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Relativistic electron generation in interactions of a 30 TW laser pulse with a thin foil target
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Energy and angular distributions of the fast outgoing electron beam induced by the interaction of a 1 J, 30
fs, 231019 W/cm2, 10 Hz laser with a thin foil target are characterized by electron energy spectroscopy and
photonuclear reactions. We have investigated the effect of the target thickness and the intensity contrast ratio
level on the electron production. Using a 6-mm polyethylene target, up to 43108 electrons with energies
between 5 and 60 MeV were produced per laser pulse and converted tog rays by bremsstrahlung in a Ta
secondary target. The rates of photofission of U as well as photonuclear reactions in Cu, Au, and C samples
have been measured. In optimal focusing conditions, about 0.06% of the laser energy has been converted to
outgoing electrons with energies above 5 MeV. Such electrons leave the target in the laser direction with an
opening angle of 2.5°.
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I. INTRODUCTION

Since the first observations of relativistic electrons gen
ated by the interaction of high-intensity lasers with solids
thin foil targets @1–4#, developments in laser technolog
have led to a large gain in the energy of emitted electr
from laser plasmas. It is now clearly established that
production of electrons with energy larger than 1 MeV
quires a minimum laser intensity of 1018 W/cm2. The elec-
tron distribution is quasi-Maxwellian, characterized by a h
electron temperatureTh which scales approximately as th
square root of the laser intensity@1,5–7#. TemperaturesTh
.1 MeV were obtained with a subpicosecond laser with
cident energy of 20–50 J@1,8#. Temperature of the sam
order, Th52 MeV, have been obtained at the Livermo
laboratory with the petawatt laser in the 2 ps pulse regim
incident energies around 300 J@9#. Electron temperatures in
the range of 5–10 MeV have only been obtained recently
the interaction of picosecond@10# and femtosecond laser
@11,12# with gas jet targets. It should be noted that the
publications report approximately the same number of ac
erated relativistic electrons per energy and per solid an
about 1010 electrons per MeV and per steradian. This num
is still significantly less than the number of electrons gen
ated inside the target, as predicted by particle-in-cell simu
tions.

Several mechanisms have been proposed to explain
electron acceleration. They are acceleration by~i! the pon-
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deromotive potential of the laser@5,6#, ~ii ! fast plasma waves
@7#, and~iii ! the laser field itself@13#. These mechanisms ar
not exclusive of each other. They coexist with their relati
contributions depending strongly upon the particular exp
mental conditions. The main parameters affecting elect
distributions are the laser parameters~the temporal and spa
tial distributions of the energy and wavelength!, the nature of
the target~gas, thin foil, or thick target!, and the angle of
incidence of the laser on the target. Previous experime
@3,14# have shown the importance of the formation of a p
plasma in front of the target prior to the arrival of the ene
getic laser pulse, which then accelerates the electrons u
relativistic energies via the various mechanisms mentio
above.

Here, we present results obtained for the generation
high energy electrons escaping the target in the interactio
a 1 J, 30 fs, 10 Hz laser with thin polyethylene foils. Th
energy and angular distributions of the fast electron be
produced with different target thicknesses are character
by electron energy spectroscopy and by photonuclear r
tions.

II. EXPERIMENTAL METHODS

A. Laser characteristics

The experiment was carried out using the chirped pu
amplification ~CPA! beam of the ‘‘salle jaune’’ Ti-sapphire
laser system@15# at Laboratoire d’Optique Applique´e. The
laser wavelength was 0.8mm, the pulse duration was 30 fs
and the incident energy on the target was 1 J. The laser p
was focused on to a 10-mm-diameter spot that included 50%
of the energy, using anf /6 off-axis parabolic mirror. Thefr
©2002 The American Physical Society02-1
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laser was directed onto the target at normal incidence.
main 30-fs pulse was set on top of a long pedestal resul
from the amplified spontaneous emission~ASE!. The delay
between the beginning of the ASE and the main pulse co
be adjusted from 1 ns to 2 ns. The intensity contrast ra
between the main pulse and the pedestal was'106–107.
From these numbers, assuming the same divergence, on
duces a typical intensity on a target of (261)1019 W/cm2

and 1012–1013 W/cm2 for the main pulse and ASE, respe
tively. As a consequence, the main pulse interacted wit
preplasma induced by the ASE pedestal. By adjusting
delay between the pulse and the beginning of the ASE p
estal, one can modify the length of the preplasma in fron
the target. In this experiment, we did not record images
the preplasma and conclusions about its characteristics
been drawn from simulations and previous experiments.

B. Magnetic spectrometer

The energy distribution of the electrons exiting from t
polyethylene target was measured with a magnetic spectr
eter @16#, which was installed behind the target at 0° wi
respect to the laser beam direction. The entrance of the s
trometer was defined by a 1-cm-diameter diaphra
mounted at 40 cm from the target defining a solid angle
0.5 msr. The electrons were detected with five Si diodes.
output signals were analyzed by a digital oscilloscope. T
full electron energy range between 5 MeV and 200 MeV w
covered by changing the current intensity in the magnet.
number of electrons of a given energy detected in a di
was proportional to the voltage output.

C. Nuclear activation diagnostics

Nuclear activation in various elements was used to de
mine the total number of outgoing electrons emitted withi
42° half-angle cone with respect to the laser beam direct
This method selects electrons with an energy larger than
energy threshold of the photonuclear reaction involved. I
first step, the electron beam created in the plasma and es
ing the target was incident on a 2-mm-thick Ta slab~con-
verter! set a few millimeters behind the target. In the inte
action, a significant part of the electron kinetic energy w
converted into hard photons via the bremsstrahlung me
nism. In a second step, these photons induced photonu
reactions in samples placed a few cm behind the conve
This nuclear diagnostic was used for measurements of
integrated flux of gammas, as well as for angular distribut
measurements. The nuclear reactions used w
12C(g,n)11C, 63Cu(g,n)62Cu, 197Au(g,n)196Au, and
238U(g, fission!. The activity measured in each sample w
related to the angular and energy distributions of the phot
and electrons using numerical simulations of particle int
action with the Monte Carlo codeGEANT @17#.

The high energy electron production was found to be v
sensitive to the focalization and hence to the optimum p
duction of a preplasma. To ensure the reproducibility of m
surements, the target-converter assembly was made mov
so that, for each new setup, the position of the CH target
adjusted with respect to the focus of the laser beam by o
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mizing the electron counting rates in the spectrometer. W
this precaution, a good reproducibility of activities produc
in the samples was obtained. Theg activity of the samples
was measured in a low noise area, either with two NaI
tectors set in coincidence or with a Ge detector. These de
tors were energy and efficiency calibrated with radioact
sources:22Na for the NaI detectors and152Eu for the Ge
detector.

For the 12C and 63Cu samples, theb1 radioactivity of
11C and 62Cu was measured by a coincidence technique
ing the two 511-keVg rays emitted back-to-back after th
positron annihilation. The samples were placed between
2-mm-thick Pb foils to ensure a location of the annihilati
close to the sample. In the case of197Au, the intensity of the
355-keV line in 196Pt was measured with an intrinsic G
g-ray detector. In the case of238U, theg rays emitted from
the decay of selected isotopes (134I, 89Rb,142La) created in
photofission reactions were detected@18#. Several laser shots
were used for sample activation: 20 shots for Cu and
samples and up to 60 shots for the Au and U samples, wh
the decay half-life is not a limiting factor.

In order to monitorin situ the interaction efficiency, a
232 in.2 NaI scintillator was installed at 460 cm, viewin
the laser-target interaction zone at an angle of 16° with
spect to the laser beam directon. In nuclear activation m
surements, theg rays created in the tantalum slab reach
the scintillator after passing through the 20-mm-thick alum
num walls of the vacuum chamber. The scintillator w
shielded by 10-cm walls of lead, except in front of the e
trance window where 5 cm of lead was used. The experim
tal setup is shown in Fig. 1.

D. Monte Carlo simulations of secondary processes

In order to find relations between the measured radio
tive yield and the number of high energy electrons, we u
the standard Monte Carlo particle codeGEANT @17#. This
code describes the propagation of high energy electrons
photons through the converter and the activation sample.
experimental setup was given as an input to the code.GEANT

takes into account elastic and inelastic collisions, product
of secondary particles, and their secondary processes.
standard code has been modified to include the nuclear
toexcitation processes. The energy differential cross sec
for each photonuclear reaction was taken from the referen
given in Table I. Since we were interested in the yield
photoactivation reactions with thresholds of 5.8 MeV a
more, only electrons with energies larger than 5 MeV ha
been considered. 106 particles were used in simulations an

FIG. 1. Experimental setup.
2-2
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TABLE I. Number of nuclear reactions produced per laser shot in thick samples, set behind the 2-mm Ta converter and thmm
polyethylene target.

Number of
Energy Thickness Observation Experimental reactions

threshold sample anglea number of per electron Cross section
Reactions T1/2 Decay ~MeV! ~cm! a reactions per shot fromGEANT reference

12C(g,n)11C 20.4 mn b1 18. 0.8 26° 0.73103 2731027 @20#
63Cu(g,n)62Cu 9.7 mn b1 9.7 0.4 42° 93103 2931026 @21#
197Au(g,n)196Au 6.18 d g 8 0.2 40° 53104 9231026 @22#
238U(g, f ) b g 5.8 0.2 22° 2.33104 4031026 @23#

aa is the half-angle aperture seen from the converter.
bT1/2 depends on the fission product, see text.
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the initial distribution of outgoing electrons was approx
mated by a Maxwellian distribution in energy and a Gauss
angular distribution

d2Ne /dEdV5Noe(2E/Th)e(2u2 ln 2/^ue&2), ~1!

which is a good approximation to our experimental resu
The temperature of hot electrons,Th , was taken from the
spectrometer measurements of the electron distribution a
and the mean divergence angle^ue& has been adjusted to fi
the observed angular divergence of photons in the activ
samples. In order to obtain enough statistics from simu
tions within a reasonable computation time, the nuclear cr
section was multiplied by a factor of 100.

Typical spectra of photons after the converter and in
activation sample are shown in Fig. 2. In this example c
responding to the Cu sample, only photons with energ
above the 10-MeV threshold contribute to the activation. T
largest contribution to the yield comes from electrons ab
twice the reaction threshold, and the contribution decrea
at larger energy, due to the smaller electron number.
calculated number of reactions was used to find the num
of outgoing electrons assuming a linear relation between
number of primary electrons and the radioactive yield.

III. EXPERIMENTAL RESULTS

We have investigated the production of fast electrons
varying the CH target thickness and the focusing conditi
of the laser beam. Thin foils were mounted on a 70-mm-thick
Ni grid. The diameter and spacing of the holes in the g
were 1 mm and 2 mm, respectively. After each laser shot,
target assembly was moved.

A. Outgoing electron energy distribution measurements

Figure 3~top! shows the number of electrons escaping
target,Ne , per energy unit~MeV! and per solid angle uni
~sr! measured at 0° with the spectrometer. The targets w
polyethylene films with a thickness of 2, 6, and 100mm.
The laser contrast ratio was set at its maximum value and
delay between the main pulse and the pedestal was 2 n
all three cases. The error bars result from an average of t
consecutive measurements made in the same conditions
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experimental energy distributions have been fitted with
energy dependence of the Maxwellian distribution given
Eq. ~1!, characterized by a hot temperatureTh .

Large differences were seen in the distributions depend
on the target thickness. The 6-mm-thick target produced
electrons with energies up to 70 MeV, at the limit of sen
tivity of the spectrometer, with a temperatureTh5(9.3
60.9) MeV andN05(961)3109e/(MeV sr). A very simi-
lar distribution was observed with an 11-mm-thick target. We
noticed in each case a dependence on the delay betwee
beginning of the pedestal and the femtosecond pulse.
largest delay, which can be correlated to the largest p

FIG. 2. GEANT simulation of the bremsstrahlung photons~in
counts per 100 keV bins in the photon energy! and photonuclear
reactions produced in a 4-mm-thick63Cu sample in the experimen
tal geometry described in the text. The simulation is based on6

electrons with energies larger than 5 MeV incident on the 2-mm
converter. Curves~a! and ~b! are, respectively, the energy distribu
tions of the bremsstrahlung photons generated in the Ta conv
and of the photons reaching the Cu sample. Curve~c! shows the
energy distribution of the photons created directly in the Cu sam
by the electrons which have not been stopped in the Ta. Curve~d!
gives the energy distribution of incident electrons which have p
duced the photonuclear reactions~the data have been multiplied b
a factor of 100, see text!.
2-3
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plasma length, produced the fastest electrons~delay of 2 ns!,
as is shown on Fig. 3~bottom! for a 6-mm CH target. For the
shown cases, the contrast ratio was not set at its maxim
value. This is why we observed a smaller temperatureTh
57 MeV) for the 2-ns delay than indicated in the top figu

For the 2-mm-thick target, the number of fast electron
decreases steeply with energy. The corresponding temp
ture was onlyTh5(3.060.3) MeV, that is, much less tha
for the 6-mm foil. The ablation rate of polyethylene in lase
plasma interactions at an intensity of 1013 W/cm2 ~the inten-
sity of the focused prepulse! is of the order of 1mm per ns
@19#. In this case, the target is fully exploded before t
arrival of the main femtosecond pulse, hence leading t
plasma density that is too low to produce a large numbe
fast electrons and to accelerate them to high energies.
obtained identical results with a 1-mm-thick target, indepen-
dent of the delay between the pedestal and the main pu

Figure 3~top! shows the results for a 100-mm-thick tar-
get. One sees that the number of electrons measured in
energy range from 10 to 20 MeV is very small compared
the 6-mm case. The temperature deduced from the dataTh
5(2.560.3) MeV, is very similar to the 2-mm target case,

FIG. 3. Experimental electron energy distributions measure
0°, with an electron spectrometer with an aperture of 0.5 msr. P
ethylene~CH! targets are of 2, 6, and 100mm thickness. The lines
result from exponential fits to experimental data. Top: the hot e
tron temperatures are, respectively, (2.560.2), (9.360.9), and
(3.060.3) MeV. For the 2- and 100-mm target, error bars on the
electron number measurements have not been drawn for the sa
clarity. Bottom: comparison with a 6-mm target for~a! 1.5-ns and
~b! 2-ns delays in the ASE.
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though the ablation of the target before the arrival of t
femtosecond pulse can no longer be invoked in this cas
explain the small number of fast electrons. The preplas
length and density should be almost the same as in the 6mm
case. Therefore some mechanism, acting on the electron
jectories between their acceleration at the front side of
target and the entrance in the spectrometer, has to be fou
explain the electron energy distribution generated in the
teraction of the laser with this thick CH target. This will b
discussed further in relation with activation measuremen

B. Nuclear photoexcitation measurements: Activation

Using known values of photonuclear reaction cross s
tions, the integrated number of reactions induced in vari
samples can be used to determine the absolute numbe
electrons escaping from the target with an energy larger t
the reaction threshold energy. Table I gives the list of pho
nuclear reactions used, the type of detected radioactivity,
half-lives of the reaction products, the reaction ene
thresholds, and the thicknesses of the samples used.
measurements of activities induced in large copper sl
(0.431.931.9 cm3), placed at 1 cm from the Ta converte
and covering an angular range of642° with respect to the
laser beam direction, gave a value forNr , the number of
reactions produced per laser shot~averaged over a few set
of 20 consecutive shots!, of Nr5(900062000) reactions per
shot.

The experimental numbers of reactions per laser pu
induced in the C, Au, and U samples are reported in Tabl
The smaller number of reactions found with the C sample
due to the larger energy threshold and the smaller photo
citation cross section. We used theGEANT code to simulate
the response of the experimental setup to a flux of electr
@17#. The incident electron energy dependence was given
Eq. ~1! with the temperatureTh59.3 MeV ~measured for the
6-mm target with the magnetic spectrometer at 0° with
spect to the laser direction!. The converter was a 2-mm-thic
piece of Ta.

Assuming a needlelike electron beam without angular
vergence (̂ue&50°), we have drawn in Fig. 2, the energ
distributions of the bremsstrahlung photons generated in
Ta converter (a), and of those reaching the Cu sample (b).
Electrons are passing through the converter, and curve~c!
represents the energy distribution of the photons created
rectly in the Cu sample by these electrons which have
been stopped in Ta. However, the number of such electron
small as well as their contribution to the photon spectru
Curve ~d! gives the energy distribution of the incident ele
trons which have contributed to the photonuclear reactio
This curve clearly shows the importance of electrons w
energies much higher than the peak energy~20 MeV! of the
nuclear cross section. The same type of simulation has b
performed with the other reactions. The number of nucl
reactions predicted in the simulations per incident electro
given in Table I.

The normalization of the measured reaction yields to
simulation results allows us to evaluate the number of o
going electrons,Ne , with energies above the reaction thres
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RELATIVISTIC ELECTRON GENERATION IN . . . PHYSICAL REVIEW E66, 066402 ~2002!
old in the experiment. From the results obtained in the p
toactivation of Cu, we obtainNe5(3.160.8)3108 electrons.

This number allows us to estimate the solid angle of
electron emission from the target, assuming that they ha
smooth angular distribution with the maximum in the las
beam direction. Integrating the electron energy distributi
Eq. ~1!, over the energies above the minimum energy o
MeV used in GEANT simulations and usingTh59.3 MeV
andN0593109 e/(MeV sr) obtained with the spectromet
one finds

dNe /dV5~5.460.9!31010e(2u2 ln 2/^ue&2)e/sr.

Combining these two values, we obtain the mean solid an
value

DV5p^ue&
25~662! msr

for the emission of electrons from the polyethylene tar
with an energy larger than 5 MeV. This solid angle cor
sponds to a mean opening angle of the electron beam:

^ue&5~2.560.4!°.

Similar results, within the error bars, were obtained w
other photonuclear reactions, using the experimental and
culated results reported in Table I.

We also measured the activation of the copper sampl
interactions with the 100-mm polyethylene target. The num
ber of radioactive62Cu nuclei in the sample, per laser sho
dropped from'9000 to 2000.

C. Angular distribution measurements of the nuclear
photoexcitation

The activation technique allows also direct measureme
of the angular distribution of the emitted electrons. Follo
ing Refs. @8,9,24,25#, the Ta slab, acting as a converter
electron kinetic energy into hard photons, was surrounded
copper wedges~see Fig. 1!. The copper pieces were 5 mm
thick ~transverse direction!, 1 cm in depth along the lase
direction, and 1 cm high. The angle covered by each we
was 6°. In order to obtain enough statistics in the count
of the radioactivity in each piece, we used 60 laser shots
1-Hz repetition rate with 6-mm- and 100-mm-thick polyeth-
ylene targets. The time delay induced by the 60 lasers s
('1 min) was of little influence on the decay of the 9.7 m
half-life 62Cu isotope. The data were corrected for the ex
time delay between the beginning of the irradiation and
start of counting the activity.

The results of the photon angular distribution measu
ment are given in Fig. 4. The vertical errors bars are sta
tical uncertainties added quadratically to the systematic e
in the detection efficiency. The horizontal bars give the
gular resolution of the measurement. A fit of the experim
tal data points with a Lorentzian curve for the 6-mm target
gives a full width at half maximum~FWHM! angle for the
photon angular distribution of

~1563!°⇒^ug&5~7.561.5!°
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and a mean direction of photons centered on the laser d
tion. This angular distribution only concerns the bremsstr
lung photons with energies between 10 MeV~the energy
threshold of the reaction! and 25 MeV, above which the
(g,n) cross section is very small. The relation between
angular distributions of photons and electrons was es
lished byGEANT simulations. Different electron beam ang
lar distributions were tried as an input to finally reprodu
the experimental activity in the different copper wedges.

The measured angular divergence of the electron be
found for the 6-mm target is in agreement with the valu
deduced from the integral measurement, if we take into
count the limitation due to the finite angular resolution of t
experiment. Indeed, for a needlelike electron beam with
divergence,GEANT predicts that the bremsstrahlung photo
would be emitted with a mean angular divergence^ug&
58°. Increasing the angular divergence of the incident el
tron beam up tôue&53° increases the value of^ug& to 9°.

For the 100-mm polyethylene target, the activity is dis
tributed almost uniformly between different wedges. Th
demonstrates that the angular distribution of photons,
therefore, the fast electrons, is much wider than in the 6-mm
case. The photon angular divergence is estimated to
^ug&530°. Fast electrons were not observed in the sp
trometer with the 100-mm target, because the number
electrons emitted within the angular acceptance of the sp
trometer was below the sensitivity threshold, due to the
gular spreading and the deceleration of the electrons.

D. Reproducibility of the measurements

Figure 5 shows the decay of62Cu for different series of
shots (6mm polyethylene target!. We found little variation
~20%! in the measurements spaced over several days, i
cating that the laser-plasma interaction was reproducible.
the other hand, the experiments carried out with the elec
spectrometer demonstrate larger random deviations. The
tribution of the diode pulse amplitudes shows a dispers
from shot to shot, which is much larger than 20%. Simi
large fluctuations were reported in Ref.@8#.

Our interpretation of this result is as follows. For th
nuclear activation measurements, all the fast electrons e

FIG. 4. Number of63Cu(g,n)62Cu reactions produced per sho
using 6- and 100-mm thick polyethylene targets versus the angu
position of the 10-mm-thick Cu samples. The angular resolution
6°.
2-5



an
r
la
th
n
m

he
ce
sig
th
it

u
o
e
e
t

tt

th

to
s
wi
lse
s

ll
n
u

he
be

t
d

mp

les
that
ity
he
that
re,
6
.
ra-

ates

ted
that

hes
t.

he

at
ub-
in-
or-

n
rse

n-
ser
n
orp-

6°

nen-

ea-

em-
V

een
ergy
b-
ma-
m
the

el-
cal-
rger

ure-
g of

ot

he

MALKA et al. PHYSICAL REVIEW E 66, 066402 ~2002!
ing from the polyethylene target reach the Ta converter,
in this case, the total number of bremsstrahlung photons
mains the same from shot to shot, even if small angu
deviations in the electron beam directions appear. On
other hand, in the electron energy distribution measureme
small deviations, of the order of 1° in the electron bea
direction, are sufficient to prevent a large fraction of t
electrons from entering the spectrometer. The consequen
that the signal amplitude from the spectrometer varies
nificantly. The more focused the electron beam, the larger
fluctuations of the electron distribution measurement w
the spectrometer.

IV. DISCUSSION

The laser ASE emission, with an intensity of abo
1013 W/cm2 and duration of 1–2 ns, created a preplasma
the target surface. The characteristics of this preplasma w
not measured directly in the experiment but they can be
timated from hydrodynamic simulations with codes used
model the interaction of nanosecond laser pulses with ma
According to these simulations, the 1-mm polyethylene foil
becomes transparent to the laser radiation after 1 ns. At
time, the plasma, with a density of the order of 1019 cm23

and an electron temperature of 400–500 eV, expands
distance of about 100mm from the foil. These parameter
could be considered as typical for our preplasma. They
not be strongly modified after the arrival of the main pu
because its duration is very short compared to the ion den
deformation@26#.

The fully electromagnetic, relativistic particle-in-ce
~PIC! codeCALDER @27# has been used to compute the e
ergy and angular distributions of the electrons produced d
ing the interaction of the main 30-fs laser pulse with t
preplasma and the target plasma. The simulations have
carried out in two-dimensional~2D! geometry, at intensities
(2 –4)31019 W/cm2 with the laser pulse normally inciden
on the target. The laser intensity spatial distribution ha
Gaussian transverse shape with 6mm FWHM. The pre-

FIG. 5. Number of63Cu(g,n)62Cu reactions produced per sh
in a 4-mm-thick Cu sample, using a 6-mm polyethylene target,
versusb1 time decay for four different runs of 60 shots each. T
decay is in agreement with a half-life of62Cu of 9.7 min. The
extrapolation at timet50, gives the number of63Cu(g,n)62Cu
reactions produced per shot equal to 900062000.
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plasma was accounted for by an exponential density ra
with a characteristic length of 13mm and a total length of
nearly 80mm. The transverse system size was 26mm, and
693106 particles of each species~electrons and ions! were
used to sample the plasma. Two types of plasma profi
were considered. The first one corresponded to targets
are fully exploded by the prepulse, with a maximum dens
of the exponential ramp varying from 0.4 to 1.1 times t
critical density. The second one corresponded to targets
remain overcritical at the time of the main pulse arrival: he
the exponential density ramp stopped at a density of 0.nc
and was followed by a slab of 2-mm 10nc overdense plasma

The PIC simulation can shed some light on the accele
tion mechanism inside the plasma. The pulse propag
through the first 50mm of the plasma with very little modi-
fication. A large amplitude electron plasma wave is exci
behind the pulse, but it does not reach wave breaking, so
little electron heating is obtained. Yet around 0.1nc , some
part of the laser pulse self-focuses dramatically and reac
twice its initial intensity in a one-wavelength-wide hot spo
Much stronger longitudinal electric fields are excited in t
region of the target above 0.1nc , but they show very little
coherence. Half of the pulse energy is rapidly absorbed
that time. Note that the resulting electron temperature is s
stantially higher than the ponderomotive potential of the
cident laser pulse, which is less that 3 MeV, even when c
rected for the effect of self-focusing. From 0.1nc on, the
pulse creates a magnetized, 6-mm-wide channel, where the
time averagedBz field is larger than 1500 T. The separatio
of electron acceleration between longitudinal and transve
electric field contributions, as done in Ref.@28#, indicates a
small contribution from longitudinal fields and appears co
sistent with an acceleration mechanism akin to direct la
acceleration@13#. This is also consistent with the observatio
of magnetized channels, and the fact that most of the abs
tion takes place in the high-density region of the target.

The electron distributions simulated at 0°, 8°, and 1
within 62° ~the numerical diagnostic resolution! along the
laser axis are presented in Fig. 6 for the case of an expo
tial plasma with a maximum density of 0.6nc , irradiated at
431019 W/cm2. The 0° electron distribution is directly
comparable to the experimental electron distribution m
sured at 0° with the spectrometer for the 6-mm target~Fig.
3, top!. There is an excellent agreement as regards the t
perature~10 MeV! and the electron number above 5 Me
(6.431010 sr21).

However there remain some apparent differences betw
the simulations and observations. The rather sharp en
cutoff in the electron spectrum around 40 MeV was not o
served in experiments. This may be due to the underesti
tion of self-focusing in our 2D simulations, rather than fro
the limited plasma length that we simulate, as most of
absorption seems to be localized between 0.1nc and 1nc .
Another significant difference concerns the number of acc
erated electrons and their angular divergence. The total
culated number of electrons per pulse, with an energy la
than 5 MeV, is of the order of 33109 within a 42° cone, ten
times more than the number found in the activation meas
ments. This difference cannot be explained by the trappin
2-6
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RELATIVISTIC ELECTRON GENERATION IN . . . PHYSICAL REVIEW E66, 066402 ~2002!
the accelerated electrons by the space charge around
solid target. The escaped electrons with energy more tha
MeV would charge the target to the potentialF
5eNe/2pe0d.100 kV ~assuming the emission diameterd
510 mm and taking the measured total number of fast el
tronsNe533108), which is much smaller than their energ
The electrons with smaller energies~which have not been
measured with our activation diagnostics! cannot charge the
plasma to a potential higher than their energy. Therefore
should believe that the number of accelerated electrons in
experiment is somewhat less than predicted. It is impor
to note that our 2D code cannot compute actual elec
numbers, but only linear densities. We convert them i
dimensionless numbers by multiplying by a characteris
transverse length of the problem, taken to be the incid
pulse FWHM, 6mm. As we observed that most of the pul
absorption takes place after a strong self-focusing, we m
actually overestimate the characteristic length and hence
electron number. Future 3D simulations can confirm this
planation.

When the interaction takes place at lower intensity,
with a higher plasma density, the calculated electron dis
bution was somewhat colder. Interestingly, it was also col
for the lowest plasma density of 0.4nc , thus supporting the
experimental observation of a low electron temperature
the thinnest targets (2mm).

Another important observation, which needs to be
plained, is the effect of the target thickness on the fast e
tron characteristics. According to the recent estimates of
interaction of the relativistic electrons with dielectrics@29#,

FIG. 6. Electron energy distribution per energy and solid an
unit as calculated in a PIC simulation, at 0°, 8°, and 16° from
laser direction.
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the density of the fast electron beam, which is abo
331017 cm23 ~assuming the beam duration of 30 fs a
diameter of 10mm), is not sufficient for producing collec
tive effects. However, it was seen in PIC simulations and
also been measured in other experiments that the gener
of a high energy electron beam is accompanied by the p
duction of a much larger number of mildly relativistic ele
trons, with energies of the order of the ponderomotive pot
tial ~1 MeV or less!. These electrons have a much wid
angular distribution, and their density can be of the order
the critical density. In very thin targets of the order
10 mm, these two electron populations do not mix, beca
the lower energy component is trapped around the targe
the space charge. Entering the dielectric layer placed be
the plasma~unionized part of the target!, these ponderomo
tively accelerated electrons ionize it by their self-consist
electric field, compensate their space charge, and propa
along with the fast electron beam. The electric and magn
fields created in the process of ionization and generation
the return current may affect the propagation of the fast e
tron beam. According to Ref.@29#, the ionization of the di-
electric partially screens the electric field of hot electrons a
saturates it at the level of about 10% of the atomic elec
field, that is, at the level of about 500 MV/cm. This electr
field also generates a magnetic field evolving in the pu
duration time scale of 30 fs. Such a field is of the order
100 T. It corresponds to a cyclotron radius of several hund
mm, which will strongly affect the electron trajectories. A
the same time, the electric field of 500 MV/cm at the targ
thickness of 100-mm will decrease the electron energy up
5 MeV. These two effects are probably responsible for
degradation of the fast electron characteristics in the cas
the thick 100-mm polyethylene target.

V. CONCLUSIONS

We have characterized the energy and angular distr
tions of high energy outgoing electrons produced in the
teraction of a 1 J, 30 fslaser pulse with thin CH foil targets
by measuring the electron energy either with a spectrom
or with photonuclear reactions. We have shown that the
teraction of a 1-J CPA laser with a 6-mm polyethylene target
produces an electron beam of 33108 electrons, collimated
within 2.5°, with energies between 5 and 60 MeV, and 9
MeV temperature. This electron production is compara
@9–12# with electron energy distributions obtained in oth
laser–solid target interaction experiments. Though o
0.06% of the laser energy was converted into outgoing e
trons with energies above 5 MeV, our experiments dem
strate that femtosecond laser pulses are more efficient at
erating energetic electrons than higher energy picosec
pulses.
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