
PHYSICS OF PLASMAS VOLUME 6, NUMBER 7 JULY 1999
Acceleration of injected electrons in a laser wakefield experiment
F. Dorchies, F. Amiranoff, V. Malka, J. R. Marquès, and A. Modena
Laboratoire pour l’Utilisation des Lasers Intenses, UMR n°7605, CNRS-CEA-Ecole
Polytechnique-Universite´ Paris VI, Ecole Polytechnique, 91128 Palaiseau, France

D. Bernard, F. Jacquet, and Ph. Miné
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An electron plasma wave~EPW! has been excited by a short laser pulse~5 J, 400 fs! via the laser
wakefield~LWF! mechanism. At the LWF quasi-resonance condition, the 3 MeV injected electrons
have been accelerated with a maximum energy gain of 1.5 MeV. The maximum longitudinal electric
field is estimated to be 1.5 GV/m. It has been observed that electrons deflected during the
interaction, can scatter on the walls of the experimental chamber and fake a high energy signal. A
special effort has been given in the electron detection to separate the accelerated electrons signal
from the background noise. The experimental data are confirmed with numerical simulations,
demonstrating that the energy gain is affected by the EPW radial electric field. The duration of the
EPW inferred by the number of accelerated electrons and by the numerical simulations is of the
order of 1–10 ps. ©1999 American Institute of Physics.@S1070-664X~99!00107-X#
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I. INTRODUCTION

The accelerating electric field~or gradient! in conven-
tional radio frequency linear accelerators is limited to arou
100 MV/m, partly due to heating or breakdown on the wa
of the structure. In order to accelerate electrons to very h
energies~.1 TeV! without building a too long and too ex
pensive structure, it is necessary to develop new accelera
concepts providing a higher accelerating electric field. In t
context, plasma-based accelerators are of great interes
cause plasmas can sustain very high electric fields. M
precisely, the longitudinal electric field associated with
electron plasma wave~EPW! can reach more than 100 GV/m
with a phase velocity close to the speed of lightc, making it
very attractive for relativistic electron acceleration.1 In sev-
eral experiments,1 such an EPW has been excited by an el
tron beam propagating in a plasma, but the gradients
tained were relatively low~,30 MV/m!. Tajima and
Dawson2 proposed to use the ponderomotive force associa
with a laser pulse to excite an EPW. Two mechanisms w
considered.

The laser beat wave~LBW! mechanism consists in mix
ing two laser beams with different pulsationsv1 and v2 .
Their beating provides a modulation of the light intensity
the pulsationvb5v12v2 . Whenvb is equal to the electron
2901070-664X/99/6(7)/2903/11/$15.00
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plasma pulsationvp , an EPW is resonantly excited. LBW
acceleration has been observed and studied in several ex
ments with 1~Ref. 3! and 10mm ~Refs. 4–6! lasers. It has
been experimentally demonstrated that this mechanism c
be affected by different saturation mechanisms: relativis
detuning5 or modulational instability.7

In the laser wake field~LWF! approach,8,9 a single short
laser pulse excites the EPW: the ponderomotive force a
ciated with the front~then the rear! of the laser pulse pushe
the plasma electrons in the forward direction~then in the
backward direction!. The EPW excitation is the most effi
cient when the laser pulse duration is of the order of 1/vp .
This ‘‘quasi-resonance’’ is not as strict as the LBW res
nance. Moreover, the LWF EPW excitation is achieved in
time (1/vp) which is generally very short with regard to th
typical evolution time (1/vpi) of the plasma ions@vpi /vp

5(Zme /mi)
1/2!1, whereme is the electron mass,mi the ion

mass andZ the plasma ionization state#. So the LWF process
should not be affected by saturation as is LBW.

Another regime, called the self modulated laser wa
field ~SMLWF!, has been considered recently.10–12 An ul-
traintense laser pulse with duration longer than 1/vp , can be
temporally modulated at the plasma pulsationvp via the
3 © 1999 American Institute of Physics
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stimulated Raman forward~and side! scattering instability.
The EPW is then self-resonantly excited by this laser int
sity modulation. If the excited longitudinal electric field
sufficiently high, plasma electrons can be trapped in
EPW and accelerated to high energies as it has been
served in recent experiments.13–17With the same laser puls
duration, the SMLWF regime operates at higher density t
the ‘‘standard’’ LWF. The Lorentz factorgp5v/vp of the
EPW phase velocity is then lower, making this regime n
well suited for high energy accelerators. Moreover, since
this case the EPW is generated by an instability, its ph
cannot be controlled.

LWF seems to be the best candidate for particle ac
eration to high energy. Within the last few years, the chirp
pulse amplification~CPA! technique18 has allowed the devel
opment of sources delivering the ultrashort and intense l
pulses needed for LWF experiments. The first experime
evidence for plasma wave generation by the LWF mec
nism was obtained in a strongly radial regime by Hams
et al.19 Recently, the excitation of radial EPW by LWF ha
been extensively studied, using frequency dom
interferometry.20–22

In this paper, we present the first experimental study
LWF acceleration of injected electrons. Accelerated el
trons were observed at the EPW output when the ‘‘qua
resonance’’ condition was realized, confirming the LWF a
celeration mechanism. The experimental results w
confirmed with three-dimensional~3D! simulations, demon-
strating that the energy gain is affected by the EPW ra
electric field.

In previous LBW acceleration experiments, Clayt
et al. demonstrated that electrons could be deflected a r
tively long time ~a few nanoseconds! after the EPW excita-
tion, by transverse electric and/or magnetic fields due t
Weibel-like instability.23 These deflected electrons can sc
ter on the walls of the experimental chamber and fake ac
erated electron signals, as is probably the case in the
tested results of Ref. 24. Thus, in our experiment, a spe
care was taken to separate the accelerated electrons s
from the background noise, both in the design of the exp
mental apparatus and in the data analysis.

II. LWF LINEAR MODEL

Gorbunov and Kirsanov have developed a tw
dimensional ~2D!, nonrelativistic analytical model of the
LWF.8 The plasma electrons are described by cold fl
equations with the ponderomotive potential term induced
the laser pulse spatial and temporal profiles. Ions are
sumed to be fixed during the EPW excitation. Equations
solved assuming that the electron density perturbationdn is
small compared with the equilibrium electron densityne ~lin-
ear approximation!, and that the spatial~radial! and temporal
parts of the ponderomotive potential can be separated.
condition is achieved with a gaussian beam, since the R
leigh lengthzR52ps2/l ~2 mm in our experiment! is much
longer than the pulse lengthct ~of the order of 100mm!. l is
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the central wavelength,s is the focal spot radius, andt is the
duration defined so that the laser intensityI can be expressed
in the vicinity of the focus as

I ~z,r ,t !5I maxe
2~r /s!2

e2@~ t2z/c!/t#2
.

The electron density perturbation excited by the pulse is t
given by

dn

ne
5

dnz

ne
1

dnr

ne

52AF11S lp

ps D 2S 12
r 2

s2D G3e2r 2/s2
sin~vpt2kpz!,

where

A5
I maxAp

c3ncme
S vpt

2 De2~vpt/2!2
,

nc is the critical density at the laser wavelengthl, andlp is
the plasma wavelength (lp52p/kp52pc/vp since the
group velocity of the laser pulse is very close toc in an
underdense plasma,ne!nc).

The longitudinal contributiondnz corresponds to longi-
tudinal electron oscillations. The electric fieldEz deduced
from dnz by the Poisson equation is also longitudinal. T
radial contributiondnr corresponds to cylindrical electro
oscillations associated with a radial electric fieldEr . These
electric fields are given by

Ez5j cos~vpt2kpz!,

Er5jS lp

ps D S r

s D sin~vpt2kpz!

with

j5
2I maxAp

ec2nct
S vpt

2 D 2

e2~vpt/2!2
e2r 2/s2

,

wheree is the elementary charge.
Depending of its relative phasew5vpt2kpz with re-

spect to the EPW, an injected electron is accelerated or
celerated byEz , and focused or defocused byEr ~see Fig. 1!.
Only a quarter of the EPW cycle is both accelerating a
focusing (3p/2,w,2p).

The distinction between the radial and the longitudin
regime of the LWF is often estimated by the ratiodnr /dnz

5(lp /ps)2. In an acceleration experiment, the importa

FIG. 1. Depending of its relative phasew5vpt2kpz with the EPW, an
injected electron is accelerated or decelerated byEz , and focused or defo-
cused byEr .
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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2905Phys. Plasmas, Vol. 6, No. 7, July 1999 Acceleration of injected electrons in a laser wakefield
parameters are the maximum amplitudes of radial (Ermax,
reached atr 5s/A2) and longitudinal (Ezmax, reached atr
50) electric fields. Their ratio is equal to (lp /ps)/A2e.

Figure 2 representsEzmax as a function of the produc
vpt, with a given laser durationt. It is maximum when the
quasi-resonance conditionvpt52 is realized. Becausevp

5(nee
2/me«0)1/2, this condition can be satisfied by adjustin

the mean electron densityne . At this quasi-resonance, th
longitudinal electric field is given by

Ezmax~GV/m!50.82
l2~mm!I max~1018 W cm22!

t~ps!
.

It is proportional to the laser energyElas, and inversely pro-
portional to the square of the laser duration.

With our typical experimental parameters@t5240 fs
~400 fs full width at half maximum–FWHM!, s518 mm,
I max5431017W cm22], the above linear model leads to:ne

52.231016cm23 ~electron density at the quasi-resonanc!,
lp5225 mm, dnz /ne511%,Emax51.5 GV/m, d r /ne

5175%,Ermax52.6 GV/m, and dnr /dnz516, indicating
that the EPW excitation occurs mainly in the radial regim
the transverse field is stronger than the longitudinal elec
field. The relative density perturbation is well above the l
ear approximation given bydn/ne!1. In order to check the
validity of the linear expression for the longitudinal electr
field Ez , numerical simulations were performed with th
fully relativistic 2D ~cylindrical! particle code WAKE.25 The
parameters were close to the experimental values:Elas53 J,
350 fs FWHM, and the corresponding mean electron den
at the quasi-resonancene52.8431016cm23. The calculation
was performed for different values ofs, inducing different
values ofdnr /ne . Figure 3 shows the amplitude of the ca
culated longitudinal electric fieldEzsim normalized to the lin-
ear model expressionEzmax, as a function ofdnr /ne (dnr /ne

is estimated with the linear model!. The longitudinal electric
field is observed to be in good agreement with the lin
value for dnr /ne,2 ~corresponding todnz /ne,0.2). Be-
yond this value, the nonlinearities of the EPW induce
relative decrease of the longitudinal electric field. With
higher energy~10 J!, the transition between these two r
gimes is still observed close todnr /ne52 ~corresponding
then todnz /ne,0.4). These simulations show that the LW
linear model is valid for our experimental parameters.

FIG. 2. LWF quasi-resonance. Amplitude of the longitudinal electric fi
Ezmax associated with the EPW, as a function of the productvpt ~the laser
durationt is fixed!.
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Assuming that the EPW is infinite in the longitudin
direction, the energy gainDW of an electron injected on the
laser axis is limited byeEzmaxLd , whereLd is the detuning
length of the electron. In the case of our experiment, Lore
factor of the injected electronsge56 was very small com-
pared to the EPW Lorentz factor at the quasi-resonancegp

5lp /l5215. Assuming that the electron velocity was co
stant during the interaction and neglecting defocusing effe
@one dimensional~1D! case#, Ld is given byLd5ge

2lp58
mm.26 In fact, the EPW was only existing in the region o
high laser intensity, i.e., typically over a lengthpzR56 mm.
The energy gain was then limited toeEzmaxpzR59 MeV. A
more precise value is obtained with a one-dimensio
Monte Carlo simulation of the electron trajectories in t
EPW electric field. The electric fieldEz is calculated from
the LWF linear model. To describe the longitudinal depe
dence of its envelope, the laser beam is assumed to be g
ian. The intensity around the focus planez50 is given by

I ~z!5
I max

11~z/zR!2

and the longitudinal electric field is

Ez~z,t !5
Ezmax

11~z/zR!2
cos~vpt2kpz!.

In the simulation, 1000 electrons are injected with an u
form phase distribution. Figure 4 shows the energy gainDW
calculated as a function of the injection phasew. Accelerat-
ing and decelerating phases are well delimited. The ma
mum energy gain is aboutDWmax57.5 MeV.

III. EXPERIMENTAL SETUP

The experimental setup was based on the existing fa
ity already used for LBW experiments. It is exhaustive
described in Ref. 27. The modified setup used in the exp
ment which we present in this paper, is sketched in Fig
The laser beam was focused into a gas vessel and crea
plasma close to focus. The electron beam was injected
the gas vessel through a thin aluminum window, and w

FIG. 3. Amplitude of the longitudinal electric fieldEzsim as a function of
dnr /ne . It is calculated at the quasi-resonance with the code WAKE an
normalized to its expressionEzmax obtained from the LWF linear model. The
laser energy is 3 J, its duration 350 fs FWHM and the electron mean de
is ne52.8431016 cm23. The different values ofdnr /ne are obtained by
varying the value of the laser focal spot radiuss.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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focused on the laser focal plane by a triple focusing mag
The two beams were precisely monitored and overlapped
placing a thin aluminum foil at the focal plane and by loo
ing at the optical transition radiation of the electron be
and at the laser beam scattering. The momentum of the
celerated electrons was analyzed with a quadrupole-di
magnetic spectrograph.

The electron beam was provided by a Van de Gra
accelerator, with a total energy of 3 MeV~i.e., kinetic energy
of 2.5 MeV!. The bunch duration was 0.4 ms with a pe
current of 3.15615 mA, corresponding to about 2000 ele
trons per picosecond. Considering that the EPW lifetime
typically of the order of 1 ps, the number of accelerat
electrons is quite low. The detectors used were sensitiv
single electrons. The nonaccelerated electrons were sen
a beam dump. The accelerated electrons were counted
detector with 17 channels~indexed byi 51 – 17), allowing
detecting from 3.3 to 5.9 MeV total energy. Each chan
was composed of a scintillator connected to a photomu
plier ~PM!. The photomultiplier signal was stored on an an

FIG. 4. 1D Monte Carlo simulation of the energy gainDW of 1000 injected
electrons as a function of their injection phasew with respect to the EPW.
The EPW electric field is given by the linear model with the experimen
parameters of Table I.w is defined as the phase the electron would ha
without EPW at the focal plane.
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logical digital converter (ADCi). Several channels were als
recorded on an oscilloscope. The voltage of the PMs w
adjusted so that the calibration factor was equal to 2.5 A
counts per electron. The duration of the ADC gate was se
20 ns.

We used the laser beam from the Laboratoire p
l’Utilisation des Lasers Intenses~LULI ! 100 TW laser sys-
tem delivering chirped pulses with 500 ps FWHM duratio
and a central wavelengthl51.057mm. During this experi-
ment, the laser energy was limited to 10 J. The laser be
was imaged via a 190 m long vacuum pipe, from the la
room to the Laboratoire des Solides Irradie´s ~LSI! experi-
mental room located near the electron source. The laser p
was compressed just before focusing in the gas vessel~the
laser compressor is not represented in Fig. 5!. A small frac-
tion of the energy~2%! was taken at the compressor outp
and sent to a single-shot second-order autocorrelator.
measured pulse duration was about 400 fs FWHM with
important shot-to-shot fluctuation~from 300 fs to 1 ps
FWHM!. The laser beam was focused with a 1.4 m fo
length 30° off-axis parabola. The laser beam focal spot w
imaged on a charge coupled device~CCD! camera. Figure 6
shows a focal spot measured in vacuum. The correspon
horizontal (sH) and vertical (sV) radii aresH520 mm and
sV512 mm at 1/e of the laser intensity. This is close to th
diffraction limit sdiff511 mm calculated for the 80 mm di
ameter homogeneous beam and the 1.4 m focal length.
ellipse defined by these radii~area equal to 2psHsV) con-
tains 50% of the total energy. After accounting for the d
ferent losses induced by the laser transport inside the p
the temporal compression and the focusing, the final ene
available in the interaction area was close toElas51.5 J. The
estimated laser intensity at focus was then typicallyI max

5431017W cm22. Under vacuum, the beam was imaged
the focal spot monitor at different planes along the longi
dinal axis. From these measurements, the Rayleigh len
was estimated to bezR52.060.3 mm~the laser intensity on

l

FIG. 5. Experimental setup.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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the laser axis is divided by 2 after a propagation overzR

from the focal plane!.
The experiment was performed focusing the laser in

gas at different pressures~0–4 mbar!. The He21 ionization
intensity threshold is about 1016W cm22 ~Refs. 28, 29! and
so, the interaction area can be considered as fully ioniz
For pressures below 4 mbar, we observed that the ionizat
induced refraction does not affect significantly the la
beam focal spot. From the laser duration value~400 fs
FWHM!, the LWF quasi-resonance is obtained forne52.2
31016cm23, corresponding to 0.45 mbar of He gas. T
parameters associated with the EPW are: the plasma w

FIG. 6. Image of the laser focal spot, horizontal and vertical lineout.
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lengthlp5225mm, the plasma periodTp52p/vp5750 fs,
and the EPW Lorentz factorgp5215. The experimental pa
rameters are reported in Table I.

IV. EXPERIMENTAL RESULTS

We observed a signal on the electron detector on m
than 200 shots. In order to check the temporal behavio
the electron signal, some PMs (PM1, PM8, and PM12) were
read both by an ADC and a fast oscilloscope. Figure 7 sho
an oscilloscope trace recorded on PM1 during a typical shot
with laser, electron beam and He gas. Two different com
nents are clearly separated. The short part (,20 ns, i.e.,
,ADC gate! of this trace is synchronized with the las
plasma interaction. It was only observed in presence of
laser, the electron beam and with He gas not too far from
quasi-resonance pressure. That is in agreement with the
citation of a large EPW. The other part of the trace contr
uting to the ADC integrated signal is continuous over t
time scale of the detection. It was only observed in prese
of gas. However, it was also observed in the absence
laser pulse. Hence, it was only a product of the elect
scattering in the gas. This ‘‘gas’’ background noise~‘‘gas’’
BG noise! was separately and quantitatively studied as
function of He gas pressure, averaging 200 electron shot~at

FIG. 7. Oscilloscope trace of the PM1 output signal during a ‘‘laser-
electron-gas’’ shot. The shaded zone indicates the ADC temporal gat
integration~20 ns!.
TABLE I. Experimental parameters.

Electron beam injected Laser~typical data!

Total energy 3 MeV Wavelength 1.057mm
Lorentz factor 6 Energy in focus 1.5 J
Bunch duration 0.4 ms Duration~FWHM! 400 fs
Divergence 10 mrad Rayleigh length 2 mm
Spot size under vacuum Spot size under vacuum
~standard deviation! ~radii in 1/e of intensity!
horizontal 27mm horizontal 21mm
vertical 24mm vertical 14mm

Peak current 315mA Maximal intensity 431017 W cm22

Plasma & EPW~at LWF quasi-resonance! Electron detection

Electron mean density 2.231016 cm23 Number of channels 17
Lorentz factor 215 Energy range~tot. energy! 3.3–5.9 MeV
Plasma wavelength 225mm
Plasma period 750 fs
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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10 Hz! for each pressure value. For a given pressure,
observed that the gas electron spectrum~‘‘gas’’ BG noise as
a function of the channel number! presented a very repetitiv
and relatively flat structure. Inserting stainless steel filters
different thicknesses in front of some channels, and com
ing the observed transmission factor with the one calcula
with the code EGS4~Electron Gamma Shower!,30 the ‘‘gas’’
BG noise electron mean energy was estimated to be 2 M
independent of the channel number. This BG noise was
served to increase linearly with the He gas pressure wi
slope of 8e2/mbar. It is caused by electrons deflected at l
angle in the gas, that impact on the flange of the bottle n
of the dump~see Fig. 8!. Part of these electrons are bac
scattered, re-enter the magnetic field of the spectrograph,
fly back into the detector. A numerical estimation of t
amplitude of this noise was given in Ref. 27 and found to
in agreement with our measurements.

For all the ‘‘laser-electron-gas’’ shots around the qua
resonance condition, electron signal was observed in ex
of the ‘‘gas’’ BG noise. Figure 9 shows a typical electro
spectrum~‘‘EPW signal’’! obtained after the noise subtra

FIG. 8. ‘‘Gas’’ background noise source. A nondeflected 3 MeV elect
goes into the dump~dashed line!. If the electron is deflected in the gas, it ca
impact on the flange of the bottle neck of the dump and then be back
tered with a lower energy and give a signal on the detector~full lines!.

FIG. 9. Electron spectrum of a typical shot. The low energy points are fi
by a decreasing exponential.
Downloaded 07 Sep 2005 to 130.159.248.44. Redistribution subject to AIP
e

f
r-
d

V,
b-
a

k

nd

e

-
ss

tion. In the low energy range~from 3.3 to around 4.5 MeV!,
the number of electrons is well fitted by a decreasing ex
nential function. The associated slope was found equa
24.461.1 MeV21, for all the shots aroundElas51.5 J with
sufficiently high signal. In the higher energy range~.4.5
MeV!, a tail was observed with a structure similar to t
subtracted ‘‘gas’’ BG noise. To check the actual energy
the detected electrons, stainless steel filters with differ
thicknesses were inserted in front of several channels. Fig
10 shows the transmission factors measured as a functio
the filter thickness, as well as the transmission factors ca
lated with the code EGS4~Ref. 30! for different electron
energies. In the low energy range, the energy deduced f
the transmission was in good agreement with the nom
energy of the corresponding channel, confirming the LW
electron acceleration. However, the high energy tail was p
duced by low energy electrons. The estimated energy
these electrons is around 2 MeV, corresponding to the m
energy of the ‘‘gas’’ BG noise electrons. This low energ
signal~in the high energy channels! was observed into the 20
ns ADC gate and only for shots with accelerated electro
that is in correlation with strong EPW excitation. Thus, w
call it ‘‘EPW’’ BG noise. The deflection of the electrons b
the EPW associated fields occurs in the electron focal pla
which is also the plane imaged by the magnetic field of
electron spectrograph on the detector input plane. A collim
tor placed at the entrance of the spectrograph stops the
trons defected at angles larger than its angular accepta
But some of the deflected electrons can scatter at the edg
the collimator, and impact on the flange of the bottle neck
the dump~see Fig. 11!. Hence, the ‘‘EPW’’ BG noise pro-
duces the same structure and the same mean energy a
‘‘gas’’ BG noise. This interpretation was confirmed by pla
ing a thin Al foil ~11 mm! at focus, under vacuum. Th
recorded electron spectrum associated with the elec
beam deflection on the foil always reproduced the sa
structure. The ‘‘EPW’’ BG noise level is too high to be du
only to the electrons deflected by the transverse electric fi
of the EPW, because of its short~ps! lifetime, and because o
the high rejection power of the collimator system,26 as dem-

at-

d

FIG. 10. Transmission factors of stainless steel filters measured on se
channels as a function of the filter thickness. The lines are issued fro
simulation described in the text. The nominal energy of PM12 ~resp. PM1) is
5.14 MeV ~resp. 3.37 MeV!.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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onstrated by the low noise level induced by the foil. A lo
term ~ns! effect like the Weibel instability, as previously ob
served in Ref. 23 is a good candidate to explain this BG

Due to this ‘‘EPW’’ BG noise, we cannot measure pr
cisely the maximal energy gainDWmax of the accelerated
electrons for a given electron spectrum. Thus, we have
fined the maximum energy gainDWobs as the value of the
energy gain for which the decreasing exponential fit g
down to one electron. Since the slope of this fit was obser
to be constant for all shots aroundElas51.5 J,DWobs was
directly correlated to the signal observed on the PM1. For all
these shots, the PM1 signal is plotted in the Fig. 12 as
function of the productvpt. vp is calculated from the He
gas pressure, assuming a fully ionized plasma.t is obtained
from the single-shot autocorrelator traces. This plot indica
that the maximum signal could be reached only around
quasi-resonance conditionvpt52. The corresponding en
ergy gain wasDWobs51.5 MeV. The linear model~cf. II and

FIG. 11. ‘‘EPW’’ background noise source. Electrons deflected at the fo
plane are imaged into the dump or stopped by the collimator~dashed lines!.
A few of them scatter on the edge of the collimator, and then impact on
flange of the bottle neck of the dump as is the case~see Fig. 8! for ‘‘gas’’
BG noise electrons~full lines!.

FIG. 12. Signal observed on the first channel (PM1) as a function of the
measured productvpt. All shots performed with a laser energy aroun
Elas51.5 J are reported.
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Fig. 2! indicates that the maximum value of the EPW long
tudinal electric field at the quasi-resonance is proportiona
Elas/t

2. The important fluctuation on the laser pulse durati
~300 fs to 1 ps FWHM! leads to the dispersion of data poin
in the plot, more than the fluctuation on the laser energyElas

~1–2 J!. This could be also a result of a lack of overlappin
of the electron and laser beams.

Electron spectra were measured with different laser
ergies: 0.25, 0.5, and 2 J~see Fig. 13!. The slope of the
exponential fit is observed to increase~negative values! with
the laser energy, as well as the number of electrons dete
The maximum value of the energy gainDWobs exhibits the
expected behavior of the LWF linear model.

V. SIMULATIONS AND DISCUSSION

In order to understand the shape of the electron spe
and the relatively low maximum energy gain~1.5 MeV in-
stead of 7.5 MeV predicted by a 1D calculation using t
LWF linear model!, different numerical simulations wer
performed. We expect an important effect from the rad
electric fieldEr . In a first step, we have calculated the 3
trajectories of the injected electrons in the longitudinal a
radial electric fields of the EPW. These fields were obtain
from the LWF linear model and from our typical experime
tal parameters~see Table I!. A Monte Carlo generator was
used to create 1000 electrons with uniform distribution
injection phasew in the EPW. Figure 14 shows the energ

l

e

FIG. 13. Experimental electron spectra obtained withElas50.25, 0.5,
and 2 J.

FIG. 14. 3D Monte Carlo simulation of the energy gain of 1000 inject
electrons as a function of their injection phasew in the EPW. Curve a:
electron beam on axis~1D limit!. Curve b: small emittance electron bea
~30 nm310 mrad std. dev.!. Curve c: real emittance electron beam~30
mm310 mrad std. dev.!.
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gain DW at the plasma output as a function ofw, for differ-
ent electron beam emittances. Curve a is obtained with
electron beam on axis, that is nonaffected by the EPW ra
electric fieldEr . This is the simulation already presented
Fig. 4, which gives a maximum energy gain of 7.5 Me
Curve b shows that even with a very small electron be
emittance (1026 of the real emittance!, the energy gain is
affected byEr . In the focusing phase domain ofEr , the
energy gain is the same as in 1D simulation. But in
defocusing phase domain the electrons are deflected from
laser axis and go out of the accelerating region, decrea
their energy gain. Curve c is obtained with the experimen
emittance. It shows that even in the focusing phase dom
the energy gain is lower than in the 1D case.

The energy spectrum deduced from the 1D calculate
plotted in Fig. 15. The maximum energy gain is well defin
with the end of the spectrum at 7.5 MeV. The energy sp
trum corresponding to the real emittance simulation is p
ted on this same figure. It decreases exponentially wit
slope of26.1 MeV21, in good agreement with the exper
mental data. The maximum energy gain estimated with

FIG. 15. Electron energy spectra obtained from the simulations of Fig
~1000 electrons!. Dotted line: in the 1D case~with arbitrary units for the
number of electrons!. Points: in the real emittance case~fitted by a decreas-
ing exponential function!.
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same method as for the experimental spectra is around
MeV. But, we note that the definition of the maximum e
ergy gain obtained with this method depends a lot on
number of electrons simulated. Indeed, in the limit of
infinite number of simulated electrons, some electrons
exactly on the axis and can be accelerated to the maximu
D value of 7.5 MeV. Simulations were performed with th
three different laser energies associated with the spectra
sented in Fig. 13. The electron spectra calculated are
ported in Fig. 16, along with the experimental values.
good agreement is observed between the calculations an
experimental data. In the case ofElas52 J, the ‘‘EPW’’ BG
noise is important and contributes to the apparent differe
between the two spectra.

Another simulation was performed, using the co
WAKE25 to calculate the EPW excitation and its evolutio
using the experimental parameters~see Table I!. As in the
above simulations, 1000 electrons with a real emittance w
injected in the EPW. The electron spectrum obtained is a
very similar to the experimental one. Figure 17 shows
simulated evolution of the radial size of an electron bun

2
FIG. 16. Experimental electron spectra obtained withElas50.25, 0.5, and 2
J ~full lines!, compared to the corresponding simulated spectra~dashed
lines!.
e,
i-
h.
FIG. 17. Evolution of an electron bunch~3 ps duration!
focused either under vacuum~bottom! or in the EPW
~top!: 10zR before the focal plane, at the focal plan
and 10zR after the focal plane. The longitudinal coord
nate is the longitudinal position under the 3 ps bunc
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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injected in the EPW, compared to the vacuum case~i.e.,
without EPW!. The electron bunch duration is 3 ps~corre-
sponding to four plasma periods at the LWF qua
resonance!. Under vacuum, the electron bunch is focus
with a radius around 25mm ~std. dev.!. The radius increase
as the bunch leaves the focal plane. Its radius 10zR after the
focal plane is the same as that 10zR before. In presence of th
EPW, due to the strong radial electric field, the electr
bunch cannot be as well focused as under vacuum: its f
plane radius is increased by a factor 5. Moreover, the e
tron beam explodes at the plasma output.

A simple analytical model31 describes the motion of a
electron in an EPW with an infinite longitudinal dimensio
Electrons in the defocusing phase are soon affected by
EPW radial electric fieldEr and are expelled from the lase
axis before entering the accelerating region~of the order of
pzR). The electron evolution in the focusing phase can
understood in three steps: a drift in free space, an ‘‘ad
batic’’ region where the electron is trapped byEr and then
another drift. The trapping byEr occurs when the longitudi
nal relative amplitudednz /ne reaches the critical valuedc

5ge(s/zR)2/25231024 in our case~s is the laser focal
spot radius at 1/e of the intensity!. That is at the distancezc

before the focal plane given by

zc5zRAdnzmax/ne

dc
21'zRAdnzmax/ne

dc

assuming a Gaussian laser beam. Sincednzmax/ne is close to
0.1 ~i.e., 10%!, the trapping occurs around 20zR before the
focal plane, that is well before the accelerating region~the
efficient accelerating length is aboutpzR). After the trap-
ping, the electron oscillates rapidly inEr , modifying the
electron beam focusing. The electron beam radiusse ~std.
dev.! at the focal plane can be estimated by

se5
se0

b*
S zRA4 snzmax/ne

dc
D ,

wherese0 is the corresponding radius under vacuum, andb*
is the electron beam betatron function at focus under vacu
~2 mm in our experiment!. From this expression and th
experimental parameters, we deduce thatse is approxi-
mately equal to 5se0 , i.e., around 125mm, in good agree-
ment with the value obtained in the simulation presented
Fig. 17. Due to these oscillations on a transverse dimen
larger than the transverse dimension of the accelerating
~i.e., s around 17mm!, the electron is not so exposed to th
accelerating field as it would be the case without the ra
electric fieldEr , leading to a lower energy gain.

The Er effect on an electron trajectory is actually mo
complicated. In the previous simple model, the elect
phase in the EPW is considered not to change during
propagation in the EPW electric fields. In the case of o
experiment,ge56!gp5215, so that the electron phase
the EPW decreases typically byp radians after a propagatio
over 4zR . Even if the electron is in a focusing phase at t
focal plane, it is not the case a fewzR before the focal plane
where the effect of the radial electric field is already infl
ential. The electron can then be strongly expelled from
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axis before entering on accelerating zone. Typical elect
trajectories were calculated using a linear model EPW
our experimental parameters~see Fig. 18!. The electron
phase injection corresponds to 2 rad at the focal plane~i.e., 2
rad in Fig. 14!, which is a focusing phase of the radial ele
tric field Er at this point. If the electron is close to the las
axis ~curve a!, its trajectory is not significantly modified by
Er , and its energy gain is high~6.7 MeV!. If the electron is
injected 30mm from the laser axis~curve b!, a fewzR before
the focal plane the electron is in a defocusing phase ofEr .
The electron is then deflected from the laser axis and m
the accelerating field, inducing a very low energy gain~0.005
MeV!.

In order to increase the experimental energy gain to
1D value with the same laser beam, various solutions can
proposed. The best proposal is to reduce the electron b
radius near the focal plane, in order to confine the electr
in the accelerating zone. The first solution would consist
using a more energetic electron beam. The critical valuedc

of the longitudinal relative amplitude would increase, and
the betatron oscillations due to trapping in the EPW wo
occur closer to the focal plane, where the electron beam
dius would already be small enough. Moreover, due to
higher velocity of the electrons, the variation of their pha
in the EPW fields during the propagation would be low
Using the simple model of reference,31 reducing the trapping
distancezc to pzR/2 would require in our experiment to in
ject a 375 MeV electron beam. Another solution would si
ply consist of reducing the EPW longitudinal dimension
the efficient acceleration lengthpzR . This can be done, for
example, by using a gas jet with an appropriate density p
file dimension. Then the electron beam would not be affec
by the EPW radial electric field before the accelerating
gion. Curve c in Fig. 18 shows an electron trajectory cal
lated with the same parameters than curve b, but with
EPW longitudinal dimension limited topzR . It clearly
shows that~i! the electron enters and stays in the accelera
zone,~ii ! its energy gain is quite higher~1.95 MeV! than in
the nonlimited EPW case. In the same conditions, Fig.
shows the energy gain obtained as a function of the elec

FIG. 18. Electron trajectories simulated with a linear model EPW. Initia
the electrons propagate collinearly with the laser axis at a distance of 30
~curve a!, and 30mm ~curves b and c!. Curve c is obtained with the EPW
longitudinal size limited topzR around the focal plane~i.e., the EPW elec-
tric fields are set to zero out of the region2pzR/2,z,pzR/2). The corre-
sponding output energy gains are reported on the trajectories. The acc
ating region defined by a longitudinal~resp. transverse! extend ofpzR ~resp.
2s! is also reported.
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injection phase. The simulation parameters are the sam
for Fig. 14~curve c!. The effect of the radial electric field o
the injected electrons is observed to be clearly reduced.
corresponding electron spectrum~see Fig. 20! is closer to the
1D spectrum. Moreover, the maximum energy gain is w
defined with the end of the spectrum at 4.5 MeV, cor
sponding to the longitudinal electric field of the linear mod
integrated overpzR .

Assuming that the simulation presented in Fig. 15 d
scribes correctly the experiment in terms of the ratio of
celerated electrons, we can deduce the EPW lifetime fr
the value of the electron beam current and from the num
of electrons detected in the PM1 both in the simulation and in
the experiment. This estimation leads to a duration close
ps. A simulation was performed with the code WAKE,25

with the experimental parameters of Table I. The EPW lo
gitudinal electric fieldEz calculated as a function of time, i
presented in Fig. 21. The deduced EPW lifetime is about
ps. The damping observed is correlated to the nonlinear
dial amplitude of the density perturbation.22

VI. CONCLUSION

We have demonstrated the acceleration of electrons
jected in an electron plasma wave excited by the laser w
field mechanism. 3 MeV electrons were accelerated wit
maximum energy gain of about 1.5 MeV, indicating an a
celerating longitudinal electric field of about 1 GV/m. A ta
was also observed in the higher energy channels. Measu

FIG. 19. 3D Monte Carlo simulation of the energy gain of 1000 injec
electrons as a function of their injection phasew in the EPW. The EPW
longitudinal size is limited topzR around the focal plane. The electron bea
emittance is the experimental one~30 mm310 mrad std. dev.!.

FIG. 20. Points: electron energy spectra obtained from the simulation
Fig. 19 ~1000 electrons!. Dotted line: in the 1D infinite plasma case~with
arbitrary units for the number of electrons!.
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the transmission through stainless steel filters in front of
electron detector, we proved that this tail was actually due
low energy deflected electrons. This background no
clearly correlated with the plasma wave excitation, can fa
high energy accelerated electrons signal in such an exp
ment. We have inferred the EPW lifetime to be 1–10 ps fro
the experimental data and the simulations. The shape of
electron spectra as well as the maximum observed en
gain ~1.5 MeV instead of 7.5 MeV estimated with a 1D ca
culation! were confirmed with 3D simulations, demonstra
ing that the electron beam focusing is modified by the stro
radial electric field of the plasma wave, a long distance
fore the accelerating region. In order to reduce this nega
influence, we propose the use of a gas jet to confine the E
longitudinal size to the length of efficient acceleration. Sim
lations confirm that the electron beam focusing as well as
maximum energy gain, are then improved.
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