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Effect of a laser prepulse on a narrow-cone ejection of MeV electrons from a gas jet irradiated
by an ultrashort laser pulse
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Spatial and energy distributions of energetic electrons produced by an ultrashort, intense laser pulse with a
short focal length optical system~Ti:sapphire, 12 TW, 50 fs,l5790 nm, f /3.5) in a He gas jet are measured.
They are shown to depend strongly on the contrast ratio and shape of the laser prepulse. The wave breaking of
the plasma waves at the front of the shock wave formed by a proper laser prepulse is found to make a
narrow-cone (0.1p mm mrad! electron injection. These electrons are further accelerated by the plasma wake
field generated by the laser pulse up to tens of MeV forming a Maxwell-like energy distribution. In the case of
nonmonotonic prepulse, hydrodynamic instability at the shock front leads to a broader, spotted spatial distri-
bution. The numerical analysis based on a two-dimensional~2D! hydrodynamic~for the laser prepulse! and 2D
particle-in-cell~PIC! simulation justifies the mechanism of electron acceleration. The PIC calculation predicts
that electrons with energy from 10 to 40 MeV form a bunch with a pulse duration of about 40 fs.

DOI: 10.1103/PhysRevE.67.036407 PACS number~s!: 52.38.Kd, 41.75.Jv, 52.38.2r, 52.38.Hb
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I. INTRODUCTION

Particle acceleration via laser-plasma interactions
been studied intensively for many years. Among a numbe
concepts of the particle acceleration by laser fields, the la
wake-field acceleration~LWFA! in underdense plasma@1#
provides one of the most promising approaches to high
formance compact electron accelerators. Until recently
wake field of the order of 100 GeV/m in a plasma has be
observed in LWFA experiments@2–5#. Furthermore, since i
has a relatively small length of acceleration@5#, the LWFA,
particularly, allows the production of an ultrashort electr
bunch (;10 fs) for probe analysis of matter@6#. However,
electron injection into the wake field is a crucial part f
LWFA. Since the typical length of the wake field of th
plasma wave is the order of 2pvpl /c;10–100mm, the
length of the injected electron bunch must be 2 –20mm.
Usually for LWFA, the injection of a high quality electro
beam from a conventional rf~radio-frequency!-driven linac
accelerator is assumed@2#. In other schemes, two or sever
laser pulses are employed for the injection@3,4#. However,
such schemes require highly precise synchronization
tween the wake field and the injection. One of the simpl
ways to put energetic electrons into the wake field for th
further acceleration is the wave breaking of plasma wa
produced by a single intense laser pulse@5#. Though such
injection gives a broad Maxwell-like energy distribution
accelerated electrons, a transverse geometrical emittanc
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electron bunch can be much better than that from the c
ventional linac.

The basic properties of the wave breaking are well kno
@7#. If the intensity of the laser pulse is not very high~see
Ref. @8#!, the wave breaking appears when the plasma w
amplitude exceeds the threshold EB;@2(v/vpl

21)#1/2mcvpl /e, wherev andvpl are the laser and plasm
frequency. This occurs in a plasma with a rather steep d
sity profile, lpldN/dx;1, lpl52pvpl /c, wherelpl is the
wavelength of the plasma wave@9#. However in a gas jet, the
density gradient is much smaller; since usuallyN/(dN/dx)
;200/500mm, the injection originating from the wave
breaking of the plasma waves hardly happens if only
main laser pulse is coming. Practically, a laser prepulse w
approximately a few nanoseconds duration precedes
main laser pulse@10#. The usual contrast ratio varies from
1:105 to 1:107 for fundamental laser frequency. If the Ra
leigh lengthLR is short enough, the prepulse can form
cavity with a shock wave in front of the laser propagation.
contrast to the plasma channel produced by a long Rayle
length laser prepulse@11–14#, the length of the cavity is
determined by this smallLR , because the energy is deposit
in the plasma mostly near the focus pointx50 as W(x)
;1/@11(x/LR)2#, where W(x) is the energy of a lase
prepulse deposited atx, and x is a coordinate in the lase
propagation direction. Since the laser prepulse has low in
sity, the electron temperatureTe can be estimated via th
collisional absorption mechanism @16#, dTe /dt
5D« nei(1 eV)/Te

3/2, whereD«52pe2I /mv2 is the energy
acquired by an electron in a collision,I is the laser intensity,
andnei is the frequency of electron-ion collisions. For inte
©2003 The American Physical Society07-1
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HOSOKAI et al. PHYSICAL REVIEW E 67, 036407 ~2003!
sity I 51013 W/cm2, final ion densityNi5331018 cm23 ~in
the cavity!, and pulse durationt52 ns, the above equatio
gives Te5150 eV. If x5Cst.LR , where Cs is the ion
sound speed, a shock wave can be formed in the plasm
the shock wave relaxation depthDx;(M /m)1/2l i , whereM,
m are the ion and electron mass andl i is the ion free path, is
less than the wavelength of plasma wavelpl , the strong
wave breaking of the wake field produced by the main pu
can occurr there; it can be a good source of injection.
temperatureTe;150 eV in a He gas jet, the ion sound spe
is Cs;53106 cm/s andx;100 mm so that the effect ap
pears for the laser pulse withLR<100 mm. The shock wave
can be generated in the jet withvpll i(M /m)1/2/2pc<1,
which gives the density range ofNi.531018 cm23.

In the present paper, we study the effect of the la
prepulse on the injection and acceleration process exp
mentally and numerically via two-dimensional~2D! hydro-
dynamic and particle-in-cell~PIC! simulation. Spatial and
energy distribution of accelerated electrons is measured
pending on the nanosecond order prepulse contrast ratio
its shape for short (;50 mm) Rayleigh length.

II. EXPERIMENTAL SETUP

A. Supersonic gas jet

In this experiment, an intense and ultrashort laser puls
focused on helium gas. In order to form a spatially localiz
gas column, i.e., to suppress the transverse expansion
vacuum due to the thermal and fluid motion of the injec
gas, a supersonic pulsed gas injection is used as a t
@17,18#. The pulsed gas jet is produced by a device that c
sists of an axially symmetricLaval nozzle@19# and a sole-
noid fast pulse valve@18#. The nozzle is designed to form
Me54.2 flow for He (g51.660). HereMe is the Mach
number at the exit of the nozzle andg is the ratio of specific
heat. It has a 2.0 mm inner diameter at the exit. The typ
experimental setup is shown in Fig. 1. The nozzle with
pulse valve is placed inside the vacuum chamber. The p
valve is driven for 5 ms per shot at a repetition rate of 0
Hz. The stagnation pressure of the valve is varied from 5.

FIG. 1. Experimental setup.
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20.0 atm. With these pressures, the density at the exit of
nozzle ranged from 731018 to 331019 cm23. The uniform
density distributions with the sharp boundary of the gas
column near the exit are experimentally characterized by
terferometory. Using two turbo molecular pumps and
850-l vacuum dump tank, the background pressure of
vacuum chamber is kept lower than 1.031024 Torr during
the gas jet operation.

B. Laser system

The 12 TW Ti:sapphire laser system~B.M. Industries,
a-Line series! based on the chirped pulse amplificatio
~CPA! technique generates up to 600 mJ, 50 fs laser pulse
a fundamental wavelength of 790 nm with a 10 Hz repetit
rate. The laser power at the target in the vacuum chamb
up to 5 TW. As shown in Fig. 1, thep-polarized laser pulse
with a diameter of 50 mm is delivered into the vacuu
chamber through a vacuum laser transport line and is focu
on the front edge of the helium gas jet column at a heigh
1.3 mm from the nozzle exit with anf /3.5 off-axis parabolic
mirror. Figure 2 gives a side view of the interaction regi
obtained by the CCD~charge coupled device! camera, and
illustrates the gas jet and the focus point. Figure 3 show
typical image of a laser focal spot at the target position tha
imaged with a 203 objective lens onto a 14-bit CCD cam
era. The spatial resolution is 0.1mm in the image with this
system. To measure the spot size, the system is calibr
with a wire 10mm in diameter set on the nozzle exit. Th
spot size is 7.5mm in full width at 1/e2 of maximum. The
maximum laser intensity on the target is estimated to
1.031019 W/cm2 so that the laser strength parametera0 ex-
ceeds 2.0. The measured Rayleigh length is approxima
53 mm for this spot. According to the specification of th
laser system, the contrast ratio of the main pulse to prep
preceding it by 8 ns is typically greater than 1026 at the
fundamental wavelength. In order to investigate the la
prepulse effect on the ejection of the electron from the
jet, we control nanosecond-order laser prepulses by detu

FIG. 2. CCD image of the interaction region. Supersonic gas
and laser focus position is illustrated in the inset.
7-2
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EFFECT OF LASER PREPULSE ON A NARROW-CONE . . . PHYSICAL REVIEW E 67, 036407 ~2003!
of a pockels cell of the regenerative amplifier of the la
system. The laser pulses are monitored by a photodiode
hind a dielectric coated mirror set inside the vacuum la
transport line. Since the time resolution of the diod
(;200 ps) is poor for the main pulse measurement bu
enough to detect changes in nanosecond-order prepulse
diode signals of the main pulse are calibrated with a th
order femtosecond cross correlator~Amplitude Technologies
Sequoia!. The typical laser pulses detected by the diode
shown in Figs. 4~a!–4~c!. The prepulses usually range fro
25 to 21 ns; here 0 corresponds to a beginning time of
main pulse. As shown in Fig. 4, the amplitude of the ma
pulse is kept constant for all prepulses by adjusting
pumping power of Nd:YAG~yttrium aluminum garnet! la-
sers for the multipass amplifier of the Ti:sapphire laser s
tem.

C. Diagnostic setup

The spatial distribution of the electrons ejected from
gas jet is directly measured by a cup-shaped detector con
ing of imaging plates~IP, Fuji film: BAS-SR! with a spatial
resolution of 50mm. The IP is a plastic film detector sens
tive to high energy particles and radiation, which is used
electron microscopy and x-ray imaging. The cup has a w

FIG. 3. ~a! Image of the laser focal spot at the target.~b! Trans-
verse profile of the spot.
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accepted angle of 0° –50° from the forward laser axis for
ejected electrons. The imaging plates are laminated with
aluminum foil of 12mm thickness on the surface to avo
exposure to x rays and the laser pulses. The bottom plat
the cup is placed 180 mm away from the focus point. T
electron signals are accumulated over 300 shots. In orde
obtain the energy distributions of the electrons, a magn
electron deflector is set in the laser axis behind the jet~as
shown in Fig. 1!. The bottom plate of the cup~IP! is used as
an electron detector. The deflector consists of a top an
bottom array of magnets that act as a permanent dipole m
net to disperse the electrons according to their kinetic ene
The magnetic field between the magnets is mapped out
a Hall probe and the maximum field strength reaches
mT. The deflector has an entrance aperture of 2.0 mm w

FIG. 4. Typical laser pulse shape detected by a photodiode~a!
;2.5 ns prepulse,~b! ;1 ns prepulse,~c! ;5 ns nonmonotonic
prepulse.
7-3
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HOSOKAI et al. PHYSICAL REVIEW E 67, 036407 ~2003!
an acceptance solid angle of 1 msr. The trajectories of
electrons bent in the magnetic field and projected on
bottom plate of the cup are computed by a ray tracing. W
this setup, the energy distribution of the ejected electrons
to 40 MeV can be detected. On the sidewall of the cup,
energy of electrons is estimated by a filtering with 100mm
polyethylene sheets stacked on the surface of the IP.
visible light emission from the plasma at the interaction
gion is observed in the direction of 90° from the laser pro
gation axis by a time-gated~20 ms! CCD camera
~Hamamatsu C4880! with a spatial resolution of 12mm. A
blue-pass filter is put in front of the CCD camera to cut t
laser light.

III. SIMULATION MODELS

To evaluate the effect of the laser prepulse, we num
cally solve the hydrodynamics equation in the followin
form @16#:

]

]t
n1

]

]rW
~nuW !50,

]

]t
uW 1S uW

]

]rW
D uW 52

1

Mn

]

]rW
~znT!2hDuW ,

]

]t
~nT!1

]

]rW
S 5

3
uW nTD1n

]

]rW
S k

]

]rW
TD

5
8pe2

3mcv2
neinI0

d0
2

dR
2

exp~20.5r 2/dR
2 !, ~1!

wheren,z,M are the ion density, charge, and mass;T is the
electron temperature,h,k are the plasma viscosity and the
mal conductivity, and nei54pe2z2nL/m1/2T3/2 is the
electron-ion collision frequency, whereL is the Coulomb
logarithm. The last term of the third equation describes la
energy depositiondR5d0A11x2/LR

2, whered0 is the laser
spot size,x is the coordinate in the laser propagation dire
tion, andLR is the Rayleigh length.

The system of Euler equations~1! is solved numerically
by a fully conservative scheme@20#, assuming cylindrical
symmetry, for a fully ionized He slab with 2.0 mm dept
The plasma density linearly increases from zero to maxi
ion densityn51.531019 cm23 after 300mm, which is the
focus point, and then the density is constant. The initial te
perature is uniform and equalsT050.1 eV; the initial veloc-
ity is zero. Calculation is performed for the prepulse inte
sity I p51013 W/cm2 with duration 2.0 ns,d057.0 mm, and
LR550 mm. These parameters are chosen to be close to
experimental ones.

Longitudinal density distribution obtained from the h
drodynamics simulation is used for two-dimension
particle-in-cell simulation employing the moving windo
technique@9#. However, we neglect the effect of the tran
verse density distribution on the laser propagation, assum
that the cavity width is much larger than that of the laser s
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size. The size of the window is 250mm340 mm. The com-
putational grid is 50003960. We use four particles per cel
there is no ionization included for this simulation. The initi
laser field is chosen as a plane wave withEZ andHY com-
ponent with distribution as follows:

Eg~x,y,t !5
a0

f
exp$2 ivt1 ik@x1y2/~2x f2!#

2 i arctan~x/LR!2y2/~dR!2%, ~2!

where a05eE0 /mcv, x, y the longitudinal and transvers
coordinates,f 5A11x2/Lr

2;k5c/v. The maximal laser in-
tensity is 231019 W/cm2, l50.79mm (a053.0). The
pulse duration@~FWHM! full width at half maximum# is 50
fs, as shown in Fig. 3 the focus spot size at 1/e2 of maximal
intensity is 7.0mm so that the Rayleigh length is estimate
to beLR550 mm.

IV. RESULTS AND DISCUSSION

Figures 5~a!–5~c! ~left-hand side! show the spatial distri-
bution of electrons deposited on the bottom plate of the c
shaped IPs. The distributions are obtained for differ
prepulse conditions@as shown in Figs. 4~a!–4~c!# and for gas
density of 2.831019 cm23 and 4.8 TW peak power of the
main pulse. It is clearly seen that the spatial distribution
the ejection of electrons from the jet depends strongly on
laser prepulse. A peak distribution is observed at a den
range of 731018 to 331019 cm23. In the first case, as
shown in Fig. 5~a! ~left-hand side!, for a prepulse with a
contrast ratio of 1:106, pulse duration 2–3 ns, and energ
;10% of the total pulse energy, corresponding to Fig. 4~a!, a
peaked spot distribution by narrow-cone ejection of electr
is clearly seen at the center of the plate. In the second c
as shown in Fig. 5~b! ~left-hand side!, for the prepulse with
contrast ratio 1:106 and pulse duration less than 1 ns wi
energy less than;10% of the total pulse energy, corre
sponding to Fig. 4~b!, no electron signal is observed on th
bottom plate. In the third case, as shown in Fig. 5~c! ~left-
hand side!, for the prepulse with contrast ratio 1:106, pulse
duration more than 5 ns, and nonmonotonic pulse shape
energy more than;10% of the total pulse energy, corre
sponding to Fig. 4~c!, the ejected electrons explode in
pieces and smaller spots are detected at the bottom p
This spotted distribution is measured even in a single s
The radial and longitudinal distributions of the ion density
the He gas jet after the laser prepulse obtained by the hy
dynamic simulation are shown in Fig. 6. The radial distrib
tion of the plasma~ion! density, shown in Fig. 6~a!, is very
close to those obtained experimentally in Refs.@11–15#.
However, in the direction of laser pulse propagation, sho
in Fig. 6~b!, there is no preplasma channel that can give r
to an optical guiding. We should note that in a similar e
periment~see Ref.@15#!, performed with a longer Rayleigh
length when optical guiding is crucial, the angular distrib
tion of energetic electrons is very different from that me
sured in the present experiment. For the first case, after
of irradiation by the laser prepulse, there is a clearly se
7-4
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EFFECT OF LASER PREPULSE ON A NARROW-CONE . . . PHYSICAL REVIEW E 67, 036407 ~2003!
shock wave and the density gradient becomes steep a
front of the shock. The thickness of the shock wa
;10 mm, is comparable to the plasma wavelength so t
strong wave breaking and electron injection is expected
this condition. A condition of the pulse duration of 2–3
matches well with one of the shock wave formation also w
consequent wave breaking of the wake field produced by
main laser pulse. For the prepulse intensityI 51013 W/cm2,
the shock wave is formed after 1 ns of irradiation. Th
means if the laser prepulse is shortened two times, such

FIG. 5. Typical images of electrons deposited on the bott
plate of the cup-shaped IPs~left hand!, and corresponding image o
the plasma radiation~right-hand side!, and longitudinal profile of
the plasma radiation in the direction 90° from the axis~right up!
obtained in a density of 2.831019 cm23 and laser power of 4.8 TW
~a! ;2.5 ns prepulse,~b! ;1 ns prepulse,~c! ;5 ns nonmonotonic
prepulse.
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the second case, there should be no electron injection ca
by the wave breaking into the consequent wake field. In
dition, if the laser prepulse gets shorter and its energy
creases, the density distribution becomes uniform. This
because there is no shock wave in the cavity and the l
intensity is not strong enough to produce a wake field w
an intensity higher thanEB;@2(v/vpl21)#1/2mcvp /e. The
spotted distribution in the case of nonmonotonic la
prepulse is, we believe, a result of an instability at the sh
wave. Since the condition for the wave breaking is dep
dent strongly on plasma dynamics, we expect that hydro
namic disturbances in the shock front may strongly affect
process. Once it appears, the shock wave cannot decay
idly. However, such a hydrodynamic instability disturbs t
front of the shock wave. Since the injection of the ma
acceleration due to wave breaking must be directed al
with the density gradient, this instability leads to the form
tion of spotted distribution. These results suggest that
laser prepulse affects the initial plasma density profile ste
ened in the direction of laser propagation due to the form
tion of a shock wave, which is essential for the injection in
the consequent wake fields and the ejection of the narr
cone electrons from the jet.

Figures 5~a!–5~c! ~right-hand side! show the images of
the radiation from the plasma obtained by the CCD cam

FIG. 6. Density distributions of a He jet after the laser prepu
calculated by 2D hydrodynamic simulation. The power density
the prepulse is 1013 W cm22 and the Rayleigh length is 50mm. ~a!
Radial direction (x50), ~b! longitudinal direction (r 50).
7-5
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HOSOKAI et al. PHYSICAL REVIEW E 67, 036407 ~2003!
in a direction 90° to the laser propagation axis, which cor
sponds to the spatial distributions of electrons shown on
left-hand side. The setup in the images corresponds to
one in Fig. 2. The longitudinal profile of the plasma radiati
is also inset with the images. Figure 5~a! shows that the
radiation from the plasma has a dumbbell shape; two br
spots at the edges and a narrow channel between them i
direction of the laser propagation. In this condition, the s
at the front edge is much brighter than that at the rear. Fig
5~b! shows that the plasma shape of the radiation fo
smaller prepulse is uniform over the jet. In contrast to
case shown in Fig. 5~a!, in the case of strong prepuls
shown in Fig. 5~c!, the plasma also has the form of a dum
bell shape, though a brightness of the spots at the both e
are comparable. This proves that the visible radiation of
plasma depends on the prepulse as well. The radiation f
the plasma is dominated by electrons because the rat
multiphoton excitation of He atoms is very small even f
the laser intensity we use. Moreover, helium is fully ioniz
in the channel so that the radiation in the channel can be
recombination radiation. The result of 2D PIC calculation
the laser spot size during its propagation in the jet with
shock wave is shown in Fig. 7. Since the critical power
self-focusing @21# for the electron density Ne53
31019 cm23 is Pcr 51.731022ncr /n TW50.9 TW, the la-
ser pulse withP54 TW forms a laser channel. After passin
distanceL;0.8 mm, the pulse diffracts because its pow
becomes smaller than critical one. However, the laser en
absorbed by the electrons is only 58%, so that approxima
25% of the laser pulse energy is lost to diffraction during
propagation. Since the propagation length is smaller than
size of gas jet and the prepulse has small Rayleigh len
the plasma radiation at the rear of the channel is domina
by electrons propagating through the jet. If wave break
occurs, the energy of the electrons passing through the
becomes very high. Such electrons cannot efficiently ion
and the plasma spot at the rear becomes darker. We sh
note that a longer channel length;0.8 mm correlates with
the dark channel in radiation measurement.

The transverse profile of the spot of Fig. 5~a! ~left-hand
side! is shown in Fig. 8. The size of the spot is 8.1 m

FIG. 7. The radius of the laser pulse~at 50% of the total pulse
energy! with propagation distance.
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~FWHM!, which corresponds to a divergence angle of t
ejection of;2.5°. The corresponding transverse geometri
emittance of the electron bunches is as small as;0.1p mm
mrad, though Coulomb explosion strongly affected the bun
in its propagation. However, the size of the spot for each s
may be smaller than that accumulated over 300 shots
cause of their pointing stability. The calculated charge of
single bunch is approximately 0.7 nC/ 1 J with a duration of
40 fs.

Electrons injected during wave breaking are further acc
erated by the laser wake field. Figure 9 shows a typical
ergy distribution of the electrons ejected from the rear of
gas jet. The distribution is obtained by the spectrometer fo
gas density of 1.431019 cm23, 4.0 TW peak power of the
main pulse, and with a prepulse condition of the narrow-co
electron ejection as shown in Fig. 4~a!. The aperture of the
spectrometer allowed detection of only the narrow-cone e
trons. A calculated electron energy distribution is also sho
in Fig. 9. The electron spectrum has an exponential pro
Assuming that this distribution is a Maxwellian with an e
fective temperatureTh , we getTh;10 MeV for both mea-
sured and calculated ones. They have a fairly good ag
ment for electron energyE<40 MeV. According to these

FIG. 8. Transverse profile of the peak spot electrons depos
on the bottom plate on cup-shaped IPs, which corresponds to
5~a!.

FIG. 9. The measured and calculated energy distribution of e
trons in the bunch for a density of and 1.431019 cm23 and a laser
power of 4 TW. The dotted line shows experimental error.
7-6
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EFFECT OF LASER PREPULSE ON A NARROW-CONE . . . PHYSICAL REVIEW E 67, 036407 ~2003!
values, the acceleration gradient is evaluated to excee
GV/m for the 800mm acceleration distance. In the prese
paper, we do not measure the bunch duration; however,
PIC calculation gives 40 fs duration for an electron bun
composed of electrons with energy 10;40 MeV.

Figure 10 shows a typical spatial distributions of electro
deposited on the cylindrical wall of the cup-shaped IPs. T
lower energy electrons~less than 500 keV! with a wide-cone
ejection angle~larger than 30°! from the laser axis were
observed. In contrast to the deposition on the bottom pl
significant changes to the distribution for the prepulse w
not observed in any case. Since it was predicted tha
transverse-wake wave breaking is insensitive to an in
density profile as compared to the longitudinal one@22#, it
may suggest injection due to the transverse-wake w
breaking. So it was found that there are two component
the ejection angle of the electrons with the narrow cone
the wide cone.

FIG. 10. Typical image of electrons deposited on a sidew
plate of the cup-shaped IPs, which corresponds to Fig. 5~a!.
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V. CONCLUSION

We have measured the spatial and energy distribution
electrons accelerated by an ultrashort laser pulse with s
Rayleigh length. This acceleration depends strongly on
laser prepulse parameters.

In the condition where the prepulse forms a shock wave
the direction of laser propagation, the electron injection d
to the plasma wave breaking occurs at the front of the sho
The narrow-cone electron bunch has been shown to ap
due to the injection. For lower energy in the laser prepu
less than;10% of the energy of the main pulse, we have n
observed the bunch, while for nonmonotonic prepulse,
believe, the hydrodynamic instability at the shock fro
dominates the spotted distribution of energetic electrons
transverse geometrical emittance of 0.1p mm mrad has been
observed. The energy distribution in the bunch is Maxwe
like with the effective temperatureTh;10 MeV, and the
maximal energy we observed is 40 MeV. The electrons w
energy from 10 to 40 MeV constitute a bunch with a durati
of 40 fs in PIC simulation. The calculated charge of t
electron bunch is 0.7 nC/1 J.
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