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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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[. INTRODUCTION relativistic single particle code is used to study the funda-
mental characteristics of the electron beams, especially the
Recent remarkable progress in ultrahigh power and ulmomentum and energy distributions. Although such a nu-
trashort pulse laser technology has stimulated innovative agnerical analysis is not fully self-consistent, it gives us the
tivities in scientific and engineering fields such as astrophysessential insight into the physical processes involved in the
ics, fast ignition of inertial confinement fusion targets, andlaser plasma interactions by introducing the appropriate
high-energy particle accelerators. Collective acceleration ofnodeling even without elaborate particle-in-dglC) simu-
electrons by electron plasma waves excited by intense laséations.
pulses has been intensively studied both theoretically and In Sec. Il the theoretical model is shown to describe the
experimentallyf 1] since the first proposal of the fundamental direct electron acceleration by the stochastic phase-jump dis-
concept2]. turbance of the laser field. The general formulation of the
In contrast to the collective acceleration schemes, alternacceleration process and the energy distribution function are
tive scenarios of the direct particle acceleration by lasegiven. In Sec. Ill the numerical model and the results are
fields have been proposed and studied, that are valid ishown. Ultrahigh energy electron generation is studied as a
vacuum without the plasma waves in princip|@3. Gener-  result of the combined effect of the phase-jump acceleration
ally there is no net energy transfer to a single electron afteand the magnetic focusing. Section 1V discusses the factors
the interaction with a planar laser light pulse in vacuumaffecting the distribution functions of the electron energy,
without the help of additional lasefd,5] or disturbances in including statistics of the phase-jump events. In the Appen-
the coherent electron motion. Electron acceleration by indix the axial current and the azimuthal magnetic field in-
tense laser pulses in the presence of stochastic perturbatioflsced by the drifting electrons are discussed.
has been studied by introducing some artificial anisotropic

friction terms into the equations of motig#]. Il. ELECTRON ACCELERATION IN THE PRESENCE
In the present paper, we propose and study another sto- OF STOCHASTIC PHASE JUMPS
chastic acceleration mechanism based on phase-jump distur- OF ELECTROMAGNETIC LASER FIELDS

bances of the driving laser fieldg]. The presence of such
disturbances is highly probable in the intense laser-plasma
interactions where various plasma instabilities may readily
produce the complex structure of the distribution of the elec- First we review the dynamics of relativistic electrons in a
tron plasma density. In addition, we consider the effect of thdinearly polarized plane light wave propagating in theli-
self-generated magnetic field on the characteristics of theection with the electric field linearly polarized in thxedi-
electron beams accelerated in the plasma channels. A fullsection. The temporal evolution of the normalized electron

momenta p,,p,) and energy ¥—1) are simply defined by

the normalized vector potential=(e A/m.c?) as functions

*Electronic address: m.tanimoto@ee.meisei-u.ac.jp of 7(=t—2z(t)/c):

A. Relativistic electron dynamics in plane
electromagnetic fields
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Py (7)—a(7)=py(0)—a(0), (1) B. Electron acceleration by stochastic phase jumps
in laser fields
Y(7) =P 7)=¥(0) = pz(0), 2 As mentioned above, there is no net energy transfer from

the laser fields to the electrons in the absence of some dis-
wherey?=1+ p§+ pi. The constants of motion are defined turbances to the harmonic motion of the quivering electrons.

by the initial conditions at=0. As well as particle collisions, abrupt changes in the phase
For the electron initially at rest before the interaction, weof the laser fields disturb the coherent motion of the electrons
find and yield the finite residual value of the vector potential
given by Eq.(8), resulting in net electron acceleration or
py(7)=a(7), 3 heating. Different plasma instabilities may readily produce
the complex structure of the distribution of the electron
p,(7)=3%a%(7), (4)  plasma density in the intense laser-plasma interactions. As a
result, it is probably the case that not only the phase but also
y(7)=1+p,(7), (5)  the amplitude of the laser experiences fluctuations in experi-

ments. The resultant disturbance in the driving laser fields
©6) leads to the electron acceleration. Making no mention of the
potential driving sources of these phase disturbances, we de-

and therefore the kinetic energy of the electron is given b)igrr:bgf tgi‘;tegfecﬁagg tﬂf’n nger{grlthlef’;igs|l|dss?uy dmttfslﬁg:
y(7)—1=1%a?(7). There is no net energy transfer to these P jump y y

electrons after leaving the laser pulse because the vector PRie electron acceleration driven by stochastic phase jumps

tential returns to the initial valua(0)=0. . . : :
. i . . induced in the laser fields. In the present theoretical model,
Now we introduce a disturbance in the laser fields to ex- . S
A : . - the number and the magnitude of the phase jumgs es-
amine its effects as a potential mechanism for efficient elec- . . : .

. : sentially arbitrary. However, in practice, the valuerofde-
tron acceleration. We model the disturbance by stochastic s . :

ends on the physical interaction processes in the plasma

phase jumps in the coherently oscillating electromagneti thannels and defines the ener ain or the energy distribu-

fields. For an electron initially at rest, the relation between; o9 gy

the momentap,(7) = 1p2(7) is retained throughout even in tion of the accelerated electron beams. In the present study,
z — 2MPx

. we simply estimate the maximum number of phase jumps.
the presence of the phase jumps. Scattered electrons wit We consider the scale length of the potential plasma in-
energyy—1 have therefore the deflection angle &f

stabilities induced in the laser-plasma interactions. In highly
relativistic or nonlinear laser-plasma interactions, copious in-
tan6=&: i @) stabilities may be induced, which generate an inhomoge-
P, y—1 neous distribution in the plasma density of a short spatial
scale length comparable to electron plasma waves. Besides
This formula is a general relation for the case of the ponthe lasers, induced electron beams may further produce ad-
deromotive scattering8,9]. The small angular spread of ditional beam-plasma instabilities. Therefore, we assume that
these electrons may be observed only at a strongly relativighe shortest characteristic length of the disturbangg{) in
tic laser intensity ¢>1). the plasma channel may be represented by the magnetic skin
The evolution of the electron motion is completely de-depth or the wavelength of the electron plasma wave
scribed by the vector potential 7), which is derived from (c/wp), Wherew,, is the electron plasma frequency. During
the integration of the laser electric fietd () disturbed by the interaction with the coherent fields of a Gaussian laser

p7)=3p2(7),

sultant electron acceleration process. We theoretically study

the phase jumps: pulse of durationr_, the electrons travel the distanzg at
the drift velocityv 4 approximately given by

a(T)Z—fOSL(T)dT, (8) Z4=U4TL, (9)

dr=dt- - (1-pydt, p,=" Ud)— ai 10

r=dt- —=(1-gdt, B="_". o) \ara) (10

The vector potential is a continuous function even if the o )

electric fields are discontinuous due to the introduction of the Considering that the maximum number of the phase
phase jumps. We write the phase of the laser fieldség)  JUMPS Mmay is equivalent to the collision number over the
— w7+ ¢o(7) With w_ and ¢o(7) being the angular laser d!stancezd f_or the free path X i), we obtain the following
frequency and the disturbed phase term, respectively. Nowimple scaling:

consider the electron dynamics in the presence of the sto-

chastic phase jumps. With the amplitude of the normalized 7 a2 o cr
vector potential,a, , the normalized laser electric field is Mimax=—— = 277 —LZ ﬂ)(—") (1Y
given bye, (7)=a, si¢(7)]. Amin dtaf/l @i A
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The maximum number of the phase jumpg, ., may fur- 1000 (a)
ther increase above the predicted value in the case of the
interaction with a weakly relativistic laser pulse 1), ~
since the effective drift velocity 4 may increase substan- g% 100
tially due to the preceding phase-jump events. As the number
of the phase jumps is a dominant factor specifying the effec-
tive temperature and the maximum energy of the electron
distribution for a given laser intensity, a proper choice of the
number of the phase jumps should be examined by compar- ]
ing the model prediction with the experimental results. 0.5 1.0 L5 2.0

First we analytically study the characteristics of the elec- Energy E/m.c?
tron beams accelerated in the presence of the stochastic
phase jumps and examine the profile of the energy distribu- 1000 ®
tion function and the effective temperature. For the slowly
varying amplitude of the leading and trailing edge of the
laser pulse, we introduam phase jumps fron®; to ¢;" by
Ag, (Api=¢ —¢; fori=1,2,3... m) in the laser field
of the constant amplitude,_. We obtain the vector potential
for the electrons interacting with the laser having the speci-
fied phase jumps,

o

f(E)

o

20 40 6.0

. Energy E/m.c?

a(r)=— f g (n)dr
0

FIG. 1. Energy distributions of 10 000 accelerated electrons in
the stochastic laser fields for the number of the phase jumps

N =1 (a) andm=2 (b) with a_ =1, predicted by the random-walk
J; asint¢(7)]d7 model. The smooth reference function is given HYE)
i =fo/JE/IEgexp(—E/Eg) with Eq=ma .
:aLiZl [cog ¢ ) —cod ¢")]. 12 wherer2=2ma?.
Noting that the kinetic energy of the electron B
Without loss of generality, we assume that all thephase = 2(FaC086)°=3x" with x=r,cos6 and y=rsing, the en-

jumps occur randomly in- space and have arbitrary step €rgy distribution is given by
heights. The evolution of the vector potential can equiva- 5

lently be analyzed based on thenstep random walk with dx= 1 exd — x= dx
the step distance afy : NE r3)

| Trounay

2m 2m
a(r)=a > cogd)=a > Rdexgio)], (13) FromE= (3)x? anddx=dE//2E, we obtain the energy dis-
=1 =1 tribution
where 6;’s are 2n random phases if0,2r]. Here, we con- ( 1 ) E
sider the complex plane of the polar coordindtes]. For f(E)dE=| ———|exp| —— | dE
an ensemble of a sufficient number of test particles, this pro- V2mErp 1 2
cess is described by the time-dependent solution of the radial 2 o

diffusion equation

fo E
1 r2 = exp( = )dE,
(=75 exp{—m), (14) \/E 0

Eo

(15

where the diffusion coefficier = (3)\?v is defined by the

mean-free-path. and the collision frequency. The number ~Wherefo=1/(2{7E,). _

of the collisions isvt. Considering the correspondence of  This is the distribution function of the energy observed
vt=2m and\=a, , we obtain the radial distribution of the @long a given direction for the isotropic three-dimensional
resultant vector potential of amplitude, in the complex Maxwellian system of the equivalent temperature kof

plane[x,iy]: =E,=3%ri=ma’. From the result of simple numerical
Monte Carlo simulations shown in Fig. 1, it is seen that this
1 r§ 1 rg model description reproduces the numerical results well for
f(ra)=<—2) exp — > =(—2) exp —— the phase-jump numben=2. The maximum available en-
mmag 2ma; rH ) ergy is given by
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Emax™ Ymax— 1= Zmzaﬁ ) (16)
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laser pulse profild(t,r) and the functiorB(r,z) derived in
the Appendix. The phase jumpse; are introduced into the

as expected in the case of a straight walk. For the number qdhase termp(z) at the points statistically specified along the
the phase jumpm=1, the corresponding maximum energy plasma channel.

appears ak,,,= 2.0 as a descending step. This smooths out

for largerm.

Ill. NUMERICAL SIMULATION MODEL OF SINGLE
ELECTRON MOTION DRIVEN BY A LASER PULSE
IN THE PRESENCE OF STOCHASTIC PHASE JUMPS

For efficient computation without loss of the main physi-
cal features, we studied the 2D electron dynamics inxtize
plane containing the laser wave vector and the electric field
vector.

Referring to the conditions of one of the typical electron-
acceleration experiments carried out in the laser gas-jet in-
teraction[11], we have adopted the following parameters for

The Monte Carlo simulations have been carried out tope first demonstrative numerical simulation. The amplitude
examine the characteristics of the accelerated electroghe normalized vector potential is 0.7, corresponding to
beams. We consider the dynamics of a single relativistigyg intensity of a Ti:sapphire lasek (=790 nm) of about

electron in the electromagnetic fields of a laser pulse propasnie

gating in thez direction. With the electric field linearly po-
larized in thex-z plane, the equations of motion are written
as follows[10]:

mecza: —eu-E, 17
dp
—=—e(E+uXxB), (19
dt
_dr 19
u= at (19
The electric and magnetic fields are given by
Mew| C
E:ex( =, (20
e
mea)LC
Bzey( at+ag, (21

a(t,r)=a f(t,r)siMw t—k z+¢(2)],

X\ |/ B(r,z
S ER B
Anelaacl
expg — expg —| —
TL Wo
f(t,r)= — ,
1+ —
ZR
W
R—TL,

where 7_is the laser pulse widthp_ the laser angular fre-
qguency,k, the laser wave number, and the laser wave-

W/cn?. The Gaussian laser beam radiug and pulse
width 7 are given for 7um and 100 fs full width at half
maximum(FWHM), respectively. The Rayleigh leng#y, is

200 um. For the specified number of phase junmsthe z
coordinates of the phase-jump events are randomly distrib-
uted in the regiorf 0,z4] along thez axis, wherez, is the
characteristic drift distance given by E®).

For simplicity the step heights of the phase jumps are
given, which are arbitrary if0,27], which is the same as
the random-walk process discussed in Sec. IIB. The elec-
trons are initially at rest on the axis of the laser beam. The
radius of the Alfven current channeld) is about 0.7um for
the electron densityn,=0.17., wheren, is the critical
electron density of 1.8 10?* cm™ 3. The maximum magnetic
field surrounding the current channdi,&E2.1 kA) is B,
=6.0 MG.

As mentioned in the preceding section, the number of the
phase jumps is arbitrary in principle but its maximum value
Mpay IS practically estimated from the simple physical scal-
ing [Eqg. (12)]. Noting that we have approximately,,.y
=10 for parameters of the experimental conditions adopted
here, we show the representative numerical results obtained
for tentative values om=2 and 4 in the following.

First the dynamics of 4000 electrons are studied for the
case of the normalized vector potentsgl=0.7 and a fixed
number of the phase jumpa=2. The momentum and en-
ergy distribution of the ejected electrons are shown in Fig. 2.

Comparing the electron distribution in momentum space
with the parabolic relation given in E), it is seen that the
angular spread is suppressed by the collimating effect of the
surrounding magnetic field. The energy distribution shows a
Maxwellian profile well described by Eq15) based on the
simple random-walk model. Also, the normalized cutoff en-
ergy is consistent with the theoretical maximum energy of
Emax=3.9 given by Eq.(16). Therefore, the energy gain is
not affected significantly by the magnetic field in this case.

In order to clearly see the acceleration processes due to
the phase disturbance, the phase jump number is increased to
m=4. The results are shown in Fig. 3. The high-energy tail

length. Although the electromagnetic fields of the laser ards observed to extend up ,,,=30.9, far beyond the Max-
described by a plane wave, a focused geometry is taken int@ell distribution of the bulk electrons. These energetic elec-
account to define the laser beam profile in the plasma chanrons are observed only when both the phase jumps and the

nel.wy is the laser beam radius at the focus center ands

surrounding magnetic field are introduced. The high-energy

the Rayleigh length. The spatial distribution function of thetail is enhanced by increasing the strength of the magnetic

normalized self-generated magnetic fieldis defined by the

field as well.
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again into the laser pulse. If the electrons ride the laser field
in the proper phase, they gain substantial energy, traveling
with the driving laser pulse. This process is similar to the
B-loop acceleration proposed by A. Pukov and J. Meyer-ter-
Vehn [12]. Such an electron acceleration becomes more

Pz /mec probable and is enhanced as the number of phase jumps as
well as the strength of the magnetic field increases.

Px /mec

IV. DISCUSSION AND CONCLUSION

Based on a simple model it is shown that electrons are
effectively accelerated to relativistic energies far above the

1000 ) . . .
500 ponderomotive energy in the presence of a stochastic phase-
8 100 jump disturbance in the driving laser fields. For a small num-
T 50 ber of phase jumpsni<2), the energy distribution of the
0 accelerated electrons is shown to be nearly Maxwellian with
5 an effective temperature given iyl = maf. When the self-
generated magnetic field is introduced, the beams are colli-
1 2 3 4 mated within a narrowed angular cone but the electron dis-
Energy F/mec? tribution still remains Maxwellian. As the number of phase

S jumps increasesnf=4), ultrahigh energy electrons are gen-

FIG. 2. The momentunte) and energyb) distributions of 4000  erated, yielding an extended high-energy tail. The generation
electrons accelerated in the stochastic laser field with a phase-jumg these energetic electrons is observed only in the presence
number ofm=2. The theoretically predicted maximum energy is of the magnetic field and enhanced by the increase in the
EmaX:2m2aE=3.9. The smooth reference functions shown in thestrength of the magnetic field.
upper and the lower figure are the parabolic relation given by EqQ.  considering the statistical nature of an encounter with the
(6) and the Maxwellian distribution given by E(L5), respectively. phase jumps, we now give the distribution of the phase jump
numbers based on the mean-free-path model usually adopted

AR . ) fo describe a statistical collision process. In this model the
repetitive interaction of the electrons with the laser pulse. O robability that an electron traveling from the point 0

the phase jump the electrons are first accelerated to a mo Jong thez axis encounters a phase jump in the path region

erately high energy level and then leave the laser pulse trangs ihe plasma channék,z+dz] is given by
versely. However, as they still travel near the laser pulse, '

some of them are deflected back to the laser pulse by the 1
surrounding self-induced azimuthal magnetic field and enter p(z)dz= )\—e_(z”‘pi)dz. (22
pj

The effective mean-free-path for the phase jumpAis
=[4“zp(z) dz and the averaged number of the phase jumps

1 r’* £l over the path lengtl, is mo=(z,/\)).
% : B A numerical calculation is carried out for the conditions
= 0 -210 15 30 35 30 that for the individual test electrons the phase-jump numbers
-1 K pa/mee m are given statistically by the mean-free-path model with an

averaged phase-jump numberrmof=2. In addition, the ini-
tial positions of the electrons are randomly distributed within
the plasma channel of a critical Alfven radius. The other
conditions are kept the same as adopted to obtain Fig. 2. The
1000 \ ® number distribution of the phase jumps, and the energy and
500 angular distributions of the accelerated electrons are shown
1(5)8 in Fig. 4.
For the sake of reference, the fitted power law of the form
19 of f(E)="fo(E/Ep)* for k=—3 is compared with the nu-
merically obtained energy distribution. The characteristic en-
5 10 15 20 25 30 ergy is Eozmoaf. The angular distribution is given for the
electron energy above the threshold of 10 keV and the angu-
lar spread is about 20FWHM).

FIG. 3. The momentunta) and energyb) distributions of 4000 The experimentally observed energy distributions are usu-
electrons accelerated in the stochastic laser field with a phase-jungly compared with a Maxwellian function to define the ef-
number ofm=4. The smooth reference functions are defined as ifective temperatufe) [13] or otherwise with a power-law
Fig. 2. function[11]. When the statistical nature of the distribution

£(E)

Energy E/mec?
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(a) mechanisms prevalent in intense laser-plasma interactions. It
1000 is desirable to self-consistently study the acceleration pro-
,€800 cesses by a full 3D particle-code simulation in order to get
= 600 more detailed insight.
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APPENDIX: AZIMUTHAL MAGNETIC FIELD
2 100 GENERATION BY DRIFTING ELECTRONS
h IN A LASER PULSE

10 We consider the current induced by the forward
‘L_]] v X B -drift motion of the background electrons driven by

1 2 3 5 10 20 the relativistic laser pulse, whereandB, are the electron
Energy E/mec? quiver velocity and the laser magnetic field, respectively. In

the plane-polarized laser fields of the normalized vector po-
tentiala, , the electron motion is described by a figure-eight
oscillation around the center drifting along the laser beam
axis with a constant velocityy=[a’/(4+ a?)]c. The current
density induced by these drifting electrons is given by

. . [Ne) [ V4 . [ Ne aE
40 J=€nNvyg=]¢ — =)l — 4+aE '

ne/\c n
= where n, and n; are the electron density and the critical
Angle 0 (rad) electron density, respectively, afg=en.c.
S . . Generally the current level of the electron beams propa-
FIG. 4. The distribution of the phase-jump numbers given by thegating in plasmas is limited by the self-generated magnetic

mean-free-path model for the averaged phase-jump numbex of fie|ld below the value of the Alfven currehf, given by[14]
=2 (a) and the energy distributioff) of 4000 electrons accelerated

in the stochastic laser field with the self-generated magnetic field 1a=17Boy0 [KA],

along the plasma channel, respectively. The angular distribGtion

for the electrons With_ energy above 1_0 ke_V. In_the middle, thewhereﬂo is the forward electron velocity normalized Ity
reference _gne_rgy dIStrIbLZJtlon function is given by(E) and the relativistic mass factay, is given by (1- ﬁg)—llz_
=To(E/Bo) = with Eo=moa . Using approximate expressions

2(0) ©)
120

10

-1.0

Ug

2

model, a part of the electrons may encounter phase jumps Bg= =af/(4+ aE), Yo=(y)=1+ i,
more often than the average. The additional acceleration 4
leads to the high-energy tail on the original Maxwellian en-
ergy distribution. The random distribution of the initial elec-
tron position enhances this tendency as well, leading to the 17
modified energy distribution apparently fitted by a power-law I [KA]=|—
scaling. The averaged number of the phase jumpsleter- 4
mines the effective electron temperature or the maximum ) 5. ) .
electron energy for a given laser field intensity. Ag in- From the relationl,=mrcj, we obtain the critical
creases, the distribution of the phase jumps concentrates &fectron-beam radius
the narrower Gaussian peak with & full width, 2y2m,, at
m=my in the mean-free-path model. Therefore, the shift fo [um]=0.34 \/ (E)
from the Maxwellian to the power-law scaling becomes to be c LM R ne)’
less enhanced.

Although different factors may influence the observed enwhere \| is the wavelength of the laser inm. We have
ergy distribution functions in practice, the present simpleassumed that the laser beam radiysis sufficiently large
model of direct laser acceleration offers one of the potentiatompared ta .. When the laser pulsghe electron beajris

of the phase-jump numbers is introduced into the present <Uz>
<=

the Alfven current is simply given by

al.

2
a.

14—
4

026401-6



DIRECT ELECTRON ACCELERATION BY STOCHAST . .. PHYSICAL REVIEW E 68, 026401 (2003

long enough compared to the beam radius, the magnetic field Bo\(ro\[s
at the current beam boundany=r ) is approximately given B(r)=(?) (—) (-)

by r)\r
25 \/ Ne a’
_ 2
BC[MG]——)\LaL (nc /(1+ ik
and length are equal to the critical radiys=r and the laser

T_his maximum strength O,f th(_a self—magnt.ic field is pro- pulse length 8=cr_, respectively. Then it follows thaB,
portional to ghe laser intensity, if the laser is not strongly g Further we assume the uniform current distribution
relativistic (aj <4). within the beam radius, and, therefore, we approximately

Now we calculate the spatial profiles of the magnetic fieldite the profile of the magnetic field as follows.
induced by the laser-driven electron beam pulses of finite (1) \ithin the current channet,<r,

length. First we consider an infinitely thin current. From the

Biot-Savart law, the azimuthal magnetic field induced at

point P(r,z) by a uniform current filament of length lo- B(r,z)z(
cated along the axis[ —s/2,+s/2] is given analytically by

Next we derive the self-induced magnetic field, taking
into account of the finite radius and length of the beam cur-
rent. We consider the traveling current element whose radius

o
r

)B(TO:Z)

Bo|(To S
_ z+ —
B(r,z)—(; (T) (Bo)(r) 2
2N\l T 2
S S 0 ) S
z+ - z— - rot|z+5
2 2
X - '
s 2 s 2 S
24| z+ = r2+|z—— Y
2 2 -
2
whereBy= ugl /271 is the magnetic field strength at a ref- 124 72— s
erence radius,. 0 2
In the limit of an infinitely long current filament we sim-
ply find (2) Outside the current channelzr,
lo _ MOI BO lo
B(f’zHBo(?)—m (8=>c2)- B(r,z)Z(—)(—)
2)\r
Fors<|r| ands<|z, s s
z+— z— =

2

o3

2 2
_ X — .
(r2+72)3%2 S\ 2 S\ 2
, r’+| z+ - r’+|z——
and further forz<r<, 2 2
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