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Inhibition in the propagation of fast electrons in plastic foams by resistive electric fields
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The propagation of relativistic electrons in foam and solid density targets has been studied by means ofK-a
spectroscopy. Experimental results point out the role of self-generated electric fields in propagation and the role
of heating of matter induced by the passage of fast electrons. A simple analytical formulation has been given
and Spitzer conductivity has been shown to be fairly compatible with experimental results.
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The ability to produce short, high-energy laser pulses
TW regime as a consequence of the recent developmen
laser technology~chirped pulse amplification@1#!, has al-
lowed laser intensities on target bigger than 1018 W/cm2 to
be obtained, and has produced a large interest in laser-
interaction experiments. In this new regime, materials
quickly ionized and electrons get accelerated to veloci
close toc, so that the domain of relativistic plasma physi
becomes accessible@2#. Phenomena such as relativistic se
focusing, particle acceleration, energetic particle product
plasma high harmonics generation, etc., have been
denced. Among these, the generation of intense beam
relativistic electrons@3,4# ~‘‘fast’’ or ‘‘hot’’ electrons ! is in-
teresting both in itself and for its possible application to t
proposed concept of ‘‘fast ignition’’ of thermonuclear targe
@5#. In this scheme, a laser bores a hole through the pla
corona so that a second beam interacts with the dense pa
the target producing fast electrons. They must then propa
to the compressed core and heat it to ignition conditions.
study of fast electron penetration is therefore essentia
such a scheme.

As explained in many theoretical and experimental
pers, electric effects may cause a reduction of the rang
fast electrons as compared to what can be predicted ta
into account collisional effects only~so called ‘‘electric inhi-
bition’’ !. The electric effects arise from the electric fieldE
generated by charge separation and by inductive effects
the fast electrons propagate into the target. These elect
carry a current densityJhot of magnitude that can be as larg
as 1012 A/cm2 depending on the specific conditions of lase
target interaction. The magnitude of the electric fieldE de-
pends instead on the conductivitys of the target material,
E'Jhot/s, because a return current balancing the curren
fast electron into the target must be set up to maint
quasineutrality and consequently to allow fast elect
propagation.

A significant inhibition can thus be expected, and w
evidenced, first of all in targets with low electrical condu
tivity @6–9#. An even larger inhibition is, however, expecte
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in low-density materials~foams! since a low density mean
fewer background electrons available to supply the ret
current.

Let us notice that the problem of the electric inhibition
fast electron propagation is not restricted to solid or ne
solid density targets but is also important in a true fast ign
context, that is, for the propagation of fast electrons insid
hot thermonuclearlike plasma. Indeed for efficient pene
tion we must haveJhot'Jreturn where Jhot5(nhotec), and
Jreturn5(neeve), and wherenhot, ne , and ve are, respec-
tively, the density of fast electron in the beam, and the d
sity and mean velocity of free background electrons. Hen
because the return current cannot be faster thanc, the current
balance impliesnhot!ne . The violation of this condition in
all cases in which the plasma density is not large enough
break down charge neutrality and will result in a strong el
tric inhibition and/or in a drastic reduction in the number
produced fast electrons~and the energy they carry!. This is
an additional reason why hole boring may be essential in
ignition: if the interaction~and hence fast electron produ
tion! takes place far from the highest density regions of
target, effective electron penetration may be prevented.~In
passing we note how this may indeed be a problem for rec
proposals of ‘‘fast ignition without hole boring’’@10#.!

From an experimental point of view, an important asp
is that, as resistivity and inhibition increases, at the sa
time the collisional effects, described, for example, in ter
of stopping power@11#, are in first approximation only sen
sitive to the total areal density of the material crossed by
fast electrons~that is m5rd, wherer is the target density
andd its thickness!. This means that the collisional penetr
tion range of fast electrons,l col ~measured in length units!
scales asl col'r l 0 /r0 , wherer0 , r, andl 0 are, respectively,
the standard density of the material, the density of the m
rial in foam state and the collisional penetration range in
material at standard density.

As a result of the different dependence of the two effe
~electric and collisional!, electric fields soon become th
dominant factor in limiting fast electron propagation
foams when the density is decreased. Hence the collisio
©2002 The American Physical Society09-1
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D. BATANI et al. PHYSICAL REVIEW E 65 066409
range,l col , will become much larger than the electric rang
l el , which in first approximation can be determined using
formula by Bellet al. @12#

l el~mm!'331023s foam~Thot!
2/hI L , ~1!

whereThot, h, andI L are the fast electron temperature, co
version efficiency~from laser pulse energy to fast electro
energy!, laser intensity on target and conductivity@respec-
tively, in units of keV, 1017 W/cm2, and 106 (V cm21)#. In-
deed foams were already used as early as 1982 by B
Hares, and Kilkenny@13# and allowed electric field effects t
be evidenced at laser intensities as low as 1015 W/cm2. In
this case the ‘‘hot’’ electrons were characterized byThot
'12 keV, i.e., were nonrelativistic.

In the experiment presented in this paper, we used fo
targets and studied fast electron propagation in the propo
short-pulse ultrahigh intensity regime that is today availab
This is different from the regime investigated by Bon
Hares, and Kilkenny because:~i! relativistic electrons are
produced and accelerated into the target,~ii ! a much bigger
conversion~h! from laser energy to fast electron is obtaine
A priori, this is likely to produce stronger electric field e
fects, but also a strong heating of the target material, wh
will produce dramatic changes in its resistivity~this will
somewhat complicate the interpretation of data because
value of conductivity to be used in Bell’s formula corr
sponds to the warm material whose temperature must be
culated consistently with penetration!. Moreover, free elec-
trons in the material, contributing to the backgrou
conductivity, will also be produced as a result of elect
breakdown induced by the very high self-generated elec
fields. In particular, heating and breakdown produce a ph
change~insulator to conductor! in plastic targets, as shown i
Refs.@8,9#, allowing for non-negligible fast electron penetr
tion in matter. Hence, it becomes possible to use pla
foams in this kind of experiments whereas Bond, Hares,
Kilkenny used metallic foams only.

Our experimental setup is shown in Fig. 1. We carried
the experiment using the LULI TW laser chain deliverin
pulses withl5534 nm, duration 350 fs, and a maximu
energy'20 J. The laser beam was focused on the targe
means of an off-axis parabola. The focal spot dimension
measured in the far field with an optical charge coupled
vice ~CCD!, while a x-ray pinhole camera, placed inside t
chamber, measured the size of the produced plasma. P
duration was measured with a single shot autocorrelator

FIG. 1. Experimental setup and scheme of the multilayer tar
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The measured parameters correspond to on-target irr
ances of the order of 231019 W/cm2. The target was placed
in a vacuum chamber, perpendicular to the laser. Variati
in laser energy and pulse duration from shot to shot gav
620% variance in laser intensity.

We used multilayered targets andK-a emission spectros
copy as the main diagnostic for the propagation of electro
The laser beam interacts with a first layer of 1.5-mm Al,
where the fast electrons are generated and accelerated.
first layer was already used by Bond, Hares, and Kilken
and in one of our previous papers in which we compared
electron penetration in conductors and insulators@9#. It is
essential in our experiment because it allows the effects
propagation to be separated by those of fast electron pro
tion ~i.e., the electron source is the same irrespective of
foam density!. Also it allows to use the experimental value
of Thot andh obtained in Ref.@9# for Al targets with exactly
the same setup and laser parameters of the experiments
sented here, i.e.,Thot'500 keV andh'20%.

After this first layer there is the foam~‘‘propagation’’
layer! in which the fast electrons penetrate before reach
two layers of fluor materials~20 mm of Mo and 20mm of
Pd! where they cause impact ionization followed byK-a
x-ray photon emission. Finally, a layer of 50mm of polyeth-
ylene shields the Pd layer and avoids any spurious emis
due to the electrons reaching the Pd layer after crossing
target rear side~and pulled back by electric fields!. ~Notice
that the measured penetration depth in plastic is of the o
of 180mm for 500 keV electrons. Hence a 50-mm-thick plas-
tic rear side is sufficient to drastically reduce spuriousK-a
emission since electrons lose most of their energy be
reaching it, and because this must be crossed twice be
the electrons come back to the fluor layer.!

To detect theK-a x-rays, we used a 10243256 pixels
CCD camera that was placed outside the vacuum chamb
a distance of about 2 m from the target, to ensure a negligib
probability of two photons interacting with the same pix
~single hit, or spectroscopic, mode!. In this manner the signa
registered from each pixel was proportional to the x-ray p
ton energy and the resulting image of multiple single coun
allowed to reconstruct the histogram of the x-ray spectru
Also, the CCD camera was shielded with a 125-mm-indium
filter in order to reduce the x-ray intensity.

The foam layers were realized with a technique develo
at Dundee University@14#. The monomer used in our exper
ments was trimethylol propane triacrylate, C15H20O6 . Start-
ing from a monomer solution containing a photoinitiato
foams were polymerizedin situ using UV light inside a brass
ring of the required thickness that determined the final thi
ness of the foam. Uniform foams with measured pore si
,1 mm were, as shown in scanning electron microsco
photographs@15#.

We have chosen two different foam densities~0.025 and
0.1 g/cm3! and the corresponding thickness~d50.2 and 0.05
cm! so to have the same areal density: 0.005 g/cm3, which is
also the areal density chosen for the layer of solid pla
~which has a densityr050.96 g/cm3 and a thicknessd
550mm!. This choice is important because, as previou
said, the collisional effects are proportional to areal dens

t.
9-2
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INHIBITION IN THE PROPAGATION OF FAST . . . PHYSICAL REVIEW E 65 066409
of the target. Hence, differences between various target
sities will be due to different field effects only.

Figure 2 shows the experimental x-ray spectra obtaine
typical shots, showing the Mo and PdK-a peaks. A data
deconvolution technique was applied to take into acco
charge diffusion between adjacent pixels. Such procedure
reduce data noise but was verified not to change the qua
tive trend of experimental data. Figure 3 shows theK-a yield
from Mo and Pd plotted against areal density from foa
and normal density plastics. The error bars are given by
standard deviation of experimental results. Every point
obtained from the average of six to seven successful l
shots.

As we can see there is an approximate power law sca
with a slope'0.52 for both Pd and Mo. Since the are
density is the same for all targets (m'50 mg/cm2), the re-
duction ofK-a yield when target density is decreased giv
the experimental evidence of inhibition of fast electron pe

FIG. 2. Typical x-ray spectra collected with the CCD for tw
densities~respectivelyr50.96 g/cm3 andr50.1 g/cm3!. All other
experimental parameters are practically identical. The vertical s
gives the CCD counts. The spectrum is shown before the deco
lution that takes into account the filter effects. The Mo and PdK-a
peaks correspond to photon energies 17.4793 and 21.1771 ke
spectively. TheK-b peaks at 19.6083 and 23.8187 keV can also
seen.

FIG. 3. K-a yield from Mo ~black circles! and Pd~white circles!
vs target density.
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etration, with respect to what can be calculated with co
sional models only, and obviously points out to the role
electric inhibition.

Many recent experimental works have shown that theK-a
yield from buried fluor layers decays in approximately
exponential way as a function of target thickness@4,6#. This
behavior can be qualitatively understood as follows: m
noenergetic electrons have a definite range in matter but
cause fast electrons produced in laser-plasma interaction
characterized by an energy distribution~approximately expo-
nential! we get an exponential profile for energy depositio
A recent theoretical/numerical work@16# gives a full picture
of the phenomenon and shows that, for thick targets~like
those usually used in experiments! the profile is indeed ex-
ponential. Finally, the work by Pisaniet al. @9# shows that
the K-a yield from 500 keV electrons in plastic, obtained
exactly the same conditions of the present experiment,
lows an exponential law, i.e.,K(d)5K0 exp(2d/R0), where
d is the propagation layer thickness,R0 is the penetration
range, andK(d) is the experimental yield. We also estimate
that R05180630mm in plastic. Since in our case the con
stantK0 is the same for all targets thanks to the presence
the Al layer, we can write theK-a yield from a target with
densityr and thicknessd as

K~d,r!5K0 exp@2m/$rR~r!%#. ~2!

HereR(r) is the penetration range in a foam target, and
areal densitym is the same for all our targets. By comparin
the K-a yield from plastic and foam targets, we then obta

1

rR~r!
5

1

r0R0
2

1

m
lnS K~r!

K~r0! D . ~3!

Since the penetration rangeR0 in normal density plastic is
known, this formula allows the penetrationR(r) in a foam
target to be obtained. The values we get from our experim
tal results are shown in Fig. 4 and scale approximately
r20.5. We recall again that instead the collisional penetrat
is inversely proportional tor. @Let us notice that the numeri
cal values ofR(r) depend on the assumption of exponent
deposition, but in order to get the scaling it is only necess
to assume that the profile has the same functional form a
densities.#

le
o-

re-
e

FIG. 4. Calculated penetration rangeR(r) vs target density.
9-3
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D. BATANI et al. PHYSICAL REVIEW E 65 066409
In all cases we are in a regime of electric dominated tra
port. This was shown in Ref.@9# to be true for plastic at
normal density ~in that case R0'180mm while l col
'690mm! and will be truer in the case of lower densitie
Hence we can neglect the collisional contribution and ten
tively identify the experimental values in Fig. 4 with th
electric penetration rangel el given by Bell.

The experimental scaling then allows some useful con
erations. In our case, the changes inR(r) are only due to
changes in target conductivitys. The data in Fig. 3 and Fig
4 shows thatl el , and hence conductivity, is bigger for lowe
density foams, but electric inhibition becomes stronger
lower densities~the ratiol col / l el scales as'r1.5!. In the fol-
lowing we will develop and discuss a simple heuristic mo
that reproduces our experimental scaling quite well. In or
to calculates we must calculate the temperatureT ~and ion-
ization degreeZ* ! in the background material. This wil
scale as

T'AEhot/@pr 2rR~r!Z* NA#, ~4!

where A and NA are the average atomic weight an
Avogadro’s number,Ehot is the energy in the fast electro
beam (5hEL), andr the actual electron spot radius. In pra
tice we assume the fast electron energy is deposited
cylindrical volume @pr 2R(r)#, and the quantity Ne
5@pr 2rR(r)Z* NA /A# is the number of free electrons i
such a volume. Equation~4! neglects the contribution to th
heat capacity of the material from the ionization ener
which can be calculated asDE'NeI , whereI is the average
ionization energy, and is indeed negligible with respect to
energy in the fast electron beam.

The assumption of a cylindrical volume will be discuss
later. The value of the electron spotr is usually larger than
the laser focal spot radius. Already the shadowgraphy ima
presented in Ref.@17# showed that fast electron are penetr
ing in the target from a surface area that is substanti
larger than the focal spot.

By using the typical parameters of our experiment, an
value of r of the order of a few times the focal spot radiu
we can evaluate temperatures of the order of'100 eV, in the
case of normal density plastic, and quite higher for m
tenuous foams. The increase in temperature whenr is de-
creased is not only a consequence of Eq.~2! but is already
implied by our experimental results on the reduction ofK-a
yield, reduction of penetration range, when target densit
decreased.

The important point is now that at such high temperatur
the conductivity of all materials is expected to follow
Spitzer-like behavior, according to which@18#

s~V cm!21597.09T3/2/~Z* ln L!, ~5!

whereT is in eV and (lnL) is the Coulomb logarithm. Fo
instance, in the case of Al, the experimental measuremen
Milchberg et al. @19# ~and their analytical interpolation don
by Davieset al. @20#! show that Spitzer conductivity sets u
at temperatures of the order ofT<100 eV. In the case o
plastics at normal density, simple models also suggest
Spitzer conductivity becomes appropriate atT<100 eV @8#.
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Moreover we can practically expect the ionization to
almost complete~foams being composed of low-Z elements
only!. Hence the material conductivity becomes independ
~explicitly! on the densityr, and is dependent on temperatu
T only ~which, however, depends on density!. By coupling
Eqs.~1!, ~4!, and~5!, and recalling that we have identifiedl el
andR(r), we can derive that

l el}s foam'@97.09T3/2/~Z* ln L!#}@$rR~r!%21#3/2, ~6!

which finally gives a scalingR(r)}r23/55r20.6. This must
certainly be considered in very good agreement with our
perimental results, seeing all the approximations used in
simple heuristic model. Let us notice that completely diffe
ent scaling laws are obtained if we assume a semiclass
behavior of resistivity~as done, for instance, in Ref.@8#! or a
semispherical propagation of fast electrons~as would be ap-
propriate to a strongly collisional case!.

In this regime, we can derive the scaling laws for t
other relevant quantities. In particular the conductivitys
scales as}r23/5, the electric fieldE scales as}r3/5, and the
temperatureT scales as}r22/5. All this follows from
Spitzer’s and Bell’s formulas that imply that the propagati
range no longer follows the expected collisional (r21) de-
pendence.

Despite the fairly good agreement between our exp
mental results and the simple model, one should really
concerned about the fact that the role of magnetic fields
their relation with the background foam density have be
neglected in the discussion~apart from the fact that they ar
assumed to be strong enough to produce a quasicylind
propagation of the fast electrons!. Indeed the main assump
tion of the model concerns the geometry of the fast elect
beam. A quasicylindrical propagation is not unrealistic sin
the large self-generated magnetic fields can induce beam
This self-pinching of the beam has been first theoretica
predicted @20#, and recent experimental results@17# have
been interpreted as giving evidence of fast electron co
mated propagation.

However, the situation is far more complicated. Even
we do expect large magnetic fields connected to the large
electron currents, their actual estimate is difficult becaus
depends on the geometry of the current and on the magni
of the return current~and hence on background conducti
ity!. Also, the fast electron current exceeds the well-kno
Alfven limit by many orders of magnitude, implying agai
the need for a strong return current. Recent theoretical
numerical works have shown that, during propagation,
fast electron current may suffer a strong filamentation, c
nected either to a Weibel-like instability@21# or to an elec-
trothermal instability@22#. Inside each filament the retur
current will approximately balance the fast electron curre
thereby probably the net filament current will be of the ord
of the Alfven limit. On the time scale of'100 fs, these
filaments begin to coalesce due to their mutual magnetic
teraction. Coalescence of two adjacent filaments will res
in a single filament, again carrying a net current of the or
of the Alfven limit, with a net energy loss which has bee
9-4
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INHIBITION IN THE PROPAGATION OF FAST . . . PHYSICAL REVIEW E 65 066409
described as an anomalous collective stopping power@23#.
Simulations have also shown@24# that the growth rate of the
instability is larger for more tenuous foams, and that
effect of the collective stopping power increases as the d
sity of the fast electron beam becomes larger relatively to
background electron density~i.e., the collective stopping
power is larger for more tenuous foams!. On the other side
Davieset al. @20# predict that the magnetic fields increas
when the conductivity is larger~as a consequence of th
relation between magnetic and electric fields in this conte!,
and hence more tenuous foams correspond to smaller m
netic fields inside matter~since, as we have shown befor
temperature and conductivity here are larger!.

Despite their obvious interest, the meaning of such sim
lations with respect to our experimental results is not ob
ous. At present, detailed simulations performed withPIC

codes do not allow to follow fast electron propagation ov
the required time scale and target size~<7 ps and<2 mm,
respectively! and also they are affected by important limit
tions ~collisions are usually neglected, electron densities c
responding to solid materials cannot be simulated, e!.
Electromagnetic hybrid codes can work on the required t
and space scales but are also affected by several limits~two-
dimensional, description of material resistivity, neglect
electrostatic fields induced by charge separation, etc.!. Hence
we might speculate that, on long space and time scales,
sequent coalescence of filaments may finally result in a
limated propagation of fast electrons or in the formation o
va
e-
.

A.

.
r-
e
.
r-
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bunch of no-longer-interacting filaments. Then, it is impo
tant to notice that the scaling given by Eq.~4! holds even if
instead of propagation in an uniform cylinder, fast electro
will propagate in a bunch of filaments. Of course in this ca
Eq. ~4! will give the temperature averaged over the differe
filaments. Instead Eq.~4! will not hold whenever the differ-
ent filaments coalesce in space and/or in time.

In conclusion we can summarize the content of this wo
in the following points:

~i! we have shown how the use of low-density foams i
suitable experimental technique to maximize the inhibiti
of fast electron penetration in matter;

~ii ! we have shown how the correct calculation of fa
electron penetration under electric limited fast electron tra
port ~i.e., l col@ l el! requires a consistent calculation of tem
perature and conductivity of the background material;

~iii ! we have implicitly shown how, in the conditions o
our experiment, matter is heated to quite high temperatu
where it is appropriate to use Spitzer’s conductivity;

~iv! we have developed a simple heuristic model and
rived a theoretical scaling for the penetration range vs ta
density~which is valid in the Spitzer limit! and for the other
relevant quantities~E, T, s!.
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