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Propagation of the Superthermal Corona from CO2-Laser-Irradiated Microtargets
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The propagation of the superthermal plasma from microdisk targets irradiated with

single, nanosecond CO2 laser pulses at intensities of -10 W cm is examined through
the study of its effect on subsidiary passive targets. The observed propagation velocity
is similar to the estimated superthermal ion acoustic speed and has an intensity de-
pendence of I '

PACS numbers: 52.50.Jm, 52.25.Fi, 52.40.Hf, 52.40.Kh

It is now generally accepted that the interac-
tion of intense nanosecond CG, laser radiation
with solid targets is dominated by collisionless
processes which couple energy into fast elec-
trons. ' ' The generation of these hot electrons
is of considerable concern to current laser-fusion
studies since (i) they can penetrate into the tar-
get interior prior to peak compression, causing
serious preheat, and (ii) they can establish an
ambipolar field about the target and thus lose
their energy to directed ion motion. A particular
consequence can be effective decoupling of ener-
gy from the high-density thermal corona, a gen-
eral concern first pointed out by Kidder and Kink. '
This Letter addresses the second of these issues,
the propagation of the superthermal corona com-
prised of fast ions having motion directed out-
ward from the target' and fast electrons which,
being confined by the time-dependent coronal
fields, ' make many transits of the coronal plas-
ma. ' Reflection of these electrons can result in
energy loss to the coronal fields, ' implying a
higher initial electron energy than is directly de-
duced from either x-ray continuum emission' or
fast-ion spectra. "

The present investigations examined the propa-
gation of the superthermal corona by observing
its effect on subsidiary disk targets mounted
some distance behind the irradiated target, as
in Fig. 1(a). The front disk target, Al or (CH, )„,
with a thickness in the range 10-100pm and a
diameter of 500 pm-1 mm, was irradiated by a
single pulse from the COCO-II laser system of
-1.4 ns duration (full width at half maximum) and

intensity of -10' Ql cm ' in a focal spot with a
half-energy diameter of -100 p.m.

Evidence has already been presented for anoma-
lous lateral energy transport on similar single-
disk targets. " These studies showed that a signi-
ficant fraction of absorbed laser energy is coup-
led to the rear surface of the target. In particu-
lar, the asymptotic distribution of plasma energy

was seen"" to be strongly peaked in the forward
and rearward directions. For a typical disk-pair
target used in the present experiments, this dis-
tribution indicates that the secondary target might
be expected to intercept -5% of the laser energy
originally absorbed at the front target. This type
of energy transfer is evident in Fig. 1(b) which
shows an x-ray ()0.6 keV) pinhole photograph of
a 500- pm-diam, 150-pm-thick Al disk-pair target.
As was previously noted, "strong x-ray emission
is observed from the rear of the irradiated target,
implying the formation of a high-temperature

FIG. 1. (a) Schematic representation of target con-
figuration with second disk situated 300 pm-3 mm be-
hind irradiated target disk. (b) X-ray pinhole photo-
graph of irradiated disk pair, including size and separa-
tion. Energy -20 J incident onto left target, from left.
Interferometry: (c) Disk pair, 12.5-pm-thick Al disks,
500 pm diameter, 500 pm separation. Before irradia-
tion. (d) Same disk pair as in (c), irradiated by 8.6 J
COCO-II laser pulse, 1.3 ns after the 20lo intensity point
in pulse leading edge.
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plasma. However, as can be seen in Fig. 1(b), a
separate, distinct plasma having comparable x-
ray emission is also created on the front surface
of the passive target, situated -400 p,m behind
the irradiated target.

The plasma formed on these targets was also
investigated at various times during the interac-
tion by picosecond interferometry, using a folded-
wave-front interferometer illuminated by a syn-
chronized 0.53- p,m, 50-150-ps probe pulse. "
Figures 1(c) and 1(d) show a disk-pair target (12
p.m thickness, 500 p,m diameter, and 500 p, m
separation) before and near the end of a 9-J irradi-
ating pulse. It can be seen that during irradiation,
an appreciable plasma has developed uniformly
over the front of the second target, whereas the
thermal plasma on the rear of the front disk has
not expanded beyond -150 p.m. The expansion
velocity of the isodensity surface at 10' cm '
from the passive target is -5~10' cm s ' and,
assuming an isothermal blowoff, the electron
temperature T, is estimated to be 20 eV. The
flat, constant gradient density profile deduced
from the interferogram is consistent with a ther-
mal plasma formed by a uniform bath of energy
from the superthermal corona.

Resolution of the temporal development of plas-
ma on the secondary target relative to that on the
irradiated target was provided by streak photo-
graphy using an S-1 photocathode, picosecond
streak camera. By spatially imaging the disk
pairs with their common normal axis along the
streak slit, plasma onset and expansion of the
visible (-750-1100 nm) emission zones were re-
corded. Streak photographs such as Fig. 2(a)
illustrate the creation of plasma on the passive
target long before the region of visible emission
from the rear side of the irradiated target reach-
es it. The velocity of expansion measured for
either plasma is (6-8) x10' cm s ', of the same
order as that of the irradiated plasma. Along with
interferograms and x-ray pinhole photographs,
this implies that plasma temperatures on the
passive target and on the rear side of the irradi-
ated target are comparable.

By varying the target disk-pair separation at a
particular irradiance (-10"W cm ') it was found
that the relative delay of onset of visible emis-
sion from the passive target, Fig. 2(b), could be
related to a propagation velocity of (1.0+ 0.1) X10'
cm s ' (allowing for the total path length to be
the distance from the focal spot to target edge
plus the separation distance). It is interesting
to note that this velocity, characterizing the ex-
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FIG. 2. (a) Streak photograph of luminous regions of
disk-pair target; each disk 500 pm diameter, 150 pm
thick; separation 300 pm. (b) Delay of onset of lumino-
sity from front of second (passive) target as a function
of target separation, relative to first target. I-10 4

W cm . Deduced velocity of (1.0+0.1)X10 cm s ~ al-
lows inclusion of half-diameter of irradiated disk in
path length.

pansion in a vacuum, is similar to those recent-
ly estimated' " in relation to the propagation of
energy along surfaces.

It is graphically evident that the formation of
plasma on the second disk cannot result from the
propagation of the thermal plasma from the irra-
diated disk. Moreover, in separate experiments
in which the glass stalk supports of the microdisk
targets (normally 2 mm long) were doubled in
length, no change was noted in the delay between
onset of the principal and subsidiary plasmas,
thus eliminating any disk-to-disk return-current
effects" in these observations. Coupling of ener-
gy to the passive target by direct soft x-ray
pumping from the irradiation zone is ruled out as
the luminosities and expansion velocities of the
observed plasmas were independent of front tar-
get thickness, in the range 10-100 pm. It is
more difficult to rule out soft x rays emanating
from the rear of the irradiated disk as the cause
of the plasma on the second target. However, x-
ray pinhole photographs which show that the pas-
sive target is, in general, a brighter x-ray emit-
ter than the rear surface of the front foil and the
comparable temperatures inferred for these
plasmas cannot be explained by this mechanism
alone.

The times in which an appreciable rate of ener-
gy deposition around and between these targets
begin suggest that the formation of the plasma on
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FIG. 3. Variation of the velocity of propagation of the
superthermal corona with intensity; c&~ I '

Dashed line corresponds to I '; circle corresponds to
velocity found in Fig. 2(b).

the rear side of the irradiated target, and on the
front surface of the passive target, is governed
by the outward propagation of the superthermal
corona. It is surmised that initially the irradi-
ated target acquires a high potential due to ac-
celerated hot electrons which leave the interac-
tion zone entirely, or make large amplitude or-
bits around the target. " A plasma sheath formed
about the target will expand at roughly the super-
thermal ion acoustic velocity, "c„-(kT„Z/~,)' ',
where Z/m; is the mean charge-to-mass ratio of
the superthermal ions. A mean value of Z-12
for Al targets' and a measured value of 7~-17.5
keg for a 500- pm-diam target at an irradiance of
10"W cm ' "gives a value of c~ -0.9 ~10' cm
s ', in reasonable agreement both with these and
the earlier observations. " The presence of hydro-
carbon contaminants in the fast-ion blowoff would
yield a value marginally higher.

That the propagation velocity measured in this
study is thus consistent with hot electron tempera-
tures of tens of kiloelectronvolts, but inconsis-
tent with thermal plasma temperatures, is rein-
forcement of the notion that fast electrons are
transported within the plasma sheath to the rear
side of the irradiated target during the laser
pulse. Stronger evidence that the plasma created
on the subsidiary target results from its inter-
ception of the superthermal corona propagating
by this principle is obtained from study of the in-
tensity dependence of the velocity of propagation
deduced from the streak photographs, Fig. 3,
which shows that c„~l''' ". This is in good
agreement with the dependence of T„~I'"'"
measured under similar irradiation conditions'
and with the predictions of simulations. ' '

The present experiments provide direct evi-

dence for energy deposition on surfaces remote
from the interaction region on a superthermal ion
acoustic time scale. The intersection of the lead-
ing edge of the superthermal corona and the tar-
get surface delimits the lateral energy transport
as a result of the interception of the laser-pro-
duced fast electrons by the target. "'" Targets
with dimension d «c„ri(where wi is the laser
pulse length) would be enveloped by the super-
thermal corona and the absorbed energy may then
be effectively decoupled from the thermal plasma.
The implication for inertial fusion schemes with
intense CO, laser is that the target diameter
must be greater than c~vi to ensure that the ab-
sorbed laser energy, which initially resides in
fast electrons, can be efficiently coupled into the
imploding tar get.
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The implosion of spherical-shell targets driven ablatively by six 1.05-pm laser beams
at an irradiance of -10 W cm has been studied by streak time-resolved x-ray shadow-
graphy. Measurements of acceleration determined the ablation pressure. Departures
from one-dimensional simulations showed increasingly degraded implosions as the shell
aspect ratio r/br was increased from 10 to 110 for shells with surface perturbations of
+ 0.05ar.

PACS numbers: 52.50.Jm, 47.20.+m, 52.55.Mg, 52.70.-m

Compression of plasma in laser-driven implo-
sions has been characterized as "ablative" or
"exploding pusher" according to the relative im-
portance of surface ablation pressure and bulk
pressure due to preheating by electrons. To date,
experimental study of ablative implosions has
been limited, ~ partly because their high-density
low-temperature plasma yields little diagnostic
information in the form of x-ray or fusion-pro-
duct emission compared with exploding-pusher
implosions. 2 The development of x-ray probing
techniques' has alleviated this problem and per-
mitted study of the implosion dynamics of spheri-
cal-shell targets under ablative acceleration with
use of streak time-resolved x-ray shadowgraphy. ~

Elementary mechanics show that for negligible
mass loss, a spherical shell with ratio of radius
to wall thickness (aspect ratio) r/&r and density
p can be accelerated to a velocity v of the order
(P, r/&r)'~' by a surface ablation pressure P, .
Since the stagnation pressure Pz of the implosion
is of the order pv' it follows that Pt ~P, r/&r.
High aspect ratio therefore leads to high stagna-

tion pressure. However, the acceleration of the
dense shell by the low-density ablation plasma is
subject to the Bayleigh- Taylor instability, whose
classical growth exponent for perturbations of
wavelength A. &r is approximately (2mr/&r)~~a

during an implosion. Since the instability growth
depends on the aspect ratio it is expected to limit
the maximum aspect ratio and stagnation pres-
sure. Detailed theoretical work has, however,
yieMed contradictory results, some finding
growth rates close to classical' and some pre-
dicting stabilizing effects due to factors not con-
sidered in the classical Bayleigh- Taylor theory
such as thermal conduction and ablation Qow
through the unstable region. ' Such contradictions
emphasize the value of experimental study of the
stability of ablative implosions of shells of in-
creasing aspect ratio as described here.

Our experimental arrangement is illustrated in
Fig. 1. Six beams of 1.05-pm laser light irradi-
ate the microballoon target and a seventh is fo-
cussed on a horizontal Al-foil x-ray-backlighting
target. The microballoon is viewed along a hori-
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