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Ultrashort electron beam generation from resonantly excited nonlinear laser wakefield

K. Nagashima, Y. Kishimoto, and H. Takuma
Advanced Photon Research Center, Japan Atomic Energy Research Institute, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195,

~Recieved 28 September 1998!

A method for generating an ultrashort electron beam from a resonantly excited nonlinear wake field is
proposed using a short laser pulse with a relativistic intensity. The considerable amount of electrons up to 10
C/m2 are extracted from an appropriate thin plasma layer. When the laser intensity is highly relativistic, the
electron beam is singly bunched and has a pulse length less than the laser wavelength and a large energy spread
with a maximum energy of tens of MeV.@S1063-651X~99!11901-9#

PACS number~s!: 41.75.Ht, 52.40.Nk, 52.60.1h, 52.65.Rr
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Recent advances in laser technology have made plas
based particle accelerators attractive@1–5#. The relativistic
laser wake field is of current interest in this context@6#. In
the experiments on laser acceleration@2–5#, intense short
pulse lasers are focused in underdense plasma and long
nal plasma waves are excited with the phase velocity clos
the speed of light. Electron beams with relativistic veloc
are injected on the same axis with the laser beams and
trons are accelerated in the accelerating phase of the pla
waves. Therefore, in this technique, a short pulse bunc
electron beam is suitable as the injection beam and it is c
venient to generate this electron beam also using laser pu
in order to construct a compact device. In the experime
using the self-modulated laser wake field, backgrou
plasma electrons are accelerated up to highly relativistic
ergy @7–10#. It is suggested that the production of hig
energy electrons is caused by stimulated Raman scatte
@11#. The observed electrons show large shot-to-shot fluc
tions because of the strong nonlinearity of the laser-plas
interaction@10#. Recently, the characteristics of the gen
ated electron beam have been examined in detail and fo
to have a continuous energy spread with a maximum ene
above tens of MeV@12#. In this case using the self
modulated laser wake field, the electrons are multibunc
with the spatial interval of the plasma wavelength. The to
pulse length of the electron beam is approximately equa
that of the laser pulse. In this paper, we propose a method
generating an ultrashort bunched electron beam from a r
nantly excited nonlinear laser wake field using a shorter la
pulse with a highly relativistic intensity.

The nonlinear wake field was extensively studied by re
tivistic electron fluid equations@6# and particle-in-cell~PIC!
simulations @13#. A characteristic parameter of the in
tense laser field is the normalized field amplitude,a0
5eE0 /mev0c, whereE0 is the laser electric field andv0 is
the laser angular frequency. The electron quiver motion
relativistic whena0.1. When the laser pulse length is a
proximately equal to a half of the plasma waveleng
ctFWHM'lp/2 ~where FWHM is full width at half-
maximum!, the wake field is excited resonantly@where the
plasma wavelength islp52pc/vp and the plasma fre
quency isvp5(nee

2/mee0)0.5#. At the relativistic laser in-
tensity, the excited plasma wave is steepened nonlinearly@6#
and produces high-energy electrons directed to the l
propagating direction@13#. In this case, the generated hig
PRE 591063-651X/99/59~1!/1263~4!/$15.00
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energy electrons are bunched in the longitudinal direction
is supposed that the electron beam can be extracted from
plasma region, when a plasma-vacuum boundary is form
in the plane normal to the laser propagating direction.

Here, the characteristics of the extracted electron be
are examined using one-dimensional 1D and 2D PIC sim
lations. These are self-consistent electromagnetic relativ
codes with mobile ions. The numerical algorithm used in
codes is following to that in Ref.@14#. In our simulations, the
laser pulse has a wavelengthl05800 nm, a pulse length
tpulse516 fs ~a full width ate21 of the electric field!, a peak
intensity I 05101821020 W/cm2 (a050.6826.8) and a lin-
ear polarization. The pulse shape is assumed to be Gau
in both longitudinal and transverse directions. A 20003500
Cartesian mesh is used in anx-y simulation plane with a
spatial mesh size of 0.1l0 . The laser pulse propagates in th
x direction and is polarized in thez direction. The laser pulse
is focused at the center in thex direction and the focal spo
diameter, which is defined as a full width ate21 of the elec-
tric field, is 12l0 in 2D simulations. The plasma consists
electrons and ions with an ion mass ofmi51836me . Ini-
tially, the particles are placed in a central region of thex
direction with an uniform or triangular profile. The plasm
layer ~2w/2<x<w/2, w is the width of the initial plasma
region! is bounded by two vacuum regions in thex direction.

The nonlinear wake field is affected by a wave break
process@15,16#. The condition of the wave breaking is give
by Ex'amevpc/e approximately, wherea is a value of the
order of unity. Using the phase velocity of the wake fie
vph/c50.9520.99 @17#, the value ofa is estimated to be
2–3 for cold plasma@16#. As the maximum amplitude of the
wake field is given by@6#

Emax5
mev0c

e

a0
2

A11a0
2

, ~1!

the wave breaking affects the wake field and produces h
energy electrons fora0>223. In the result of PIC simula-
tions@12#, the wave breaking occurs ata51.8. However, the
authors commented that they found no general rule for e
mating the wave amplitude at wave breaking. Once the w
breaking occurs, the wake field is decayed during a f
times vp

21 @13#. In more highly relativistic case, the wak
field is decayed during less thanvp

21 and the wave with only
1263 ©1999 The American Physical Society
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single cycle survives. Therefore, in this case, it is expec
that singly bunched electron beam is generated.

Figure 1 shows electron density profiles following the
ser pulse propagation in the 1D simulation for the peak la
intensity of I 051020 W/cm2 (a056.8) and the flat initial
density profile withne /ncr50.05@Fig. 1~a!#, wherencr is the
critical density. When the laser pulse penetrates into
plasma, a strongly bunched electron beam is generated@Fig.
1~b!#. After the laser pulse passing the plasma region,
electron beam is extracted from this region@Fig. 1~c!#. This
single electron beam has an ultrashort pulse length less
the laser wavelength and an appropriate delay from the l
field. This delay is important because the extracted elec
beam is not disturbed by the laser field. In this case,
resonance condition of the wake field is obtained asne /ncr
'0.02. As shown in Fig. 1~b!, the initial density profile is
disturbed by the laser pulse and the electron density
creases in an area where the wake field is excited. There
the resonance condition is approximately satisfied in spit
the high initial electron density. In the two-dimensional ca
this effect is enhanced by the transverse ponderomo
force.

The extracted electron charge depends on the laser in
sity, the width of the plasma region, and the electron dens
The dependence has been examined by 1D simulations
the excitation of the wake field, the width of the plasm
region must be wider than the plasma wavelength,w.lp .
Figure 2~a! shows the dependence of the extracted charge
the width of the plasma region with the initial electron de
sity of ne /ncr50.02. The charge was calculated from t
electrons in the region ofx>w/2115l0 when the peak of
the laser pulse propagated up tox5w/2135l0 . The plasma

FIG. 1. Electron density profiles following the laser pulse prop
gation in the 1D simulation for a peak laser intensity ofI 0

51020 W/cm2 and a flat initial density profile withne /ncr50.05.
The peak of envelope of the laser field is located atx/l05212.5
~a!, x/l052.5 ~b!, andx/l0520 ~c!.
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wavelength islp /l0'7 for the initial electron density. The
charge is saturated in the range ofw/lp>3. In the shown
cases withw/l0<100, the absorption of the laser energy
not so significant. But, for higher density and/or wid
plasma region, the absorption is significant and the extrac
charge decreases. The extracted charge depends on the

FIG. 3. Electron density profiles for the triangular initial dens
profile. The simulation parameters are the same as those in Fi
except for the initial density profile. The peak of envelope of t
laser field is located atx/l05212.5 ~a! andx/l0522.5 ~b!.

-

FIG. 2. Dependence of the extracted electron charge on
width of the plasma region~a! and the laser intensity~b!. The other
parameters are fixed at a laser intensity ofI 051020 W/cm2, the
width of the plasma region of 20l0 and the initial electron density
of ne /ncr50.02, 0.05.
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intensity. Figure 2~b! shows the dependence for two cas
with electron densities ofne /ncr50.02 and 0.05. The width
of the plasma region is 20l0 in the both cases. The electron
are extracted fora0.1 as can be estimated from the nonli
ear feature of the wakefield. The extracted charge incre
with increasing the laser intensity, but the dependence
weak in the high-intensity range. Since the extracted cha
has no strong dependence on the electron density, no
control of the resonance condition is needed for extrac
the electron beam.

The initial density profile affects the extraction of th
electron beam. In real situations, the density profiles h
finite gradients in plasma-vacuum boundaries. This eff
has been examined using a triangular profile as shown in
3~a!. The peak density and the total number of electrons
equal to those in Fig. 1~the width of the plasma region i
twice that of Fig. 1 and the average density is a half!. In this
case, the extracted charge@Fig. 3~b!# is not so different from
that shown in Fig. 1~c!. For a trapezoidal density profile,
the density scale length in the boundary region was<lp ,
the extracted charge was nearly equal to that for the
profile. However, we have found no general dependence
the density profiles.

The characteristics of the extracted electron beam h
been examined from 2D simulations. Figure 4~a! shows a

FIG. 4. Distributions of the extracted electrons in thex-y space
~a!, in thex-ux space~b!, and in theg-uy /ux space~c! for the 2D
simulation with a peak laser intensity ofI 051020 W/cm2, a width
of the plasma region of 20l0 , and an initial electron density o
ne /ncr50.05.
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plot of the extracted electrons in thex-y plane for the simu-
lation with a peak laser intensity ofI 051020 W/cm2, a width
of the plasma region ofw/l0520 (210<x/l0<10), and an
electron density ofne /ncr50.05. There are two groups o
electrons; one is located in the central region ofuy/l0u<12
~group 1! and the other in the peripheral region ofuy/l0u
>12 ~group 2!. The electrons in group 1 are generated by
wake field and those in group 2 are generated by the p
deromotive andv3B forces of the laser field. Figure 4~b! is
a distribution of the electrons in the phase space ofx-ux ,
whereux is defined asux5gvx5px /me ~vx , px , andg are
the normal velocity, the momentum, and the relativistic fa
tor, respectively! and ux /c is the normalized momentum
The electrons in group 1 have large momentum up to a m
mum of ux /c'50, which is quite a bit larger than the quiv
ering momentum ofa056.8. The electrons in group 2 hav
smaller momentum ofux /c<7. These two groups of elec
trons have quite different directions of the momentum in
x-y plane. Figure 4~c! shows a distribution of the ratiouy /ux
as a function of the relativistic factor. The electrons in gro
1 have small values and the beam divergence is small.
the electrons in group 2 have large values in the range
uy /ux50.5– 1. This large transverse momentum is given
the transverse ponderomotive force in the laser field.

We have examined the beam characteristics of electr
in group 1, which are located in the region of 33<x/l0
<34 and210<y/l0<10. Figure 5 shows contour plots o

FIG. 5. Contour plots of electron densities in the phase space
x-ux ~a! and y-uy ~b!. There are three contour lines, which are1

2,
1
4 , and 1

10 of the maximum values.
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electron densities in the phase spaces ofx-ux and y-uy .
There are three contour lines, which are1

2,
1
4, and 1

10 of the
maximum values. In Fig. 5~a!, the full widths of the half
maximum areDx/l0'0.1 andDux /c'15. Therefore, this
beam has a very small spatial spread in the longitudinal
rection and a large energy spread with a maximum energ
25 MeV. The spread in they-uy phase space@Fig. 5~b!# is
rather complicated. There are two kinds of split of the bea
one is the split in the positive direction and the other in
negative direction@the two directions are indicated in th
small window of Fig. 5~b!#. The positive split is caused b
the Coulomb force and/or the transverse ponderomo
force of the laser field. It has been found that the nega
split is originated from the spatial distribution of the wa
field. The spread in they-uy space depends on the plasm
parameters, especially the electron density and the pr
shape. In the simulation with the density ofne /ncr50.02 and
the other parameters the same as those in Fig. 4, the spre
the y-uy space is significantly large. So, the beam emitta
ids
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is complicatedly dependent on the simulation parameters
In conclusion, we have proposed a method for genera

an ultrashort electron beam from a resonantly excited n
linear wake field using a short laser pulse with relativis
intensity. The electrons up to 10 C/m2 are extracted from the
thin plasma layer with a width ofw/l0'10– 100. The ex-
tracted charge is 1 nC for the focal spot diameter of 10mm.
When the laser intensity is highly relativistic, the electr
beam is singly bunched and has a pulse length less than
laser wavelength. The characteristics of the extracted e
tron beam have been examined in detail from the 2D sim
lations. The beam has a large energy spread with a maxim
energy of tens of MeV. Although the spatial spread in t
longitudinal direction is very small, the spread in the tran
verse direction is complicatedly dependent on plasma par
eters.
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