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Fast Electron Deposition in Laser Shock Compressed Plastic Targets
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We present the first results of fast electron deposition in a laser shock compressed plasma. The
interaction of a 3 ps, 15 J laser pulse with solid polyethylene targets is used to produce fast electrons
on one side of foil targets and a 2 ns duration laser pulse is used to drive a shock wave into the target
from the opposite side.K, emission from chlorine fluor buried layers is used to measure the electron
transport. The hot electron range in the shock compressed plastic is found to be approximately twice
as large as the range in the solid density plastic. [S0031-9007(98)06642-3]

PACS numbers: 52.35.Tc, 52.50.Lp, 62.50.+p

The fast ignitor scheme [1] gives a possible routewith a total energy of up to 160 J focused onto a spot
to reducing the energy required to achieve breakevenf diameter200 wm using random phase plates (RPP).
and gain in laser driven inertial confinement fusionThe shock compression laser pulses were incident on the
(ICF). This scheme requires that an intense, shortargets from the “front side,” i.e., from the opposite side
(~10" Wem™2, 10 p9 laser pulse produces fast electronsfrom the CPA beam. The targets in these experiments
which are then absorbed in a small region of denseonsisted of a PVC plastic fluor layer 8.5 pwm thick-
compressed plasma in order to produce local heating amikss, sandwiched between two thicknesses of polyethyl-
ignition [2,3]. Previous experiments have been conducteéne. The thickness of the polyethylene layer on the rear
to measure the fast electron production and the depositioside of the target was varied from 10 t60 um. The
of their energy in solid density targets and reasonabléont side polyethylene overlayer was wm. This front
agreement has been obtained with models [4-6]. side overlayer prevented any excitation of the plastic fluor

We report here experiments using the VULCAN laserlayer by the long pulse beams and also prevented any fast
to extend these measurements to the study of fast electratectrons from the CPA interaction zone from traveling
production and deposition in shock compressed plasmagound the target and hitting the fluor layer from the front
usingK, emission spectroscopy. The usekf emission side. Such fast electron excitation was observed to take
from buried layer fluors (fluorescent material) is now anplace if this overlayer was omitted.
established techniqgue and has been widely used in the The chlorine K, spectra were recorded on Kodak
study of fast electrons from femtosecond laser plasm®EF film [8] using three pentaerythritol flat crystal
interactions [4,7]. spectrometers. Two spectrometers were placed on the

The experiment can be divided into three parts: (i) thefront side, one at near normal incidence and the other at
study of shock wave dynamics and the determination oapproximately 60 incidence and one spectrometer was
the parameters of the shock compressed material, (ii) thelaced on the rear side at about°3@cidence. These
characterization of the fast electrons temperature, angositions and angles were mainly determined by beam
(iii) the comparison ofK, emission from shock com- constraints. The layout of the experiment is shown in
pressed and solid density material. Fig. 1.

Fast electrons were produced on the “rear side” of plas- Initial experiments were carried out using the long
tic foil targets by focusing the VULCAN chirped pulse pulse beams alone to time the breakout of the shock by
amplification (CPA) beam to a focal spot a0 um  imaging the rear side of the target onto the slit of a visible
diameter using arf/10 off axis parabola (OAP). The streak camera [9]. The breakout was timed for various
energies of the CPA beam used in these experimentbicknesses of target. Figure 2 summarizes the results
was in the range 4 to 15J and the pulse length washowing the breakout times for various thicknesses of
3 ps. Maximum irradiances on target were approxi-plastic target. We also used two different laser energies
mately 6 X 10'® Wem™2. The CPA beam was incident in order to assess the influence of intensity fluctuations
at 3¢ on the target in order to maximize laser absorp-on compression parameters. Using these values of shock
tion following previous experiments [4]. The foil targets breakout time, the shock velocity can be evaluated.
were compressed using two, 108 mm diameter frequencwith this knowledge of the shock velocity, equation
doubled long pulse beams (2 ns) of the VULCAN laserof state tables can be used to estimate the temperature
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spectrometers and show a uniformity of compression af15% but

also show that a rarefaction wave decompresses the front
layers of the target. This rarefaction wave has not reached
the fluor layer for any of the targets used at the time
—~ of the arrival of the CPA laser pulse. Two dimensional
effects of the spreading of the shock front seem the most
likely cause for the reduction of the shock velocity for the
thicker targets. As we will see later the 2D effects have
some consequences in thg yield measurements.

Using the values of shock breakout time (measured for
the thinner targets and extrapolated for the thicker targets),
the short pulse beam was timed to be incident on the rear
side=100 ps before shock breakout. This ensured that no

N\

N\
long pulse \

beams

target

N\ expansion occurs from the rear side ahead of the arrival
short pulsebeam\\s/\ of the CPA pulse and all but a few microns of plastic is
off axis paraboloid compressed (see later).

FIG. 1. Schematic diagram of the experimental setup. Th Ko spectra were obtained for a range of CPA laser
CPA beam, turning mirror OAP and target are in the plane o ulse energies corresponding to irradiances up te

the paper but the long pulse beams are incident out of the plan]so16 Wcm™ on target. This range of irradiance was
at approximately 30 chosen so as to match the expected fast electron range to

the target thickness. The spectra were obtained for targets

and compression. SESAME EOS [10] tables predict avith and without shock compression.

compression between 3 and 3.2 and temperatures in the On some laser shots, CR39 filtered track detector plas-

range 7 to 8 eV. For the thickness targets, no opticalic [12] was used in the chamber in order to measure the

emission at breakout was observed due to the weakenirfoton energy spectrum and to get an indirect measure-

of the shock. This implies that the shock wave is slowingment of hot electron temperature [4].

down towards the rear of the thicker targets. This slowing The K, X-ray intensity was measured as a function

down can be seen in the experimental results shown iRf laser energy for one depth of buried fluor layer

Fig. 2. (10 wm plastic overlayer). The results show a quasilinear
The 1D hydro coderuLT! [11] was also used to model dependence on laser energy and as a result of this, for

the results. ThetuLT simulations are in good agreement the remainder of this paper we use specific yields (yield

with the simple estimates from the shock breakout timegPer Joule incident laser energy). The use of specific
yields is justified because the range of laser energies

used is relatively small and any effect on the electron

1400 = ] energy range is of secondary importance to the number
i /] of electrons produced. The specifig, yield is plotted in
1200 1 / ] Fig. 3 as a function of depth of fluor layer for the solid
R I y. ] density plastic. All points on the graph are averages over
& 1000 / 7% ] a number of laser shots and the value for each laser shot is
.féj I J/ // ] the mean of the results from the three spectrometers. The
) 800 1 o 1 error bar represents the standard deviation of these results.
< i // ] The continuous curve is derived from the work of
g 60 '/ Harrach and Kidder [13] where the depositietx) is of
;g ool 1// 1 the form
7] [ W i
200 —%/ : o) = exp(—ﬂ\/Rz'()
o ] with the value of 8 taken for carbon as 1.85. These

values give the rang®, as3.7 = 1 mgem 2 = 39 +
0.9 um.
The hot electron temperature can be inferred from the
FIG. 2. Shock breakout time for three different thicknesses oimodel of Harrach and Kidder; we find
plastic target. The open squares are the experimental values
for an irradiance ofl X 10" Wcm™2 and the filled circles kThor = 20.6[Ro(kTho)1>°,
are for an irradiance of.5 X 10" Wem™2. The continuous o L , L
lines are the predictions from theuLTi code for the respective WherekTh is in keV andRy is in mgcn =, This gives
irradiances. a hot electron temperature of43 keV. This value is
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0.006 [T e e The vyield results suggest that the number of electrons
. ] emerging from thi$ wm boundary is identical in the two
0.005 [do: ] cases, within experimental error, and that the difference
K . ] between the two sets of results is due to a difference in the
g 0004 1 \ ] ranges of the electrons. The difference in the ranges of
£ j \""- ] the electrons may be due either to different energy spectra
g 0003 1 e ] or as a result of different stopping powers.
2. : N\ 2 . ] The production of fast electrons could be affected by
0.002 ¢ ~_ the shock compression if shock preheat were to cause
o001 | T~ ] some of the rear side materia_ll to spall or evaporate in
T ] advance of the CPA pulse arrival. Such an evaporation
0 R N N e would provide a low density gas in front of the target prior

to the arrival of the CPA pulse and thereby influence the
absorption mechanism and hence fast electron production.
Previous experiments [14,15] measuring the rear surface
FIG. 3. Specifick, yields from solid density®) and shock reflectivity and emissivity of shock compressed plastic
compressedM) material as a function of depth of the buried targets under similar conditions have shown no preheat
glrjlgr :%%'ér ngre gogﬂPﬁﬁ#g;nrea'r?ggu%fm;gemn;%%s;ﬁLHt?gaChat these shock_drive irrad_iances. This is confirmed by the
broken curve for a range of 7.2 mg cf form of the optical emission at shock breakout. Because
of the similarity of the shock conditions in this experiment
with those described in Ref. [14], we did not take any
not too different from the value obtained from the CR39particular efforts to measure preheat in these experiments.
measurements which gives the value®f,, in the range A low density gas is produced by the laser pedestal due
25-50 keV dependent on laser irradiance. These valuds finite contrast ratio of the CPA pulse [16] which is
are also consistent with the hot electron temperaturbetween10~® and 1077 400 ps before the main pulse.
scaling given by Begt al. [4]: This pedestal will create a plasma which would mask any
~ 1/3 long pulse shock preheat spall (if there were any).
kThor = 100(117)'° keV, Recent papers [17,18] have shown that the electrical
where I; is the absorbed irradiance in units of conductivity plays a critical role in fast electron penetra-
107 Wem™2. A hot electron temperature of 42 keV cor- tion. Bell et al. [18] describe the conditions when flux

0 1 2 3 4 5 6 7 8
depth (mg/cm®)

responds to an absorbed irradiance7ok 10'> Wem™2.  inhibition can restrict the penetration of fast electrons and
The incident irradiances in these experiments were in thehange their energy spectrum. The penetration depth
rangel0'® Wem 2 to 6 X 10 Wem™2, given by Bell can be written in the form

The vyields for the shock compressed plastic are also . -3 R
shown %n Fig. 3. The values oFf) yields rf)or the shock 20 =3 X 107 (kT o) 06117 pm,
compressed plastic lie above those for the solid densitwhere o is the conductivity of the material in units of
plastic in all cases. In these experiments, the areal density0® Q' m~!. The interaction of the CPA beam with
pz is constant. The broken line in Fig. 3 representsthe target rear side will create a hot, very dense plasma
the yields in the shock compressed plastic fitted to théayer and the conductivity of the material inside the rear
model of Harrach and Kidder. The range of the electronsurface of the target is likely to change very dramatically
in the shock compressed plastic is found to b *+ in space and time and to be determined by the position
2.0 mgcm 2 compared t3.7 = 1.0 mgcm 2 inthe solid  of the heat front from the CPA pulse. Simulations using
density plastic. the hydro codemeDUSA [19] with multigroup nonlocal

Not all the plastic between the fluor layer and the reamlectron transport have been carried out to model the CPA
side is compressed. Careful measurements of the shogkilse driven heat front. The results show that the position
drive parametersa posteriori,show that the thickness of of the heat front 2 ps after the peak of the CPA pulse
the solid density plastic layer was on averag8 um. is 2.5 um from the original target surface with a shock
The a posteriori values of the thickness of the uncom- wave preceding the heat front to a furtherum. The
pressed material were obtained from the 1D simulationgemperature behind the heat front lies in the range 0.4 to
The 2D effects that would slow down the shock for 0.5 keV. Using these values of the electron temperature,
thicker targets will increase the thickness of this uncomwe can estimate the electrical conductivity: From Spitzer,
pressed layer above the values predicted by the 1D codwe find thatos = 5. Using this value in Bell's formula
Thus the compressed range measurement for thicker tafier zo we find thatzg = 375 um, i.e., much larger than
gets contains a greater thickness of uncompressed materthe penetration depth of the heat front. At the heat front
and the experimental values are likely to represent an uritself the temperature drops rapidly and the conductivity
derestimate of the change in tikg yield. and z fall even more steeply to the values in the shock
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front driven by the CPA pulse, so that, at the temperaturdut further experiments with more highly compressed
in the shock region the value @f has fallen to~0.4 um.  plasmas are necessary before the results may be safely
Thus, according to Bell’s model, flux inhibition will be extrapolated to fast ignitor conditions.
important in the surface layers determined by the plasma This work has been supported by the E.U. Pro-
layer produced by the CPA pulse but cannot explain thgramme: TMR Laser Facility Access (Contract
differences observed in our experiments. Also, due to thtlo. ERBFMGEC950053) and by the LEA “High
rather low CPA laser intensity we used, magnetic fieldPower Laser Science.” The participation of V.M. has
effects will also not play any significant role [20]. been possible also thanks to an ERASMUS grant obtained
The further possibility for the reason for the differencein the framework of the PIC coordinated by Professor
is due to dense plasmas effects on the stopping poweér. Lanz of the University of Milan. We also thank the
of fast electrons. In particular in the case of compressedtaff at the Central Laser Facility, Rutherford Appleton
materials this is given by Laboratory for their very considerable help before and
during the experiment.
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