‘ af 720356 - -&

UCRI.- 86956

UCRT~=B6956 PREPRINT

pre2 015167

REVIEW OF UPCONVERTED §B-GLASS
LASER PLASHA EXPERINENTS AT THE
LAWRENCE LIVERMORE NATIONAL LABORATORY

K. R, Manes

This paper was prepared for submittal to
Ultravialet Spectrascopy Meeting
Boulder, Colorado
March 8-10, 1982

May 1982

-~

Thix is & preprint of a paper latended for publication In a Joursal of proceedings. Since
changes may be made before publication, this preprist is made availshle with the -
derstanding that it will not be cited or reproduced withox, the permissian of the nuthor.

we

TSTMRTION 0¥ TS DOCLKENT 15 WA



DISCLAMER
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PLASMA EXPERIMENTS AT THE
LAWRENCE LIVERMORE NATIONAL LABORATORY*

K. R. Manes
Lawrence Livermore National Laboratory
Livermore, California 94550

INTRODUCTION

Systematic scaling experiments aimed at deducing the dependence of
laser-plasma interaction phenomena on target plasma material and target
irradiation hist?rg have been underway in laboratories all over the world
in recent years.'"Y During 1980 and 1981 the Livermore program

undertook to measure the laser T{ght absorption of high and low Z plasmas
and the partition of the absorbed emergy amongst the thermal and
suprathermal e]gcgron populations as a function of both laser intensity
and wavelength,>=9 Simulatjons suggested that short wavelength laser
light “°g‘9 couple more efficiently than longer wavelengths to target
plasmas.%»! Shorter wavelength heating of higher electron plasma
densities would, it was felt, lead ts laser-plasma interactions freer of
"annomalous” absorption processes.an The following sections review

LLNL experiments designed to test these hypotheses.

ABSORPTION STUDIES

The expTBTTfnts discussed here were carried out using the Argus and Shiva
lasers.*Vs34 Figure 1 shows the Argus target area where upconverted
Taser Tight was typically uirecteg onto 600 um diameter (fu, Be, Ni, Ti,
CH) disk targets by f/2.2 lenses.’ Many of the instruments mounted on
the target chamber are x-ray spectrometers. The first step in measuring
the disposition of laser emergy {¢ to determine the optical absorption of
the target plasma. Absorption, in this context, is taken to mean the
fraction of the incident laser energy not accounted for by reflected beam
diagnostics. A schematic diagram of the Argus experiments, Figure 2,
shows one of the 28 cm diameter Argus 1.06 um laser beams down collimated
to 10 em, frequency doubled and tripled by KDP crystals and focused onto
a target located within an enclosing "box calorimeter.*

Target irradiation conditions for absorption studies and the x-ray
measurements which followed are summarized in Table [. Laser intensities
noted are spatial average values at the peak of the temporal pulse.
Although the near figld Argus laser beam presented to the focusing lens
was very uniform (typically less than 10X intensity modulation on the
beam), passive phase errors from the many optical components accumulated
to produce highly structured beam profiles at the targets.

* Work performed under the auspices of the U. S. Department of Energy by
the Lawrence Livermore National Laboratory under Contract No.
W-7405-ENG-48.
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Fig. 1 Arqus laser facility with the target area in the foreground. The target chamber with
its optical and x-ray diaggnostic instruments is located in the center of the room.
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TABLE 1 Irradiation Conditions at luy, 2wy and 3oy
¢ Incident laser energy:

3 W, 4) < Einc < 40J
2w0 4<E,. < 200J
10)0 4 < Einc < 10k

— Minimum energy: diagnostics limited
— Maximum energy: damage limited
e Laser pulse duration: 600 to 700 ps FWHM

e Focus:
Argus: /2.2, P polarization
Shiva: 20 f/6 beams, radial polarization

e Spot diameters:
~ 150 gm for | ~ 3 X 1013 W/cm?

~ 150 um and ~ 100 ym for | ~ 3 X 1014 W/em?2
~ 100 um and less for | > 1018 W/em?

Figure 3 quantifies this situation with intensity distribution functions
measured on typical shots at each waverength. Beam quality degraded with
upconversion so that the duwy beams containad the most fine structure

and showed very strong modulation. It should be noted here that each
optical element employed met or exceeded the A/4 optical flatness
criterion before it was used in the laser system. Because of their large
putput apertures, future large Nd-glass lasers, such as Nova, wili
probably use arrays of conveniently sized nonlinear crystals in arder to
upconvert their pulses. Still more distorted target plane intensity
distributions can be expected in these devices due to slightly mismatched
crystals and diffraction from crystal interstices, Qesigners of directly
illuminated capsules will encounter great difricult, in meeting their
beam uniformity requirements. In the following, "intensities™ will
always refer to spatial mean intensity and error bars will denote plus or
minus one standard deviation aboui this mean value.
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Fig. 3 Target plane intensity distribution function at 1 pm, 0.5 pm and
0.35 pm.

Crctosing or "box calorimeters” have often been used at LLNL.22
{nabsorbed laser light passes through transparent ion shields {Schott
WG-280) indicated ‘n Figure 4 and is absorbed in the walls of the
calorimeter. Each laser wavelength imposes a different set of criteria
np the calorimeter components. For example, the infrared fundamental and
the second harmonic green light can be absorbed on calorimeter walls clad
with Schott NG-1 while ultraviolet third harmonic radiation was measured
using Schott GG-19 absorber. At intervals the WG-280 ion shields which
intercept target debris were replaced. On several occasions during the
experiments quartz shields were substituted, but no difference in box
calorimeter performance was rnoted. The calorimeter was recalibrated
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hefare and after each experiment and its integrity checked during the
shot sequence.

Figure ba groups absorption measurements made on Au plasmas according to
incident laser wavelength while Figure 5b shows similar measurements
carried out an jow Z Be plasmas. The general trends characteristic of
classical collisional absorption, inverse bremsstrahlung, are apparent in
these data. At a given intensity, shorter wavelength light was absorbed
more efficiently by higher Z plasmas. The scattering of incident third
harmonic )ight by tne plasmas was often tnc low to register above
hackaround in the calorimeter.

In preparation for x-ray conversion efficiency measurements and to check
for an; residual resonance absorption contributionr, absorption versus
tarnet tilt for p-polarized irradiation was measured.2? As expected,

the f/7.0 focusing system introduced a wide engugh range nf incident ray
are'ny o that the 600 to /00 ps Gaussian faser pulses were absorbed with
orl, a weak dependence an the angle between the beam axis and the target
normal. fiqure b shows that no detec*able difference in absorption was
noted for tilts as large as plus or minus 300 from the converging laser
beam axis. This leads to the conclusion that resonance ahsorption plays
3 relatively mingr role in these megsurements,

Laser light scattered frem the tarqet into the focusing lens cone was
analvsed by time resolved backscatter spectrometers, A decided red shift
characteristic of scattering from laser driven ion waves, stimylated
8cillouin scattering, can be seep in all of thi¢ data; typical examples
nf which are reproduced in Figure 7c.5 [f the abserved soectral shifts
are viewad as the result of competition between stimulated Brillouin

¢c ttering and the Doppler shift impased by an expanding plasma, the
measured backscattered spectra as the tar?ets are tiited provide a crude
estimate of coronal electron temperature.!? Figure 7a and b are
reproduced from Rosen et al {Ref. 12) wherein it is observed that the
Brillouin red shift, fg, should pe reduced by the Doppler blue shift,

fp, of outsard moving matter. Since that matte: blows off roughly

narmal to the face of the disk, tilted disk spectra should show a smaller
Jnppler blue shift. In making an estimate of matter velocity from
spectral shifts and in the soft x-ray conversion measurements which will
ne deseribed next, the assumption is implicit that laser heated plasmas
~f Tke material which absorb like anounts of energy of a given
Aavelength, intensity -nu pulse duration ace essentially identical even
thounh Lhey are irradiated at different incidence angles. With this in
mind, the observed average spectral shifts may be written

8f(8) = v+ cong {1}

dnere # is the angle between the target norma) and the laser
heam/observation axis. Table 1 summarizes the velocities inferred from
the spectra in_Figure 7 using Lasnex estimates for the average ionic
charge state, {, at Ne = 1/3Nc.5,12
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The picturs which emerges from simulation ..culations is of a

o ogressively more "classical”, cooler corona plasma as [ or A iy
decreased, rarticulerly for high  targets.? Particle-in-cel!
calculations by Eastabrook et al were carried out in order to arrive at
the predictions reproduced in Figure 8,12,13 Waile stimulated
drillouin scartering plays a i:mited role in these calculations,
backscattered spectral predictions have thus far failed to account for
the large red shifts observed in, for example, Figure 7. The gross
features of absorption are satisfactorily modeled now, but the present
gaperation of simulations fails to reproduce reliable Jow densitv corona
information and is thu- ‘mited in predicting optical scattering and
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SOFT Y-RAY CONVERSION STUDIES

artroarowption astanlished, meas-rements of x-ray ronversion efticiency
el vae apted taraets, particularly those irradiated for several
Batdred Diasecords ar more, expand in an axially symmetric two

Sunpne er“]?n ah'ch naturally causes the x-ray emitting reqion to move
wLn Y e Tl Shiyg experiments using g streaked x-ray microscope,
Atserves ~1004Wem? irradiations of Audisk targets.!S Striking
prhatoqraphs such as that in Figure 9 show a thin emission zone moving
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spherical or a planar emitting surface can not be safely made and
observations ac many angles are needed to derive an angular integral of
x-ray emission, By the same token, time resolved spectral measurements
made over the past several years have consistently reported that isser
heated target plasmas are not in local thermodynamic equilibrium.

High 7 plasmas, Such as Au, often emit copious N and M Tine radiation,
Without five or mere time resolved channels between appraximately 0.1 and
1.5 keV, an accurate x-ray energy accounting is not possible. LLANL x-ra,
diagnosticians have faced the challenge of performing absolutely
calibrated measuremesits on very bright pulsed sources in hostile
environments for over thirty years, The "Dante" instruments used in
these studies properly belong to that technology in which spectral
resolution is given up for absalute calibration.”»¢? Figure 10

contains a sawpling of x-ray spectra recorded in 0,53 um target
irradiations.* Clearly, both an angular anc a spectra) integration

must be carried out in order to measure the x-ray conversion efficiency.

At both the Argus and the Shiva target irradistion facilities, ten
channel "Dante" x-ray K&L edye filtered x-ray diode systems measured
spectra such as those in Figure 10 on each target shot. Three such
instruments labled T, L and W anu independently absolutely calibrated
yiewed the targets in the Argus chamber from widely separated angles. As
Figure 6 suggests, target tilts in the range of plus or minus thirty
degrees have no detectable effect on absorption. It is assumed that soft
x-ray emission will be likewise unaffected by target tilts within this
range (as no other observable was seen to change). The 1imes of sight
relative to the target normal obtained by +30, +10 and -30 degree tilts,
for example, adequately span the important viewing angles as indicated in
Figure 11. Note, for example, that Dante L and W share the same polar
angle but widely separated azimuthal angles at a target tilt of -300,
This provides a check of the assumed azimuthai symetry of the x-ray
flux.

The angular emission of soft x-ray flux from Au disks heated by 25J, 600
ps, 0.53 um pulses is displayed in Figure 12, On such a plot, an ideal
planar source, a Lambertian emitter, would be represented by a straight
line passing through the origin. An ideal spherical source would deliver
the same amount of energy into any angle and $0 would he represented by a
horizontal line on Figure 12. The time varying source measured, however,
can not be represented by either of these simple shapes without
substantia) error, Many similar measure?eﬂt gets provide the conversion
efficiency data summarized by Figure 13.9:4:16 Significantly, the
shorter wavelength laser Tight is converted to Soft x-rays with an
efficiency of ~60%.

The roll-off in conversion efficiency observed in the 0.53 and 2.35 m
data was not anticipated and is not yet completely understood. !
Rather, simulations contended that the conversion efficiency should
decline monotonicg]ly with I\ at approximately the rate exhibited by
the 1.06 pm data.
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Fig. 11 Soft x-ray diagnostic viewing angles are plotted versus target
tilt. Three Dante spectormeters and two broadband “fast flat
calorimeter", FFC, were used.d,

The soft x.ray conversion efficiency alse varies with target material
atomic number, Z. Although angular x-ray distributions were not measured
when all of these data were taken, Figure 14 shows that higher I target
plasmas heated with 1.06 um laser pulses emitted saft x-rays more
efficiently than lower I plasmas.25:26 Since sub keV x-ray production
far from spectral regions dominated by line emission are probably
generated by bremsstrahlung of low epergy electrons colliding with
screened nuclear potentials, it may be more meaningful to plot normalized
x-ray energy versus I, where Z i5 the LASNEX calculated charge <tate. A,
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ligure 14 shows, the soft x-ray conversion efficiency appears to increase
almost linearly with 7.26

0.20

0.12

xray (into 2 Tr)/ELaser

Target Z and charge state Z

Fig. 14 X-ray energy for various targets as a function ¢f target Z and
charge state Z, at incident intensity of 5 x 10+%W/cme.
Error bars for values of Ey.pay/E1ager are all ~ 1 25%,

X-RAY LINE PRODUCTION

High resolution crystal spectroscopy has revealed very complex line
structures radiating from non-LTE laser heated targets.?®> This review
can not even brush the surface of this fascinating field and must be
restricted to a small part of the data accumulated during the past year.
fundamental to this sort of study is an absolute measurement of the
amount of laser energy required to produce a given amount of "line"
emission, The laser intensity, pulse duration and wavelength play a
significant role. Qualitatively, long low intensity short wavelength
laser pulses create enough hot plasma to allow copious production of
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highly ionized atoms, which radiate He- and Li-1ike lines, Short high
intensity long wavelength Taser pulses produce suprathermal electrons
which induce fluorescence lines 1n cold matter; these lines can dominate
the radiated x-ray spectrum,

Motivated by a search fur x-ray backlighter sources suitable for
radiography of ICF targets, Rupert, Matthews and Koppel conducted a
survey of 1ine3 in laser heated plasmas; concentrating on the K lines of
Ti, Ni and Zn.% They defined a conversion efficiency, £x, for an x-ray
iine emitter as the number of photons per line or line cluster divided by
the incident laser energy. For a?} materials and laser irradiation
conditions tested, £x = 1011 to 1012 photons/J. The maximum measured
conversion efficiencies are summarized in Fiqure 15.

Figure 16, drawn frem Ref. 4 and 17, shows the variation in spectral
emission with laser wavelength. At the shorter wavelengths, all
emissions are "thermal" (He~ and Li-like); the spectra show nc detectable
level of the cold Ky Jine that is seen at A= 1.06 um and dominaies the
spectrum at A = 10.6 um. Variations in £x with incident laser intensity
are illustrated by titanium data in Figure 17,9 Below a fairly sharp
threshold which depends on laser wavelength and pulse duration, x-ray
lines were not observed. Above this threshold, the conversion efficiency
increased with decreasing laser intensity as was the case with soft x-ray
conversion efficiency, Although somewhat higher conversion efficiencies
were observed for shorter wavelengths, at a given laser intensity there
were np Significant differences in £x seen when the laser puls- duration
was varied from 100 ps to 2 ns.

Much effort has gone into measuring the temporal and f atial extent of
the x-ray emission from laser heated plasmas.®s»3/+:%:49 Typicaliy, the
x-ray flashes were the same or longer in duration than the laser pulses
with Kg emission slightly (50 to 100 ps) delayed as though the
suprathermal electrons exciting these iines were produced late, traveled
outwards and reflected from coronal poteniials before interacting with
the cold matter. Spatially, He- and Li-like line emission was confined
to the most vigorously heated region of the target while K, emission wac
reported from samewhat larger areas.

SUPRATHERMAL ELECTRON MEASUREMENTS

Discrepancies between simulation and experimertal observations have often
been traceable to a poor understanding of high temperature coronal plasia
physics. Not surprisingly, LASNEX simulations of the higher energy or
suprathermal x-ray spectra observed are often in disagreement with the
data,* Deviations are most pronounced in the five to fifteen keV range
with good agreement below and, with a flux limiter parameter adjusted to
fit, reasonable agreement at energies above about forty keV. LASNEX
typically over estimates this mid-range x-ray flux from high 2 targets.t
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Ti.

Two instrument packages provide the bulk of the LLNL <uprathermal x-ray
spectra’ information., A sensitive K-edqe filtered four channel
photomultiplier system was needed to record the weak suprathermal
emission from 0.35 um heated targets.5.25 Higher intensity 1.0 pm
irradiations produced sufficient flux to measure with a more accurate
filter-fluorescer spertrometer.5,25 Working toyetncr, these two
spectremeters produced the spectra in Figure 18. By fixing intensity on
target of approximately 3 x 1314w/cmd, tne siprathermal spectra from

Au plasmas can be compared as the Jaser wavelength is varied. The
general trend is clear, shorter wavelength irradiations give rise to
significantly fewer, cooler suprathermal electrons. The bremsstrahlung
x-rais produced by suprathermal electron scattering from target jons
orovide a measure of the suprathermal electran population. While the
data shown in Figure 18 for eacn wavelength and Au plasmas scatters over
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as much as two decades, the measurements at each x-ray energy do not
overlap. That is, the highest x-ray flux observed in 0,35 um target
irradiations lies below the lowest xaray flux detected in 0.53 um
experiments employing the same average intensity on target. Simulation
calculations cypically do not employ the highly structured beam profiles

with which these targets were irradiated.

This, more than any other

factor, contributes to the calculational uncertainty, experimental ddtsa
scatter and concomitant disagreement between simulations and

experiments. 4,20

Like the soft x-ray conversion efficiency determinations, suprathermal
X-ray flux measurements are sensitive to incident laser intensity.
Figure 19 bins the data according to intensity and :vears that
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suprathermal flux increases with increasing inters iy an ‘target., ‘Ince
again, the scatter in the data 15 large prabaoly due to team quaiity, hut
the general trend 1$ clear. Suprathermgl v-ray spectra from plasmas
whose heating 1< not dominated by resonance ahsorption, 4ften i nat
exhibil the clear twe ;Smperature character evident in ear'ier shyet
putee 1.06 pum studies. Assijnment of unique intensity or wave'ength
dependent temperatures 's not meaningful fur specivi such as those *n
Tigure 16.

Laperimenta’ly, tnére are e svanges to Dursue,  Jn tne one hant, wvery
reasonabe effort must be wpendrd Lo arodyce ard ety 19agangs more
,Eorm Tagar beans gt the target. Al the same time, t1e sigrat.res of
"ow dersity, hogh temperature corona, processes wnich might produce
cJpratherms electrons must be searched for in target emissrons.,  mited
iy wme ard optics availabiitly, the {'sa experiments raporleu ners 17
~ot invnlve attempts to sigmificantly imprave the iaser pear pr> le.
gotical specirographs angd ©iltered detectors were aviclable, nowevur, 56
scattering measurements were Tade at ‘requengies hotn above and dclow the
target irradiation frequency to coc at Drccegsvﬁ (CarTing 3t dersities
nelow Ny, fie. Raman Tagnt and 52, D1ght.Y ¢ resonant

ctimulated Raman scatiering takec Dlace 0 tne cyronal piasma, dete~table
quantities of 1ight at twice the incident wavelength should be emitted
out of the plane of poia izatror °f tie 'ncrdent Taser light. defraztron
will cause this light to be abeorved rear the tardet’s normal,
Non-resonant Raman scattertny 36 ScC.r 30 @iecirym Jens ties belim 42/
and 1nvolves the decay af the oo fent aretang 3t o nlo elestege plagme
Wave phonons at wpp and suallers: DANTIRL 4T Ly wore wnenyy
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samar scattered photons dre fore vy Ut o trerr ritice fehsiliny
and hence may be absurbed wh T ipe JECAS pUOGutes ne scatiered

phatons. Evidence for 2upe detay *r ceTe from elnctron emission
measurements and aptical spectras. oby 30 sum freguencies such as /2w

Time integrated and spectra'ly i.tegratec <tamar emisscon 2t o ang 2w are
shawr in figure 20.% OSpectra of 3/Zuem’tiions are displased in Figure
21, The strongest Raman emisston sas obseryed nul of the plame of the
incident laser's pelarization, as expected.“ Angular and spectral
integrals for Raman emissions from 1.06 pm heated disk Largets are
plotted against average incident intensity in Figure 22.% “Like
suprathermal x-ray emission, Raman and 3/7w light levels fall rapidly
with reduced intensity on targel, reduced plasma ize, and shortened
advelength.  [n sume cases, clear evidente of nun-re ondant Kaman
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Fig. 22 Stimulated Raman scattering depends on the laser wavelength, the
intensity and the size of the underdense plasma.

Sidescattering has been obtained. Figure 23, reproduced from Reference
4, shows wavebreaking energies expected for stimulated Raman scattering
in 5 keV electron plasma temparatures. For example, the Raman spectrum
displayed in Figure 20b indicates that substantial amounts of Raman
energy was sidescattered at electron densities near 0.1, Raman
backscatter may be excluded because at N/Ke > .05, KAp and thus

Landau damping would be too large. Figure 24 is the suprathermal x-ray
spectrum measured on that same shot. The slope of this spectrum suggests
& suprathermal temperature of ~40 keV in good agreement with the Raman
sidescatter wavebreaking energy for 0.1 shown in Figure 23. Data is
therefore in hand which ties unigue suprathermal electron temperatures to
Raman scattered spectra. Where they exist, data such as that in Figure
20 together with the model used to calculate Figure 23 can be sed as a
plasma electron temperature diagnostic.4 The Raman spectrum can
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Fig. 23 Comparison of the solutions to the dispersion equations far side

and backscatter at 5 keV.

Provide an estimate of low density coronal electron temperature since the

shifts are large compared to the Doppler shifts, As noted with
stimulated Brillouin scattering, lowered coronal temperatures can be
obtained at lowered intensities gr shortened incident laser wavelength.
Although Raman 1ight levels f-om disk target studies are energetically
small, the Raman Tight and 3/2uwy levels rise rapidly as the irradiating
Eq]se duration and hence the volume of Scattering plasma is increased.

igures 20a and ¢ show time resolved Raman signals which clearly grow
with time into the laser pulse. Raman and Zuge instabilities must
therefore be carefully controlled lest they become important mechanisms
for suprathermal electron production. These studies suggest that these
instabilities can be suppressed simply by employing short wavelength
lasers to drive ICF targets,
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3.

ENERGY PARTITION

The proceeding sections provide a basis for determining the relative
fractions of the incident laser energy which i$ absorbed and then
partitioned into soft x-ray emissions, thermal and suprathermal electron
populations, Table [11 summarizes these findings for Au plasmas
irrafjated at each wavelength at an average incident intensity of
3x101%W/cm?, Substantially cooler coronal plasmas, free of severe
electron plasma wave instabilities which simultaneously radiate
efficiently in the soft x-ray spectral region can be realized by
shortening the irradiating laser wavelength.

Taken together. stimulated scattering spectra and time-resolved x-ray
images provide average fluid velocity estimates au several electron
densities. Figure 25 indicates the observed relationihips for Au disk
targets in the range of peak average powers explored,

The data in hand is sparse and the scalings sujgested in Figure 13
and 25 may not survive future studies. It is remarkable, however, how
well the simple iching arguments put forward by Rosen et al describe the
plasma behavigr.®s 2 The mode) assumes that electron thermal
conduction transports energy frgT the laser absorpgion region (at
critical density, Ne = N, = (10 /M) electrons/cn for
X in um) to the overdense plasma. Equating absorbed laser flux, I,
with the heat flux carried off by the plasma, NcTove, Teads to the

relation Ialz ~ Te3/2 .12 To use this expression, the mode! assumes

that the plasma is expanding outward (toward the laser) at the local ion
sound speed which scalef 55 the SF?EFE root of pressure divided by
density, v ~ Cq = (P/p) 177 _and that T is proportional to

Ta. Table 11 shows that near Nc/3, 1 varies weakly with Te for e >2
keV. Neglecting this [ dependence leads to

v~ (192)1/3 (3)

which may be compared to the velocities inferred from SBS spectra in
Figure 25.

Since dense material radiates more efficiently than less dense material
at a given temperature, the soft x-ray emission geaks at the highest
density reached by the thermal-conduction front.® For example,
bremsstrahlung from a single species hydrogen-like plasma may be written

Ppr = 1.6 x 10°34 (T,1/283N:2) watts/cmd (4)
where N; is the ion density.2]
Rosen assumes that the temperature, which is falling rapidly near the
thermal front as it propagates into the dense plasma, is proportional the

temperature, Tq, in the absorption region. Equations of state for gold
indicate that, for T less than 1 keV, Z = 1,6 [T{ev)]1/2 so the sound



TABLE 111

Absorbed Energy Partition at I ~ 3 x 10 *W/cm?

Au Disk Targets

1.06 um 0.53 um 0.35 um
Soft x-ray 04+ 0.1 05 0.1 0.6 £ 0.1
flux
Coronal 0.6 +0.1 05+0.1 0.4+0.1
hydro

Suprathermal 0.03 to 0.06 0.01 to 0.001 0.001 to 0.0001
electrons
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Fluid flow velocities estimated from stimulated scattering and time resolved x-ray

images. One dimensional current continuity would require Neve ¥ constant and one
dimensional mass continuity would require Niv = constant so it was not surprising

that typical velocities in the subcritical plasma are about ten t mes higher than
those in the denser x-ray emission region. The solid lines come Yrom the scaling

4,
arguments of Rosen et al. 12
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speed in the peak soft x-ray emission region should scale as 1374 or
(1,2)1/2.4 (5)

By aisuming that inverse bremsstrahlung is the dominant absorption
meck 31ism, Rosen arrives at a scaling for the temperature in the
astrBtgoT region in terms of the incident laser intensity,
T~ Y0, 6hx§, the peak velocity of the emission region should
scale as v~IY+72 yhich is within the experimental error

+0.22

range, y~10-04 \-0.17/ 4

The same model crudery estimates that for fixed laser pulse duration the
depth of penetra}ion of the thermal conduction front is propurtiona] to
temperature, Te. Time resolved x-ray images such as tB 5 6” E]gure

9 showed the width of the emission region to scale as [

keeping with this model.

Soft x-ray spectra such as those in Figure 10 show the non-local-
thermodynamic equiliorium of these disk plasmas. Strong Au N-band
emission near 800 ev is apparent, particularly at the higher incident
intensities, and the spectra are hardly Plankian, It is interesting,
nevertheless, to apply the same model to single species bremsstrahlung
emission. Emitted intensity wouia vary as

Igp ~ z3Ni2Te3/2. (6)

Given current continuity; 1.e. that Neve = ZNiTol/2 is nearly
constant into the material for each aSsErpt1oﬁ Feg1un temperature, the

emitted intensity can be written
lgp ~ T /2~ T~ 1273, (7)
Consequently this part of the x-ray conversion efficiency would scale as
My = Igp/lg~ 15773 (8)

Which suggests that the x-ray conversion efficiency should decline weakly

as I3 1nc5$g f? Similarly, given mass continuity, i.e.
iv ~ Ny is nearly constant into the material, the

em1tted intensity becomes
IB,_~22T91/2.~T3/2 ~ T4 (9)

This scaling suggests that the x-ray conversion efficiency is roughly
independent of I, Fj urg 8 ghows th totai X-ray conversion
efficiency scaling as ? 3)-02 gor I >1013. Without accurate
x-ray line production and transport ca]culat1ons, however, quantitative
modeling of x-ray production is impossible.
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Simulation of sub-critical density plasma is an even greater challenge.
Fortunately, the data available to us suggests that suprathermal electron
production may be made energeticaliy unimportant by short wavelength
irradiation. ICF target designers cam thus avoid mo:t of their preheat
problems by specifying short Taser wavelength,24
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