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Acceleration in a plasma wake field is simulated with 2D axially symmetric hybrid PIC code. The dependence of
the parameters of the accelerated electrons on the laser pulse duration (at a given pulse energy) is studied and the
range of pulse duration values for efficient electron acceleration is found.

PACS: 41.60.Ap, 52.40.Mj

1. INTRODUCTION

When focused, petawatt laser pulses reach intensities
up to I=10%' W/cm? and an electric field is £=10" V/m
[1]. An appealing application for these laser fields is the
high-gradient acceleration of charged particles. Indeed,
would it be possible to use the petawatt laser field effi-
ciently, a TeV accelerator may have length of a few cen-
timeters only. T. Tajima and J. Dawson [2] have pro-
posed to convert the transverse laser field into the longi-
tudinal one of a plasma wave. The terawatt laser pulses
exert Gigabar pressures on plasma electrons, separating
them from ions and generating electric wake fields in
the order of TV/m. It appears that the most attractive for
wake field acceleration are laser pulses shorter than the
plasma wavelength.

Recently, impressive progress in the generation of
short quasi-monoenergetic bunch of ultra relativistic
electrons in laser plasma has been achieved [3]. One of
the models [4,5], describing generation of quasi-mo-
noenergetic bunch of ultra relativistic electrons, as-
sumes that the generation is caused by transition to
strongly nonlinear regime of laser-plasma interaction.
The fast plasma wave breaking occurs at this regime. As
a result, a periodic plasma wave mutates to the solitary
ionic cavity — “bubble” which is free from plasma elec-
trons and moving behind the laser pulse. The back-
ground plasma electrons can be trapped in the bubble.
The external electron bunch and the trapped electrons
can be accelerated up to very high energy.

Recent dramatic progress in laser pulse compression
makes generation of ultrashort ultrahigh intensity laser
pulses possible [6]. Therefore, it is important to study
the effect of the laser pulse duration on the acceleration
rate. The laser pulse energy is assumed to be un-
changed.

2. ACCELERATION THEORY

The one-dimensional electron dynamics in electro-
magnetic fields is governed by Hamiltonian

H= 1t (Pt 4) 4, (1

where P, is the canonical electron momentum, 4, is
the vector potential, ? is the scalar potential. We use
dimensionless units, normalizing the time to /0 p, the

velocity to the speed of light ¢, the lengths to ¢/0 p,the

electromagnetic fields to mc /||, the electron densi-
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ty n to the  background  density ny,

1/2 .
0, (47162”0 /m) is the plasma frequency, ¢ and

m are the electron charge and electron mass, respective-
ly.

We consider the electron acceleration in the electro-
magnetic field of plasma wake generated by the laser
pulse. The electromagnetic potentials are the function of

¢ = x- vyt, where v is the group velocity of the laser
pulse. If potentials are the function of { then Hamiltoni-
an (1) is not invariant of motion. We can change vari-
ables in the Hamiltonian from X and P, to { and
B = P, by a canonical transformation with generating
function
S(Pg ,x,t) z (x- vot)P{ . )

The Hamiltonian in the new variables takes the form

transformation

H= 1+ [P AfE))” - glE)-woP @)

Hamiltonian (3) does not depend on time and it is in-
variant of motion. It can be rewritten in the form

H=y-¢(5)-v0px=const, 4)
where y = W is the relativistic gamma-factor,
0(6)=9-vodys 6 -4, is the
Dy = Pt A, is the kinetic momentum. The gauge

p=-4, (5)

wake potential,

is used.

The change in the electron energy in the ultrarela-
tivistic limit J >> 1, when the electron passes the dis-
tance corresponding the change in the wake potential
Ad L is

Ay = 27300, (6)

where y = (1— vé)- 1z is the gamma-factor of the laser

pulse. It is seen from Eq. (5) that the electron energy
gain is proportional to the change in the wake potential
and to the square of the gamma-factor of the laser pulse.

3. SIMULATION RESULTS

We simulate the bubble generation by two-dimen-
sional relativistic particle-in-sell hybrid code in cyl-
indrical geometry. The quasistatic approximation (the
plasma wake is assumed to be slowly changed in the
laser pulse frame) is used to accelerate computation. It
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follows from fully three-dimensional particle-in-cell
simulations [7] that the laser pulse change is not signifi-
cantly and the number of the trapped electrons is very
small when the electrons stay in accelerating phase. In
present simulation the dynamics of the laser pulse and
the effect of the trapped electrons on the bubble are ne-
glected.
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Fig.1. Density plot of bubble generation by the laser
pulse with L= 1, ay= 141 (a); L;= 2, ay= 10 (p);
L=5, ay= 6.3 (¢). It is assumed Lag = const
The incident laser pulse is circularly polarized, has

the Gaussian envelope @ = 4, exp(- rPI-E le) , and
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the wavelength | = 0.82 pum. The parameter of the laser
pulse # = 5. The pulse propagates in plasma with the

density n, = 10” cm®. This laser pulse generates the

bubble. It is assumed La; = const .

The density plot of bubble generated by the laser
pulse is shown in Fig.l, where L;=1, a,= 141
(Flglsa)’ Ll 8 2: g = 10 (Flglsb)’ Ll : 55 gy = 6.3
(Fig.1,c). It is seen from Fig.1 that the shortest laser
pulse generates the largest bubble. The simulation re-
sults is similar to that [4,5] obtained by fully three di-
mensional relativistic particle in cell code [8].

The wake potential peaks at the axis 7= 0 (0 = 0 is
assumed at infinity) [5]. Therefore, the maximal change
in 0 is achieved if the electron moves along the axis
r= 0. The wake potential of the bubbles at the axis
r= 0 shown in Fig.1 is presented in Fig.2.
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Fig.2. 0 as function of ¢ at the axis r = 0 for the laser
pulse with L; = 5, ay= 6.3 (line 1); L;= 2, ay=10
(line 2); L;= 1, ay= 14.1 (line 3)

It is seen from Fig.2 that the largest A0 is achieved
for shortest laser pulse. Thus, the electron energy gain
due to laser wake field acceleration is highest for the
shortest laser pulse.

4. CONCLUSIONS

It conclusions we study the effect of the laser pulse
duration on the laser wake field acceleration. The elec-
tron energy gain due to laser wake field acceleration is
highest for the shortest laser pulse.

It can be explained as follows. Inside the bubble the
electrons are absent while the ions are uniformly dis-
tributed. As a result the electric field is a linear function

of { while the wake potential is proportional to ¢ > [5].

The maximum of the accelerating field (in the bubble
boundary) as well as the maximum of the wake poten-
tial (in the bubble center) are proportional to the bubble
size. Therefore, high acceleration rate can be achieved
in the large bubble.

The shorter is the laser pulse the larger radius, where
the laser intensity is still high, and the bigger is the gen-
erated bubble (for given laser pulse energy). So, the
wake field acceleration is more efficient with laser pulse
as short as possible.
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The ponderomotive force concept is used to study
laser pulse duration effect. This concept is based on the
averaging over laser field periods. Therefore, our results
are valid not for very short pulses. The laser pulse
should contain many laser periods. More accurate analy-
sis is needed to study the interactions with ultrashort
laser pulse with a few laser periods.

Our results are obtained under assumptions that the
group velocity of the laser pulse does not depend on the
pulse duration. However, further investigations are
needed to study the effect of the pulse duration on the
group velocity.
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MOJIEJIMPOBAHUE METOJ0OM YACTHIL B SUEMKAX YCKOPEHUS JIEKTPOHOB B KWJIbBA-
TEPHOM BOJIHE, TEHEPUPYEMOM MOIIHBIM JIASEPHBIM UMITYJILCOM B ILIA3ME

U.I0. Kocmrioxoe, H.B. Béeoenckuii

B Hacrosmel paboTe Ipolecchl YCKOPEHUs 3IEeKTPOHOB B KIJIbBATEPHOU BOJIHE MOJEIMPYIOTCS C IOMOIIBIO
JBYMEPHOTO aKCHAJIbHO-CUMMETPUYHOTO TMOPHIHOTO YMCICHHOTO KOJa, MCIOJIB3YIOMIETO METO/ YaCTHIl B sTUCH-
kax. Ha ocHOBaHMYM POBECHHBIX YHCIEHHBIX PAaCUETOB OIPEIENeHBI 3aBUCHMOCTH MTapaMeTPOB YCKOPEHHBIX JJIEK-
TPOHOB OT JUIMTEIBHOCTH JIA3€PHOTO MMITyJbca (IIpX 3aAaHHOM €ro HEpruH) W HaiICHbI 00JaCTH ONTUMAIBHBIX
3HAYEHUH JIMTEITFHOCTH UMITYJIbCa, OTBEUAIONIie Hanbosee 3 PEeKTUBHOM reHepaui YCKOPEHHbIX 3JIEKTPOHOB.

MOJEJIOBAHHA METOJOM YACTOK B OCEPEJIKAX ITPUCKOPEHHS EJIEKTPOHIB ¥
KLJIbBATEPHIM XBWUJII, TEHEPUPYEMOM NOTYKHUM JA3EPHAM IMIIYJIbCOM V ILTTA3MI

LIO. Kocmiokos, H.B. Beeoencokuii

VY nificHii poOOTiI MpoIECH MPUCKOPEHHS ENEeKTPOHIB y KUIbBaTEPHIH XBMIJII MOJEINIOIOTHCS 3a JIOTIOMOTOIO
JBOBHMIPHOTO aKCiaTbHO-CUMETPHYHOIO TiOPHAHOTO YHCENBFHOTO KOy, IO BHKOPHCTa€ METOI 4YacTOK B
ocepenkax. Ha mizcraBi mMpoBeleHUX YHCENBHUX PO3PaxXyHKIB BHU3HAYCHI 3aJIC)KHOCTI MapaMeTpiB MPUCKOPEHHX
€JIGKTPOHIB BiJl TPHBAJIOCTI JIA3EPHOTO IMITyNIbCy (IpU 3afaHiii Horo eHeprii) i 3HaimeHi 00IacTi ONTHUMAbHUX
3HAYeHb TPUBAIOCTI IMITYJIBCY, IO BIIIOBIAAOTH HAMOLIEIT e(DeKTUBHOI TeHEepallii IPUCKOPEHHUX €ICKTPOHIB.
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