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An electron plasma wavéEPW) has been excited by a short laser pulsel, 400 f$ 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 Physid$§1070-664X99)00107-X]

I. INTRODUCTION plasma pulsationn,, an EPW is resonantly excited. LBW
acceleration has been observed and studied in several experi-
The accelerating electric fieltbr gradient in conven-  ments with 1(Ref. 3 and 10um (Refs. 4—6 lasers. It has
tional radio frequency linear accelerators is limited to aroungygen experimentally demonstrated that this mechanism could

100 MV/m, partly due to heating or breakdown on the wallsy aftected by different saturation mechanisms: relativistic
of the structure. In order to accelerate electrons to very h'gr&etuniné or modulational instability

energies(>1 TeV) without building a too long and too ex- In the laser wake fieldLWF) approact?? a single short

pensive structure, it is necessary to develop new acceleraﬁqgser pulse excites the EPW: the ponderomotive force asso-

concepts providing a higher accelerating electric field. In this", d with the f hen th fthe | | h
context, plasma-based accelerators are of great interest bgated with the fronithen the regrof the laser pulse pushes

cause plasmas can sustain very high electric fields. Morf'e Plasma electrons in the forward directi¢then in the
precisely, the longitudinal electric field associated with anPackward direction The EPW excitation is the most effi-

electron p|asma Wav({PVV) can reach more than 100 GV/m cient when the laser pulse duration is of the order prll
with a phase velocity close to the speed of lightaking it~ This “quasi-resonance” is not as strict as the LBW reso-
very attractive for relativistic electron acceleratom sev-  nance. Moreover, the LWF EPW excitation is achieved in a
eral experiment$ such an EPW has been excited by an electime (lkwp) which is generally very short with regard to the
tron beam propagating in a plasma, but the gradients oktypical evolution time (by;) of the plasma iongwyi/w,
tained were relatively low(<30 MV/m). Tajima and =(Zm,/m;)"?<1, wherem, is the electron massy; the ion
Dawsorf proposed to use the ponderomotive force associateghass and the plasma ionization stateSo the LWF process
with a laser pulse to excite an EPW. Two mechanisms wergnhqouid not be affected by saturation as is LBW.

conﬁ_igerled. b BW hani . . Another regime, called the self modulated laser wake
e laser beat wavi.BW) mechanism consists in mix- ¢ (SMLWHF), has been considered recerifly!? An ul-

ng .tWO Ia_ser beams with d|ffere_nt pulsatlo_nsl a_nd @2 traintense laser pulse with duration longer thaal/can be
Their beating provides a modulation of the light intensity at . .
temporally modulated at the plasma pulsatieg via the

the pulsationw,= w;— w,. Whenwy, is equal to the electron
1070-664X/99/6(7)/2903/11/$15.00 2903 © 1999 American Institute of Physics
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stimulated Raman forwar¢and side scattering instability.
The EPW is then self-resonantly excited by this laser inten-
sity modulation. If the excited longitudinal electric field is
sufficiently high, plasma electrons can be trapped in the
EPW and accelerated to high energies as it has been ob-
served in recent experiments.l’ With the same laser pulse 0= w1-kz

duration, the SMLWF regime operates at higher density than

the “standard” LWF. The Lorentz factoy,= w/w, of the  FIG. 1. Depending of its relative phage=w,7—kyz with the EPW, an
EPW phase velocity is then lower, making this regime nmmjected electron is accelerated or deceleratedEpyand focused or defo-
well suited for high energy accelerators. Moreover, since inCUSEd Oy,
this case the EPW is generated by an instability, its phase

cannot be controlled.

LWF seems to be the best candidate for particle accelthe central wavelengtle; is the focal spot radius, angis the
eration to high energy. Within the last few years, the chirpedduration defined so that the laser intensisan be expressed
pulse amplificatior{CPA) techniqué® has allowed the devel- in the vicinity of the focus as
opment of sources delivering the ultrashort and intense laser ) )
pulses needed for LWF experiments. The first experimental | (Z1,1)=1 e "/ e (727"

Defocused | Defocused Focused Focused
Accelerated | Decelerated | Decelerated | Accelerated
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n. is the critical density at the laser wavelengthand\ , is
Fhe plasma wavelength\(,=2m/k,=2mc/w, since the

evidence for plasma wave generation by the LWF mecharnhe electron density perturbation excited by the pulse is then
nism was obtained in a strongly radial regime by H<';1mstergiven by
et al’® Recently, the excitation of radial EPW by LWF has
been extensively studied, using frequency domaindn dn, on,
interferometry?’~%2 Ne MNe  Ng

In this paper, we present the first experimental study of
LWF acceleration of injected electrons. Accelerated elec- Ap ? 1_ﬁ
trons were observed at the EPW output when the “quasi- To o2
resonance” condition was realized, confirming the LWF ac-
celeration mechanism. The experimental results wer&here
confirmed with three-dimension&BD) simulations, demon- | \/;
strating that the energy gain is affected by the EPW radial A= &(
electric field. c3ngm,

In previous LBW acceleration experiments, Clayton
et al. demonstrated that electrons could be deflected a rel
tively long time (a few nanosecondsfter the EPW excita- roup velocity of the laser pulse is very close ddn an
tion, by transverse electric and/or magnetic fields due to %nderdense plasma,<n,)
Weibel-like instability*® These deflected electrons can scat- The Iongitudinaleconiri.butiorﬁn corresponds to longi-
ter on the walls Of. the expen'mental chamber and fake accek’udinal electron oscillations. The Zelectric fiel, deduced
erated electron signals, as is pr.obably the case in the COBom én, by the Poisson equation is also longitudinal. The
tested results of Ref. 24. Thus, in our experiment, a spec afiial contributionén, corresponds to cylindrical electron
care was taken to Sep?ra‘e the _accelerate_zd electrons SI9%cillations associated with a radial electric field. These
from the background noise, both in the design of the eXPerig actric fields are given by
mental apparatus and in the data analysis.

E,=¢codwpt—kp2),

A r
E = f(—p> (—) Sin(wpt —kp2)
Il. LWF LINEAR MODEL mo)\o

with
Gorbunov and Kirsanov have developed a two-
dimensional (2D), nonrelativistic analytical model of the 2l a7 wpT 2 oD r20?
LWF.2 The plasma electrons are described by cold fluid &= edna |\ 2 e e ;
C

equations with the ponderomotive potential term induced by
the laser pulse spatial and temporal profiles. lons are awheree is the elementary charge.

sumed to be fixed during the EPW excitation. Equations are  Depending of its relative phasge=w,7—kyz with re-
solved assuming that the electron density perturbafionis  spect to the EPW, an injected electron is accelerated or de-
small compared with the equilibrium electron densigy(lin- celerated byE,, and focused or defocused By (see Fig. L

ear approximatiop and that the spatidtadia) and temporal Only a quarter of the EPW cycle is both accelerating and
parts of the ponderomotive potential can be separated. Thi®cusing (3m/2<e<2).

condition is achieved with a gaussian beam, since the Ray- The distinction between the radial and the longitudinal
leigh lengthzg=2ma?/\ (2 mm in our experimeftis much  regime of the LWF is often estimated by the raio, /&n,
longer than the pulse lengthr (of the order of 10Qum). \ is =()\p/mf)2. In an acceleration experiment, the important
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. . N ... FIG. 3. Amplitude of the longitudinal electric fiell,, as a function of
FIG. 2. LWF quasi-resonance. Amplitude of the longitudinal electric field én, Ing. Itis calculated at the quasi-resonance with the code WAKE and is

Emax associated with the EPW, as a function of the produgt (the laser normalized to its expressidh, ., obtained from the LWF linear model. The
duration is fixed). | . ) Zmax : .
aser energy is 3 J, its duration 350 fs FWHM and the electron mean density
is Ne=2.84x10%cm3. The different values ofsn, /n, are obtained by
varying the value of the laser focal spot radizs
parameters are the maximum amplitudes of radi&l .
reached at = ¢/+/2) and longitudinal £,y reached at
=0) electric fields. Their ratio is equal ta.f/ 7o)/ 2e. Assuming that the EPW is infinite in the longitudinal
Figure 2 representE,n, as a function of the product direction, the energy gaid W of an electron injected on the
w,7, With a given laser duratiom. It is maximum when the laser axis is limited bye E,maLy, WhereLq is the detuning
quasi-resonance condition,7=2 is realized. Becaus®, length of the electron. In the case of our experiment, Lorentz
= (nee?/mye) ™2, this condition can be satisfied by adjusting factor of the injected electrong,=6 was very small com-
the mean electron density,. At this quasi-resonance, the pared to the EPW Lorentz factor at the quasi-resonance
longitudinal electric field is given by =\p/\=215. Assuming that the electron velocity was con-
N2(um)l o 1018 W em™?) stant d_urlng t.he interaction and peg_lectmg defocu25|ng effects
[one dimensional(1D) casd, L is given byLy=yhp,=8

E yma GV/m) = 0.82

7(ps) mm2® In fact, the EPW was only existing in the region of
It is proportional to the laser enerdyy,s, and inversely pro- high laser intensity, i.e., typically over a lengitzg=6 mm.
portional to the square of the laser duration. The energy gain was then limited &F,,,72z=9 MeV. A

With our typical experimental parametefs=240 fs more precise value is obtained with a one-dimensional
(400 fs full width at half maximum—-FWHM o=18 um, Monte Carlo simulation of the electron trajectories in the
| max=4%10"Wcm 2], the above linear model leads to,  EPW electric field. The electric fiel&, is calculated from
=2.2x10"%cm™3 (electron density at the quasi-resonance the LWF linear model. To describe the longitudinal depen-
Ap=225 pm, dn,/ne=11%,E,=15 GVIm, §./n,  dence of its envelope, the laser beam is assumed to be gauss-
=175%,E,ma=2.6 GV/m, and én,/5n,=16, indicating ian. The intensity around the focus plare O is given by
that the EPW excitation occurs mainly in the radial regime:
the transverse field is stronger than the longitudinal electric |, = | max
field. The relative density perturbation is well above the lin- 1+ (2/zg)?
ear approximation given bgn/n.<1. In order to check the
validity of the linear expression for the longitudinal electric
field E,, numerical simulations were performed with the
fully relativistic 2D (cylindrical) particle code WAKE?® The EAz1)
parameters were close to the experimental valggs=3 J,
350 fs FWHM, and the corresponding mean electron densityn the simulation, 1000 electrons are injected with an uni-
at the quasi-resonance=2.84x 10cm 3. The calculation  form phase distribution. Figure 4 shows the energy gaiv
was performed for different values @f, inducing different  calculated as a function of the injection phaseAccelerat-
values ofén, /n,. Figure 3 shows the amplitude of the cal- ing and decelerating phases are well delimited. The maxi-
culated longitudinal electric fiel#,;,, normalized to the lin- mum energy gain is aboltW,,,,=7.5 MeV.
ear model expressida, .y, as a function obn, /ng (én, /ng
is est_|mated with the Imegr modelThe Iongnudmal electr_lc Il EXPERIMENTAL SETUP
field is observed to be in good agreement with the linear
value for én,/n,<2 (corresponding tasn,/n.<0.2). Be- The experimental setup was based on the existing facil-
yond this value, the nonlinearities of the EPW induce theity already used for LBW experiments. It is exhaustively
relative decrease of the longitudinal electric field. With adescribed in Ref. 27. The modified setup used in the experi-
higher energy(10 J, the transition between these two re- ment which we present in this paper, is sketched in Fig. 5.
gimes is still observed close tén,/n.=2 (corresponding The laser beam was focused into a gas vessel and created a
then toén,/n,<0.4). These simulations show that the LWF plasma close to focus. The electron beam was injected into
linear model is valid for our experimental parameters. the gas vessel through a thin aluminum window, and was

and the longitudinal electric field is

Ezmax
= ——coq w,t—k,2).
1+ (2/zg)? dopt~ko?)
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8 logical digital converter (ADQ. Several channels were also
recorded on an oscilloscope. The voltage of the PMs was
adjusted so that the calibration factor was equal to 2.5 ADC
counts per electron. The duration of the ADC gate was set to
20 ns.

We used the laser beam from the Laboratoire pour
I'Utilisation des Lasers Intensg&ULI) 100 TW laser sys-
tem delivering chirped pulses with 500 ps FWHM duration,
and a central wavelength=1.057 um. During this experi-

0 ! 2 3 4 5 6 ment, the laser energy was limited to 10 J. The laser beam
¢ (rad) was imaged via a 190 m long vacuum pipe, from the laser
FIG. 4. 1D Monte Carlo simulation of the energy gaik of 1000 injected ~ 00M 1O the Laboratoire des Solides Irrali¢.SI) experi-
electrons as a function of their injection phasevith respect to the EPW. mental room located near the electron source. The laser pulse
The EPW electric field i'S give.n by the linear model with the experimental\ygs Compressed just before focusing in the gas Vdﬁwl
\?V?tfonaftgsv\;’;:ﬁiokg;p‘lj:rf]'g_e‘j as the phase the electron would haVelas;er compressor is not represented in Fig.A6small frac-
tion of the energy(2%) was taken at the compressor output
and sent to a single-shot second-order autocorrelator. The
focused on the laser focal plane by a triple focusing magnetneasured pulse duration was about 400 fs FWHM with an
The two beams were precisely monitored and overlapped bynportant shot-to-shot fluctuatioffrom 300 fs to 1 ps
placing a thin aluminum foil at the focal plane and by look- FWHM). The laser beam was focused with a 1.4 m focal
ing at the optical transition radiation of the electron beamlength 30° off-axis parabola. The laser beam focal spot was
and at the laser beam scattering. The momentum of the agmaged on a charge coupled devi€CD) camera. Figure 6
celerated electrons was analyzed with a quadrupole-dipolshows a focal spot measured in vacuum. The corresponding
magnetic spectrograph. horizontal (c) and vertical ¢) radii areocy=20 um and

The electron beam was provided by a Van de Graaffo,=12 um at 1€ of the laser intensity. This is close to the
accelerator, with a total energy of 3 Mdle., kinetic energy diffraction limit o =11 um calculated for the 80 mm di-
of 2.5 MeV). The bunch duration was 0.4 ms with a peakameter homogeneous beam and the 1.4 m focal length. The
current of 3.15:15 uA, corresponding to about 2000 elec- ellipse defined by these radiarea equal to Z2oyoy) con-
trons per picosecond. Considering that the EPW lifetime igains 50% of the total energy. After accounting for the dif-
typically of the order of 1 ps, the number of acceleratedferent losses induced by the laser transport inside the pipe,
electrons is quite low. The detectors used were sensitive tthe temporal compression and the focusing, the final energy
single electrons. The nonaccelerated electrons were sent in&vailable in the interaction area was closétg=1.5 J. The
a beam dump. The accelerated electrons were counted inestimated laser intensity at focus was then typicdjly,
detector with 17 channeléndexed byi=1-17), allowing  =4X 10" W cm 2. Under vacuum, the beam was imaged on
detecting from 3.3 to 5.9 MeV total energy. Each channelthe focal spot monitor at different planes along the longitu-
was composed of a scintillator connected to a photomultidinal axis. From these measurements, the Rayleigh length
plier (PM). The photomultiplier signal was stored on an ana-was estimated to bey= 2.0+ 0.3 mm(the laser intensity on

AWMeV)

detector:
17 (scintillator
+ photomultiplier)

electron
spectrograph

injection magnet
FIG. 5. Experimental setup.

focal plane to optical

diagnostics

laser beam

entrance
window A

electron beam
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FIG. 7. Oscilloscope trace of the BRMoutput signal during a “laser-
> electron-gas” shot. The shaded zone indicates the ADC temporal gate of
horizontal integration(20 ng.
horizontal lineout vertical lineout .
200 ———————— — length\ ;=225 um, the plasma perio@,= 27/ w,= 750 fs,
and the EPW Lorentz factoy,=215. The experimental pa-
E BT 17 ] rameters are reported in Table .
S wof 4 1 _
8 IV. EXPERIMENTAL RESULTS
o 0r 10T 7 .
We observed a signal on the electron detector on more
0 1 1 I 1 1 ol 1 L

o 0 S0 0 3 100 150 1% 100 50 0 50 100 150 than 200 shots. In order to check the temporal behavior of
position (um) position (um) the electron signal, some PMs (RNPMg, and PM,) were
read both by an ADC and a fast oscilloscope. Figure 7 shows
FIG. 6. Image of the laser focal spot, horizontal and vertical lineout.  gp oscilloscope trace recorded on PMiring a typical shot
with laser, electron beam and He gas. Two different compo-
nents are clearly separated. The short par2Q ns, i.e.,
the laser axis is divided by 2 after a propagation oggr <ADC gate of this trace is synchronized with the laser
from the focal plang plasma interaction. It was only observed in presence of the
The experiment was performed focusing the laser in Hdaser, the electron beam and with He gas not too far from the
gas at different pressur¢®—4 mbay. The Hé" ionization  quasi-resonance pressure. That is in agreement with the ex-
intensity threshold is about W cm™2 (Refs. 28, 29 and  citation of a large EPW. The other part of the trace contrib-
so, the interaction area can be considered as fully ionizediting to the ADC integrated signal is continuous over the
For pressures below 4 mbar, we observed that the ionizatioritme scale of the detection. It was only observed in presence
induced refraction does not affect significantly the laserof gas. However, it was also observed in the absence of a
beam focal spot. From the laser duration vald4®0 fs laser pulse. Hence, it was only a product of the electron
FWHM), the LWF quasi-resonance is obtained fe=2.2  scattering in the gas. This “gas” background noisgas”
X 10%cm™3, corresponding to 0.45 mbar of He gas. TheBG noise was separately and quantitatively studied as a
parameters associated with the EPW are: the plasma wavéinction of He gas pressure, averaging 200 electron ghots

TABLE I|. Experimental parameters.

Electron beam injected Laséypical data
Total energy 3 MeV Wavelength 1.05#m
Lorentz factor 6 Energy in focus 157
Bunch duration 0.4 ms DuratiofFfWHM) 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 27um horizontal 21um
vertical 24 um vertical 14um
Peak current 31mA Maximal intensity 4< 10" Wem™2
Plasma & EPWat LWF quasi-resonange Electron detection
Electron mean density 2210 cm™2 Number of channels 17
Lorentz factor 215 Energy randeot. energy 3.3-5.9 MeV
Plasma wavelength 22Bm
Plasma period 750 fs
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FIG. 10. Transmission factors of stainless steel filters measured on several
channels as a function of the filter thickness. The lines are issued from a
simulation described in the text. The nominal energy of;Pivesp. PM) is

5.14 MeV (resp. 3.37 MeV.

"\ diffusion in the gas

L—"

FIG. 8. “Gas” background noise source. A nondeflected 3 MeV electron
goes into the dumfdashed ling If the electron is deflected in the gas, it can tion. In the low energy rangérom 3.3 to around 4.5 Me)/

impact on the flange of the bottle neck of the dump and then be backscathe number of electrons is well fitted by a decreasing expo-
tered with a lower energy and give a signal on the detetdrlines). nential function. The associated slope was found equal to
—4.4+1.1MeV 1, for all the shots aroun#,=1.5 J with

10 H2 for each pressure value. For a given pressure, wéufficiently high signal. In the higher energy range4.5
observed that the gas electron spectitigas” BG noise as MeV), a tail was observed with a structure similar to the
a function of the channel numbesresented a very repetitive Subtracted “gas” BG noise. To check the actual energy of
and relatively flat structure. Inserting stainless steel filters ofh® detected electrons, stainless steel filters with different
different thicknesses in front of some channels, and COmpali;h|cknesses were inserted in front of several channels. Figure
ing the observed transmission factor with the one calculated® Shows the transmission factors measured as a function of
with the code EGS4Electron Gamma Showgi° the “gas” the filter thickness, as well as the transmission factors calcu-
BG noise electron mean energy was estimated to be 2 Me\fated with the code EGS4Ref. 30 for different electron
independent of the channel number. This BG noise was ozNergies. In the low energy range, the energy deduced from
served to increase linearly with the He gas pressure with 1€ transmission was in good agreement with the nominal
slope of & /mbar. Itis caused by electrons deflected at loweN€rgy of the corresponding channel, confirming the LWF
angle in the gas, that impact on the flange of the bottle necklectron acceleration. However, the high energy tail was pro-
of the dump(see Fig. 8 Part of these electrons are back- duced by low energy electrons. The estlmgted energy of
scattered, re-enter the magnetic field of the spectrograph, aff€se €lectrons is around 2 MeV, corresponding to the mean
fly back into the detector. A numerical estimation of the €nergy of the “gas” BG noise electrons. This low energy

amplitude of this noise was given in Ref. 27 and found to beSignal(in the high energy channglwas observed into the 20
in agreement with our measurements. ns ADC gate and only for shots with accelerated electrons,

For all the “laser-electron-gas” shots around the quasi-that is in correlation with strong EPW excitation. Thus, we

resonance condition, electron signal was observed in exce§8!l it "EPW” BG noise. The deflection of the electrons by
of the “gas” BG noise. Figure 9 shows a typical electron the EPW associated fields occurs in the electron focal plane,

spectrum(*EPW signal”) obtained after the noise subtrac- Which is also the plane imaged by the magnetic field of the
electron spectrograph on the detector input plane. A collima-
tor placed at the entrance of the spectrograph stops the elec-
trons defected at angles larger than its angular acceptance.
But some of the deflected electrons can scatter at the edge of
the collimator, and impact on the flange of the bottle neck of
the dump(see Fig. 11 Hence, the “EPW” BG noise pro-
duces the same structure and the same mean energy as the
. I “gas” BG noise. This interpretation was confirmed by plac-
1}1 ing a thin Al foil (11 um) at focus, under vacuum. The
1 I I recorded electron spectrum associated with the electron

) S EEEE FE S T FE 6 beam deflection on the foil always reproduced the same
3 35 443 5 53 é structure. The “EPW” BG noise level is too high to be due

energy (MeV) only to the electrons deflected by the transverse electric field

FIG. 9. Electron spectrum of a typical shot. The low energy points are fitted®f the_ EPW, bgcause of its shaps) “_fetime, and because of
by a decreasing exponential. the high rejection power of the collimator systéfrgs dem-
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FIG. 13. Experimental electron spectra obtained wiR=0.25, 0.5,
and 2 J.

focal plane

Fig. 2 indicates that the maximum value of the EPW longi-
tudinal electric field at the quasi-resonance is proportional to
Ej.s/ 7. The important fluctuation on the laser pulse duration
collimator (300 fs to 1 ps FWHN!leads to the dispersion of data points

, in the plot, more than the fluctuation on the laser endzgy
FIG. 11. “EPW” background noise source. Electrons deflected at the focal

plane are imaged into the dump or stopped by the collim@ashed lines (1-2 ). This could be also a result of a lack of overlapping

A few of them scatter on the edge of the collimator, and then impact on thf the electron and laser beams.

flange of the bottle neck of the dump as is the case Fig. 8 for “gas” Electron spectra were measured with different laser en-

BG noise electrangfull lines). ergies: 0.25, 0.5, and 2 (bee Fig. 13 The slope of the
exponential fit is observed to increagegative valugswith

onstrated by the low noise level induced by the foil. A long the laser energy, as well as the number of electrons detected.
term (ng) effect like the Weibel instability, as previously ob- "€ maximum value of the energy gaiiV,,s exhibits the
served in Ref. 23 is a good candidate to explain this BG. expected behavior of the LWF linear model.

Due to this “"EPW” BG noise, we cannot measure pre-
cisely the maximal energy gaiAW,,,, of the accelerated V. SIMULATIONS AND DISCUSSION

electrons for a given electron spectrum. Thus, we have de- |n order to understand the shape of the electron spectra
fined the maximum energy gaitWo,s as the value of the g the relatively low maximum energy gaih.5 MeV in-
energy gain for which the decreasing exponential fit goegtead of 7.5 MeV predicted by a 1D calculation using the
down to one electron. Since the slope of this fit was observeg\yg |inear mode), different numerical simulations were
to be constant for all shots arouritls=1.5 J, AWops WaS  performed. We expect an important effect from the radial
directly correlated to the signal observed on the,PRbr all  electric fieldE, . In a first step, we have calculated the 3D
these shots, the PiMsignal is plotted in the Fig. 12 as a rajectories of the injected electrons in the longitudinal and
function of the produciw,r. w, is calculated from the He ragja| electric fields of the EPW. These fields were obtained
gas pressure, assuming a fully ionized pIaSI?n_B- obta}lngd from the LWF linear model and from our typical experimen-
from the single-shot autocorrelator traces. This plot indicategy) parametergsee Table )l A Monte Carlo generator was
that the maximum signal could be reached only around thgiseq to create 1000 electrons with uniform distribution of

quasi-resonance conditiom,7=2. The corresponding en- jnjection phasep in the EPW. Figure 14 shows the energy
ergy gain was\W,,= 1.5 MeV. The linear modecf. Il and

200 [ T T T I T T T T T T T T T T T T B
L 7 <
72} - -
S 10 M — §
= N ~$ . a ~
N - . . 1
2 5 : B £
© a0 e wenet . 7 60
k) | S . ] B
' - e 2w 4 oo
5} C . ] 3}
"g 50 — ® e e * : - S
= C . . . . ] 5 1 1 1 1 L I
= C ¢ 7 }
C . . 1 0 1 2 3 4 5 6
oL &1 [ EERTY R T NSO O MR N 2 R SR . . h d
o 5 4 B s 10 injection phase (rad)
o7 FIG. 14. 3D Monte Carlo simulation of the energy gain of 1000 injected

electrons as a function of their injection phagein the EPW. Curve a:
FIG. 12. Signal observed on the first channel (PMs a function of the  electron beam on axi€lD limit). Curve b: small emittance electron beam
measured produci,7. All shots performed with a laser energy around (30 nmx10 urad std. dey. Curve c: real emittance electron bed80
E..s= 1.5 J are reported. umX10 mrad std. dey.
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FIG. 15. Electron energy spectra obtained from the simulations of Fig. 12

(1000 electrons Dotted line: in the 1D caséwith arbitrary units for the  FIG. 16. Experimental electron spectra obtained véth=0.25, 0.5, and 2
number of electrons Points: in the real emittance caditted by a decreas- J (full lines), compared to the corresponding simulated spetdieshed
ing exponential function lines).

gain AW at the plasma output as a function gffor differ-  same method as for the experimental spectra is around 1.5
ent electron beam emittances. Curve a is obtained with aMeV. But, we note that the definition of the maximum en-
electron beam on axis, that is nonaffected by the EPW radiadrgy gain obtained with this method depends a lot on the
electric fieldE, . This is the simulation already presented in number of electrons simulated. Indeed, in the limit of an
Fig. 4, which gives a maximum energy gain of 7.5 MeV. infinite number of simulated electrons, some electrons are
Curve b shows that even with a very small electron beanexactly on the axis and can be accelerated to the maximum 1
emittance (10° of the real emittande the energy gain is D value of 7.5 MeV. Simulations were performed with the
affected byE,. In the focusing phase domain &, the three different laser energies associated with the spectra pre-
energy gain is the same as in 1D simulation. But in thesented in Fig. 13. The electron spectra calculated are re-
defocusing phase domain the electrons are deflected from thmorted in Fig. 16, along with the experimental values. A
laser axis and go out of the accelerating region, decreasingood agreement is observed between the calculations and the
their energy gain. Curve c is obtained with the experimentakxperimental data. In the case®Bf.=2 J, the “EPW” BG
emittance. It shows that even in the focusing phase domaimoise is important and contributes to the apparent difference
the energy gain is lower than in the 1D case. between the two spectra.

The energy spectrum deduced from the 1D calculated is  Another simulation was performed, using the code
plotted in Fig. 15. The maximum energy gain is well definedWAKE?® to calculate the EPW excitation and its evolution,
with the end of the spectrum at 7.5 MeV. The energy specusing the experimental parametésee Table)l As in the
trum corresponding to the real emittance simulation is plot-above simulations, 1000 electrons with a real emittance were
ted on this same figure. It decreases exponentially with @jected in the EPW. The electron spectrum obtained is also
slope of —6.1 MeV 1, in good agreement with the experi- very similar to the experimental one. Figure 17 shows the
mental data. The maximum energy gain estimated with theimulated evolution of the radial size of an electron bunch

10 zp before 10zp after
focal plane
the focal plane the focal plane

300
um
g
FIG. 17. Evolution of an electron bun¢B ps duration
* focused either under vacuufhottom or in the EPW
. (top): 10z before the focal plane, at the focal plane,
and 1@ after the focal plane. The longitudinal coordi-
nate is the longitudinal position under the 3 ps bunch.
300
pm
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injected in the EPW, compared to the vacuum cése, : ! 0003 7 ' ' ]
without EPW. The electron bunch duration is 3 psorre- N MY/ b tonin
sponding to four plasma periods at the LWF quasi- y o
resonance Under vacuum, the electron bunch is focused —
with a radius around 2m (std. dev). The radius increases = °f T 7TTTg
as the bunch leaves the focal plane. Its radius; Xiter the 2Ly magnified
focal plane is the same as thatzg®efore. In presence of the L p o DyRfenio
EPW, due to the strong radial electric field, the electron 6 F
bunch cannot be as well focused as under vacuum: its focal a0 8 6 4 -
plane radius is increased by a factor 5. Moreover, the elec- /7,

tron beam explodes at the plasma output.

A simple analytical modét describes the motion of an FIG. 18. Electron trajectorie's simulat_ed with a Iinegr modeI_EPW. Initially,
electron in_ an EPW with an infinite longitudinal dimension. 22355‘3’“;?%pégi??éiﬁ:gnsz%V;'tgl::'veelisiir ;’)(t';r?;g \?V'if;a[‘hc: 2;38 nm
Electrons in the defocusing phase are soon affected by thgngitudinal size limited torz, around the focal plané.e., the EPW elec-
EPW radial electric fielde, and are expelled from the laser tric fields are set to zero out of the regienmzg/2<z<wzg/2). The corre-
axis before entering the accelerating regiohthe order of sponding output energy gains_, are reported on the trajectories. The acceler-
wzg). The electron evolution in the focusing phase can b fl??sri?s'ﬁnrgegﬂiﬂ by alongitudingksp. transvers@xtend ofrzg (resp.
understood in three steps: a drift in free space, an “adia- P '
batic” region where the electron is trapped By and then
another drift. The trapping b, occurs when the longitudi- axis before entering on accelerating zone. Typical electron
nal relative amplitudesn,/n, reaches the critical valué, trajectories were calculated using a linear model EPW and
= ye(0/2g)%2=2x10"* in our case(c is the laser focal our experimental parameterfsee Fig. 18 The electron
spot radius at ® of the intensity. That is at the distance, phase injection corresponds to 2 rad at the focal plagae 2
before the focal plane given by rad in Fig. 14, which is a focusing phase of the radial elec-

; ] tric field E, at this point. If the electron is close to the laser

Ze=Zp\ /M_ 1~Zg /M axis (curve g, its trajectory is not significantly modified by

¢ 28 E,, and its energy gain is higf6.7 MeV). If the electron is
assuming a Gaussian laser beam. Sifitg,.,/n, is close to  Injected 30um from the laser axigcurve b, a fewzg before

0.1 (i.e., 10%, the trapping occurs around 20before the the focal plane the electron is in a defocusing phasg,of
focal plane, that is well before the accelerating regite The electron is then deflected from the laser axis and miss
efficient accelerating length is aboutzg). After the trap-  the accelerating field, inducing a very low energy ga@ii005
ping, the electron oscillates rapidly iB,, modifying the MeV).

electron beam focusing. The electron beam radiysstd. In order to increase the experimental energy gain to the
dev) at the focal plane can be estimated by 1D value with the same laser beam, various solutions can be

proposed. The best proposal is to reduce the electron beam
Teo 4 [0Ngmax/Ne radius near the focal plane, in order to confine the electrons
‘Te:B_*(ZR T) in the accelerating zone. The first solution would consist in
using a more energetic electron beam. The critical value
whereo is the corresponding radius under vacuum, gid  of the longitudinal relative amplitude would increase, and so
is the electron beam betatron function at focus under vacuurthe betatron oscillations due to trapping in the EPW would
(2 mm in our experiment From this expression and the occur closer to the focal plane, where the electron beam ra-
experimental parameters, we deduce thatis approxi- dius would already be small enough. Moreover, due to the
mately equal to b, i.e., around 125um, in good agree- higher velocity of the electrons, the variation of their phase
ment with the value obtained in the simulation presented inn the EPW fields during the propagation would be lower.
Fig. 17. Due to these oscillations on a transverse dimensioblsing the simple model of referenéereducing the trapping
larger than the transverse dimension of the accelerating arefistancez, to wzg/2 would require in our experiment to in-
(i.e., o around 17um), the electron is not so exposed to the ject a 375 MeV electron beam. Another solution would sim-
accelerating field as it would be the case without the radiaply consist of reducing the EPW longitudinal dimension to
electric fieldE, , leading to a lower energy gain. the efficient acceleration lengthzg. This can be done, for
The E, effect on an electron trajectory is actually more example, by using a gas jet with an appropriate density pro-
complicated. In the previous simple model, the electrorfile dimension. Then the electron beam would not be affected
phase in the EPW is considered not to change during itby the EPW radial electric field before the accelerating re-
propagation in the EPW electric fields. In the case of oumgion. Curve ¢ in Fig. 18 shows an electron trajectory calcu-
experiment,y,= 6<y,=215, so that the electron phase in lated with the same parameters than curve b, but with an
the EPW decreases typically byradians after a propagation EPW longitudinal dimension limited torzg. It clearly
over 4zg. Even if the electron is in a focusing phase at theshows thati) the electron enters and stays in the accelerating
focal plane, it is not the case a feay before the focal plane zone,(ii) its energy gain is quite highéf.95 MeV) than in
where the effect of the radial electric field is already influ-the nonlimited EPW case. In the same conditions, Fig. 19
ential. The electron can then be strongly expelled from theshows the energy gain obtained as a function of the electron

y/o
T
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FIG. 19. 3D Monte Carlo simulation of the energy gain of 1000 injected

electrons as a function of their injection phagen the EPW. The EPW £ 1 Epw longitudinal electric fiell, calculated at the focal plane and

longitudinal size is limited tarzg around the focal plane. The electron beam o, the Jaser axis, as a function of time. This calculation was performed with

emittance is the experimental of80 xmx10 mrad std. dey. the code WAKE and the experimental parameters given in Table I. The time
origin corresponds to 0.55 ps before the laser intensity maximum.

injection phase. The simulation parameters are the same as

for Fig. 14(curve 9. The effect of the radial electric field on the transmission through stainless steel filters in front of the
the injected electrons is observed to be clearly reduced. Thelectron detector, we proved that this tail was actually due to
corresponding electron spectrusee Fig. 2is closertothe |ow energy deflected electrons. This background noise,
1D spectrum. Moreover, the maximum energy gain is Wellclearly correlated with the plasma wave excitation, can fake
defined with the end of the spectrum at 4.5 MeV, corre-high energy accelerated electrons signal in such an experi-
Sponding to the Iongitudinal electric field of the linear model ment. We have inferred the EPW lifetime to be 1—10 ps from
integrated overrzg. the experimental data and the simulations. The shape of the
Assuming that the simulation presented in Fig. 15 de-lectron spectra as well as the maximum observed energy
scribes correctly the experiment in terms of the ratio of acgain (1.5 MeV instead of 7.5 MeV estimated with a 1D cal-
celerated electrons, we can deduce the EPW lifetime fromgulation were confirmed with 3D simulations, demonstrat-
the value of the electron beam current and from the numbehg that the electron beam focusing is modified by the strong
of electrons detected in the RMoth in the simulation and in  radial electric field of the plasma wave, a long distance be-
the experiment. This estimation leads to a duration close to fore the accelerating region. In order to reduce this negative
ps. A simulation was performed with the code WARE, influence, we propose the use of a gas jet to confine the EPW
with the experimental parameters of Table |. The EPW lon{ongitudinal size to the length of efficient acceleration. Simu-

gitudinal electric fieldE, calculated as a function of time, is |ations confirm that the electron beam focusing as well as the
presented in Fig. 21. The deduced EPW lifetime is about 1@naximum energy gain, are then improved.

ps. The damping observed is correlated to the nonlinear ra-
dial amplitude of the density perturbatiéh. ACKNOWLEDGMENTS

VI. CONCLUSION It is a pleasure to acknowledge the help from the tech-
. _nical staff of the Laboratoire pour I'Utilisation des Lasers
We have demonstrated the acceleration of electrons IMhtenses(LULI), Laboratoire de Physique Nueiiee et des
jected in an electron plasma wave excited by the laser Wakﬁautes Energieé_PNHE), Laboratoire des Solides Irradie
field mechanism. 3 MeV electrons were accelerated with RLSI), and Commissariat BEnergie Atomique(CEA/DSM/
maximum energy gain of ab_ou_t 1.5 MeV, indicating an 4C"DAPNIA-SEA) for this experiment. This work has been par-
celerating Iongltudm_al elect_nc field of about 1 GV/m. A ta|l_ tially supported by Ecole Polytechnique, Institut National de
was also observed in the higher energy channels. Measunqghysique Nudlaire et de Physique des Particul¢N2P3),

Centre National de la Recherche Scientifif@NRS-SPJ,

AT T[T T [T T[T T[T [T 777 and bythe European UnlOfEU) Large FaCIIIty Program
2 L ] under Contract No. FMGE CT95 0044. The work of A. So-
% 100 g 5 lodov was supported in part by the Russian Basic Research
< K3 = Foundation(Grant Nos. 96-02-19482 98-02-17205
K R
R
_03 e S A EBI T T E E. Esarey, P. Sprangle, J. Krall, and A. Ting, IEEE Trans. Plasma8&ci.
g s I 3 252 (1996.
= L I ] 2T. Tajima and J. Dawson, Phys. Rev. Lel8, 267 (1979.
| [ERNANRNEE RERE1 xR « JSARNARRRRARRRNARNRY! SE, Amiranoff, D. Bernard, B. Cros, F. Jacquet, G. Matthieussent, J. R.
34 5 6 78 9 10 11 Marques, Ph. Mine P. Mora, A. Modena, J. Morillo, F. Moulin, Z.
energy (MeV) Najmudin, A. E. Specka, and C. Stenz, IEEE Trans. Plasma28cR96
(1996.
FIG. 20. Points: electron energy spectra obtained from the simulations of'Y. Kitagawa, T. Matsumoto, T. Minamihata, K. Sawai, K. Matsuo, K.
Fig. 19 (1000 electrons Dotted line: in the 1D infinite plasma cageith Mima, K. Nishihara, H. Azechi, K. A. Tanaka, H. Takabe, and S. Nakai,
arbitrary units for the number of electrons Phys. Rev. Lett68, 48 (1992.

Downloaded 07 Sep 2005 to 130.159.248.44. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 6, No. 7, July 1999

5C. E. Clayton, K. A. Marsh, A. Dyson, M. Everett, A. Lal, W. P. Leemans,
R. Williams, and C. Joshi, Phys. Rev. LetD, 37 (1993.

5N. A. Ebrahim, J. Appl. Phys76, 7645(1994).

’F. Moulin, F. Amiranoff, M. Laberge, J. R. Margse B. Cros, G.
Matthieussent, D. Bernard, F. Jacquet, Ph. MikeSpecka, C. Stenz, and
P. Mora, Phys. Plasmds 1318(1994.

8L. M. Gorbunov and V. I. Kirsanov, Zh. Eksp. Teor. FB3, 509 (1987.

°p. Sprangle, E. Esarey, A. Ting, and G. Joyce, Appl. Phys. B8{2146
(1988.

1ON. E. Andreev, L. M. Gorbunov, V. I. Kirsanov, A. A. Pogosova, and R.
R. Ramazashvili, JETP Leth5, 571(1992.

1T, M. Antonsen and P. Mora, Phys. Rev. L8, 2204(1992.

12p, sprangle, E. Esarey, J. Krall, and G. Joyce, Phys. Rev. 6t2200
(1992.

13A. Modena, Z. Najmudin, A. E. Dangor, C. E. Clayton, K. A. Marsh, C.
Joshi, V. Malka, C. B. Darrow, C. Danson, D. Neely, and F. N. Walsh,
Nature(London 377, 606(1995.

14C. A. Coverdale, C. B. Darrow, C. D. Decker, W. B. Mori, K. C. Tzeng,
K. A. Marsh, C. E. Clayton, and C. Joshi, Phys. Rev. L&#, 4659
(1995.

15K. Nakajima, D. Fisher, T. Kawakubo, H. Nakanishi, A. Ogata, Y. Kato,
and Y. Kitagawa, Phys. Rev. Leff4, 4428(1995.

18D, Umstadter, S.-Y. Chen, A. Maksimchuk, G. Mourou, and R. Wagner
Science273 472(1996.

D. Gordon, K. C. Tzeng, C. E. Clayton, A. E. Dangor, V. Malka, K. A.
Marsh, A. Modena, W. B. Mori, P. Muggli, Z. Najmudin, D. Neely, C.
Danson, and C. Joshi, Phys. Rev. L&, 2133(1998.

18D, Strickland and G. Mourou, Opt. Commus6, 219 (1985.

19H. Hamster, A. Sullivan, S. Gordon, W. White, and R. W. Falcone, Phys

Rev. Lett.71, 2725(1993.

Downloaded 07 Sep 2005 to 130.159.248.44. Redistribution subject to Al

Acceleration of injected electrons in a laser wakefield 2913

203, R. Marqus, J. P. Geindre, F. Amiranoff, P. Audebert, J. C. Gauthier, A.
Antonetti, and G. Grillon, Phys. Rev. Left6, 3566(1996.

2lc. W. Siders, S. P. L. Blanc, D. Fisher, T. Tajima, M. C. Downer, A.
Babine, A. Stepanov, and A. Sergeev, Phys. Rev. Z&t3570(1996.

223, R. Marqus, F. Dorchies, F. Amiranoff, P. Audebert, J. C. Gauthier, J.
P. Geindre, A. Antonetti, T. M. Antonsen, Jr., P. Chessa, and P. Mora,
Phys. Plasmas, 1162(1998.

C. E. Clayton, M. J. Everett, A. Lal, D. Gordon, K. A. Marsh, and C.
Joshi, Phys. Plasmds 1753(1994.

24M. Kando, H. Ahn, H. Dewa, H. Kotaki, H. Nakanishi, A. Ogata, T. Ueda,
M. Uesaka, T. Watanabe, and K. Nakajima, Phys. Rev. (stthmitted.

25p_ Mora and T. M. Antonsen, Jr., Phys. Plasmag17 (1997.

26p, Mora and F. Amiranoff, J. Appl. Phy66, 3476(1989.

27, Amiranoff, J. Ardonceau, M. Bercher, D. Bernard, B. Cros, A.
Debraine, J. M. Dieulot, J. Fusellier, F. Jacquet, J. M. Joly, M. Juillard, G.
Matthieussent, P. Matricon, Ph. MinB. Montes, P. Mora, R. Morano, J.
Morillo, F. Moulin, P. Poilleux, A. E. Specka, and C. Stenz, Nucl. In-
strum. Methods Phys. Res. 263 497 (1994.

28M. V. Ammosov, N. B. Delone, and V. P. Krainov, Sov. Phys. JE#P
1191(1986.

,2°S. Augst, D. Strickland, D. D. Meyerhofer, S. L. Chin, and J. H. Eberly,

Phys. Rev. Lett63, 2212(1989.

30See National Technical Information Service Document Nr. DE86007398
W. R. Nelson, H. Hirayama, and D. W. O. Rogéefge EGS4 code system
SLAC report 0265, Dec. 1985, p. 398. Copies can be ordered from the
National Technical Information Service, Springfield, VA 22161.

31D, Bernard, Nucl. Instrum. Methods Phys. Res420, 418 (1998.

P license or copyright, see http://pop.aip.org/pop/copyright.jsp



