

=u,0a’/2 and the electrons have substantial energy, which isnotion expressed with Eq$5) and (6). It leaves the region

much larger than the ponderomotive energy.

at t=t, with u,=u,, andu,=u,; and enters an adjacent

When considering the interaction of an electron with aregion. Then the electron again executes the periodic motion
laser pulse whose length is much longer than the wavelengthwith u,; and u,; as new initial values until it moves to a
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FIG. 3. Profile of electron distribution in momentum spacéagtwt =100, (b) wt=1000,(c) wt=2000, andd) wt=3000.

different region. Therefore, the electron gainéd,=u,; the first term in Eq(11) it is seen that the time evolution of
— Uyg and éu,=U,; — U,q in moving through this region. The f. in u, is a normal diffusion process and is estimated as
details of this gain are discussed in the next paragraph. Th(eux):alrc\/ﬁ, The second and third terms correspond to
electron experiences different phases as it enters the adjacene drift and diffusion processes ©f in u,, which include
region with time stepr.. The phase of the laser field in the o (u,,u,). In both termsa(uy,u,) plays an important role,

different regions is assumed to be randomly different. Thissjnce (u,) is roughly estimated agu,)=(a/7.\Dt)/a
allows us to treat the electron motion as a random process: (y,)/a. The profile ofa~* is plotted in Fig. 2. From Fig.

where ¢=siny—sin(xo) is a random variable with-2<¢ () it is seen that & is small unlessu,~0. In Fig. 2b)
<2. The equation of motion of an electron forth step is a(u,=0,u,) is plotted. It is clear that #/is proportional to

written in @ same manner such as, u, for u,>1 and 14=0 for u,<0. Therefore, the electron

Uy n+1= Uy T A, (7 distributi(?n drifts.and .diffu-ses in the. pogiti\/lﬂaZ diregtiqn
2.2 and not in negative direction. The diffusion effectun is
Uy e =U, o+ Ux,nd¢ + a’d (8) much larger than that i, . These facts explain the strong
Z, zZ, ’ . . . .
ap 2ap directionality of the acceleration towards.
where a,,= y(Uy 1,Uz ) — Uy, . IN the time scale ofy> 7, Here we discuss the relation between the momentum

Egs.(7) and(8) are written in differential forms as follows: 9ain and the stochastic variabje Since we introduced the
stochastic variablep, which expresses the random momen-

%:% (9) tum gain du, in one step, it is obvious that the electron

/N distribution diffuses iru, and also diffuses im, due to the

du, uad a’d? Loreptz forgg. But it is_noticed -that eIect.ror.1$ are aqqelerated
= + (10 only in positiveu, not in negativeu,. This is a significant

9N Tea 27 feature of electron acceleration by electromagnetic fields

The Fokker—Planck equation for the processes is obtainedith relativistic intensity.
as’ The time evolution off, is obtained by numerically
of. a’D [ &f, I fe 2 f, solving the Fokker—Planck equation, which is plotted in Fig.

— == —+ui—s —|, 11 3. The initial conditions are the Maxwell distribution with
dn  2m2\gui Tdup @ *oud @ (D

kgT=5keV, a=3,D=0.05, andr.=10. In theu, direction,
wheref, denotes the electron distribution function. Here thethe electrons with large, are strongly accelerated only in
stochastic variablep is assumed to be the Gaussian with the positive direction. The distribution slowly diffusestip.
()=0 and{d(t)p(t'))=Ds(t—t"), whereD<1. From In Figs. 3b), 3(c), and 3d) there are two peaks in the high
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FIG. 4. Angular distribution of high energy electrons. The solid square isFIG. 6. Time dependence of effective energy. The solid square is numerical
numerical result and the solid line indicates the exponential decay. result and the solid line indicatés=t%9%

IV. DISCUSSION AND CONCLUSION

energy tail, which means that the high energy electrons will The stochastic acceleration mechanism is analyzed by

be observed in a direction which is slightly deviated from they,e Fokker—Planck approach. The derived Fokker—Planck

laser propagation axis. This is explained from the third termyqation contains the nonlinear coefficient with the factor
in Eq. (11) such that the electrons with smalj are slightly — ,(y ). It is clear from the equation that the electrons

more accelerated than electrons with=0. The time evolu- it y =0 andu,>0 are accelerated towards the positive
tion of the ejecting angle of the fast electrons, which is dejrection. The time evolution of the electron distribution
fined asuy/ug,-,, wherez, is the u, coordinate of the fnction shows the directionality of the acceleration, which
position of peaks, is plotted in Fig. 4. The high energy elecis the important feature of electron acceleration by the in-
tron beam tends to be collimated towards the direction of thgense laser field. The accelerated electrons tends to be colli-
wave vector. The angle exponentially decreases in time. Thgated towards the wave vector as the interaction takes place.
energy distributions abot =600, 1800, and 3000 are plotted The effective temperature roughly scalesTast? where 8
in Fig. 5. It is seen that the distribution is quasithermal dis-~1.
tribution and its effective energy increases up to 2.8 MeV at  The stochastic approach has been used by many authors
wot=3000, while the ponderomotive energy is 1 MeV. Theto explain electron acceleration by electromagnetic fields.
time dependence of the effective energy is plotted in Fig. 6The stochastic acceleration by electrostatic fields is sug-
It roughly scales agot” with B=1, whereas 05 8=<1for  gested as a possible mechanism of the generation of the ex-
the simulation resuﬁ‘.‘ The energy spectrum of electrons ac- tremely high energy cosmic ray emanating from a gamma
celerated in the direction of 0° and 30° to the laser opagatioRay burst!® In the research of charged particle acceleration in
axis are shown in Fig. 7. The maximum energy is about 1Ghe universe, the stochastic acceleration has been studied, as
keV at 0° and 2 keV at 30°, respectively. A similar energywell as the Fermi acceleratiéft? The Fokker—Planck equa-
spectrum having a hump in a high energy region is observeflon is used and the diffusion coefficients are determined
in experiments of the solid-laser interaction using the Pettaphenomenologically from the measurement. Since their dif-
watt laser by Cowaret al. at Lawrence Livermore National fusion coefficients are constant, electrons are accelerated
Laboratory:® both in the positive and negative direction, which is not true
in the case of acceleration by the laser field. In the research
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FIG. 5. Energy distribution of accelerated electronswat= 600 (dashed FIG. 7. Energy distribution of accelerated electrons emitted in(s@fid
line), 1800(solid line), and 3000(dotted ling. line), 30° (dotted ling.
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The model that the laser field is divided into regions with
, randomly different phases is suitable for the understanding of
X the direct laser acceleration experim&nt® It is observed
that the laser pulse propagating through underdense plasma
splits into the filaments when its power well exceeds
7 P[PW]=17(w§/w;), which is a critical power for
@ self-focusing?? Also the plasma enters a turbulent state when
the laser intensity is in the relativistic regime. In those cases,
FIG. 8. lllustration of an electron trajectory in a uniform laser field. The the electron experiences the laser field with different phases
phase of electrons which move into an adjacent region is limited in theduring the interaction, and the stochastic acceleration plays
narrow range. the important role.
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