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Abstract

We present some experimental results which demonstrate the presence of electric inhibition in the propagation of
relativistic electrons generated by intense laser pulses, depending on target conductivity. The use of transparent targets
and shadowgraphic techniques has made it possible to evidence electron jets moving at the speed of light, an indication
of the presence of self-generated strong magnetic fields.

1. INTRODUCTION

Fast electron generation in laser–plasma interaction is an
important subject~Forslundet al., 1977; Hareset al., 1979;
Rosenet al., 1979; Harrach & Kidder, 1981; Bondet al.,
1982; Luther Davieset al., 1987; Rousseet al., 1994; Malka
& Miquel, 1996! recently rediscovered thanks to develop-
ments in short-pulse high-energy laser technology, and es-
pecially to the “fast ignitor” approach to inertial confinement
fusion ~Tabaket al., 1994; Atzeni, 1995!. This scheme is
based on decoupling the two phases of compression and
ignition of the nuclear fuel. In the last phase, a high-intensity
short-pulse laser generates relativistic electrons which should
propagate through the compressed capsule and lose their
energy, heating the DT fuel and starting its ignition.

Key aspects to assess the feasibility of fast ignition are the
characterization of the fast electron source~temperature flux,
and the opening angle of the electron beam! and of the
energy deposition of fast electrons in matter.

Theoretically the last problem has been studied by Deutsch
et al.~1996! using a collisional model based on the stopping
power formulas developed by Val’chuket al.~1995!. In this

context, a first experiment~Hall et al., 1998! has been real-
ized with the VULCAN laser system at the Rutherford Ap-
pleton Laboratory, to measure fast electron propagation in
laser-shock-compressed matter.

Another important aspect influencing fast electron prop-
agation has recently been much discussed in literature~Bell
et al., 1997; Davieset al., 1997; Bernardinelloet al., 1999;
Bataniet al., 2000!, namely, the so called electric inhibition:
The huge electric fields generated as the fast electrons pen-
etrate into the target can prevent any further penetration,
unless the free background electrons in the material set up a
current which neutralizes such electric fields. These effects
are predicted to play a fundamental role, depending on ma-
terial conductivity, and even to be the major limiting factor
in fast electron propagation.

In the present experiment, performed at the LULI TW
laser chain, we compared fast electrons propagation in ma-
terials with different electrical properties. To study the dy-
namics of the propagation of the fast electrons inside the
targets, we used transparent glass targets and a short-pulse
probe beam perpendicular to the interaction beam, which
allowed a picture of the target to be recorded on a CCD
camera. As the electrons propagate inside the target, they
ionize the material, which becomes opaque to the probe. By
varying the delay between the interaction and the probe
beam, we performed a time-resolved shadowgraphy, so that
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we could follow the evolution of the ionized region inside
the target.

2. EXPERIMENTAL SETUP

The principle of the experiment is illustrated in Figure 1.
Ka emission spectroscopy was used as diagnostic for the
propagation of electrons. The high flux laser, with a pulse
duration of 350 fs and a contrast ratio of about 108, is per-
pendicularly focused on the target placed at the center of a
vacuum chamber. The fast electrons are accelerated in the
zone of interaction between the laser and the target, and
propagate through a first layer of variable thickness~“prop-
agation layer”!, alternatively made of materials with differ-
ing electrical properties~plastic or aluminum!. After this,
the fast electrons reach two layers of fixed thickness of
fluorescent materials~20mm of Mo and 20mm of Pd! where
they induceKa emission, depending on their residual en-
ergy. By varying the thickness of the propagation layer from
shot to shot, we could measure the typical penetration range
of the fast electrons in the given material.Ka photons are
detected by a CCD camera placed outside the interaction
chamber, facing the rear side of the target, and used in single
hit mode to allow spectroscopic analysis. A fourth 50-mm
plastic layer on the rear side of the target prevented the
electrons coming directly from the interaction zone and mov-
ing around the target to hit the fluorescent layer, inducing a
spuriousKa emission.

To assure the same interaction conditions in the case of
plastic targets, a first layer of 1.5mm Al was added. Hence,
any difference in experimentalKa yield was due only to
differences in electron propagation through the solid mate-
rials, and not to a different conversion rate or temperature of
the produced fast electrons.

For shadowgraphy we used glass targets with an alumi-
num coating 10mm thick to avoid direct ionization from the
main laser beam. Perpendicular to this, a short pulse probe
beam was shot with a time delay which could be varied
using a delay line. The probe beam consisted of a small
fraction of the nonconverted main beam~its wavelength
was thereforel 5 1.057 mm!. An X-ray pinhole camera
~with a resolution of 7mm! was employed to image the
shape of the focal spot.

3. THE EXPERIMENT ON
ELECTRIC INHIBITION

We realized two series of shots in which the laser intensity
on target was changed by varying the focusing conditions.
In the first one, the focal spot diameter was'30mm and the
intensity was 1–23 1018 W0cm2, while in the second one,
the spot was#10 mm and the intensity 1–23 1019 W0cm2.
Plastic ~polyethylene! had a thickness between 50 and
175mm, while aluminum was 6 to 37mm thick in the low
intensity case; at higher intensities they were, respectively,
50 to 400mm and 11.5 to 300mm to match the predicted
increased penetration.

Figure 2 shows the ratio ofKa yield of palladium and
molybdenum versus the thickness of the material crossed by
the electrons; it refers to aluminum targets and a laser inten-
sity of '1–2 1019 W0cm2. The results have been compared
with numerical simulations made for different temperatures
with the PROPEL Monte Carlo propagation code, which
calculates the energy loss and the angular scattering of the
fast electrons as due to collisions with the target electrons
and ions~Schlegelet al., 1999!. Ka yield is calculated taking
into account the target self-absorption. The Monte Carlo
simulations reproduce the experimental results, within the
limits of the error bars, using temperatures'400–500 keV.
This temperature is consistent with the scaling law by Beg
et al. ~1997! for resonant absorption, even if, due to our
large experimental error bars, we cannot speak of a precise
agreement or exclude other scaling laws~Glinsky, 1995!. In
the low intensity case we foundT 5 170–200 keV.

Figure 3 shows the experimental MoKa emission as a
function of the propagation layer thickness for both plastic
and aluminum targets at intensities of 1–23 1019 W0cm2.
The curves are exponential fits to the results, that is,
exp~2R0R0!, and give a typical value for the experimental
penetration ofR0'230640mm forAl and 180615mm for
CH. The large error bars are due to the big fluctuations from
shot to shot in laser energy, duration, and focalization, but
also, we think, to the very nonlinear aspect of the interaction
at such high laser intensities. Figure 3 also shows a similar
interpolation of numerical results for an electron tempera-
ture of 400 keV. The numerical value for Al~R0 5 2356
10mm! is compatible with the experimental result. Here the
error range on the numerical values are obtained by consid-
ering the typical shot-to-shot fluctuations in laser pulse andFig. 1. Principle of the experiment.
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how they influence the electron temperature and the propa-
gation range.

In the case of plastic, there is instead a large discrepancy,
the numerical predictions being 6906 20 mm. Therefore,
while fast electron propagation in Al can fairly well be
described by a purely collisional model, a strong inhibition
of penetration is evident in plastic targets.

To understand our results, one must take into account the
effects of the very high electric fields generated by space
charge separation, as the fast electrons are accelerated in-
side the target. These will strongly inhibit the propagation of
fast electrons unless neutralized by a return current in the
target. Therefore, the response of the target strongly de-
pends on material conductivity.

Following the model by Bellet al. ~1997!, the typical
penetration range,z0, due to electric fields alone is propor-
tional to the conductivity:

z0 ~mm! 5 3{1023 s6Th
2~ fI17!21, ~1!

wheres6 is the conductivity in units 106 ~Vm!21, Th is the
temperature of the fast electrons in kiloelectron volts,I17 is
the laser intensity on target in units 1017 W0cm2, andf is the
fraction of the laser energy converted into fast electrons.

The main aspects which distinguish electric and colli-
sional effects are that the first are proportional to target
thickness, while the latter are proportional to areal density.
Hence the use of targets of different densities~and electrical
properties! appears to be a good way to test electric versus
collisional effects on fast electron propagation.

Our Al results imply thatz0 .. Rcoll which is indeed found
by inserting our typical experimental parameters in the for-
mula for z0 and by considering the Al room temperature
conductivity~s05 2.7 107 ~Vm!21!. An additional problem
is that the target itself is heated by the passage of the fast
electrons, which deposit their energy. In a very simple cal-
culation, by considering the volume crossed by fast elec-
trons and a mean energy deposition~Hubbel & Birkoff,
1982!, it is possible to evaluate an averageAl temperature of
the order of a couple of electronvolts due to such an effect.
The conductivity of Al as a function of temperature can be
calculated by using the results by Milchberget al.~1988!, or
the models presented in Benuzziet al. ~1998!. In this tem-
perature range, it decreases due to quantum-mechanical ef-
fects, although the obtained conductivity values are still
compatible with our results.

The situation is more complex in the case of CH targets.
The conductivity of cold plastic~s 5 10211 ~Vm!21! in
Eq. ~1! gives a nonrealistic penetration less than 1mm.

Fig. 2. Experimental~squares! and numerical~lines
only, no symbols! ratio of Pd and MoKa yield.

Fig. 3. Experimental and numerical results for MoKa yield versus target
thickness atIL 5 1–23 1019 W0cm2. The lines are exponential interpola-
tions of data. Error bars on experimental points are given by the standard
deviation of results. Where there are no error bars, a single experimental
point has been obtained at the corresponding thickness.
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Hence a phase transition from insulator to conductor which
produces free electrons available for the neutralizing return
current is essential to explain penetration. This is due both to
heating of the target induced by fast electrons and to electric
breakdown of plastic. The average temperature reached in
plastic must be of the same order as in Al~we have roughly
the same experimental penetration!. Although no models or
measurements allow calculation of the electric conductivity
for plastic at the temperatures in which we are interested, we
can infer that electric field effects will remain more impor-
tant in the case of CH. Especially, one must consider that
heating will have opposite effects on Al and CH conductiv-
ity: the first one is reduced with time~but keeping quite high
values!, while the second one increases starting practically
from zero.

Figure 4 shows the experimental MoKa yields versus
thickness for the lower laser intensity case~1–2 3 1018

W0cm2!. In this case, the numerical predictions are 706
10 mm for Al and 3506 5 mm for CH for a temperature of
175 keV, while the experimental results are 606 20mm and
2206 50 mm, respectively.

Again, we see that collisional numerical results for Al are
in agreement with experimental ones, within the error bars,
while for CH the disagreement is much larger. With respect
to the high intensity case, one can observe that the experi-
mental penetration in plastic is not shorter, but about the
same as with the high intensity shots, if not increased. This
is in agreement with the prediction of Eq.~1!. The seeming
paradox of a lower penetration at higher electron tempera-
ture can only be explained with electric inhibition. Also,
despite the large error bars, a purely collisional explanation
must be ruled out in plastic, since it would imply a nonreal-
istically low fast electron temperature of'90 keV in the low
intensity case, and an even lower temperature of'75 keV in
the high intensity case. These would be in complete disagree-
ment with Al results~the temperature must be the same!!,
and with published scaling laws~Beg, 1997; Glinsky, 1995!.

It is also possible to use the results shown in Figures 3 and
4 for Al to obtain the efficiency of energy conversion from
laser to fast electrons. To do this, the experimentalKa yield
must be corrected by considering the CCD collection solid
angle, the transmittivity to X rays of the windows before the
CCD and the target self-absorption ofKa photons. In this
way we could match the experimental values to those pre-
dicted by the code~as already done in Figures 3 and 4! and
by assuming a conversion factorf 515% atIL 51–231018

W0cm2 and f ' 25% atIL 5 1–23 1019 W0cm2. We also
assumed that only 50% of the laser pulse energy was con-
tained inside the focal spot~this is a reasonable assumption
for these kinds of lasers, also made by other authors~e.g.,
Beg, 1997!!. So there is a nonnegligible increase in the
conversion efficiency with increasing laser intensity. Once
more, this implies a stronger inhibition of fast electrons in
CH; in fact in Eq.~1!, the range is inversely proportional to
the conversion factor.

Let us note explicitly that the conversion efficiency and
fast electron temperature cannot be obtained from CH re-
sults, which are not described by the collisional code. This is
why we only considered the Al results in Figure 2.

As a final remark, we observe that the results obtained
by Davieset al.~1997! using his Fokker–Planck code, which
includes both collisions and self-generated electric and mag-
netic fields, and in which the heating induced by the passage
of the fast electrons inside the targets is calculated self-
consistently, agree fairly well with the experimental ones,
therefore confirming the role of the electric field due to
charge separation~Pisaniet al., 2000!.

4. THE SHADOWGRAPHIC EXPERIMENT

The results obtained with transparent targets and the probe
beam are shown in Figures 5 and 6 for the low and high
intensity cases, respectively. In both cases we show a se-
quence of three images taken with different time delays
between the two beams. The time resolution was'400 fs,
while space resolution was'5 mm.

The images show an isotropic expanding ionization cloud,
but also thin jets propagating at higher speed, produced in
the laser focal spot region. From the delay between the
interaction and the probe beam and the extension of the
cloud and the jets it was possible to calculate their speeds.
We found that the jets are moving close to the velocity of
light, while the ionization clouds are somewhat slower, even
if their speed is a large fraction of c~about 1

2
_ in the high

intensity case!.
In principle, the ionization can be due not only to fast

electrons, but also to X rays produced in the interaction.
Hence, we used a slightly modified target, in order to dis-
criminate between these two factors: A further layer of alu-
minum~10mm thick! was placed before the target, separated
from this by an'200-mm-thick vacuum gap. In Figure 7 we
show two images taken with the same time delay~6 ps!
between the interaction and the probe beam. While in the

Fig. 4. Experimental and numerical results for MoKa yield at IL 51–23
1018 W0cm2. Lines and error bars as in Figure 3.
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case of “normal” targets~Fig. 7a!, a large and well-developed
cloud can be observed, in the case of modified targets
~Fig. 7b!, no ionization could be recorded. This excludes the
possibility that the ionization pattern is due to X rays, as

these would cross the vacuum layer. Instead, the lack of
ionization in Figure 7b can be easily explained if it is due to
fast electrons, as they cannot cross vacuum due to the onset
of a strong electric field on the back side of the first alumi-
num layer as they start escaping from the surface. Figures 5
and 6 not only show the presence of the jets, but also
that their propagation is stable on macroscopic distances
~'1 mm!. The presence of the relativistic electron jets ob-
viously points out the role of the strong self-generated mag-
netic fields and their pinching effects.

The magnetic field strength can be obtained, for instance,
using the formula~Davieset al., 1997!

B ~MG! 5 76.6s6
21tR21fI17

203l2203, ~2!

where again we have the problem of estimating the value of
conductivity in the hot plastic target~t is the pulse duration
in picoseconds,R the focal spot radius in microns andl is
the laser wavelength in microns!. If we use Bellet al.’s
~1997! formula ~1! and the experimental value of penetra-
tion at high intensity~z0 5 180mm!, we find s6 ' 4. This
must be considered as an effective value~in realitys changes
in space and time inside the target!. Even if this conductivity
is still one order of magnitude lower than that of Al at room
temperature, yet it is comparable to that of Al at tempera-
tures of a few electronvolts. When we use this value in
Eq. ~2!, we getB ' 6 Mgauss.

Fig. 5. Three images obtained with the shadowgraphy
technique~low intensity:IL 5 1018 W0cm2!.

Fig. 6. Three images obtained at high intensity~IL 5 1019 W0cm2!.
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For comparison let us observe that the value of the fast
electron current isIhot ' hELe0~Thott! ' 40 MA. The corre-
sponding current density isJhot 5 Ihot0pR2 ' 1.3 3 1013

A 0cm2. Using Biot and Savart’s law, we would find an
incredibly high value of the magnetic field~at the beam
edge!: B5 8 Ggauss. The difference between the two values
of B is obviously related to the presence of the return cur-
rents~which appear in Eq.~2! through the conductivity of
the material!. Another limit to be considered is that the
maximum current which can be carried by an electron beam
~in vacuum! is given by the Alfvén limitIA ~A! 5 17,000
bg ' 0.03 MA, which impliesB' 6 Mgauss. In a material,
which really counts is the total currentI 5 Ifast 2 Ireturn.
Hence, at the moment, we can speculate that either the jets
carry a current equal to the Alfvén limit~i.e., they contain
about 1:103 of the fast electrons!, or there is a return current
inside the jets, so that the total net current is again of the
order of the Alfvén value.

Apart from the role of magnetic beam pinching, other
effects may be connected to electron propagation and may
explain jet formation. In particular, the presence of hot
spots in the laser focal spot~Fig. 8! can lead to the cre-
ation of localized populations of electrons characterized
by higher energies. Another mechanism can be the so-
called electrothermal instability~Haines, 1981!: At the be-
ginning, the ionization effectively is zero, due to the nature
of the target~glass, i.e., an insulator!, and the electrons
cannot penetrate into the target. However, where there is
any penetration, the material is heated and ionized. This
makes penetration possible inside these regions, which are
therefore crossed by a higher current and further heated
and ionized, allowing a locally higher returned current and
increased penetration. This is, of course, an unstable mech-
anism, which in the end, creates low resistivity channels
where fast electrons propagate~and around which strong
magnetic fields develop!.

5. CONCLUSIONS

In conclusion, we have given the experimental evidence of
electric inhibition and of relativistic jets of electrons in fast-
ignitor related experiments.

In conductors, the larger number of background electrons
can neutralize the electric field in an effective way, and the
electric effects can be considered, in first approximation,
negligible, while in insulators, the electric response of mat-
ter is less important, which leads to an inhibition in the
propagation and to an effective penetration shorter than that
predicted with collisional models. In any case, a proper
analysis of the results of the propagation of electrons must
take into account both collisions and electric effects.

Fig. 7. Comparison between two images obtained with the same time delay~6 ps! after laser-target interaction with a normal target
~a! and with an extra Al layer in front of it~b!. In the latter case, no ionization is detected in the glass.

Fig. 8. Image of the laser focal spot taken with a pinhole camera showing
regions of higher irradiance~low intensity case!.
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Shadowgraphic images of transparent targets show the
presence of a collimated jet propagating at the speed of light
on macroscopic distances, therefore revealing the presence
of self-induced strong magnetic fields. Though we did not
perform any measurement, we can infer an upper limit forB
to be a few megagauss, again implying the presence of a
strong return current in order to explain the observed prop-
agation~which appears to be stable for about 1 mm!.

Finally, targets with a vacuum gap show that in vacuum,
where breakdown cannot take place, no propagation of the
fast electrons is possible.
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