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Characterization of electron beams produced by ultrashort (30 fs)
laser pulses
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Detailed measurements of electron spectra and charges from the interaction of 10 Hz, 600 mJ laser
pulses in the relativistic regime with a gas jet have been done over a wide range of intensities
(10*-2x10*W/cn?) and electron densities (2BL0*¥-1.5x10?°cm™3), from the “classical

laser wakefield regime” to the “self-modulated laser wakefield” regime. In the best case the
maximum electron energy reaches 70 MeV. It increases at lower electron densities and higher laser
intensities. A total charge of 8 nC was measured. The presented simulation results indicate that the
electrons are accelerated mainly by relativistic plasma waves, and, to some extent, by direct laser
acceleration. ©2001 American Institute of Physic§DOI: 10.1063/1.1374584

Laser plasma interaction in the relativistic regime is cru-maximum (FWHM) pulses with a linear polarization. The
cial for laser plasma acceleratfori and for inertial confine- laser beam was focused onto the edge of a gas jet with an
ment fusion(ICF) with the fast ignitor schem&The success /7.5 off-axis parabola. The laser distribution at full energy at
of these applications depends on the efficiency of the transfeéhe focal plane was a Gaussian function with a waigt
of energy from the laser to electrons. On one hand, electrons 6 um containing 50% of the total laser energy. This cor-
can be trapped in high amplitude relativistic plasma wavesesponds to typical powers of 20 TW and to on-target inten-
(RPW) driven by the self-modulated laser wake field insta-sities|, of the order of 2< 10**W/cn?. To avoid refraction
bility (SMLWF).>~" In this relativistic regime plasma waves induced by ionization process¥s:®the laser beam was fo-
can reach amplitudes of a few tens of perdeff,accelerat- cused onto the sharp edgao2 mmdiam laminar plume of
ing electrons energies up to several tens of M&¥20On the  helium gas from a pulsed, supersonic gas jet located 1 mm
other hand, the measurement of multi-MeV electrons wadelow the focal region. The flat top neutral density profile
recently imputed to direct laser acceleration in a plasmavas characterized by interferometsy.
channet® with an effective temperature deduced from elec- In this paper, we will focus our attention on electron
tron spectra increasing with electron densfty. measurements in the forward direction using an electron

In this paper, we report on experimental electron generaspectrometer. The electron spectrometer is able to measure
tion in the SMLWF regime for ultrarelativistic laser pulses electron energies from 0 to 200 MeV by changing the mag-
ap>1, wherea, is the normalized vector potential of the netic field valueB from 0 to 1.5 T. A thick(4 cm) stainless
laser. For the first time, we observed that in our range ofteel piece with 1 cm internal diameter located at the en-
parameters(i) the maximum electron energy increases wherntrance of the spectrometer was used as a collimator, giving a
the electron density decreases in contrast with the results @bllection aperture of f/100. A vacuum box connected with
Ref. 14;(ii) the maximum electron energy increases with thethe vacuum chamber was used in order to be able to measure
laser intensity. We show that the contribution to electronthe lower energy electrons. The spectra were measured with
energy gain is due both to acceleration in relativistic plasmdour biased silicon surfaced barrier detect@88D). A ref-
waves and to direct laser accelerati@lLA), again in con- erence SBD detector was located along the laser axis after
trast with the results of Ref. 14, where DLA was the domi-the electron spectrometer. Several null tests were done in
nant mechanism. order to make sure that the diode signals were really due to

The experiment was performed at Laboratoire d’Optiqueelectrons.(i) Without magnetic field B=0) the signal was
Appliquee (LOA) with the titanium doped sapphirfd@i:Sa)  greater tha 1 V on thereference diode and no signal was
laser® operating at, =0.82um in the chirped-pulse ampli- recorded on the other diode@i) With magnet on B>0),
fication (CPA) mode?® In this configuration the laser deliv- the reference signal dropped to 10 mV while the electron
ered an energy up to 0.6(dn target in 35 fs full width half  signal on the other diodes increaséi) When changing the
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FIG. 1. Electron spectra measured at X®*°cm 3 (circles and 5 Laser intensity (W/cm?)
X 10%cm™3 (squares Exponential fit with the deduced effective electron
temperature. FIG. 3. Maximum electron enerdjeft scale, circlesand electron tempera-

ture (right scale, squargsas a function of the laser intensity at?2@m—23

obtained by changing the laser energ@mpty circleg with a 35 fs laser
| Bt t th lect th h pulse and by changing the pulse duratiglark circles with a 0.6 J laser
vaiue o 0ge € Same electron energy on another ¢ anénergy. The continuous line corresponds to the scaling By(MeV)

nel, the signal remained the same. Finally to confirm the-g g2 for the maximum electron and the dashed line corresponds to
value of the electron energy, we put copper pieces of differT(Mev)=1.2%2 for the electron temperature.

ent thicknesses and with a well-known stopping power in

front of the diodes. The electrical noise on the detectors lim-

ited the sensitivity to about 100 electrons at 50 MeV.

We present in Fig. 1 two typical electron spectra ob-acceleration in relativistic plasma waves with a constant am-
tained at 5<10"cm 2 and 1.5<10°%cm3. The laser pa- plitude. This energy is equal to the product of the electro-
rameters were 0.6 J and 35 fs. We observe that the distribitatic field by an optimum length. This length is the dephas-
tion of electrons of energy above 4 MeV is well fitted by aning length and corresponds to exactly half a wavelength in
exponential function, characteristic of an effective temperathe wave framé® Wmax~47§(Ez/Eo)mC2, where y, is the
ture for the electron beam. These effective temperatures aflasma wave Lorentz factqwhich is equal to the square
8.1 MeV (2.6 MeV) for an electron density of 5 root of the critical density to electron density ratig/n,)

X 10"cm ™3 (1.5 10°°cm™%). We can also deduce a typical and E,/E, is the electrostatic field normalized t&,
value of 54 MeV (15 MeV) for the maximum electron en- =cmew,/e. Presented in Fig. 2 is the theoretical value de-
ergy. We observe an important decrease of the effective temttuced from this equation for a given value of the normalized
perature and of the maximum electron energy when increasslectrostatic fieldE,/E,=0.5. Nonlinear corrections due to
ing the electron density. the effect of a relativistic pump, to self-channefhgnd to

This is summarized in Fig. 2, where we present thethe reduction of the phase velocity of plasma wavesve
maximum electron energy vs the electron density. It debeen neglected. Experimental results are in reasonable agree-
creases from 70 MeV to 15 MeV when the electron densityment with this model. For electron densities greater than
increases from 1810cm 2 to 1.5x10°%cm 2. First, we  1.5x10%cm™3 the maximum electron energy varies as
can compare the maximum electron energy to the one due @, (MeV)=0.76n./n,.

We present in Fig. 3 the maximum electron energy as a
function of the laser intensity obtained by changing the laser
o T energy or the pulse duration, at a fixed density o®tén 3.
Increasing the laser energy from 0.15 J to 0.6 J increages
from 1.58 to 3.15. Changing the laser pulse duration from
630 fs to 35 fsa, varies from 0.74 to 3.15. We observe that
the maximum electron energy increases from 6 MeV to 30
MeV when the laser intensity increases from 1.0
X 10" W/cn? to 2.0 10"°Wi/cn? approximately as the
square root of the laser intensit,.(MeV)=6.61%,
wherel g=10"¥W/cn?. In Fig. 3 we also present the elec-
10 T T A tron temperature as a function of the laser intensity. The
10" 10%° electron temperature also increases with the square root of
Electron density (cm™) the laser intensityT(MeV) =1.212. This result is in agree-
FIG. 2. Maximum electron energy as a function of the electron densi ment with the numerical result obtained by Puklibior a
Squ'are:s correspond to experimer?t);l values. The continuous line corresp(t)yr;BLasma Wlt_h an exponential d_enSIty profile. AIthoth the ac-
to theoretical calculation with a normalized electrostatic fieldE,=0.5.  Celeration in plasma waves gives the correct behavior for the
Laser parameters: 0.6 J, 35 fs, and 20'° W/cn?. variation of the maximum energy as a function of the elec-
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FIG. 4. Distribution of the accelerated test electrons in thg, (') space in

the s_imulationg fOfg 0.6 J laser pulse propagating in a plasma of electrom|G, 5. Total electron numbecircles and number of electrons with ener-
density 2<10"¢cm 3, gies greater than 3.7 Melgquaresas a function of the produes,r, where
wy, is the plasma frequency andis the laser pulse duratiof35 fs).

tron density, one cannot exclude the possibility of direct la-

ser acceleration. _ _ of the laser pulse propagation in plasma. While we confirm
To get an insight into the acceleration mechanisms, Wene importance of direct laser acceleratfowe find out that
also performed numerical simulations of the laser pulsghe most energetic electrons still come from the acceleration
propagation in a plasma using the axisymmetric fully-py the plasma wave field in this simulation. We note, as the
reIat|\{|st|c particle code We}k%f. Due to the approximations length of the pulse propagation is larger than the dephasing
used in the code we were limited to the case of laser powergngth, that a part of the energetic electrons is decelerated by
less than a few critical powers for relativistic self-focusing. pe plasma wake. At the same time we find that as in
For the maximum laser energy of the present experiment, {{acyum?? the longitudinal component of the laser field im-
corresponds to electron densities up taZ0'*cm™°. We  pjied by V. E=0 strongly reduces the efficiency of the direct
also made simulations with larger densities but with smalleljzser acceleration mechanism at the betatron resorance.
powers. Simulations of electron acceleration were performegyqwever for higher plasma densities, the laser pulse is much
by pushing testnoninteracting electrons in the field regions longer than a plasma period with powers much greater than
at the time of strong self-focusing for short pulses and at thene critical power for self-focusing, and most energetic elec-
developed stage of self-modulation for laser pulses longefons could come from the direct laser acceleratfon.
than a plasma period. Beam loading effét@re absent in We have also measured the total charge with an inte-
the present approach which along with the aXiSymmet”‘&)rated charge transformer as a function of the electron den-
constraint could overestimate the wakefield amplitude an ity, fixing the pulse duration at 35 fs. The result is plotted in
the electron acceleration. However the results of the simula,:ig_ 5 as a function oo, 7 (w,, is the plasma frequency and
tions confirm qualitatively the decrease of the maximum, js the pulse duration from the wakefield regime o,
electron energy with the increase of the background electrogz) to the self-modulated regimewfr>2). Near the
density when the length over which self-focusing occurs isyakefield regime no electrons were detected, whereas with
greater than the dephasing length. In our simulations one cgfcreasingw, 7 the number of electrons increased. At higher
separate the effect of the laser field and of the plasma wavgiectron density the number of electrons with energy greater
field, which both contain transverse and longitudinal compothan 3.7 MeV and detected by the spectrometer became
nents. To compare these effects we calculated the integralgmalier than those measured with the charge collector be-
teEy -V cause the radial wake scattered electrons out of the aperture
Ipi=— J méz dt’ cone of the electron spectrometer. The total charge is about 8
0 nC in agreement with recent numerical simulatiéh®,
along the test electrons trajectoridg, | represents the en- whereas the charge for electrons with energies greater than
ergy gain due to plasma wake field and laser field, respec3.7 MeV is about 1 nC.
tively (note that our integral$’y andI'; are different from In conclusion we have measured electron spegtith
the quantitiesI’, andI", by Gahnet al,'* who usedE-p  energy up to 70 MeY and electron beam chardgreater
instead ofE-v and separate@ in E, andE, instead ofE, than 5 nQ over a wide range of electron density and laser
andE,). In Fig. 4 we show the distribution of the acceleratedintensity. The maximum electron energy increases when the
electrons in thel(,,I';) space after the full length of accel- density decreases, and at a given electron density it increases
eration in a typical simulation. This simulation correspondswhen the laser intensity increases. In the low density regime,
to the present experiment with a 0.6 J laser pulse propagatingumerical simulations indeed show that electrons are mainly
in a plasma of electron density210'°cm™3. The bunch of accelerated by self-modulated laser wakefield instability. The
3x 10" test electrons was injected after one Rayleigh lengtidiscrepancy with the results of Ref. 14 with respect to the
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dependence of the electron energy spectrum with the electrofa. Ting, C. I. Moore, K. Krushelnicket al, Phys. Rev. Lett77, 5377

density might be due to the laser parametgisorter and

more energetic pulses in our casad to the use of a super-
sonic gas jet. As opposed to a subsonic gas jet which proz
duces nonuniform plasma$a supersonic gas jet produces
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