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Ultrashort electron beam generation from resonantly excited nonlinear laser wakefield
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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/m? 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 MeVYS1063-651X99)11901-9

PACS numbds): 41.75.Ht, 52.40.Nk, 52.66-h, 52.65.Rr

Recent advances in laser technology have made plasmanergy electrons are bunched in the longitudinal direction. It
based particle accelerators attractfjde-5]. The relativistic  is supposed that the electron beam can be extracted from the
laser wake field is of current interest in this cont&} In  plasma region, when a plasma-vacuum boundary is formed
the experiments on laser acceleratigh-5], intense short in the plane normal to the laser propagating direction.
pulse lasers are focused in underdense plasma and longitudi- Here, the characteristics of the extracted electron beam
nal plasma waves are excited with the phase velocity close tare examined using one-dimensional 1D and 2D PIC simu-
the speed of light. Electron beams with relativistic velocity lations. These are self-consistent electromagnetic relativistic
are injected on the same axis with the laser beams and elegodes with mobile ions. The numerical algorithm used in the
trons are accelerated in the accelerating phase of the plasrggades is following to that in Ref14]. In our simulations, the
waves. Therefore, in this technique, a short pulse bunchel@ser pulse has a wavelengify =800 nm, a pulse length
electron beam is suitable as the injection beam and it is conrpuse=16 fs (a full width ate™* of the electric fieldl, a peak
venient to generate this electron beam also using laser pulségensity | ,=10"8— 107 W/cn? (a,=0.68-6.8) and a lin-
in order to construct a compact device. In the experimentsar polarization. The pulse shape is assumed to be Gaussian
using the self-modulated laser wake field, backgroundn both longitudinal and transverse directions. A 28@DO0
plasma electrons are accelerated up to highly relativistic enCartesian mesh is used in any simulation plane with a
ergy [7-10. It is suggested that the production of high- spatial mesh size of Oz} . The laser pulse propagates in the
energy electrons is caused by stimulated Raman scatteringdirection and is polarized in thedirection. The laser pulse
[11]. The observed electrons show large shot-to-shot fluctuas focused at the center in thedirection and the focal spot
tions because of the strong nonlinearity of the laser-plasmdiameter, which is defined as a full widtheit! of the elec-
interaction[10]. Recently, the characteristics of the gener-tric field, is 124 in 2D simulations. The plasma consists of
ated electron beam have been examined in detail and fourglectrons and ions with an ion mass of=1836@n,. Ini-
to have a continuous energy spread with a maximum energlyally, the particles are placed in a central region of the
above tens of MeV[12]. In this case using the self- direction with an uniform or triangular profile. The plasma
modulated laser wake field, the electrons are multibunchethyer (—w/2<x=w/2, w is the width of the initial plasma
with the spatial interval of the plasma wavelength. The totakregion is bounded by two vacuum regions in tkeéirection.
pulse length of the electron beam is approximately equal to The nonlinear wake field is affected by a wave breaking
that of the laser pulse. In this paper, we propose a method fgrocesg15,16. The condition of the wave breaking is given
generating an ultrashort bunched electron beam from a restyy E,~ amqw,c/e approximately, wherer is a value of the
nantly excited nonlinear laser wake field using a shorter lasesrder of unity. Using the phase velocity of the wake field,
pulse with a highly relativistic intensity. vpn/c=0.95-0.99[17], the value ofa is estimated to be

The nonlinear wake field was extensively studied by rela2—3 for cold plasm#l16]. As the maximum amplitude of the
tivistic electron fluid equationgs] and particle-in-cel(PIC)  wake field is given by6]
simulations [13]. A characteristic parameter of the in-

tense laser field is the normalized field amplitude, MewoC a2
=eEy/m.wqc, WhereE, is the laser electric field and is Emax—= 5 (2)
the laser angular frequency. The electron quiver motion is e Vltag

relativistic whenag>1. When the laser pulse length is ap-

proximately equal to a half of the plasma wavelength,the wave breaking affects the wake field and produces high-
CTrwHm~\p/2 (Where FWHM is full width at half- energy electrons foay,=2—3. In the result of PIC simula-
maximur), the wake field is excited resonan{lwhere the tions[12], the wave breaking occurs at=1.8. However, the
plasma wavelength is\,=2mc/w, and the plasma fre- authors commented that they found no g_eneral rule for esti-
quency iSwp=(nee2/meeo)°'5]. At the relativistic laser in- mating the wave amplitude at wave breaking. Oncc_a the wave
tensity, the excited plasma wave is steepened nonlinf@fly breaking occurs, the wake field is decayed during a few
and produces high-energy electrons directed to the lasdimes o, * [13]. In more highly relativistic case, the wake
propagating directiof13]. In this case, the generated high- field is decayed during less thargl and the wave with only
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FIG. 1. Electron density profiles following the laser pulse propa- 10 107, 10
gation in the 1D simulation for a peak laser intensity Igf lW/em™]
=102 W/cn? and a flat initial density profile witmg/n=0.05. 1 a 5
The peak of envelope of the laser field is located/aty=—12.5 0

(@), X/Ao=2.5 (b), andx/A=20 (c). FIG. 2. Dependence of the extracted electron charge on the

) ) . . o width of the plasma regiofa) and the laser intensitfp). The other
single cycle survives. Therefore, in this case, it is expecteq,garameters are fixed at a laser intensityl gf 102° W/cr?, the

that singly bunched electron beam is generated. width of the plasma region of 2Q and the initial electron density
Figure 1 shows electron density profiles following the la-of n,/n,=0.02, 0.05.

ser pulse propagation in the 1D simulation for the peak laser
intensity of |,=10?° W/cn? (a,=6.8) and the flat initial
density profile withn,/n,=0.05[Fig. 1(a)], wheren,, is the
critical density. When the laser pulse penetrates into th
plasma, a strongly bunched electron beam is genef&igd

wavelength is\,/\y~7 for the initial electron density. The
charge is saturated in the rangewf\ ,=3. In the shown
Rases withw/\ <100, the absorption of the laser energy is
not so significant. But, for higher density and/or wider

L(b)]. After the laser pulse passing the plasma region, th‘f)lasma region, the absorption is significant and the extracted

e_Iectron beam is extracted from this regidfig. 1(c)]. This charge decreases. The extracted charge depends on the laser
single electron beam has an ultrashort pulse length less than

the laser wavelength and an appropriate delay from the laser

field. This delay is important because the extracted electron(a) Ol T T T T 40

beam is not disturbed by the laser field. In this case, the  0.08;:! 420 ,m
resonance condition of the wake field is obtainecham,, -5 0.06} 3‘
~0.02. As shown in Fig. (b), the initial density profile is e g g4} 19 <
disturbed by the laser pulse and the electron density de- ’ 1503

creases in an area where the wake field is excited. Therefore 002 *

the resonance condition is approximately satisfied in spite of o ————— 40
the high initial electron density. In the two-dimensional case, (b) 02— T T T 140
this effect is enhanced by the transverse ponderomotive .15
force. 5
The extracted electron charge depends on the laser inten §w 0.1 I |
sity, the width of the plasma region, and the electron density. 0.05}-

The dependence has been examined by 1D simulations. Fo - M l "
the excitation of the wake field, the width of the plasma 915 10 5 0 5 10 15 20 25'40

region must be wider than the plasma wavelength;\ ;. X/

Figure Za) shows the dependence of the extracted charge on

the width of the plasma region with the initial electron den- |G, 3. Electron density profiles for the triangular initial density
sity of ne/n,=0.02. The charge was calculated from theprofile. The simulation parameters are the same as those in Fig. 1,

electrons in the region af=w/2+ 15\, when the peak of except for the initial density profile. The peak of envelope of the
the laser pulse propagated upxte w/2+ 35\,. The plasma laser field is located at/\ o= —12.5(a) andx/\y=22.5(b).
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FIG. 4. Distributions of the extracted electrons in thg space FIG. 5. Contour plots of electron densities in the phase spaces of
(@), in thex-u, space(b), and in they-u, /u, space(c) for the 2D x-u, (a) andy-u, (b). There are three contour lines, which de
simulation with a peak laser intensity 6f=10° W/cn?, a width 1 and of the maximum values.
of the plasma region of 2Q,, and an initial electron density of
Ne/Ne=0.05. plot of the extracted electrons in they plane for the simu-

lation with a peak laser intensity of=10°° W/cn?, a width
intensity. Figure &) shows the dependence for two casesof the plasma region ofi/\ o=20 (— 10<x/\(<10), and an
with electron densities afi,/n,=0.02 and 0.05. The width electron density oh./n,=0.05. There are two groups of
of the plasma region is 2@ in the both cases. The electrons electrons; one is located in the central regior|yof o|<12
are extracted foa,>1 as can be estimated from the nonlin- (group 3 and the other in the peripheral region |of \ |
ear feature of the wakefield. The extracted charge increasés12 (group 2. The electrons in group 1 are generated by the
with increasing the laser intensity, but the dependence iwake field and those in group 2 are generated by the pon-
weak in the high-intensity range. Since the extracted chargderomotive and X B forces of the laser field. FigurgB) is
has no strong dependence on the electron density, no firg distribution of the electrons in the phase space-of,,
control of the resonance condition is needed for extractingvhereu, is defined asi,= yv,=p,/me (vy, Py, andy are
the electron beam. the normal velocity, the momentum, and the relativistic fac-

The initial density profile affects the extraction of the tor, respectively and u,/c is the normalized momentum.
electron beam. In real situations, the density profiles havéhe electrons in group 1 have large momentum up to a maxi-
finite gradients in plasma-vacuum boundaries. This effecmum of u,/c~50, which is quite a bit larger than the quiv-
has been examined using a triangular profile as shown in Figering momentum o0&y=6.8. The electrons in group 2 have
3(a). The peak density and the total number of electrons aremaller momentum ofi, /c<7. These two groups of elec-
equal to those in Fig. 1the width of the plasma region is trons have quite different directions of the momentum in the
twice that of Fig. 1 and the average density is a)haif this  x-y plane. Figure &) shows a distribution of the ratia, /u,
case, the extracted chargg@g. 3(b)] is not so different from  as a function of the relativistic factor. The electrons in group
that shown in Fig. (c). For a trapezoidal density profile, if 1 have small values and the beam divergence is small. But
the density scale length in the boundary region was,, the electrons in group 2 have large values in the range of
the extracted charge was nearly equal to that for the flati,/u,=0.5—1. This large transverse momentum is given by
profile. However, we have found no general dependence othe transverse ponderomotive force in the laser field.
the density profiles. We have examined the beam characteristics of electrons

The characteristics of the extracted electron beam havim group 1, which are located in the region of 88/\,
been examined from 2D simulations. Figur@4shows a <34 and—10<y/\y<10. Figure 5 shows contour plots of
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electron densities in the phase spacesxaf, and y-u,. is complicatedly dependent on the simulation parameters.
There are three contour lines, which gkes, and 3 of the In conclusion, we have proposed a method for generating
maximum values. In Fig. (8), the full widths of the half an ultrashort electron beam from a resonantly excited non-
maximum areAx/\o~0.1 andAu,/c~15. Therefore, this !inear _Wake field using a short laser pulse with relativistic
beam has a very small spatial spread in the longitudinal diintensity. The electrons up to 10 Clrare extracted from the
rection and a large energy spread with a maximum energy dhin plasma layer with a width ofv/\o~10-100. The ex-

25 MeV. The spread in thg-u, phase spackFig. 5(b)] is tracted charge is 1 nC for the focal spot diameter ofub@.
rather complicated. There are two kinds of split of the beam!Vhen the laser intensity is highly relativistic, the electron
one is the split in the positive direction and the other in the?®8M is singly bunched and has a pulse length less than the
negative directiorthe two directions are indicated in the 'aSer wavelength. The characteristics of the extracted elec-
small window of Fig. Bb)]. The positive split is caused by tron beam have been examined in detail from the 2D simu-

the Coulomb force and/or the transverse ponderomotivlatlons' The beam has a large energy spread with a maximum

- . energy of tens of MeV. Although the spatial spread in the
forc;e_ of the_ laser field. It has b_een .fou_nd _that the negatlV‘Fongitudinal direction is very small, the spread in the trans-
split is originated from the spatial distribution of the wake

> k verse direction is complicatedly dependent on plasma param-
field. The spread in thg-u, space depends on the plasma

parameters, especially the electron density and the profile

shape. In the simulation with the densityrgf/n,=0.02 and It is pleasure to acknowledge the support of the staff at
the other parameters the same as those in Fig. 4, the spreadifie Advanced Photon Research Center. The authors would
they-u, space is significantly large. So, the beam emittancdike to thank Dr. T. Tajima for his many helpful comments.
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