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Only the inward-flowing impurity ions have been con-
sidered in the charge-transfer calculations. If highly
stripped ions recycle to the periphery of the plasma,
our estimates of the excitation of 06+ are low.
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A group of fast ablatively driven ions has been observed by Thomson-parabola and Fara-
day-cup analyses of an expanding plasma produced by focusing energetic 8-nsec Nd:glass-
laser pulses onto thick planar targets. Numerical simulations reveal the formation of an
ablation structure with characteristics that agree well with the experimental observations.

With the increasing emphasis on longer laser
pulses and ablatively driven targets in laser fu-
sion studies, it is important to gain an under-
standing of the ablative characteristics of the ion
expansion. Long pulses allow sufficient time to
establish steady, ablative flow" from the target
surface. In this Letter we report the experimen-
tal observation of a characteristic signature of
ablation, namely, a group of energetic ablatively
driven ions. Calculations have illustr ated the
formation of this fast-ablation group; the calcu-
lated energy of the ablation ions is compared
with the experimental measurements.

A Nd:glass-laser system was used for the ex-
periments reported here. The pulses were ap-
proximately 8 nsec full width at half maximum
(FWHM) and the energy delivered to the target
chamber was varied up to 36 J. Pinhole trans-
mission studies similar to those in Ref. 3 gave
a focal-spot diameter of 100 pm, defined as con-
taining 90% of the incident energy. The average
intensity on target was varied up to approximate-
ly 5x 10" W/cm2. (The optical system was effec-
tively f/5. ) The laser was incident on planar tar-
gets (approximately 100 pm thick) at an angle of
17 to the target normal. For the results report-
ed here a Thomson parabola was placed normal
to the target surface and a Faraday cup was lo-

cated 70 cm from the target surface at an angle
of 21' from the target normal (38 from the inci-
dent laser beam). The background pressure in
the target chamber was maintained at less than
3x 10 ' Torr. Only a small angular dependence
was observed when Thomson-parabola traces
were obtained simultaneously at both the normal
and 21 positions. Although our Thomson parab-
olas do not measure absolute ion densities, ' they
have been shown to give an accurate measure of
the ion energies (+ 3%). The ionization stages
present in the expanding plasma can be ascer-
tained from the presence of the parabolic traces
and qualitative information on the relative den-
sities of the ionization stages can be obtained
from the relative brightness of the traces. The
results reported here did not vary when a final
clean-up dielectric polarizer was removed from
the laser. The dielectric polarizer defined p po-
larization incident on the target. This indicates
that resonant absorption is not a significant ab-
sorption mechanism in these experiments.

In Figs. 1 and 2(a) Thomson-parabola traces
are shown which illustrate the two types of ion
expansions observed. The Thomson-par abola
device' consists of parallel magnetic and electric
fields which deflect ions according to their ener-
gy (E') and charge state (Z). The electric field
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FIG. 1. Thomson-parabola traces produced by focus-
irg 35.6 J on a thick holmium target. The deflection
fields were 60 V and 488 G. (a)

deflection (vertical axis) has a Z/E dependence,
whereas the magnetic field deflection has a Z/
(EA)' ' dependence, where A is the atomic mass.
Thus in Fig. 1, the parabolic traces from right
to left correspond to species from Ho" to Ho".
The individual parabolic traces show the differ-
ent energies of that particular charge state, with
energy increasing towards the origin. A straight
line through the origin represents a line of con-
stant velocity. For a target containing only one
mass, it also represents a line of constant ener-
gy. Thus, the series of ionization stages of Ho
which form the traces across the lower part of
Fig. 1 represent a group of ions with energy be-
tween 92 and 140 keV. The energy values indicat-
ed on the left of the figure refer to those lines
bounding the energy band of interest here. For
these higher ionization stages (Z & 6) there are
no detectable ions at energies below this energy
range. However, the higher-charge-state traces
are seen to extend slightly above energies of 140
keV. This Ho trace is typical of traces obtained
from heavy elements. A trace typical of low- to
intermediate-mass elements is shown in Fig.
2(a). This expanding Ni plasma also exhibits a,

high density of ions in a relatively narrow ener-
gy range. Here, however, these higher ioniza-
tion stages (Z &12) appear at both higher and low-
er energies and the lower-charge states (Z &12)
do not appear in this energy range. In both in-
stances it is this high density of ions in a. rela-
tively narrow energy range that is identified as
the signature of laser-driven ablation. Experi-
ments on target materials ranging from Al to U

have shown this ablation structure. Experimen-
tally the ablation velocities are observed to de-
pend primarily on incident laser energy with lit-
tle dependence on target material. In Fig. 2(b)
a representative Faraday-cup trace is shown;
this trace was obtained on the same shot as Fig.
2(a). Here the fast ablation ions appear as an in-
tense energetic-ion peak at about 1.8 ps (upper
trace). The lower-energy lower-ionization-stage
plasma results in the less-intense peak at about

Ips/DIV, 2 V/DIV

2 p, g / DIV, 0.05 V/ DIV

{b)

I"IG. 2. Thomson-parabola traces (a) and Faraday-
cup trace (b) produced by focusing 23.8 J on a thick Ni
target. The same trace is displayed twice in (b) with
the sweep characteristics as indicated.

9 ps (lower trace).
To model these laser-target interactions we

have used a one-dimensional (1-D), two-temper-
ature Lagrangian hydrodynamics and heat-flow
code. ' The target was assumed to be a solid
sphere and the majority of the Lagrangian zones
are placed in a thin outer shell which is ablated.
The laser energy was absorbed in a deposition
profile determined by classical inverse brems-
strahlung with the fractional absorption set to its
experimentally determined value' [(85-93)%%u& for
the energies used here]. The Sesame equation of
state tables' were used. This model is then a 1-
D spherical approximation to finite-spot-size
flat-target behavior. Spherical symmetry is a
more realistic representation of the plasma. ex-
pansion than is planar symmetry and is required
in order to establish the ablative structure and
char acteristics. '

A velocity profile of the Lagrangian grid points
representing a Ni target is shown in Fig. 3 for a
time near the peak of an 8-nsec 24-J Gaussian
pulse which has been focused to a 100-p.m-diam
spot. The flatness of the profile near 5x 10' cm/
s indicates that a large amount of mass is travel-
ing at this velocity. This uniform velocity results
from the acceleration of the Lagrangian grid
points through a steady-state density gradient
near the target surface' and yields a large peak
in the density distribution of the expansion veloc-
ities of the ions as shown in Fig. 4. This fast-
ion ablation peak corresponds to the high density
of ions that are observed in the Thomson-parab-
ola traces and the first large peak in the Faraday-
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FIG. 3. The velocity profile of the Lagrangian grid
points which represent a Ni target at a time (10.6 nsec)
near the peak power of 23.8-J 8-nsec —FTHM laser
pulse focused to a 100-pm-diam spot. The numbers
Z represent the equilibrium average ionization stage
for that zone as calculated from the Sesame equation-
of-state tables.

cup trace. For the Ni shot shown in Fig. 2, the
Thomson parabola indicates a high density of ions
in the (4.2-5.8)x 10'-cm/s velocity range, which
is in good agreement with the calculated ablation
velocity in Fig. 4. The average ionization stages
as determined from the Sesame equation of state
tables are indicated next to their associated La-
grangian grid points in Fig. 3. The zones that
have a velocity near the ablation velocity are
seen to have ionization stages ranging from 20 to
24 and the zones at lower velocities have lower
average ionization stages. This is also in good
qualitative agreement with the traces as observed
in Fig. 2. We note, however, that nonequilibrium
ionization and recombination processes have not
been included in these calculations and they must
be included in order to accurately determine
charge states present in the expanding plasma. '

An illustration of the comparison between the-
ory and experiment is made by dividing the Thom-
son parabola [Fig. 2(a)], velocity profile (Fig. 3),
and ion-expansion-velocity distribution (Fig. 4)
into three regions, as indicated schematically in

FIG. 4. The density distribution of the ion expansion
velocities predicted for the same laser-target parame-
ters as in Fig. 3.

Fig. 5. The central region in each figure repre-
sents the ablatively driven ions. The high-ener-
gy ions indicated in Fig. 5 (cross-hatched area)

dN
dv

velocity

Thomson Parabola

FIG. 5. Schematic representation of the signature of
ablation as seen in a density distribution of the ion-ex-
pansion velocities, the velocity profile of the plasma
expansion, and a Thomson-parabola diagnostic. The
ablation region (///) in each representation is between
groups of lower (g$() and higher (cross-hatched) ener-
gies.
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TABLE I. Comparison of the ion ablation energies
from thick Ni targets as a function of incident laser en-
ergy.

Laser
energy (J)

Ablation energy (kev)
Faraday Thomson Numerical

cup s parabolas model

1.4
7.0

27.7

23
35
48

24-30
36—78
39-80

19
46
79

are due to the isothermal plasma expansion which
occurs during the initial rise of the laser power.
Even-higher-energy ions are observed experi-
mentally which are not predicted by the computa-'
tion. A possible source of these ions is an early-
time electrostatic acceleration of a small group
of ions coupled, for example, to the production
of fast electrons.

A comparison of the ablation energies as de-
termined from the ion diagnostics and the numer-
ical simulations is shown in Table I for several
incident laser energies. The average ablation en-
ergy was determined from the time of the fast
peak of the Faraday-cup trace and from the posi-
tion of the ablation peak of the ion-velocity dis-
tribution in the numerical simulations. Since it
is difficult to select quantitatively the line of max-
imum ion density in the Thomson parabolas, the
range of energies listed in Table I represents the
energies of the lines that bound the ablation re-
gion. Previous analytic models of ablation" have
predicted dependences of ion expansion energy on
intensity between I' ' and I' '. The exact steady-
flow model" does not predict a single power-law
dependence but rather a range of exponents from
about 0.5 at low laser intensity to just under 1.0
at high intensity. The numerical simulations
(Table I) give a value oi the exponent oi about
0.55, which is consistent with the steady-flow-
model power dependences. Assuming that the fo-
cal properties are independent of laser energy,
the Faraday-cup measurements show an I"' de-
pendence. Thus, even though the qualitative fea-
tures of the formation and velocity structure of
the ion expansion are clearly illustrated by the
numerical model, the quantitative agreement with
experiment could be fortuitous. It is reasonable

to expect that two-dimension31 effects will be
very important with laser pulses 8 nsec in dura-
tion. We also emphasize that no attempt was
made to improve the quantitative agreement by
varying any of the parameters in the code (such
as the flux limit and radiation losses) or by in-
cluding nonequilibrium plasma kinetics.

In summary, we have experimentally observed
a group of fast ablatively driven ions. This fast-
ion group has been observed in Thomson-parab-
ola and Faraday-cup traces and compares well
with the structure and energy predicted by sphe-
rical 1-D, hydrodynamic heat-flow calculations.
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