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Laser fusion requires the inward acceleration of pe11et shells to very high velocity with-
out excessive preheat of the pellet fuel. In a study of ablatively accelerated thin planar
Al foils, the complete time history of the rear-surface temperatures has been determined,
and the energy transport mechanisms that contribute to the heating have been evaluated.

PACS numbers: 52.25.Fi, 52.25.Lp, 52.55.Mg, 52.70.Kz

In current laser-fusion studies, it is recog-
nized that preheat of the target fuel of more than
a few electron volts can significantly reduce the
degree of compression and pellet yield that can
be achieved. ' Therefore, it is of considerable
importance to know the temperature on the in-
side of the target shell. Such knowledge will al-
low one to choose the proper isentrope for com-
pression calculations as well as to check the pre-
dictions of detailed numerical simulations of la-
ser-driven implosions. Using laser-driven abla-
tion we have accelerated thin planar foils, which
simulate the early behavior of an imploding pel-
let shell, to velocities of 1.5 x10' cm/sec for CH
targets and 3x10' cm/sec for Al targets. ' Here
we report measurements of rear-surface temper-
atures of accelerated Al targets which remain be-
low 3 eV through the bulk of the laser pulse.
These targets achieve a directed kinetic energy
per particle greater than 40 times the thermal
energy. The temperatures are inferred by meas-
uring the absolute rear-surface continuum emis-
sion with monochromators and then using black-
body emission assumptions, which we verify. '
These are the first time-resolved temperature
measurements for these conditions. Similar tech-
niques have been used elsewhere to measure tem-
peratures and velocities associated with high-
pressure shock phenomena. ~'

The experiments were performed with use of
one beam of the Naval Research Laboratory Phar-
os II Nd:phosphate-glass laser system (1.05 pm)
with up to 200 J on target in a 4-nsec full width
at half maximum pulse. Irradiation uniformity is

improved and edge effects are minimized by
placing the target off focus to obtain large focal-
spot diameters (typically 1 mm) at irradiances of
(1-6)x10" W/cm'. Measurements were made on
3-mm-wide Al foil targets ranging in thickness
from 4 to 23 pm. The experimental setup consist-
ed of a lens, a beam splitter, and two &-m mono-
chromators equipped with 1-nsec-rise-time pho-
tomultipliers' to measure continuum intensity nor-
mal to the rear surface of the target at two wave-
lengths simultaneously. Good shot-to-shot re-
producibility allows a parameter study in target
thickness, target material, and wavelength of ob-
servation. The spectrograph slit samples only a
central portion of the focal-spot area and typical
slit widths observe a 17-33 A bandwidth. An ab-
solute calibration of the optics, the spectrographs,
and the photomultipliers is made in situ.

Several experiments were done to check the as-
sumption that the rear surface radiates as a black-
body. Figure 1 shows peak intensity versus wave-
length data for Al foils of 4, 7, and 12 pm thick-
ness. The wavelengths of the data points were
chosen where no spectral lines occur. This fig-
ure demonstrates the magnitude of shot-to-shot
scatter and calibration errors. The intensity
data have the magnitude and approximate wave-
length dependence expected from a blackbody. In
addition, even though a small number of spectral
lines had been seen on time-integrated photo-
graphic spectra, the peak intensity of a time-re-
solved strong Al line was found to be the same
(+ 20%) as the neighboring continuum. (It is as-
sumed that most of the spectral line intensity oc-

1246 Q& 1980 The American Physical Society



13 QCTO&ER 1980Lp TTp RSpHYSIC AL R&&~~

100 co—I- gZ
M-80

CL ~
Q CL

UMBER 15yO&UME g5, N

g INTEGRATED
R pULSE

1056-
x &04

48-

m 40—

32-
M

24I—

] mmj0'

8 12 16 20 24
TIME, nsec

0 4

&6

I—
Z',

o 1.5eV0
r

—.+—- —- —+
5400 58004600 50004200 460

e con n it vs wave-o ti uum intens y
h for 3 Al- ox

yCurves are ac ' sx z

olid circles,
l. Inset shows s

photograph of rear-sur ace
ter of the focal spot.

/

CL fX-

)
I- ~

co
/

6 ~Q)
CC

j6-

~O

ply

-40 (o~
CC

l/
cL 4—

,
'I

-20
LU I—

',

/

M Z',
l j s 1

23pITI'/ ~
'

'q36go4448
J I I

1216 2024280 4
TIME Insecj

8 1

t.me for foururface temper
m spot,

ature vs~IG 2. H ar- "'
~~~gem', 1- m Pat 5x 10 '

ve peaks ~

&I-foil thickness
Dots mark the cu

and
33 A. o

the laser pulse a
= 4717 A,

e history ofcurve
tegrated la

is the tim
Ulse.d curve is the

r pu s
the da»

nds to the peak
l foil thick-

t —0 correspon s
atU re vs Al

time =

r surface temp
I ration pro-

Inse t shows rea
he end ftheacceet o times at tness at

cess-

er values as the targ et thick-
t) ho' th d-

er im

h'h' o b
erature on arg

about
c . Additiona1. y,

linearly with
-3 nsec .

was found to 'o increase ine
r the irradi-)o i-sing irradiance or e

s ort toms for r t a sporPossl e
llude fast e ecof targets inc u

The contribu-
he rear o

Rlu-ns o e henomena have
duction, an

been ev u-ns of these ar o p e
te measurements a

s of the time history an
o e d temperature.

mission
of the measured

asurable x-ray emi
e an 0-50 keV (corre-

fo 1 to i
f th f ot

s onding o

'ls' demonstrates thaside of the foi s
gy

a preciaiable heating o
d s have shown t a

l fll the&1k V) 1o

reheat effec s
i . 2). Based

that x-ray p c s s y
the time-integ rated ase

easured inte nsities on eandme
nt side o

o

e urpose
1.6-50-keV x y

of pre ea '
h ting the rear a

latsit region,r ' ' the lower densi yr in time in e si

0 R pulsed optlcR
t surface was'cularly to e
ure reache d a

atf an electron volt e
t

a few tenths of an e ec e
assumptions a
tric densi y m

ve a gra i-a g
' r ) robebeamgatangential laser

to densities o app
1 h it b 1

h b 'd
tion

a has an
R p

of 1-2 e
102o cm 3

temperature
it of order

Rt R

f 1 for a density
measuring

op it'cal depth o
h tempera urt es we are meaWe infer that t e

f thh t' hi tog s the im
s obtaine

diffe ent thickne
0 p
a factor of 2 for

ase, heating occurtT =0.4 e
thulse but ed f the laser pg perio o

ever nt continue
Ands thereafter.

1247



VOI UME 45, NUMBER 15 PHYSICAL REVIEW LETTERS 15 OCTOBER 1980

20—
)

16—
tX:

12
IX

CL 8—
I-

E AT 3 NSEC
URE

CTION

0 1 2 3 4 5 6 7

ALUMINUM FOIL THICKNESS (p,m)

FIG. 3. gear-surface temperature vs Al-foil thick-
ness showing the prompt z-ray heating at 3 nsec, and

prompt plus thermal conduction heating at 6 nsec for
the 4-p, m foil and at 12 nsec for the 7-ILfm foil. The
square data points are measured temperature values
at 6 nsec for the 4-p, m Al foil and at 12 nsec for the
7-pm Al foil.

and continuum radiation between 1.6 and 2.3 keV.
(The much-lower-intensity continuum emission
just below the K edge at 1.56 keV, as yet unre-
solved, may also be an important preheat agent. )
The time-integrated x-ray line spectrum was
measured on an absolute basis (to an estimated
accuracy of a factor of 2) and the x-ray energy
deposited throughout the target was calculated,
assuming spatial uniformity of the x-ray source
and using cold material absorption coefficients.
A knowledge of the equation of state is necessary
in order to convert preheat energy deposition to
temperature. We assume the tar get-f oil material
remains near solid density for the times of inter-
est, and use tabulated heat-capacity data' to de-
termine the temperature resulting from the cal-
culated local x-ray deposition (curve at 3 nsec,
Fig. 3). We find that the rear-side temperature
rise during the laser pulse is consistent with the
measured 1.6-2.3-ke V x-ray deposition.

Third, with use of formulae and tabulated data
for thermal conduction and radiative diffusion'
and the tabulated data for heat capacities, numeri-
cal calculations which assume a fixed temperature
at a point 1 pm in from the front surface and no
losses from the rear surface (curves at 6 and 12
nsec, Fig. 3) show that thermal conduction may
explain the upward drift in temperature after ter-
mination of the laser pulse.

Fourth, the contribution to the heating of the
target due to shock waves that may be present is

difficult to evaluate precisely. From measure-
ment of ablation and acceleration parameters we
infer a peak ablation pressure of -2 Mbar at 5
x10" W/cm' on Al. A single 2-Mbar shock propa-
gating into cold Al will produce a V5% density in-
crease, a 0.8-eV temperature rise, and a shock
velocity of 1.3x10' cm/sec. ' In fact, the small
early temperature rise for the thicker Al targets
(12-23 pm) appears consistent with such a model.
For thin targets, however, one must use a hydro-
dynamic code to evaluate the magnitude of shock
wave heating; multiple reflections occur because
the rise time of the pressure pulse is longer than
the shock transit time through the target. Two
different hydrodynamic codes, which have been
run for our experimental conditions, indicate that
the x-ray deposition is the major contributor to
the rear surface heating for 4-12-pm Al targets.
The codes agree within a factor of 2 with the ob-
served temperature and closely match the tempo-
ral behavior for these targets.

The late-time heating and cooling of the rear
surface can be understood in terms of an energy
transport balance into and out of the rear surface.
Thermal conduction calculations similar to those
previously mentioned suggest that ordinary axial
thermal conduction can account for the slow up-
ward drift of the rear-surface temperature that
is seen on the thicker targets. The importance
of lateral thermal conductivity is indicated by
measurements that-show a lower peak tempera-
ture and more rapid temperature decay when the
focal-spot size is reduced from 1 to & mm diame-
ter at constant irradiance.

We have examined the possibility of energy flow-
ing around our target foil, which has been report-
ed on disc targets with higher-irradiance CO, la-
sers. ' By increasing the width of the foil from 3
mm to 1 cm, we see less than 10% change in the
rear-surface temperature, and conclude that the
effect of energy flowing around the target, if pres-
ent, is small. There is also the possibility of en-
ergy flowing around the edges of the slug of ac-
celerated material ("cookie-cutter" model). "
Streak photography of the rear-surface visible
emission (Fig. 1, inset}, as well as time-inte-
grated photography, shows no sign of either of
these effects.

In conclusion, we have measured the time his-
tory of the rear-surface temperature of foils ac-
celerated by laser ablation. The relative effects
of x rays, shocks, thermal conduction, and fast
electrons upon preheating this surface have been
evaluated. It is concluded that for our conditions
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direct heating by soft x rays followed by thermal
conduction appears capable of explaining most of
the heating observed in thinner foils. Shock
waves are more important for the thicker targets
The energy flows through rather than around the
targets, providing a close analogy to the laser
ablative implosion of pellet shells.
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Steady-State Magnetic Diff'usion from Resistive Interchange Modes in a Plasma
Wallace M. Manheimer
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It is shown that a likely nonlinear state for resistive interchange modes is one where
stabilization is achieved by flow-induced plasma compression and in which velocity vor-
tex structure is balanced in Ohmic dissipation. Macroscopically this is manifested as
magnetic diffusion and anomalous energy transport. The results are discussed and com-
pared with recent experiments.

PACS numbers: 52.55.Dy, 52.30.+ r, 52.55.Gb

It is now generally assumed that reversed field
pinches (RFP's) can exist neither in states which
are magnetohydrodynamically unstable nor in
states which are tearing-mode unstable. Indeed,
diffuse pinch profiles which are stable to all of
these have been calculated. ' ' It seems reason-
able that this conclusion also applies to sphero-
maks. The remaining problem is the effect of
resistive interchange modes. The simplest theo-
ry, which mocks up pressure gradient in slab
geometry with an effective gravity, indicates that
any pressure gradient drives these modes un-
stable. ' ' Apparently the plasma must either
exist in such an unstable state, or else be driven
to the Taylor configuration with zero pressure

gradient. ' This seems to be a crucial issue and
one can examine it in two ways. First, one can
do the linear theory more accurately, modeling
geometry and/or kinetic effects more realistical-
ly, and hope that stable regimes emerge. Second,
one can examine whether the plasma can exist in
the presence of these modes. This report follows
the second approach. It finds that the plasma can
indeed exist (but has anomalous transport), with a
spectrum of nonlinearly saturated resistive inter-
change modes. The anomalous magnetic diffusion,
which arises from a resistivity-induced phase
shift between v and B, is calculated in terms of
the fluid velocity fluctuation. The velocity fluctua-
tion is estimated nonlinearly by calculating the
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