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Direct electron acceleration by stochastic laser fields in the presence of self-generated
magnetic fields
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A simple direct acceleration model is proposed, taking into account the stochastic phase disturbance of the
coherent driving laser fields. A relativistic single particle simulation shows that plasma electrons are efficiently
accelerated far above the ponderomotive energy. The energy and momentum distributions of the accelerated
electrons are derived to examine the effects of the self-generated magnetic field on the characteristics of the
electron beams. In addition to the beam collimation effect, the magnetic field is found to further enhance the
electron acceleration, resulting in the generation of ultrahigh energy electrons.
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I. INTRODUCTION

Recent remarkable progress in ultrahigh power and
trashort pulse laser technology has stimulated innovative
tivities in scientific and engineering fields such as astroph
ics, fast ignition of inertial confinement fusion targets, a
high-energy particle accelerators. Collective acceleration
electrons by electron plasma waves excited by intense l
pulses has been intensively studied both theoretically
experimentally@1# since the first proposal of the fundamen
concept@2#.

In contrast to the collective acceleration schemes, alte
tive scenarios of the direct particle acceleration by la
fields have been proposed and studied, that are valid
vacuum without the plasma waves in principles@3#. Gener-
ally there is no net energy transfer to a single electron a
the interaction with a planar laser light pulse in vacuu
without the help of additional lasers@4,5# or disturbances in
the coherent electron motion. Electron acceleration by
tense laser pulses in the presence of stochastic perturba
has been studied by introducing some artificial anisotro
friction terms into the equations of motion@6#.

In the present paper, we propose and study another
chastic acceleration mechanism based on phase-jump d
bances of the driving laser fields@7#. The presence of suc
disturbances is highly probable in the intense laser-pla
interactions where various plasma instabilities may rea
produce the complex structure of the distribution of the el
tron plasma density. In addition, we consider the effect of
self-generated magnetic field on the characteristics of
electron beams accelerated in the plasma channels. A
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relativistic single particle code is used to study the fund
mental characteristics of the electron beams, especially
momentum and energy distributions. Although such a
merical analysis is not fully self-consistent, it gives us t
essential insight into the physical processes involved in
laser plasma interactions by introducing the appropri
modeling even without elaborate particle-in-cell~PIC! simu-
lations.

In Sec. II the theoretical model is shown to describe
direct electron acceleration by the stochastic phase-jump
turbance of the laser field. The general formulation of t
acceleration process and the energy distribution function
given. In Sec. III the numerical model and the results
shown. Ultrahigh energy electron generation is studied a
result of the combined effect of the phase-jump accelera
and the magnetic focusing. Section IV discusses the fac
affecting the distribution functions of the electron energ
including statistics of the phase-jump events. In the App
dix the axial current and the azimuthal magnetic field
duced by the drifting electrons are discussed.

II. ELECTRON ACCELERATION IN THE PRESENCE
OF STOCHASTIC PHASE JUMPS

OF ELECTROMAGNETIC LASER FIELDS

A. Relativistic electron dynamics in plane
electromagnetic fields

First we review the dynamics of relativistic electrons in
linearly polarized plane light wave propagating in thez di-
rection with the electric field linearly polarized in thex di-
rection. The temporal evolution of the normalized electr
momenta (px ,pz) and energy (g21) are simply defined by
the normalized vector potentiala5(eA/mec

2) as functions
of t(5t2z(t)/c):
©2003 The American Physical Society01-1
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px~t!2a~t!5px~0!2a~0!, ~1!

g~t!2pz~t!5g~0!2pz~0!, ~2!

whereg2511px
21pz

2 . The constants of motion are define
by the initial conditions att50.

For the electron initially at rest before the interaction, w
find

px~t!5a~t!, ~3!

pz~t!5 1
2 a2~t!, ~4!

g~t!511pz~t!, ~5!

pz~t!5 1
2 px

2~t!, ~6!

and therefore the kinetic energy of the electron is given
g(t)215 1

2 a2(t). There is no net energy transfer to the
electrons after leaving the laser pulse because the vecto
tential returns to the initial valuea(0)50.

Now we introduce a disturbance in the laser fields to
amine its effects as a potential mechanism for efficient e
tron acceleration. We model the disturbance by stocha
phase jumps in the coherently oscillating electromagn
fields. For an electron initially at rest, the relation betwe
the momentapz(t)5 1

2 px
2(t) is retained throughout even i

the presence of the phase jumps. Scattered electrons
energyg21 have therefore the deflection angle ofu:

tanu5
px

pz
5A 2

g21
. ~7!

This formula is a general relation for the case of the p
deromotive scattering@8,9#. The small angular spread o
these electrons may be observed only at a strongly relat
tic laser intensity (g@1).

The evolution of the electron motion is completely d
scribed by the vector potentiala(t), which is derived from
the integration of the laser electric field«L(t) disturbed by
the phase jumps:

a~t!52E
0

t

«L~t!dt, ~8!

dt5dt2
dz

c
5~12bz!dt, bz5

vz

c
.

The vector potential is a continuous function even if t
electric fields are discontinuous due to the introduction of
phase jumps. We write the phase of the laser field asf(t)
5vLt1f0(t) with vL and f0(t) being the angular lase
frequency and the disturbed phase term, respectively. N
consider the electron dynamics in the presence of the
chastic phase jumps. With the amplitude of the normaliz
vector potential,aL , the normalized laser electric field i
given by«L(t)5aLsin@f(t)#.
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B. Electron acceleration by stochastic phase jumps
in laser fields

As mentioned above, there is no net energy transfer fr
the laser fields to the electrons in the absence of some
turbances to the harmonic motion of the quivering electro

As well as particle collisions, abrupt changes in the ph
of the laser fields disturb the coherent motion of the electr
and yield the finite residual value of the vector potent
given by Eq. ~8!, resulting in net electron acceleration o
heating. Different plasma instabilities may readily produ
the complex structure of the distribution of the electr
plasma density in the intense laser-plasma interactions. A
result, it is probably the case that not only the phase but a
the amplitude of the laser experiences fluctuations in exp
ments. The resultant disturbance in the driving laser fie
leads to the electron acceleration. Making no mention of
potential driving sources of these phase disturbances, we
scribe their effects on the coherent laser fields by introd
tion of a set of phase jumps and theoretically study the
sultant electron acceleration process. We theoretically st
the electron acceleration driven by stochastic phase ju
induced in the laser fields. In the present theoretical mo
the number and the magnitude of the phase jumpsm is es-
sentially arbitrary. However, in practice, the value ofm de-
pends on the physical interaction processes in the pla
channels and defines the energy gain or the energy distr
tion of the accelerated electron beams. In the present st
we simply estimate the maximum number of phase jump

We consider the scale length of the potential plasma
stabilities induced in the laser-plasma interactions. In hig
relativistic or nonlinear laser-plasma interactions, copious
stabilities may be induced, which generate an inhomo
neous distribution in the plasma density of a short spa
scale length comparable to electron plasma waves. Bes
the lasers, induced electron beams may further produce
ditional beam-plasma instabilities. Therefore, we assume
the shortest characteristic length of the disturbance (lmin) in
the plasma channel may be represented by the magnetic
depth or the wavelength of the electron plasma wa
(c/vpe), wherevpe is the electron plasma frequency. Durin
the interaction with the coherent fields of a Gaussian la
pulse of durationtL , the electrons travel the distancezd at
the drift velocityvd approximately given by

zd5vdtL , ~9!

S vd

c D5S aL
2

41aL
2D . ~10!

Considering that the maximum number of the pha
jumps mmax is equivalent to the collision number over th
distancezd for the free path (lmin), we obtain the following
simple scaling:

mmax5
zd

lmin
52pS aL

2

41aL
2D S vpe

vL
D S ctL

lL
D . ~11!
1-2
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The maximum number of the phase jumpsmmax may fur-
ther increase above the predicted value in the case of
interaction with a weakly relativistic laser pulse (aL&1),
since the effective drift velocityvd may increase substan
tially due to the preceding phase-jump events. As the num
of the phase jumps is a dominant factor specifying the eff
tive temperature and the maximum energy of the elect
distribution for a given laser intensity, a proper choice of t
number of the phase jumps should be examined by com
ing the model prediction with the experimental results.

First we analytically study the characteristics of the el
tron beams accelerated in the presence of the stoch
phase jumps and examine the profile of the energy distr
tion function and the effective temperature. For the slow
varying amplitude of the leading and trailing edge of t
laser pulse, we introducem phase jumps fromf i

2 to f i
1 by

Df i (Df i5f i
12f i

2 for i 51,2,3, . . . ,m) in the laser field
of the constant amplitudeaL . We obtain the vector potentia
for the electrons interacting with the laser having the spe
fied phase jumps,

a~t!52E
0

t

«L~t!dt

52E
0

t

aLsin@f~t!#dt

5aL(
i 51

m

@cos~f i
2!2cos~f i

1!#. ~12!

Without loss of generality, we assume that all them phase
jumps occur randomly int space and have arbitrary ste
heights. The evolution of the vector potential can equi
lently be analyzed based on the 2m-step random walk with
the step distance ofaL :

a~t!5aL(
j 51

2m

cos~u j !5aL(
j 51

2m

Re@exp~ iu j !#, ~13!

whereu j ’s are 2m random phases in@0,2p#. Here, we con-
sider the complex plane of the polar coordinates@r ,u#. For
an ensemble of a sufficient number of test particles, this p
cess is described by the time-dependent solution of the ra
diffusion equation

f ~r !5
1

4pDt
expS 2

r 2

4Dt D , ~14!

where the diffusion coefficientD5( 1
4 )l2n is defined by the

mean-free-pathl and the collision frequencyn. The number
of the collisions isnt. Considering the correspondence
nt52m andl5aL , we obtain the radial distribution of th
resultant vector potential of amplituder a in the complex
plane@x,iy #:

f ~r a!5S 1

2pmaL
2D expS 2

r a
2

2maL
2D 5S 1

pr D
2 D expS 2

r a
2

r D
2 D
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wherer D
2 52maL

2 .
Noting that the kinetic energy of the electron isE

5 1
2 (r acosu)251

2x
2 with x5r acosu and y5r asinu, the en-

ergy distribution is given by

F E
2`

1`

f ~x,y!dyGdx5
1

Apr D

expS 2
x2

r D
2 D dx.

FromE5( 1
2 )x2 anddx5dE/A2E, we obtain the energy dis

tribution

f ~E!dE5S 1

A2pErD

D expS 2
E

1

2
r D

2 D dE

5
f 0

A E

E0

expS 2
E

E0
D dE, ~15!

where f 051/(2ApE0).
This is the distribution function of the energy observ

along a given direction for the isotropic three-dimension
Maxwellian system of the equivalent temperature ofkT
5E05 1

2 r D
2 5maL

2 . From the result of simple numerica
Monte Carlo simulations shown in Fig. 1, it is seen that t
model description reproduces the numerical results well
the phase-jump numberm>2. The maximum available en
ergy is given by

FIG. 1. Energy distributions of 10 000 accelerated electrons
the stochastic laser fields for the number of the phase jumpm
51 ~a! and m52 ~b! with aL51, predicted by the random-walk
model. The smooth reference function is given byf (E)
5 f 0 /AE/E0exp(2E/E0) with E05maL

2 .
1-3
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Emax5gmax2152m2aL
2 , ~16!

as expected in the case of a straight walk. For the numbe
the phase jumpsm51, the corresponding maximum energ
appears atEmax52.0 as a descending step. This smooths
for largerm.

III. NUMERICAL SIMULATION MODEL OF SINGLE
ELECTRON MOTION DRIVEN BY A LASER PULSE

IN THE PRESENCE OF STOCHASTIC PHASE JUMPS

The Monte Carlo simulations have been carried out
examine the characteristics of the accelerated elec
beams. We consider the dynamics of a single relativi
electron in the electromagnetic fields of a laser pulse pro
gating in thez direction. With the electric field linearly po
larized in thex-z plane, the equations of motion are writte
as follows@10#:

mec
2

dg

dt
52eu•E, ~17!

dp

dt
52e~E1u3B!, ~18!

u5
dr

dt
. ~19!

The electric and magnetic fields are given by

E5exS mevLc

e Da, ~20!

B5eyS mevLc

e Da1aB , ~21!

a~ t,r !5aL f ~ t,r !sin@vLt2kLz1w~z!#,

aB5FexS y

r D1eyS x

r D G S B~r ,z!

mecvL
D f 2~ t,r !,

f ~ t,r !5

expF2S t2~z/c!

tL
D 2GexpF2S r

w0
D 2G

A11S z

ZR
D 2

,

ZR5
pw0

2

lL
,

wheretL is the laser pulse width,vL the laser angular fre
quency,kL the laser wave number, andlL the laser wave-
length. Although the electromagnetic fields of the laser
described by a plane wave, a focused geometry is taken
account to define the laser beam profile in the plasma ch
nel. w0 is the laser beam radius at the focus center andZR is
the Rayleigh length. The spatial distribution function of t
normalized self-generated magnetic fieldaB is defined by the
02640
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laser pulse profilef (t,r ) and the functionB(r ,z) derived in
the Appendix. The phase jumpsDf i are introduced into the
phase termw(z) at the points statistically specified along th
plasma channel.

For efficient computation without loss of the main phys
cal features, we studied the 2D electron dynamics in thex-z
plane containing the laser wave vector and the electric fi
vector.

Referring to the conditions of one of the typical electro
acceleration experiments carried out in the laser gas-jet
teraction@11#, we have adopted the following parameters f
the first demonstrative numerical simulation. The amplitu
of the normalized vector potentialaL is 0.7, corresponding to
the intensity of a Ti:sapphire laser (lL5790 nm) of about
1018 W/cm2. The Gaussian laser beam radiusw0 and pulse
width tL are given for 7mm and 100 fs full width at half
maximum~FWHM!, respectively. The Rayleigh lengthZR is
200 mm. For the specified number of phase jumpsm, the z
coordinates of the phase-jump events are randomly dis
uted in the region@0,zd# along thez axis, wherezd is the
characteristic drift distance given by Eq.~9!.

For simplicity the step heights of the phase jumps
given, which are arbitrary in@0,2p#, which is the same as
the random-walk process discussed in Sec. II B. The e
trons are initially at rest on the axis of the laser beam. T
radius of the Alfven current channel (r c) is about 0.7mm for
the electron densityne50.17nc , where nc is the critical
electron density of 1.631021 cm23. The maximum magnetic
field surrounding the current channel (I A52.1 kA) is Bc
56.0 MG.

As mentioned in the preceding section, the number of
phase jumps is arbitrary in principle but its maximum val
mmax is practically estimated from the simple physical sc
ing @Eq. ~11!#. Noting that we have approximatelymmax
510 for parameters of the experimental conditions adop
here, we show the representative numerical results obta
for tentative values ofm52 and 4 in the following.

First the dynamics of 4000 electrons are studied for
case of the normalized vector potentialaL50.7 and a fixed
number of the phase jumpsm52. The momentum and en
ergy distribution of the ejected electrons are shown in Fig

Comparing the electron distribution in momentum spa
with the parabolic relation given in Eq.~6!, it is seen that the
angular spread is suppressed by the collimating effect of
surrounding magnetic field. The energy distribution show
Maxwellian profile well described by Eq.~15! based on the
simple random-walk model. Also, the normalized cutoff e
ergy is consistent with the theoretical maximum energy
Emax53.9 given by Eq.~16!. Therefore, the energy gain i
not affected significantly by the magnetic field in this cas

In order to clearly see the acceleration processes du
the phase disturbance, the phase jump number is increas
m54. The results are shown in Fig. 3. The high-energy
is observed to extend up toEmax530.9, far beyond the Max-
well distribution of the bulk electrons. These energetic el
trons are observed only when both the phase jumps and
surrounding magnetic field are introduced. The high-ene
tail is enhanced by increasing the strength of the magn
field as well.
1-4
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DIRECT ELECTRON ACCELERATION BY STOCHASTIC . . . PHYSICAL REVIEW E 68, 026401 ~2003!
The trajectories of these energetic electrons indicate
repetitive interaction of the electrons with the laser pulse.
the phase jump the electrons are first accelerated to a m
erately high energy level and then leave the laser pulse tr
versely. However, as they still travel near the laser pu
some of them are deflected back to the laser pulse by
surrounding self-induced azimuthal magnetic field and en

FIG. 2. The momentum~a! and energy~b! distributions of 4000
electrons accelerated in the stochastic laser field with a phase-
number ofm52. The theoretically predicted maximum energy
Emax52m2aL

253.9. The smooth reference functions shown in t
upper and the lower figure are the parabolic relation given by
~6! and the Maxwellian distribution given by Eq.~15!, respectively.

FIG. 3. The momentum~a! and energy~b! distributions of 4000
electrons accelerated in the stochastic laser field with a phase-
number ofm54. The smooth reference functions are defined a
Fig. 2.
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again into the laser pulse. If the electrons ride the laser fi
in the proper phase, they gain substantial energy, trave
with the driving laser pulse. This process is similar to t
B-loop acceleration proposed by A. Pukov and J. Meyer-
Vehn @12#. Such an electron acceleration becomes m
probable and is enhanced as the number of phase jump
well as the strength of the magnetic field increases.

IV. DISCUSSION AND CONCLUSION

Based on a simple model it is shown that electrons
effectively accelerated to relativistic energies far above
ponderomotive energy in the presence of a stochastic ph
jump disturbance in the driving laser fields. For a small nu
ber of phase jumps (m<2), the energy distribution of the
accelerated electrons is shown to be nearly Maxwellian w
an effective temperature given bykT5maL

2 . When the self-
generated magnetic field is introduced, the beams are c
mated within a narrowed angular cone but the electron
tribution still remains Maxwellian. As the number of pha
jumps increases (m>4), ultrahigh energy electrons are ge
erated, yielding an extended high-energy tail. The genera
of these energetic electrons is observed only in the prese
of the magnetic field and enhanced by the increase in
strength of the magnetic field.

Considering the statistical nature of an encounter with
phase jumps, we now give the distribution of the phase ju
numbers based on the mean-free-path model usually ado
to describe a statistical collision process. In this model
probability that an electron traveling from the pointz50
along thez axis encounters a phase jump in the path reg
in the plasma channel@z,z1dz# is given by

p~z!dz5
1

lp j
e2(z/lp j)dz. ~22!

The effective mean-free-path for the phase jump islp j

5*0
1`zp(z) dz and the averaged number of the phase jum

over the path lengthzp is m05(zp /lp j).
A numerical calculation is carried out for the condition

that for the individual test electrons the phase-jump numb
m are given statistically by the mean-free-path model with
averaged phase-jump number ofm052. In addition, the ini-
tial positions of the electrons are randomly distributed with
the plasma channel of a critical Alfven radiusr c . The other
conditions are kept the same as adopted to obtain Fig. 2.
number distribution of the phase jumps, and the energy
angular distributions of the accelerated electrons are sh
in Fig. 4.

For the sake of reference, the fitted power law of the fo
of f (E)5 f 0(E/E0)k for k523 is compared with the nu
merically obtained energy distribution. The characteristic
ergy isE05m0aL

2 . The angular distribution is given for th
electron energy above the threshold of 10 keV and the an
lar spread is about 20°~FWHM!.

The experimentally observed energy distributions are u
ally compared with a Maxwellian function to define the e
fective temperature~s! @13# or otherwise with a power-law
function @11#. When the statistical nature of the distributio

p

.

p
n
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of the phase-jump numbers is introduced into the pres
model, a part of the electrons may encounter phase ju
more often than the average. The additional accelera
leads to the high-energy tail on the original Maxwellian e
ergy distribution. The random distribution of the initial ele
tron position enhances this tendency as well, leading to
modified energy distribution apparently fitted by a power-l
scaling. The averaged number of the phase jumpsm0 deter-
mines the effective electron temperature or the maxim
electron energy for a given laser field intensity. Asm0 in-
creases, the distribution of the phase jumps concentrate
the narrower Gaussian peak with a 1/e full width, 2A2m0, at
m5m0 in the mean-free-path model. Therefore, the sh
from the Maxwellian to the power-law scaling becomes to
less enhanced.

Although different factors may influence the observed
ergy distribution functions in practice, the present sim
model of direct laser acceleration offers one of the poten

FIG. 4. The distribution of the phase-jump numbers given by
mean-free-path model for the averaged phase-jump number om0

52 ~a! and the energy distribution~b! of 4000 electrons accelerate
in the stochastic laser field with the self-generated magnetic fi
along the plasma channel, respectively. The angular distribution~c!
for the electrons with energy above 10 keV. In the middle,
reference energy distribution function is given byf (E)
5 f 0(E/E0)23 with E05m0aL

2 .
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mechanisms prevalent in intense laser-plasma interaction
is desirable to self-consistently study the acceleration p
cesses by a full 3D particle-code simulation in order to
more detailed insight.
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APPENDIX: AZIMUTHAL MAGNETIC FIELD
GENERATION BY DRIFTING ELECTRONS

IN A LASER PULSE

We consider the current induced by the forwa
v3BL-drift motion of the background electrons driven b
the relativistic laser pulse, wherev andBL are the electron
quiver velocity and the laser magnetic field, respectively.
the plane-polarized laser fields of the normalized vector
tentialaL , the electron motion is described by a figure-eig
oscillation around the center drifting along the laser be
axis with a constant velocityvd5@aL

2/(41aL
2)#c. The current

density induced by these drifting electrons is given by

j 5enevd5 j cS ne

nc
D S vd

c D5 j cS ne

nc
D S aL

2

41aL
2D ,

where ne and nc are the electron density and the critic
electron density, respectively, andj c5encc.

Generally the current level of the electron beams pro
gating in plasmas is limited by the self-generated magn
field below the value of the Alfven currentI A given by @14#

I A517b0g0 @kA#,

whereb0 is the forward electron velocity normalized byc
and the relativistic mass factorg0 is given by (12b0

2)21/2.
Using approximate expressions

b05 K vz

c L 5S vd

c D5aL
2/~41aL

2!, g05^g&511
aL

2

4
,

the Alfven current is simply given by

I A @kA#5S 17

4 DaL
2 .

From the relation I A5pr c
2 j , we obtain the critical

electron-beam radius

r c @mm#50.34lLAS 11
aL

2

4 D Y S ne

nc
D ,

where lL is the wavelength of the laser inmm. We have
assumed that the laser beam radiusr L is sufficiently large
compared tor c . When the laser pulse~the electron beam! is

e

ld

e

1-6
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long enough compared to the beam radius, the magnetic
at the current beam boundary (r 5r c) is approximately given
by

Bc @MG#5
25

lL
aL

2AS ne

nc
D Y S 11

aL
2

4 D .

This maximum strength of the self-magntic field is pr
portional to the laser intensity, if the laser is not strong
relativistic (aL

2!4).
Now we calculate the spatial profiles of the magnetic fi

induced by the laser-driven electron beam pulses of fi
length. First we consider an infinitely thin current. From t
Biot-Savart law, the azimuthal magnetic field induced
point P(r ,z) by a uniform current filament of lengths lo-
cated along thez axis @2s/2,1s/2# is given analytically by
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whereB05m0I /2pr 0 is the magnetic field strength at a re
erence radiusr 0.

In the limit of an infinitely long current filament we sim
ply find

B~r ,z!→B0S r 0
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For s!ur u ands!uzu,
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and further forz2!r 2,
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Next we derive the self-induced magnetic field, taki
into account of the finite radius and length of the beam c
rent. We consider the traveling current element whose rad
and length are equal to the critical radiusr 05r c and the laser
pulse length 2s5ctL , respectively. Then it follows thatB0
5Bc . Further we assume the uniform current distributi
within the beam radiusr 0 and, therefore, we approximatel
write the profile of the magnetic field as follows.

~1! Within the current channel,r<r 0,
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~2! Outside the current channel,r>r 0,

B~r ,z!5S B0
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