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Observation of Laser Wakefield Acceleration of Electrons
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The acceleration of electrons injected in a plasma wave generated by the laser wakefield mechanism
has been observed. A maximum energy gain of 1.6 MeV has been measured and the maximum
longitudinal electric field is estimated to 1.5 @w. The experimental data agree with theoretical
predictions when 3D effects are taken into account. The duration of the plasma wave inferred from the
number of accelerated electrons is of the order of 1 ps. [S0031-9007(98)06766-0]

PACS numbers: 41.75.Lx, 52.35.—g, 52.40.Nk, 52.75.Di

The generation of large amplitude electric fields intivistic detuning [5] or modulational instability [3]) as is
plasmas by high-power lasers has been studied for severlaBWA, and operates at low density, whetg, can be
years in the context of high-field particle accelerationquite high. The excitation of radial EPW by laser wake-
[1]. The ponderomotive force of the laser excites afield has already been observed by two-pulse frequency-
longitudinal electron plasma wave (EPW) with a phasedomain interferometry [17,18].
velocity close to the speed of light [2]. Two mechanisms In this Letter, we present the first observation of LWFA
have been considered to excite the EPW. of injected electrons. A particular emphasis has been given

In the laser beat wave acceleration (LBWA) approachto the separation of the signal from the background (BG)
the beating of a two frequency laser creates a modulationoise in the design of the experimental apparatus [19]
of its intensity. When the frequency difference is equal toand in the analysis of the data. In the case of LBWA
the natural oscillation frequency of the plasma electrongxperiments, Claytoat al. have shown that magnetic and/
w,, an EPW is excited resonantly. This can lead to larger transverse electric fields, due to a Weibel-like instability
amplitude electric fields. A precise tuning of the electron[20], still exist in the plasma a long (a few nanoseconds)
density is therefore mandatory in LBWA experiments.time after the excitation of the EPW. Electrons deflected
LBWA has been extensively studied during the 1990'sby such fields can scatter on the walls of the vacuum
with 1 wm [3] and10 um [4—6] lasers. chamber and provide a spurious signal, as is possibly the

In the “standard” laser wakefield acceleration (LWFA) case in [21] and in the surprising result of [22].
approach, a single short laser pulse excites the EPW The transverse and longitudinal components of a linear
[2,7,8]. As the ponderomotive force associated with theEPW created by laser wakefield, for a laser beam with a
longitudinal gradient of the laser intensity exerts twoGaussian radial profile and a Gaussian time distribution,
successive pushes in opposite directions on the plasntan be expressed [1,7] & = (4r/w?)Asinw,t — k,2)
electrons, the excitation of the EPW is maximum whenandE, = k,Acodw,t — k,z), with
the laser pulse duration is of the orderlgiw,. w272 1o 2,2

At high electron density, and high laser intensity, a A = /7 w,7 exp(— P ) max 5 p( )
long—with respect tol/w,—laser pulse breaks into 4
short pulselets at/w, through the stimulated Raman 1)
scattering instability [9—11]. In this self-modulated modewhere the time variation of the laser intensity is described
(SM LWFA), the very high longitudinal electric field of by exg—(1/70)*], Imax is the maximum intensityy the
the EPW traps plasma electrons and accelerates them tge” radius in intensity, and, = w,/c. At a given
high energies [12—16]. However, SM LWFA may not value of 7y, E. varies like (w,70)* ex—(w,7)*/4].
be the best candidate for very high energy acceleratordhis gives a broad maximum close to, 7y = 2, i.e.,
in particular, because the EPW grows from an instabilityw, 7 = 4+/In2, wherer is the pulse duration at FWHM.
so that its phase is unpredictable, and also because of tNéith = = 400 fs, this corresponds to an electron den-
low Lorentz factory, =~ w/w, of the phase velocity of sity n = 2.2 X 10'® cm™3, an EPW wavelength\, =
the EPW at high electron density. 226 um, and an EPW Lorentz factoy, = 214. The

Standard LWFA seems particularly suited for particlecorresponding helium pressure is 0.4 mbar for a fully
acceleration. It is not affected by saturation (e.g., relaionized plasma. Finally, the maximum electric field at
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resonance i€.[GV/m] = 1.35 X 10781, [W/cn?] X Number of electrons
(ALum])?/7[ps]. The relative longitudinal perturbation of
the electron density i8] = E./Ey, whereEy = mcw,/e.

The ratio of the transverse to the longitudinal electric
field, atr =~ wo/v2is E,/E, = /2 A,/mwj, here equal
to 4, wy being the laser beam size at the waist. We
obtain the value of the relative transverse perturbation 10
of the electron density [17] by, /8 = (E,/E.)*, here
equal to 16. This means that, in our conditions, the
EPW is mainly excited in the radial regime: the transverse
electric field is stronger than the longitudinal electric field. R AR RN VRN o8 N RO

Particle simulations using the model described in 3 3.5 4 4.5 o 0.0 6
Ref. [23] show that with our parameters, is actually Wews (MeV)
lower than the linear value given above, when the laseFIG. 1. Spectrum of a typical shot (dots). The fit is described
energy is so high thaé, = 2. The cavitation created in the text. The continuous line shows the sum of the two
by the radial oscillation affects the development of thecontributions.
longitudinal oscillation. The corresponding limit value of
d) is here=10%.

The experimental apparatus is based on the existing decreasing exponential (dotted line) and a high energy
facility already used for the study of LBWA [3,19]. A tail (dashed line) that has the same shape as the BG noise
sketch of the experiment as in 1994 can be found irspectrum, as explained below.

Fig. 1 of Ref. [19]. We use the 400 6,057 wm chirped To check the energy of the electrons impinging on
pulse amplification laser at Laboratoire pour I'Utilisation a given channel, we have inserted stainless steel filters
des Lasers Intenses (LULI). The 80 mm diameter beamwvith various thicknesses in front of some scintillators.
is injected into a pulse compressor, and focused in &he signal of the corresponding channel is reduced by
gas filled chamber by a 1.4 m focal length°38ff-axis a factor which depends on the mean electron energy.
parabola. A fraction of the compressed beam is collecte@he transmission factor for laser shots and BG noise
before focusing and sent to a single-shot second-ordeuns is compared with the result of a simulation [24] at
autocorrelator for pulse duration measurement. A lowthe electron energy corresponding to the channel. From
intensity fraction of the beam is collected after the plasmahe low transmission factor in channel 12, with nominal
and sent to a focal spot monitor. 300 uA cw electron electron energy of 5.14 MeV, we infer that the high
beam is injected in the plasma at a total energy of 3 Me\energy tail is actually due to electrons with an average
with an rms spot size &0 wm and an rms divergence of energy of about 2 MeV.

10 mrad [19]. The accelerated electrons are measured by We now examine the various contributions to the BG
a magnetic spectrograph and 17 detectors in the range 3ri®ise. The BG noise due to Coulomb scattering of the
to 5.9 MeV. The linear gates have been withdrawn, andeam electrons in the gas has been subtracted in Fig. 1.
the voltage of the photomultipliers was tuned so that thél'his noise has been studied in separate runs, without
calibration factor was equal to 2.5 ADC (analog to digitalthe laser. For each channel, the average value scales
converter) count per electron. The duration of the gatevith pressure with a typical proportionality factor of
was set to 20 ns. 8 e~ /mbar. This factor does not decrease with the

A series of 250 shots has been performed, most ofhannel number as for simple Coulomb scattering. This
them with a laser energy in the range 4-9J. Orfgas” BG is due to electrons deflected at low angle in
average, after compression, 20% of this energy is focusetthe gas that impact on the flange of the bottle neck of
to a spot with typical sizewyy = 30 um (horizontal the dump. Part of these are backscattered, reenter the
waist) andwoy = 19 wm (vertical waist), with Rayleigh magnetic field of the spectrograph, and may fly back into
length of zoy = 2.3 mm andzyy = 2.0 mm. With a the detector [19].
central spot energy of 1.5 J, the values of the maximum The tail in Fig. 1 is due to an excess of BG noise. It
power, intensity, electric field, EPW amplitude, and of theis observed only for shots with accelerated electrons, i.e.,
expected linear energy gain aPg.x = 3.5 TW, I = in correlation with the EPW We call it “EPW” BG
4 X 107 W/en?, E. = 1.5 GV/m, 8§ = 10%, AW = noise. It is due to electrons deflected in the plasma close
mezoE, = 10 MeV. The main source of fluctuation is to the waist, while Coulomb scattering occurs along the
due to the laser pulse duration. For shots for which thevhole path of the electrons, with a different geometry. To
guantitiest, E, wo g,y could be measured, the amplitude simulate the former, we have introduced b xm Al foil
varies in the rangé = (1-15)%. Electron acceleration at focus, in vacuum. The obtained noise spectrum has
was observed in all of these shots. a shape similar to the shape of the gas spectrum. The

A typical spectrum is presented in Fig. 1 (dots). Itelectrons scattered at large angle in the foil are blocked
shows a peak at low electron energy, that can be fitted blgy the d; collimator (See Fig. 12 of Ref. [19]). Few of
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them are rescattered at the edge of the collimator. As thmaximum value ofAW,, close to 1.6 MeV, is smaller
latter is not at focus, some of them impact on the flange ofhan the value obtained from the linear approximation in
the dump. This is the reason for the similar shape of thd D geometry, close to 10 MeV.
two distributions. The transverse electric field of the EPW affects the
The signals of three channels have also been recorddrhjectories of the electrons. Depending on their phase,
on a storage oscilloscope for each shot. A peak, abowlectrons undergo a focusing or defocusing force when
10 ns in duration at 10%, is observed in correlation withthey enter the EPW. The defocused electrons are expelled
the ADC recording, for channels 1 (signal), 8, and 12radially before they enter the high accelerating region.
(EPW BG noise). Therefore both the EPW BG noiseOn the contrary, the focused electrons are transversely
and the signal are shorter than 10 ns, while the gas B&apped in the EPW, and should be accelerated in it
noise is obviously continuous. The EPW BG noise levelefficiently [25].
is too high to be due only to the electrons deflected In fact, a numerical tracking of the trajectories of
by the transverse electric field of the EPW, because oélectrons in the EPW, using the code described in [26],
its short (ps) lifetime, and because of the high rejectiorshows that most of them miss the waist transversely.
power of the collimation system [19], as shown by theThis can be understood in the simple model of Ref. [25],
low noise level induced by the foil. An effect like the where the trajectory of an electron is described by a three
Weibel instability already observed in Ref. [20] is a gooddomain approximation: a drift in free space, an “adiabatic”
candidate to explain a long term (ns) deviation of theregion where the electron is trapped by the transverse
electrons. It could thus explain this BG. The signal isfield, and another drift on exit. Trapping occurs very
separated from the EPW BG noise by the process of thiar from the waist, at a location whe®, is equal to a
simultaneous fit of the exponential peak and of the taikritical values. = y(wo/z0)?/4 [25], here equal td0 3,
(Fig. 1). We define the end point,,s of the spectrum vy being the electron Lorentz factor. Then, in the central
of the signal as the energy for which the exponentiakegion, the evolution of the envelope of the electron
peak decreases to one electron. For the shots for whideam is determined by the evolution of the betatron
enough channels have a signal to make a fit, the sbojge  function in the EPW, so that the beam size at the waist
found equal toay = —4.4 = 1.1 MeV~!, a number that is o,, = 0¢/5|/8.z0/B8* whereoy and 8* are the beam
is observed not to depend on the parameters of the lassize and the betatron function at the waist in vacuum.
pulse or of the plasma. Therefore we have used the sant®r oy = 30 um andz, = B*, and for §; = 10%, we
valuea = a( to computeA W, for all the shots. have o, = 90 um, much larger than the size of the
The variation of the signa; in channel 1 withw, 79 is  plasma wavergpw = wo/2 = 10 um. The key point is
presented in Fig. 2 (left), where boil, andr, have been that after trapping in the EPW, the” beam size varies
varied. As expected, the data show a maximum clos@ke /B « 5“’1/4 o« [1 + (z/20)*]"/4, while in vacuum it
to w,79 = 2. The spectrum oA W is much broader yaries likew o [1 + (z/20)2]"/2. In the presence of the
(right), as AW, varies like logs; in the exponential Epwy, the decrease of the beam size while approaching
peak. Hereg is low, and the length of the high gradient he wajst is much slower. A more precise description of
region, of the order ofz, is smaller than the dephasing thjs effect (Fig. 3, left) is obtained using the simulation;

length of the electrons with respect to the EPW, equal tQjectrons are tracked [26] through an EPW computed
8 mm. ThereforeAW,,s should have the same resonant

dependence witlw, 79 asA [Eq. (1)]. Note also that the
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e Pl FIG. 3. 3D Monte Carlo simulation [26] of the energy gain

FIG. 2. Variations ofS; (left) and of AW, (right) with (left) of 1000 electrons as a function of their phase with respect
w,7o. The fitting procedurey; > 10e7) introduces a cutoff to the EPW. a, beam on axis;b, small emittance beam
at AWy, = 0.85 MeV. The pressure is varied in the range 0— (30 nm X 10 urad rms);c, real emittance beam3@ um X
2 mbar with half of the data taken at “resonance.” The mainl0 mrad rms). The corresponding spectrum in the ten first
source of variation ot 7 is the fluctuation ofr,. Only data  channels (right) shows an exponential peak with a slope
with 7 < 1 ps are used. of —6.1 MeV~!.
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Number of electrons observe a tail in the high energy channels. Our cross-
x check using stainless steel filters proves that this tail
' is actually due to low energy deflected electrons. This
BG, clearly correlated with the plasma wave, can fake
accelerated electrons in this kind of experiment. The
experimental data agree with theoretical predictions when
3D effects are taken into account.
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FIG. 4. Electron spectra witly = 0.25,0.49,2.1 J (continu-

ous lines) compared to simulated spectra (2000 incident elec-
trons, dashed lines). At 2.1 J, the high energy tail is due to
EPW BG noise.
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