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Propagation of an asymmetric relativistic laser pulse in plasma
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(Received 6 May 1996; revised manuscript received 3 June)1997

The interaction of a relativistically intense asymmetric laser pulse with a plasma has been studied. The
asymmetric shape of the pulse implies that the rise time of the leading edge of the pulse is much greater than
the fall time of the trailing edge. The numerical simulation of the propagation of such a pulse through an
underdense plasma has shown that relativistic self-focusing enhances the effect of ponderomotive self-
channeling. The radial ponderomotive force totally expels the electrons from the axis creating a density
channel, that is, cavitation occurs. A very short fall time of the trailing edgef<1) causes a rapid increase
in the amplitude of a laser driven longitudinal electric field to values of a few GV/cm at the back of the pulse.
The numerical simulation also has shown that the channel as well as the large-amplitude longitudinal field can
be sustained in the range immediately behind the pulse, thus creating favorable conditions to accelerate a
trailing bunch of electrons to extremely high energies. According to our model, the accelerating electric field
can reach the value 10 GV/ci51063-651X97)04609-9

PACS numbses): 52.40.Nk, 42.65.Jx, 52.35.Mw, 52.40.Db

The interaction of a relativistically intense laser pulse Considering an asymmetric pulse, we assume that the du-
with plasmas and accompanying phenomena are of great imation of the leading edge of the pulsgis much greater than
terest because of their importance to plasma-based accelethe period of the electron plasma wavespé-|)2> 1, while
tors in which the plasma wave is driven by a singlethe opposite inequality holds at the trailing edge,t;)?
ultrahigh-intensity laser pulse. This scheme, referred to as<1, 7, being the time scale of the back of the pulsee Fig.
the laser wake-field accelerator, has been developed as oib These conditions ensure a relatively smooth rise of a
of the promising plasma-based accelerafdils laser-driven longitudinal electric field at the front. This field

Ultrashort laser pU|Se($upt|_S 1, wherewy, is the electron does not exhibit the oscillating nature within the leading
plasma frequency angl is the pulse durationundergo Ray- edge of the pulse, in accordance with the results obtained in
leigh diffraction, which significantly decreases the pulse in-[5]. At the same time, unlike the previous works quoted here,
tensity over a few Rayleigh lengths. This limits the laser-the transverse scales of the pulse prdfilgl, ;, which cor-
plasma interaction distance and makes the generation éespond to the front and the back of the pulse, respectively,
plasma wake fields inefficient. For relatively long pulsessatisfy the conditions
(wpt >1), relativistic self-focusing as well as ponderomo-
tive self-channeling can efficiently prevent the diffraction.
Both mechanisms of self-guiding were taken into account in

_ 71 . .

[2] studying the propagation of a circularly polarized rrcldia—\'\/here)‘0_27Tcw.0 Is the laser wavelength. '_I'he period of
tion through plasmas. It is noted that, for certain Iaser—plasm?e [aser wave IS much less gha” the d“ra“‘;” of both the
parameters, plasma electrons will be completely expelle ading and trailing edgesug7)">1 and (“’QTT.) >.1' Con- .
from the focal area. The detailed study of the phenomenoﬁequemly’ on both of the gdges_one can distinguish tv_vo time
has shown that, beginning from certain pulse intensities, gcaLes. Jn accordancg W!th this, any of the quantitis
sufficiently long ion channel forms along the pulse propaga= (P.n.E.®,7) appearing in the problem are represented as
tion direction[3]. a sum of slowly and fast varying terms

As a rule, only a slight portion of the energy of a laser
pulse is transferred to generated longitudinal fields. If the
duration of the pulse is much longer than the period of elec:

where the symbo{ ) denotes a time average over the laser

tron plasma oscillations, then the ion channel behind th%vave eriot— 2/ B is the momentum of the electrons
pulse disappears and the wake field following the pulse will P ' wo. '

not be effective for acceleratid3]. To avoid these difficul-

(Np)2<I?,<(cm)?,  (Np)2<(cm)?<I?,, (6h)

S=(S)+S, )

ties a concept of an asymmetric laser pulse has been pro-
. . . =24 -
posed[4]. As shown below, a pulse with asymmetric longi- 21
tudinal and radial profiles has advantages over a symmetric g,k
one. An asymmetric pulse creates an ion channel that ensures E /
its diffractionless propagation over many Rayleigh lengths. 0.0 Fr
At the same time, a laser-driven plasma wake field reaches 0.0 0.5 1.0 1.5 2.0

high values at the back of the pulse. Moreover, this field, /7

along with the ion channel, can be sustained over the short

fall length of the trailing edge of the pulse. All these are  FIG. 1. Profile of the normalized intensity= (e|E|/mcwg)? of
favorable conditions for acceleration. an asymmetric pulse with Gaussian rise and fall/ ¢, )%= 10°.
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FIG. 2. Normalized intensity distribution of a laser pulse and the  FIG. 3. Intensity and electron density profiles after the pulse has
corresponding profile of the plasma electron density after travelingraveled the distance L. The ion channel is formed and contin-
the distance 0145 [Lg=7(a3/\,) is the Rayleigh length It shows  ues to evolve, which is seen in subsequent figures.
one of the first stages of the ion-channel formation.

. . Lo - . . transverse momentum is represented in the fG’f’_nrﬁ i(e
n is their densityE is the electric field® is the potential of P 2(8

the generated longitudinal field, andis the relativistic fac- +|e¢)_P(r,z,t)exp{—|w0t+|kozf|<p}+c.c.,_Whereer,e(p are

tor. Characteristic velocities in our problem are much largefl€ unit vectors along the radial and azimuthal axes, respec-
than the thermal velocities of electrons, thus the hydrodyliVely, ¢ is the azimuthal angle, andy=koc. The equations
namic description seems to be quite justified. The correfOr fast varying quantities are obtained from E(@~(6) by

sponding set of equations consists of the equation of motiofubstituting(S)— S. However, it should be noted that for the
for electrons(ions are immobilg and Maxwell's equations. relativistic factor we have

Let us introduce the dimensionless quantitémc—P,

ed/mc—®, n/ng—n, andeE/mcw,—E. In this case for (y)={1+P2+(P)312 (7
slowly varying quantities we obtain the equations
1 ¥P) 10 w2 Y=(PIP)(7<(7). 8

AP+ Ly Pjy=
2 oz AP VNt Z (D=0 ) .
Expressions foKJ) andJ are rather cumbersome. They
1 o(n) can be easily obtained and therefore we do not write them

+div(Jy=0, 4 _ = =
c ot v(J) @ down. We only mention that by using RIt=0 and diP

=0 some relations are established between momentum com-

1Py - - ponents that can help to obtain the following formulas for the
< o - HUP)-V(y), ©) slow and fast currents, respectived)=(n)(F)/(y) and

. J=(n)YP/{y).
(o wp) V(P)=(n)—1, (6) We introduce the variableg=z and r=t—2z/c. Taking

into account the profile of the pulse front, which is charac-
where the superscriptsandt denote the longitudinal and terized by inequalitie$l), for the leading edge of the pulse,
transverse components of a vector, respectively. The fa$gs.(3)—(6) are reduced to the systeli8]
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FIG. 4. Intensity and electron density profiles after propagating G- 5. Intensity and electron density profiles after the pulse has

the distancdg. The width and length of the channel are increasedtraveled the distancel. A strong redistribution of the pulse in-
compared to Fig. 3. tensity and the electron density at the leading front of the pulse is

evident.
JE w? (n) iy
2ikn —+A E——L2 X" E=0 9 In addition, we have
0 r7§ L C2 <,y> ( )
NS dz=—c 1a(S)/ . (15)
19 HD) o (S (S
ra o~z Um-h, (10 By using Egs.(14) and (15) with the help of equations
, rot(P'y=0 and di¥P")=0 one can establish the relations
cc1l1d 4
WA a7 @ Ph=(Ph)<(0. (PY=<(P). (1
(y)={1+|E|}}*, (120 At the same time, as shown belogP') does not change

appreciably at the trailing edge
whereE= —iP is the amplitude of the laser field. The fol-

lowing boundary and initial conditions are added to these (PHY=(Pl),, (17
equations:
N [
2 e 12 212 2, 2 where(P" ) is the value of P’) at the end of the front. The
|EI*(r.£=0,7) =|Eo|*exp{ —r%/a5— 7/ 7i}, equation for the laser field amplitude at the back of the pulse
contains a mixed derivative. This will enable us to describe
n(r.§,7=—=)=1, (13) the variation of the trailing edge of the pulse. Under condi-

tion (14), this equation has the form
Q(ragyT:_oo)zo, l9|E(r:O,§,T)|/ar:0.
JE _ ¢*E w5 (n)

2||(0 E—Z@_—?m E=0. (18)

At the back of the pulse, the averaged quanti{®svary
slowly in the radial direction on the scale of the back of the

pulsecr,. This implies that _ _ )
Depending on the amplitude of the laser field at the back

d(Sylgr<c 1o(S)/ . (14)  of the pulse, it is possible fofPl) to increase so that
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|(PLY|=1. Below we can see that this really takes place. a
Therefore, the relativistic factor at the back of the pulse can
be written as

il

7
7
il
:'m,n,:,:,mmm'l'l:l’lll'l
oy 7]

() ={1+|E2+(PHH2 (19

prtiiidiiriiilioig

The conditions(14) and (15) allow us to integrate Eq<4)
and(5). Taking into account expressidf9), we obtain

(MY)=Col(r,&)[{y)— (P, (20 e
2<PL>=<1+|E|2>/[c2<r,§>+<<I>>]—[cz<r,§>+<<b>](.21) = e TS

The integration constant€,(r,&) and C,(r,&) are deter-
mined by the values of the corresponding quantities at the
end of the front of the pulse. These quantities are denoted by b
the subscript 0. According to Eq6), (14), and (15), the 0.9
variation of (®) at the back of the pulse is of the order of 0.6
(wprr)2< 1. Therefore, keeping this accuracy under the con-

dition (PL)o<(7)o, for the integration constants we obtain . 0.3
Cy(r,€&)=(n)o and Cy(r,£&)=(¥)o+(Pi)o. Consequently,
the solutiong20) and (21) can be written as

(M= (Moo (22) “0a ]

(PLY=([E|?—|Eqo|)/2(1+|Eo|H) Y2+ (Phyy. (23

IR AR A

—Z
‘ < g

The fact that n)/(y) does not depend onexplicitly makes
it possible to find the following analytical solution to Eqg.

(18): FIG. 6. Axial electrostatic field generated inside the pulse after
the pulse has travele@) the distance 015; and (b) the distance
E=E (& r,m)expiwgT), (24)  8Lg. The field is mainly concentrated in the channel and goes to
Zero asr — o,
where

physical meaning(P!) is related to radial redistribution of

(g _ 2 U
Ea(61, 1) =Ea(§=0r,7=70)Jo[ 2F (&) (7= 70)™"] electrons when forming the ion channel. The fact that actu-

T o 1/ ally (P') does not change significantly at the back of the
), dr'Jo[2F (§)Y277 17 pulse means that the ion channel formed by the leading front

° almost retains its radial structure over the time interyal
XIE((€=0ry,7—7")d7’ The numerical calculations were carried out for the fol-

; lowing values of laser pulse and plasma parameters:
+ ’ 2IE —E(& 12 1/

jodg ‘JO{ [ (g) (g )] (’T TO) 2} (aO/)\O)2:4X 102’ (wp/w0)2:10—3,

XﬂEl(f,,r,T:To)/ﬁgl, (25) (TI/Tr)2:103, |E0|2=244

£ . .
E(&) = (w2/2C f de" (n(E )N/ No, 26 In our model the values of corresponding quantities at the
(&)= (wp/2c) 0 £/ (n(&)o (7 (€0 (28 end of the front determine the initial conditions for the equa-

_ . _ tions for the back of the pulse. The space-time variables were
andJy is the zelrroth-orde_r Bessel function. From E23) it normalized to the following unitst— &/4Lg, r—r/a,, and
follows that|(P;)| really increases at the back of the pulse, 7— 7/7, whereLg=m(ay/\g)?\, is the Rayleigh length.

reaching the maximum value at the end of it: The figures presented make it possible to follow the pro-
| ) 212 cesses of self-focusing and self-channeling of the laser pulse.
[{P2) [ max=Eol*/2(1+|Eq| )™= (27)  The significant expulsion of electrons out of the axial region

. L is clearly seen even at a distance of LR4(Fig. 2). This

Let us return to Eq(17). Qnder Erlle conditions |mplleq by process of electron ejection is accompanied by the formation
Egs.(14) and(15) the equation rdP")[ ;=0 has the solution ¢ an jon channel and at a distance of l3it is virtually
(Pyy=—(cT, I, )(Py)+(P)o, where (P, is the mean completed, as shown in Figs. 3-5. With the propagation of
value of (P.) over the time intervalr, . Therefore, relation the laser pulse, the length and the width of the ion channel
(17) leads to €7,/2l, ,)|Eq|=<(P')o. This condition can be are increased. Even at a distancelgf, the length of the
easily met. At the same time, E@l7) has a transparent channel exceeds half of the initial length of the laser pulse
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and the width is approximately one-third of its initial width x107%?s, andw;~3x 107" s"2 Figure 5 shows that the

in the vacuum. The front of the pulse becomes “squashed’laser pulse travels a distance at least equalltg ®&ithout

and its length is shortened almost two times compared to thlamentation and significant distortion. For the above param-
initial length. The modulation of the envelope of the front eters, according to Fig.(B), we obtainE,=10 GV/cm for
also takes placéFig. 4). The modulation is connected with the accelerating field on the axis. Any electron with the ac-
the self-focusing and erosion of the laser beam. The erosioeelerating phase in such a field will gain the energy
takes place because of diffraction. The low-power leadindBLr€Ea=10 GeV over a distance oflg=1 cm.

portion of the front diffracts almost as if in vacuum. Even at  In conclusion, we have shown that improved conditions
a distance of 8 (Fig. 5 the length of the laser pulse be- for the electron ficceleratlon can be created by the interaction
comes nearly equal to the length of the ion channel. One caff an asymmetric laser pulse with plasmas. In contrast to the
see that at this distance the self-channeled regime of propRl@Sma beat-wave acceleraf6i, the formation of an accel-

gation is maintained without appreciable changes in th&rating region by an asymmetric laser pulse is less sensitive
to the nonuniformity of the plasma density profile. On the

width of the ion channel and the pulse. Along with distance, ) :
the back of the pulse is also shortened. But due to the shaPnira"y: the nonuniformity may be used to change the group
' elocity of the laser pulse in order to keep the accelerated

f#toff_g:‘r;[h(-:%g]alh_ng e(?]ge, |ts|, s?(t)r:te?m_ciy_ IS Iezs not]:ct(re]able,l Se(lbarticles in the maximum accelerating field region for a
€ width or the 1on channel at the trailing edge of the puls onger time. Moreover, as shown by the numerical simula-

remains aImost. unchanged. Thus the electrons ejecf[ed_ by ttﬁ%n, the accelerating field as well as the ion channel formed
front tq the perlphery .Of the lon channel do_ not red"""t”bmeby the laser pulse can be sustained behind the pulse over the
gppremgbly in the radml Q|rect|on over theltlmga. Accord- short fall length where the pulse intensity is terminated. Thus
ing to Fig. 6, the longitudinal electrlc'fleIElz'ls generated at o proposed asymmetric laser pulse seems to be more effi-
tEe frogt ]?fhthe p_:{lse a(ljnd ”}?}F‘Off%c?‘”y mcreasgg tg‘_"’ard%ient in creating favorable conditions for radial focusing and
the end of the trailing edge. This field is measured in dimeny, . qo|arating of trailing bunches of electrons in plasmas com-

. . _ 2 .
sionless units=, = (e/Mcwo) (wp/wo) *Eal wor . The radial pared to the known laser wake-field accelerator schemes.
width of the longitudinal field increases to the back of the

pulse; at a distance cdiy/2 it changes its polarity and at ~ We express our gratitude to E. Khirseli and M. Tagviash-
r—oo tends to zero. vili for their assistance in the work. This work was supported

For qualitative estimation we take the following charac-by the International Science Foundation, Grant No. RV
teristic values of the parametershg=1.06um, 7=0.2  MO0O0O.
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