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Explanations for the observed increase in fast electron penetration
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We analyze recent experimental results on the increase of fast electron penetration in shock compressed
plastic[Phys. Rev. Lett81, 1003(1998]. It is explained by a combination of stopping power and electric field
effects, which appear to be important even at laser intensities as low'a3M6m™2. An important conclu-
sion is that fast electron induced heating must be taken into account, changing the properties of the material in
which the fast electrons propagate. In insulators this leads to a rapid insulator to conductor phase transition.

PACS numbegps): 52.50—b, 52.40-w, 52.35—-¢g

I. INTRODUCTION dicates that our plasma is both correlated and degenerate.
The CPA beam delivers 10-30 J in 1-3 ps. The focal spot
In inertial confinement fusiodlCF) research a new ap- diameter ranged from 100 to 18@2m, giving intensities of
proach, the so called “fast ignitor,” was devis¢d,2] to  (1-6)x10'® Wcm 2 To maximize the fast electron gen-
achieve the goal of ignition. Crucial to the success of thiseration, a 30° angle of incidence amlpolarization were
approach is the study of its last phase: the propagation of fastsed[11,12. The timing between the CPA and ns beams
electrons and their energy deposition in the compressed peftas chosen so that8 um of uncompressed material was
let. The problem has, until recently, only been studied inPresent when the CPA beam was fired. This ensured that the

numerical and theoretical work8], and no experimental conditions of fast electron generation were identical in both
results were available. Recently, the first experimental med€ cold and shock-compressed cases. The intensity was kept
surement on the propagation of laser generated fast electroff§/IP€rately low so that the expected range of the fast elec-
in compressed materials was performed at the RutherforfO"S .wc_)uld apprOX|m'ater match the target thlpkness, which
Laboratory[4,5]. The VULCAN laser systenfi6] was used was limited by the thickness that could be uniformly shock

. ; compressed.
both to shock compress plane plastic targets {CHising ., _The propagation of the electrons through the target was
2-ns beams, and to generate fast electrons on the other Slg

. ) ; fudied usingKa spectroscopy with a chlorinate plastic
of the targets, using the chirped pulse amplifi€PA) beam. (PVCD) quorglayer (;F;=1.64 gp/)érﬁ), producingK a errr)lis—

This experiment showed a much increased penetration of fa§¥on from chlorine at 2622 eV. A 13.5m of PVCD fluor
electrons in the compressed pladisee Fig. 1L The objec- ' '

tive of this paper is a theoretical interpretation of these re-

sults. 0008 —

The two compression beams were frequency doubled tc i f::ﬁgﬁpnr‘::;iﬁmuer ]
0.503 um, and yielded about 50 J each on target in 2-ns o ]
duration pulses. The use of random phase platé$or op- Ng 0.002 [ ]
tical smoothing led to focal spot diameters of about £ 5 . ]
250 um, giving a total intensity on target 10** Wcm 2. = i .. Ry=72x20mglm® ]
Figure 2 shows the results of a simulation of the shock com- & i T ]
pression phase, performed with the hydrodynamic code & o.001 L T
MULTI [8], which gives the density and temperature profiles —&° [ R =37slomgem? W~
in the target as a function of time. The experimentally mea- F o
sured shock velocit is in very good agreement with that neiselevel—s p--------------o-omoomomomo oo

obtained frommuLTI using thesESAME[9] equations of state 0 D b b

for plastics. It gives a compression facialip,~3.2, a tem- o 10 20 30 f‘o 50 60 70 80
perature of~6 eV and a pressure o8 Mbar for D Target thickness (um)

~32 kms*. The corresponding value of ionization Z& FIG. 1. Ka experimental yield and penetration depth for cold
~1.7. The correlation and degeneracy parameters of thgnd compressed matter as a function of target thicknesgnin
shock compressed material were calculated tb'5€.1 and  (taken as the midpoint of the fluor layeAlso shown are the typi-
Er/T~3.7, respectivelywhereE is the Fermi energy, cal- cal error bars, the typical noise level, and the interpolation using
culated including the first thermal correctiph0]). This in-  Harrach and Kidder's model.
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—— 1840 ps after drive pulse wherel 7 is intensity in units of 1&/ Wcm™2, which gives
— — -2350 ps after drive pulse 46-84 keV for intensities (1-6910'® Wcm 2. We also
""""" 2700 ps after drive pulse used CR39 plastic ion-track detectors, which, calibrated ac-
6.0 [ cording to Ref[11], yielded temperature values between 30
E CH,CL ] and 57 keV, depending on laser intensity.
5.0 a layer ] In compressed targets a penetration depth of 7.2
wl e j +2.0 mg cm? was found, equivalent to 7gm of, origi-
i ..._s,.\,.,i," ] nal, uncompressed GH an increase of almost 100%n
50l " ' ] compressed matter the actual thickness is only24). The

shock front |
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total stopping power of the target has been halved by com-
pression, a very surprising result. We were careful to ensure
that the conditions of the CPA interaction were identical in
each case, the CPA beam was fired before shock breakout
and preheating was minimized. Hence this result cannot be
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0.0 e e L due to a change in the fast electron temperature.|KReof
0 20 40 60 80 100 120 the compression beams is too low for fast electron generation
X (um) [16], andMuLTI simulations show that the fluor layer is not

heated sufficiently to caud€« emission, as was also veri-
fied experimentally by firing the ns beams alone. This was
one of the goals of the 2am CH, layer, the other one
being to avoidKa emission due to fast electrons going

FIG. 2. Density profiles obtained from numerical simulations
performed with the hydrodynamic Lagrangian codeLT! at |
=7.5x10" Wecn? corresponding to a shock velocity of

32 kms!. The discontinuity corresponds to the denser PVCD d th 51 Th iation ink e
layer. We note that, in this figure is the Lagrangian coordinate around the targefiS] e variation inKa cross section in

used in the computer program, andt the distance. It corresponds the compressed material is negligible. Thus the increase must
to the initial thickness of the uncompressed material, and then iP€ due to a change in the electron transport. .
does not change during the simulation. In real space, instead, any !N Sec. Il we model the electron transport atd emis-

compression of the material would correspond to an equal reductioflOn with a purely COIIiSionaI.code, the normal method of
in target thickness. interpretation for such experiments.g., Beget al. [11]),

paying particular attention to the changes in stopping power

was sandwiched between 26m of polyethylene (Ck) on  as the targetis ionized. We show that there is, at most, a 25%
the side of the compression beams and 10— 104 of poly- ~ reduction in the stopping power in compressed targets. In
ethy|ene on the CPA side. Experimenta| data are shown i|$eC. 11l we consider how electric field generation could ac-
Fig. 1. No Ka emission above noise was observed forcount for this discrepancy, following the model recently de-
104-4m targets. Here, instead of showing averaged values a&loped by Bellet al.[17]; we will also see how the electric

in Ref. [5], the individual experimental points are shown field and its induced deceleration act to produce an appar-
together with a typical error bar and the interpolation ob-ently lower temperature of the fast electrons. In Sec. IV we
tained by means of Harrach and Kidder's mofie8]. Ac-  model the electron transport with a Fokker-Planck hybrid
cording to this model, the relationship between the penetratode, including both collisions and field generation. This

(Tas) IS Ro:beH'f while the energy deposition is pro- to the compression can account for the observed penetration
ast

portional to exp{ BVX/Ry), wherex is the distance traveled increase. Finally Sec. V gives the conclusions.

inside the target in the direction perpendicular to the surface.

Here the parametetts and w are obtained by fitting Spen- Il. COLLISIONAL MODELING

cer's data[14] on the stopping power with a power law, ) o

while 8 takes also into account the Maxwellian distribution ~ We have written a code to model i€ emission fol-
and the opening angle (90°) of the fast electron source. FJPWing the approach already used in REf1]. We use the
the coefficients we have usgg1.85, b=4.6x10°5 and  Stopping power formula developed by Val'chekal. [18],
w=0.78 (with R, and T;,; measured in gci? and keV, Whlch was also qsed by Deutsehal. [_3] (note the prlntlng .
respectively, the values given for carbon. A calculation for €TOr in the stopping power formulas in this paper, as verified

plastic based on Bragg’s additivity, that is, averagihgn  With the authors
the mass of the componenjtss], yields almost identical val-

ues (the stopping power of CHis mainly due to carbon dE
This allows us to define a penetration depth and to evaluate ax -~ E [MbotniLi+Lul, 2
the temperature of fast electrons from the penetration depth

in cold matter. For the uncompressed targets we oliRgin ) o
=3.7+1.0 mgcm 2 (distance times target densitequiva- wheren; is the free electron density,, is the bound electron

lent to 39 um of pure CH (p=0.94 g/cri). This gives a density andL,, L¢, andL,, are the stopping numbers for

fast electron temperature of order 43 keV, in sufficient agreePound electrons, free electrons, and for the generation of
ment with the scaling law found by Beegt al. [11], from plasma waves, respectively. We have neglected bremsstrah-

experiments on the same laser system lung radiation, since this is only important for highmate-
rials and ultrarelativistic electrons. As the stopping power is

KTtasi= 100117 keV, (1)  proportional to the total electron density, the observed

84
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change in penetration depth (mgcf) must be due to a 00025 — w7
. . . vy
chang.e in thg effective stopping number. . _ i v e cold 6 = 0° ]
Ly is dominated by In(&1y), for the energies we are in- 0.002 | \;,‘ ~a -cold 6 = 50° .
terested in, wher& is the fast electron kinetic energy ahg : \- o compressed 8 =50°| |
is the mean excitation potentigl5]. This is an average en- 0.0015 | :

ergy which takes into account the energy lost by fast elec-
trons as a consequence of excitation and ionization of back-
ground atoms. Apart from relativistic termis; is given by
the Coulomb logarithnjL;=In(Ap/2\y4g), Where\p is the
Debye length and\ 45 is the de Broglie wavelength of the s 0.0005 [

0.001 +

yield (photons/um” J)

fast electrong[18,19. L, gives a relatively small increase to * i

L [20,21]. It has been included for the sake of completeness. oL . .. L
Strictly, it is only accurate for a single particle. For a group 0 2 4 6 8 10 12
of fast electrons the energy gain from the absorption of depth (mg/cm?)

plasma waves should also be includ@d,22; this effect can _ _ _
cause a rapid velocity scattering for a monoenergetic distri- FIG: 3. Ka yield and penetration depth for cold matter with=
bution, but for a Maxwellian it has no net effd@?2,23. 0° (solid line, Ro=4.7 mgcm ), with §=50° (dashed lineR,

— A2 : o
The Ka emission from the PVCD fluor is calculated us- = 36 mgcm?), anc_izfor compressed matter with=50 (dotted
ing theK shell ionization cross sectidi24,23 line, Rp=4.5 mgcm “). Only stopping power effects, including
= the electron degeneracy, are taken into account.

distribution, although many works erroneously refer to it in
this way. Even if the two distributions have almost the same
behavior at high electron energies, the parameter T in the
whereEy is theK shell ionization energy2822 eV for C}  exponential law is not, strictly speaking, the fast electron
and energies are in eV, and tKer yield [25] (which takes temperature but their average energy. Hence care must be
into account the possible deexcitation by Auger electrons taken when the results of different works are compared.
Having chosen the distribution law, leaves us with two
z4 free parameters: the cone angle of emission and the total
DK 4 a1’ (4) energy of the fast electrons. The cone half angle was varied
Z4+1.12<10° . . . .
to give the best fit to the experimental penetration range
whereZ is the atomic number of the emitteZ € 17 for Cl). obtained from the points in Fig. 1. SQ° gave a good fit for the
Finally, we consider the x-ray absorption due to the plasticuncompressed targets and approximately also for the com-
between the emitting layer and the spectrometers using t resseq ones. The fact Fhat the same angle re'produces both
absorption coefficients given by R&26. cases |r_1d|cates that the mcreasgd propagation in compressed
fargets is not due to a decrease in angular scattering. Figure 3

We treat the uncompressed targets as cold matter Witshows the results of thk« yield for cold and compressed
ny= nly the first term contri . Foy wi h ) . .
1=0, so only the first term contributes. Fby we use the matter with 6=50° (the result ford=0° in cold matter is

values tabulated by the International Committee on Radia- . o
tion Unit (ICRU) [15] (these values are more detailed, al_shown for the sake of comparispis angular scattering is

though similar, to those reported by Spenst]). neglected in the code, this angle represents not only the ac-

For the shock-compressed targets we use the results of tﬁléal cone angle of emission but also the average angular

hydrocodemuLTi for the target temperature and density andscattering in the target. Thus, it is not in contradiction with
calculate the degree of ionization with the formulas given bythe lower values obtained in other \_Norl_<s, €9, *3_1]- The .
More, based on the Thomas-Fermi atomic md@a]. This root mean square angular scattering increases linearly with
gave a mean ionizatiof* = 1.7. The mean excitation poten- Ti plenet‘rlatlon dl_?_ﬁnc{ez,??ﬂ, and. Ca.?. be ?V?Iuateq t'o. t?e
tial, for an ion of ionization statq | is calculated following ~40° at 40 '““m;, IS IMplies a signi 'C?‘”ty ower initia
More [28]: cone angle £30°), assuming a quadratic sum. The energy
into fast electrons was determined by matching the code re-
exp(1.29q/Z)072 01817 sults to the experimentally determined total number of emit-
=lo : ) (5) ted Ka photons from the uncompressed targets. In order to
V1—-q/Z do this, we took into account the collection solid angle, the
film sensitivity [34], the absorption due to the beryllium fil-
Angular scattering is neglected and the electrons are assumests [26] and the pentacrythrito{PET) crystal reflectivity
to propagate in straight lines. As only collisional effects are[35]. This gave an absorption of 20% of the laser energy into
included and the target conditions are assumed constant tligst electrons. This is in approximate agreement with other
electron trajectories are independent. We assume an expresults on the absorption fractiphl,31,346.
nential energy distribution with temperature 43 keV, as cal- The code gives anaximumincrease in the penetration
culated Sec. |. The use of such an exponential distributiomlepth in compressed targets of 20%, compared to the almost
law, i.e.,n(E)=ngyexp(—E/T), arises from comparison with 100% measured increase. This decrease in the total effective
previous experimental works reported in literatfifiel, 29  stopping number is largely due to the significant decrease in
and above all with the results of particle-in-cell simulationsL, [an increase i, Eq.(5)] with ionization, as the remain-
[30]. Let us note explicitly that this isiot a Maxwellian  ing electrons are more tightly bound. Moreover, the stopping

1 E
_ —14
ok (cm?)=7.92<10 EEKIn = 3)
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power of an electron decreases when it leaves the atom ( expected to be higher. A number of authors have considered
<L, in our casg andL; is also lower in compressed targets, electric field effect417,31,37,38 Bell et al.[17] derived a
due to the higher density, which lowers the Debye length andnean penetration depth for fast electrons, from a one-
the mean interparticle separation. The relatively smaldimensional1D) model including only the electric field and
change is not surprising, as the parameters which chang$suming a constant conductivity, which provides a good
appear in logarithmic terms. Also, at high enough electrorstarting point for assessing field effects
energies, stopping numbers become material independent, T 2 - 02
depending only on the fast electron kinetic enef§]. 20%46( fast ) )(_)

The effect of electron degeneracy is not included in 43 keV) |10 O *m 1)\ faps

6x10' Wcm 2
X | ) mm, (6)

Val'chuk et als formulas. This will reduceé ¢, as it has the
effect of preventing energy losses to the free electrons of less
than the Fermi energy, ard,, since it produces an effective
increase in the mean excitation potential~d,+ Eg. Sim-

. . . whereo is the target conductivity an is the absorption
ply mcludmg sucha C.UtOff for a Ferrm energy of 22 ¢skc. into fast electronsg We expect trxllis tfagé an underestF;mate of
) gave an increase in the penetration range of the order ghe penetration depth as, being 1D, it does not include the
5%. Correlation is not expected to play a significant role agy) in fast electron current density as the electrons spread out
the de Broglie wavelength of fast electrons much smalleing, having a fixed conductivity, does not include the time
than the mean ion-ion distance in the compressed target, S@riations of conductivity due to fast electron heating, which
that the incoming electrons only “see” one ion at a time. were shown to be significant in Sec. II.
The density effect correctidri5] has also been calculated to  |n the literature several models are available for calculat-
play a negligible role in our case. Also, as stated in Sec. |, wéng the conductivity of materialg39—-43, but all these are
verified that the change in tHé« yield as a result of com- basically derived and valid for metalsr plasmas Indeed
pression is negligible. they give a conductivity which is nonzero at room tempera-
However, there is a more important effect that has beeture. For insulators, such as plastic, the important factor is
neglected in the model: heating and ionization of the targethat changes in conductivity are mainly driven by changes in
by the fast electrons. To estimate the average fast electrdhe effective ionization of the material, which is zero at room
heating in the uncompressed targets, we use a volume démperature. Hence we turned to a simpler classical model to
fined by a 100am spot diameter, a 3gm penetration dis- €stimate the minimum conductivity for the compressed tar-
tance and 50° cone half angle,daB J offast electron energy 9€ts from thevuLTi results(Sec. ),
(20% of 15 J, and assume this energy heats every electron in n.el
this volume. This gives a temperaturee6—-10 eV, of the T min=
same order as the heating due to the compression of the
targets. Given the greater penetration distance, the inducegssuming the conduction electrons have a mean freelpath
heating in compressed targets would be around half thissqual to the mean interatomic SpaCingr(;téﬁ) [40,44-47,
Thus to accurately calculate the change in the stopping number density, given by the free electron density, and a
power requires a self-consistent calculation, taking into aCmean speed . given by the thermal velocity. This gives
count the heating and collisional ionization of the target by, . ~10° O~*m~! which is in fair agreement with the
the fast electrons. This greatly complicates the calculationyajue given by the quantum—mechanical model by Kitamura
making the electron trajectories no longer independentand |chimary39]. This value is quite high, being very close
HOWeVer, we can see that this effect will reduce the differ'to the Conductivity of Al at the same temperatmmhough
ence in ionization between the uncompressed and comyt ropom temperature Al has a higher conductividy= 3.5
pressed targets, reducing the difference in stopping powek 17 ()~*m~1). Using the calculated values @, and
which is already significantly lower than that observed in thefabs (Sec. ) and a maximum intensity of 10 Wcm 2
experiments. So we can conclude that changes in the CO”bives us a lower estimate of the penetration depgh
sional stopping power, though not negligible as is often asz_4g um. Comparing this to the maximum, total, com-

@)

veMe’

sumed, cannot explain the experimental results. pressed target thickness of 50m, and the experimental
penetration depth o~24 um shows that electric field ef-
IIl. ELECTRIC FIELD EFFECTS fects are not important in the compressed targets.

The same procedure can be used, in principle, to evaluate

As the fast electrons enter the target they will set up arelectric effects in uncompressed targets. However, the con-
electric field which will act to slow them down and draw a ductivity in the uncompressed targets is a more complex is-
return current of target electrons. This return current is essue. For instance, the initial, cold, conductivity
sential to the propagation of the fast electrons, as otherwisge~10"'* O ~*m™1) gives effectively zero penetration, and
they would be prevented from propagating by the electroelectric fields orders of magnitude higher than the break-
static field setup. The return current requires an electric fieldlown threshold20 MV/m for our plastic[48]). This shows
to be maintained, dependent on the target conductivitythat the fast electrons cannot propagate in the uncompressed
which will slow the fast electrons. We can immediately seetargets without first breaking down, or ionizing, the target.
that this is a more likely reason for the significant change inThe above calculations indicate that a significant degree of
the penetration with compression, as energy loss to the ele@nization is required to give @, comparable to the mea-
tric field depends directly on the distance travelddm  sured penetration depth. To estimate the energy required to
JE-dI). The conductivity in the compressed targets is alsaurn the target into a good conductor, we use the same pro-
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cedure used in Sec. Il to estimate the heating of the target twon collisional and Ohmic losses using a temperature-
calculate the energy required to singly ionize the carbon atdependent heat capacity, obtained from the Thomas-Fermi
oms (the lowest ionization energygiving ~0.3 J. This is model. To find the fields, Maxwell's equation are solved,
10% of the fast electron energy for 20% absorption and 15-dieglecting the displacement current and assuming rotational
laser energy. For the lower energy shots this could be quite symmetry, giving electric and magnetic fields,(r,z),
significant effect, though it may have a greater effect on theée,(r,z), andB(r,z).
total yield than the penetration depth. A simple estimation of As an illustration, we considered the simplified problem
the average heating in uncompressed targets yielded a terof uniform CH, targets with average density 1.04 g¢i
perature of the same order of the compressed material, wheasd a uniform compression factor of 3.2 in the compressed
the fast electrons are now the unique responsible for the heatase. The different materials, uncompressed layers and pre-
ing (and hence the nonzero value®f,;,). All other factors  heated layer¢édue to the CPA prepul$evere not considered.
being equal, a compression factor of 3.2 times would in-Targets consisting of, before compression, 10-, 30-, 50-, 70-,
creasar i, by a factor of 3.23~2.2, due to the factor of 3.2 and 100xm layers followed by 13.5xm of, nominal, fluor
increase im, and 3.2” reduction inl. In the uncompressed layer and then a further 26:m, as in the experiment, were
targets, the conductivity, following breakdown, is then modeled. The relativi « yield was calculated from the total
roughly half that of the compressed targete~(4.5 collisional energy loss of fast electrons in the nominal fluor
x10° Q" ITm™1). Hencez, will be decreased of a factor layer, using theKa energy(2822 eV} instead of the mean
~2, while the target thickness is larger by a facteB in the  excitation potential. Cold solid collision coefficients were
uncompressed target. We stress the fact that, despite the wnsed in both cases, to illustrate only the change in electric
certainties on the value af as derived from different mod- field effects.
els, the real important fact for our modelization is the change A wide range of conductivities, electron temperatures, ab-
between the uncompressed and compressed cases. All mabrptions and angular distributions were used with open and
els give a larger conductivity in the last case. reflective boundaries for the lowest and highest intensities
Thus we can conclude that the electric field is not impor-used in the experimerin total 32 sets of runs were per-
tant in the compressed targets, but will reduce the penetrdermed. The main conclusions from these runs are the fol-
tion in the uncompressed targets. To calculate its effect wéwing.
require a much more detailed, 2D calculation, taking into o o
account the fast electron heating of the target and collisions. (1) The magnetic field is not significant, due to the large
Before we proceed to this in Sec. IV, there is another imporSPOt radius. o o _
tant conclusion to make from this; the purely collisional (2) The electric field is not significant in the compressed
models we applied to the uncompressed target results {fRT9ets. o
Secs. | and Il andi5] to obtain the fast electron temperature (3 The electric field in the uncompressed targets lowered
and absorption are not valid, but they are valid for the comih€ penetration depth ariia yield.
pressed target results. So Harrach and Kidder’'s model should
be applied to compressed matter. The higher penetration i
the compressed targets gives a fast electron temperature
order 64 keV, instead of 43 keWve used the same method
of Harrach and Kidder to find “revised” values for the co-
efficients 8, b, andu on the basis of Val'chulet al.'s stop-
ping power for the compressed majteThis gives better
agreement with Eq(1), and is at the upper end of the tem-
peratures indicated by the ion measuremd®sc. ). The
higher Ka vyield indicates an absorption somewhat higher

Within the range of physically sensible parameters and
experimental uncertainties, the penetration depths can be
Made to agree with the experimental results. As the com-
pressed target results were found to be independent of the
fields, the penetration depth was only dependent on the tem-
perature and the cone angle. So we used these runs to narrow
down the possible combinations of these values. Varying the
cone half angle between 0° and 90° indicated temperatures
between about 60 and 100 keV. In line with previous results,
we concentrated on half angles between 0° and 35°. The
the conclusions on the fast electron generation. This high Thferred temperature does not vary significantly within this
e ' errange of angles. Small cone angles also gave much better
temperature would also further reduce the difference in stop;

i betw h Id and dqt i | agreement with the penetration depth in uncompressed tar-
Irz)al?egd Fi)r?véeerc ?I een he cold and compressed targets ca Cﬁéts, as a wider cone angle gives a lower current density, due

both to the greater spread of the electrons and the lower
background temperature it implies, and hence higher electric
IV. FOKKER-PLANCK MODELING field. Of course, the conductivity in the uncompressed target
can be lowered until the penetration depth agrees, but this
To investigate all these effects, in a more detailed waygave unrealistic conductivities. We will now discuss one set
we used the Fokker-Planck hybrid code developed by Daviegf runs in detail, the basic procedure was the same for all
and co-workerg38,49,5Q, following the same basic setup ruyns.
used in these papers. The code represents the fast electronsgor the conductivity we used the simple, heuristic model
with a relativistic Fokker-Planck equation, including drag introduced in Refs[49,50,
[Eq. (2)] and angular scattering, which is solved using a par-
ticle, Monte Carlo method. The target is representedeby 0= 0mint Tspitzen (8)
=jp/o, whereE is the electric field ang, is the background
current density. The conductivity is a specified function ofwhere o,,;, is an initial, minimum, conductivity, estimated
the background temperature, which is increased by fast eleffom Eq. (7) (Sec. Il), and o'spirze=10%(Z In A)~HkT)*2
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QO m 1! is the Spitzer conductivity, withkT the tempera- 5
ture of the target in eVZ In A=8 was used in both cases. For
Ospizer 10 equal 16 Q"'m™'  requires T 4 . i’funcompressed
=22(ZInA)?? eV, indicating that the conductivity will not : " compressed
increase significantly abowe,,;,, due to fast electron heating.
The reason for proposing this equation is that mean free
paths of the order of the interatomic spacing have been in-
ferred in a number of different laser experimefdg—47,

and at higher temperatures we expect to obtain the Spitzer
value. It is also in line with estimates of the mean free paths
taken from the theoretical work of Lee and Md#0]. The
value of o, is also restricted by physical limits on the
maximum electric field that can be generafté€,50. For the O T T I S S R
compressed targets we useg,,=10°Q'm~!, as calcu- 0 2 4 6 8 o 12
lated in Sec. Ill, and for the uncompressed target we used depth (mg/cm?)
omin=4.5x10° O 'm™1, a factor of 2.2 lower; simula-
tions in a wide range of do not show appreciable changes.
An evaluation OT Egs(7) and(8) using theS_ESAMEequatl(_)n eflective boundaries. Circles represent uncompressed tariggts (
of state to obtain the free electron density as a function ot 5 g1+ ( 35 mg cm2), while squares represent compressed tar-
temperature indicates that this value may slightly be toqJets R,=6.51+0.08 mgcm?).

high. However, one must also bear in mind that collisional

ionization and electrical breakdown are likely to lead to aynere y is the mean electron speed and absorptigg
higher free electron density than in equilibrium. For the fast_ 3 4 higher value than that calculated in Sec. I, to take
electron propagation not to be significantly inhibited by elec-account of the additional energy loss to the electric field. The
trostatic fields there must be a background, free electron deRgecirons were fired into the target at a random angle, uni-
sity much higher than the fast electron density. The initialfomﬂy distributed in a cone of half angle 20°. This is lower
electrical breakdown is ignored in the model, being assumegh,n the value obtained in Sec. I, as angular scattering is

Instantaneous. _ included here. The electrons were specularly reflected at the
The fast electron generation was calculated from an as;qndaries.

sumed laser intensity The results for the relativ& « yield are given in Fig. 4
together with fits using Harrach and Kidder’'s model. The
penetration depths obtained from the fits are 3.6135 and

. . Lo 6 o _ 6.51+0.08 mgcm 2 for the uncompressed and compressed
with peak intensityl,=6>x10'* Wcm 2, spot radiusR targets, respectively, which compare well with the experi-
=50um, and pulse duratiom=3 ps, and with the pulse onia| results of 371.0 and 7.2:2.0 mgcm 2. The dif-

peak att,=3 ps, which is just a computational parameter sorance hetween the yields are not quite as large as those
that determines at what point the fast electron generation i§piained in the experiment, particularly for the thinner tar-
turned on. This gives a total laser energy of 12.5 J and agn

i : X ets. This was the case for all the runs performed, which
average intensity, calculated from the total energy delivered,iched the penetration depths well. This could be due to the
within the spot radius and pulse duration, of 2.8

06 e X , initial energy loss in electrical breakdown. However, within
X 10" Wem' “. This corresponds to the higher energies andpe experimental uncertainties and the uncertainties in the

best focus achieved in the experiment. In this case the initigh,5qg parameters, we cannot draw any definite conclusion
breakdown can be more reasonably neglected, as only &, this. '

small fraction of the fast electron energy is required to ionize  5rrach and Kidder's collisional model always gave a

the targetSec. ll). An e BT distribution was used, where petter fit to the compressed target results than to the uncom-
E is the electron kinetic energy, and with the mean energy,ressed ones. This is not entirely surprising, as the fields are
kT given by not significant in this case, but they assumed a 90° half
angle. The reason their model for the energy deposition still
kT(r,t)=143 1/73(”) keV. (10 gives a good fit for sources with narrow cone angles is prob-
ably due to the angular scattering, which causes the electrons
to rapidly “forget” their initial cone angle. Of course, the
relation between the fast electron temperature and the pen-
etration depth varies with cone angle, it is only the functional
&orm of the energy deposition with depth that does not no-
Or{iceably change. Thus we can conclude that electric field
effects can readily account for the experimental results.

K yield (arb. units)
o

—
T

FIG. 4. Results from the Fokker-Planck modeling for an overall
mean electron energy of 64 keV, an opening angle of 20° and

2/R2 2,2
|(r,t):|pe—r /R e—4(t—tp) /7

This gives a mean electron ener@gtal electron energy di-
vided by total number of electrons generated 66 keV,
which agrees with the results obtained from EL.using the
average intensity given above and with the higher temper
ture calculated, at the end of Sec. lll, from the penetrati
depth in the compressed targéagain we stress th&eT here
is the mean electron energyot the real temperatuyeThe

initial number density was calculated from
V. CONCLUSIONS

Fapd (1,1) (11) With hindsight, these shock compression experiments

Mo(r, )= v(r,t)kT(r,t)’ provided an excellent method of evaluating electric field
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transport inhibition. The compression did not change the arnot believe that this difference is significant. Also, it should
eal density, which is the major factor in the collisional stop-be noted that ion emission measurements are not an indepen-
ping power, but did significantly reduce the thickness anddent measure of the fast electron temperature, as the relation
due to the higher electron density, significantly increased thbetween ion energy and fast electron temperature was estab-
minimum conductivity, factors which significantly affect lished by comparing experimental results on ion emission
losses to the electric field. In this case it put us in a regimewith results on fast electron temperature. Thus they are
where electric field effects were unimportant. Due to theequally prone to errors from the neglect of field effects. In
large spot radius used, the magnetic field effects were alsgeneral, field effects must be considered in the interpretation
unimportant, whereas in most laser-solid experiments thepf electron transport experiments. The main value of the
are dominan{38,49-52. Thus the only significant differ- compressed target results is that field effects can be dis-
ence between the uncompressed and compressed targetsd@sinted. The uncompressed results then give an excellent
the electric field. The only change in the total collisional example of the effect of electric fields and the errors that can
stopping power is in the argument of the logarithmic terms,occur in neglecting field effects.
which are relatively insensitive to the value of the argument, Another important conclusion from our work is that the
and, for the electron energies of interest, are dominated bfast electron heating and ionization of the target has a sig-
the electron kinetic energy. In our case a maximum decreasgficant effect on their transport. In insulators the fast elec-
of 25% in the collisional penetration depth in the compressedirons induce a rapid phase transition from insulator to con-
targets was found. ductor. Thus the differences between insulators and
An important conclusion from this is that the traditional conductors will be nowhere near as large as the differences
collisional analysis of the results should have been carriethetween their cold conductivities would indicate. The major
out on the compressed target results, rather than the uncordifference will come in the initial phases, when the conduc-
pressed results. This indicates a fast electron temperature tity of metals falls with increasing temperature and insula-
around 64 keV and an absorption of about 30%, instead ofors must be broken down, in order for the electrons to be
43 keV and 20% obtained from the uncompressed data. Thable to propagate. The fast electron energy per area will be
fast electron source is the same in both cases, as in bothe significant factor in this, as for a given penetration depth
cases they were generated by interaction with the same uit-determines the extent to which the fast electrons can heat
compressed material, it is just that the electric field slows théhe target. It appears to be largely because this is relatively
electrons in the uncompressed targets. With the inclusion dbw in these experiments that the effect of the electric field is
electric field effects the electron trajectories are no longeso pronounced, even at intensities as low a¥ M cm™2.
independent, and the penetration depth becomes dependértar the lower energy shots, included in the experimental re-
on the absorption, target conductivity, and heat capacity. Theults, the energy required to break down the target is a sig-
results in the uncompressed targets were found to be consisiicant fraction of the fast electron energy, further compli-
tent with modeling using a Fokker-Planck hybrid code,cating the interpretation.
which included all these factors. However, it is difficult to =~ Computer simulations also allow a separate evaluation of
draw precise conclusions from these results due to the uncecollisional heating due to fast electrons and Joule heating due
tainty in the parameters involved. The interpretation of theto the return current of background electrons. Most of the
compressed target results is much more straightforward, givenergy loss is collisional, and for the compressed target it is
ing the best way of determining the fast electron temperaturentirely collisional, since electric field effects are negligible.
and cone angle. Though the temperature inferred varies bé&or uncompressed runs up to 18% of the total energy is lost
tween 60 and 100 keV, increasing with the cone angle, théo the electric field: it varies with target thickness, as the
higher cone angles did not give agreement with the uncomelectrons reflected from the rear surface of the thinner targets
pressed target results in the Fokker-Planck modeling. Thuewer the total fast electron current. For the thinnest targets it
we can state that the fast electron temperature is around 64as 14%. The effect of the fast electron heating on the col-
keV, with a good degree of confidence. lision coefficients is also not negligible, although the up to
It is interesting to note that the higher temperature ob-25% decrease in the collisional stopping power found in Sec.
tained from the compressed targets is in better agreemeiitwas largely due to the ionization, and a high degree of
with the temperature scaling given in E@), which was ionization in the uncompressed targets is caused by the fast
obtained from purely collisional modeling of similar experi- electrons.
ments[11]. However, they used conducting targets. The re- Thus our final answer is that the almost 100% increase in
sults from the Fokker-Planck hybrid code given in R88]  fast electron penetration in compressed maltédris due,
for aluminum targets, for laser parameters similar to thoselmost entirely, to the reduction in energy loss to the electric
used in Ref[11], indicated that the error in a purely colli- field, due to the reduction in the distance the fast electrons
sional model would largely be in the absorption, rather tharhave to travel against the electric field and to the higher
the temperature. This is because the energy deposition ascanductivity, lowering the field. The alternative is that there
function of depth into the target has a similar gradient withare no electric field effects and there is a dramatic reduction
and without fields include@38]. Beget al.[11] used higher in collisional stopping power in the compressed material,
Z metals than aluminum, which would further increase thewhich cannot be explained by any current theory. These re-
importance of the collisional terms. This higher temperaturesults represent the first clear demonstration of the effect of
is greater than the temperatures inferred from the ion emiselectric field inKea electron transport experiments. It con-
sion. However the ion measurements, being a more indiredirms the suggestion of previous theoretical workg,37,38
method, are prone to a high degree of uncertainty, thus we diat purely collisional models will underestimate the tem-
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perature and absorption into fast electrons. The compressetgenerate material which is characterized by a typical pa-
target results allow a clear evaluation of the fast electromameterl; much lower than the electron energy. Of course
temperature, free of the complex considerations of field genexperiments performed at higher intensities are desirable, but
eration. In particular we found that, at intensities of a fewit must be considered that increasing the electron energy will
10'® Wem 2, 25-30 % of the laser energy is absorbed intoincrease the penetration range, which implies the use of
fast electrons with a temperature of approximately 64 keVthicker targets which cannot be uniformly compressed with
entering the target in a relatively narrow cone half angle the available laser beams. Hence, at least considering the
(=~30°). Recent important experiments by Key and Whartorcompression aspect, a less clean experiment would be real-
et al. [31], measured fast electron generation and propagazed, which is not, we think, what is needed for fast ignition
tion at laser intensities up to oW cm 2. Some of their  studies in this phase. The other critical point is of course how
results have also been interpreted as being, in part, due to increase compression, our values still being very far from
electric field effects. However, in this experiment the laserthose desired for fast ignition.
was fired on different materials, changing at the same time Finally, we reemphasize that to our knowledge these ex-
the characteristics of the hot electron source and the propgeriments represent the first experimental results on the
gation in the medium. In particular, the authors obtained repropagation of fast electrons in compressed matter, results
sults in plastic and in metals, but a comparison is notwhich this paper has been able to greatly clarify. The com-
straightforward, since both the collisional and the electricpressed targets provide a more than three times solid density,
properties of the materials changed simultaneously. Indeedegenerate plasma. This is of interest to the fast ignitor
the authors themselves only considered as “tentative” arscheme, and in all fields in which electron propagation in
explanation based on electric field effects. In our case we usgegenerate matter can play a role, e.g., dense stellar surfaces
the same material and the same areal density and, practicallgnd the cores of giant planets.
the only important change between the compressed and the
uncompressed case is in the electrical properties of the me- ACKNOWLEDGEMENTS
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