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Thin plastic foils of various thicknesses (0.13-5.0 p, m) were irradiated by iodine-laser
pulses with an incident intensity of 4&& 10" W cm '. Time-of-flight charge collectors
and a Thomson parabola mass spectrometer were used to measure the asymptotic ion
velocity distribution at the back and the front (laser) sides of the target. Analysis of
these data yielded the ratios of the hot-electron densities and of the hot-electron tempera-
tures at both sides of the foil target. The results disagree with calculations based on
classical electron 'penetration into the foil.

PACS numbers: 52.50.Jm, 52.70.Nc

A major complication of the laser-target inter-
action problem in laser fusion derives from the
fact that a significant fraction of the absorbed
laser energy is coupled into a hot-electron com-
ponent. These hot electrons affect the target be-
havior in at least two important ways: (i) they
create a large electrostatic field in the corona,
thus causing fast-ion acceleration and (ii) be-
cause of their long range, they may deeply pene-
trate and preheat the target. These effects may
strongly modify the hydrodynamic response of
laser-irradiated implosion targets; thin-walled
shell targets, for example, have been found to
obey a so-called exploding, rather than ablative-
ly driven, pusher mode for the energy deposition
by fast electrons. Though the subject has been
studied for some time in the history of laser
fusion, ' it is still far from quantitative resolution.

For studying the penetration of fast electrons
into and through the wall of the target implosion
experiments have a certain disadvantage because
of their necessarily "closed" spherical geometry.

Experiments in planar geometry using thin-film
targets avoid this difficulty since the rear (inner)
side becomes accessible. In particular, it then
becomes possible to study energy transport
through a target by comparing ion emission from
both surfaces. Indeed, previous workers have
exploited this concept to some extent in studies
of reduced thermal conductivity' and, more re-
cently, wavelength dependence of laser-target
interaction. ' In this paper we present for the
first time detailed ion spectra from the front and
rear sides as a function of target thickness.
These data allow quantitative comparison with
continuing theoretical studies of fast electron
transport. We shall show on the basis of simple
models that the results greatly differ from ex-
pectations based on classical electron penetration
into the foil. We note that in scope—though not
in method —our investigation is similar to recent
spectroscopic studies of fast-electron —excited
Ko. radiation from layered targets. 4

The experiments were carried out with 65-J
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FIG. 1. Comparison of the time-of-flight (TF) and
Thomson parabola (TP) data. The points are from the
TP and represent different ion species: solid squares:
0+, K", C+; circles: 0+; solid circles: 0+6;
diamonds: K"; solid diamonds: N+5; squares: H+'.
The inset shows the geometrical arrangement of the
detectors. TF collectors C or E were in some shots
replaced by the TP.

(average), 300-ps [full width at half maximum
(FWHM) j pulses from the Asterix III iodine laser
(A. = 1.3 pm). Focused with an aspherical f/2
lens, the focal spot diameter (for half-energy)
was 60 pm, corresponding to an incident light
intensity of 4x10" W cm '. Thin films were
stretched on a plane steel holder with holes 3 mm
in diameter. The film material was low-Z plas-
tic, either C,H,O»N, with A = 11,Z = 5.6 for a foil
thickness d~ &1 p,m or C„O,H„with A = 7.7, Z
=5.0 for d„)1 pm. The ion diagnostics consist-
ed of a Thomson parabola mass spectrometer
with cellulose nitrate film (7- pm thick sensitive
layer) as detector and charge collectors (A —E)
at distances of typically 170 cm from the target.
The geometrical arrangement is shown in the in-
set of Fig. 1. The collectors A and B were lo-
cated in the direction of the target normal (at
30 to the laser axis) in the front and rear spaces,
respectively; they were used to study the sym-
metry of ion emission as shown later in Fig. 2.
Collectors C-E allowed the angular distribution
of the ion emission to be measured. The pres-
sure in the chamber (including TP housing) was
kept below a few times 10 ' Torr to avoid charge
exchange. Details on the construction and testing
of the collectors and the Thomson parabola will
be published elsewhere.

Figure 1 compares time-of-flight (TF) and
Thomson parabola (TP) data from the same shot.
Note that these data have not been normalized to

each other. The TP data show preferential pro-
ton acceleration as has been observed previously. '
Otherwise, the fully stripped ion species with
A/Z =2 (0",N", C"') are dominant, i.e., the
plasma is found to be fully ionized. In order to
compare the T F with the TP data, an assumption
about the average Z of the plasma is required.
An average Z= 5 (solid line) seems to be more
appropriate for the bulk of the plasma, and Z'=1
(dashed line) for the front. This uncertainty with
respect to Z affects the energy and mass determi-
nation of the fast ions within a. factor (A/Z):(A H/
ZH) = 1.5 —2.0, and their total number within a fac-
tor Z/ZH=5. Here and in the following we con-
sider —somewhat arbitrarily —fast ions as those
with a velocity higher than 1.6 x10 cm s ', i.e.,
beyond the dip in the ion spectra.

The energy angular distribution [dE(e)/dnj for
the fast-ion component measured with the charge
collector array shows a very directional pattern
around the target normal. The FWHM of the
frontal distribution appears to be independent of
the foil thickness and about 18'. In contrast, the
rear distribution has a FWHM of 18 for d~ (0.3
pm, while for d~)1.0 pm the FWHM is 36 .
These data are used to obtain the fractional en-
ergy loss of fast ions (E„s+E„~)/E,b, . In the
limit of thick foils (dz ) 1 p,m) the main fast-ion
loss occurs on the front side and amounts to a
fraction of 0.2-0.3. This value is much higher
than the fraction =(zm, /m, ) ~' expected by relat-
ing fast-ion losses due to an outward, hot-elec-
tron-driven rarefaction wave to free inward
streaming of the hot electrons. ' Such enhanced
losses have been observed in many experiments'
and have been interpreted as an indication of re-
duced inward transport. ' Note that the observa-
tion of enhanced fast-ion losses in our experi-
ment is qualitatively consistent with the discrep-
ancy found relative to classical penetration of
the electrons into the foil (see discussion below).

Figure 2 shows ion spectra (averaged over ten
shots under identical conditions) measured with
the collectors A and B in the front and rear space
of the target. Parameter is the foil thickness.
The spectra have the well-known, characteristic
shape which may be connected with a two-temper-
ature, isothermal r arefaction wave. " As far
as the cold temperature T, is concerned (T,

~ „=1 keV independently of foil thickness; T, ~ de-
creases with foil thickness), it is unclear to
what extent it is influenced by recombination in
the expanding, dense foil material; T, is there-
fore not discussed further.
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However, it is probably not very specific to
classical electron penetration and may be ex-
pected from alternative transport models as well.
(iii) The ion spectra are symmetric (with respect
to the front and rear spaces) only for the thinnest
foils (dz -0.3 !um); with increasing foil thickness
the number of fast ions observed at the rear
gradually diminishes. With 10- pm foils fast ions
at the rear could no longer be detected.

We now analyze the experimental observations
using a simple model which allows us to relate
the ion data to fast-electron transport through
the foil. We assume a planar geometry; this
means, in particular, that the fast ions are gen-
erated on equal areas on the front and rear sur-
faces. We model the fast-ion expansion on the
front and rear sides of the foil by plane rarefac-
tion waves with temperatures T„~ and T„~,
respectively. Then, with the energy E in the
rarefaction wave being proportional to E ~n„s„'
(n„ is the initial electron density at the point
where the wave originates; s„ is the sound veloc-
ity), we can write

1O'
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FIG. 2. Bilateral ion velocity spectra for the five
foil thicknesses indicated. Front side is laser side.

The main interest here is in the characteristics
of fast-ion blowoff, which should not be affected
by recombination. The hot temperature T„as
determined from the high-energy part of the spec-
trum is given in Fig. 2. We note the following
observations: (i) T» shows no systematic varia-
tion with foil thickness. Its mean value is T„~
=11 keV, comparable with x-ray hot-electron
temperatures (=20 keV) found in this experiment
and also with theoretical scaling laws"; the
latter yield T„=15kev for a cold temperature
of 0.5-1 keV. (ii) T» systematically increases
with foil thickness up to nearly 50 kev. This ob-
servation is interpreted as a filtering effect of
the foil as expected under conditions where the
range of the electrons increases with energy.
Indeed we have seen this effect in our classical
calculations of electron penetration (see below).

The ratio of the hot-electron densities at the back
and front surfaces is thus expressed in terms of
experimentally measured quantities. Two-tem-
perature effects, such as the formation of rare-
faction shocks for T„/T, ) 10,' have little effect
on this result. The experimentally obtained back-
to-front hot-electron density ratios are shown in
Fig. 3.

For comparison we have calculated n„s/n„z
on the assumption that the hot electrons penetrate
into the target according to their classical range.
These calculations predict the distribution func-
tion of hot electrons at a certain depth in a semi-
infinite target for a given frontal distribution
function. They are based on tabulated results for
the passage of monoenergetic electrons through
matter. " Calculated curves n„s/n„~ are shown
in Fig. 3 for an isotropic Maxwellian electron
source with temperatures of this experiment.
We note that our model neglects reflection of
electrons at the rear plasma boundary and may
therefore underestimate n„~. In fact, more
sophisticated computer simulations"'" of the
electron diffusion into the foil give higher values
for n„s/n„z (see Fig. 3). These calculations
also include resistive electric fields and (Ref. 13)
self -generated magnetic fields.

Comparison of the experimental and calculated
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FIG. 3. The ratio of hot-electron densities at the
back and front sides of the foil target. The points
(circles) represent the measured values. The theoreti-
cal curves (solid lines) are based on the classical
range of the hot electrons. For comparison we show
also results from computer simulations: crosses:
glass-foil, Tz = 15 keV, one-dimensional simulation,
Ref. 12; square: CH2 foil, Tz = 20 keV, two-dimen-
sional simulation, Ref. 13.

values in Fig. 3 shows a large discrepancy; for
a, 5- pm (=—5 xio ' g/cm') foil target the hot-elec-
tron density at the rear of the target is nearly
100 times lower than predicted. Obviously, the
model does not describe the experimental obser-
vations. This result is remarkable insofar as .

the assumption of classical penetration of the
electrons into the target is common in computer
modeling of laser fusion experiments.

At this point it must be mentioned, however,
that there is also some disagreement among
experiments. Results from thin-film irradiation
experiments' seem consistent with ours; from
spectroscopic studies on layered targets4 classical
penetration of the hot electrons into the target is
inferred. The cause for this discrepancy is not
yet understood.

The emphasis in this paper is on the presenta-
tion of a new set of experimental data rather than
on their final interpretation. In particular, one
cannot conclude on the basis of the available in-
formation that the observations must have to do
with anomalous transport inhibition of the fast
electrons. If we follow recent computational
work" (see also the references therein on other
theoretical work), it is not even clear from a
theoretical point of view whether ion-acoustic
turbulence or resistive electric fields —mechan-

isms often quoted in this context- -significantly
modify energy deposition.

The knowledge gap hitherto preventing any final
interpretation concerns the unknown trajectories
of the fast electrons. Recent experiments with
the CO, laser" suggest that the fast electrons
may transport a significant fraction of the ab-
sorbed energy over distances of several milli-
meters along the target surface In .such a situa-
tion the electron distribution function would
obviously be highly anisotropic in contrast to our
assumption. Furthermore, the electrons may
spread out to distances larger than the 3 mm
diameter of the hole in the target holder, thus
invalidating the assumption of equal areas of fast-
ion generation on the front and rear surfaces of
the foil. On the basis of the available information
such effects cannot be excluded in our experiment.

It may be interesting to note in this context
that two-dimensional hydrodynamic effects that
occur during foil irradiation and acceleration are
most probably not the cause of the observed dis-
crepancies. Two-dimensional flow will, in gen-
eral, lead to lateral loss of material initially
situated under the irradiated surface. This will

r ear
decrease the integral q„„,n;dl (n, is the ion
density in the target), which, for binary colli-
sions, determines the range of the fast electrons.
Such effects should therefore increase rather
than decrease the fast-electron transmission
through the foil.

There is considerable interest in planar-target
experiments as technically less complicated
model experiments for laser fusion. Should long-
range transport along the surface indeed dominate
in these experiments, their relevance to spher-
ical laser fusion targets with finite surface area
would no longer be obvious. It is clear that the
subject urgently calls for further investigation.
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Homodyne detection of scattered CO&-laser light demonstrates a close relation between
microturbulence level and energy confinement in the Wendelstein VII A stellarator during
both Ohmic and neutral-beam heating experiments. With the onset of neutral injection an
abrupt order of magnitude decrease in (&n/n)2 accompanied by a broadening of the fluc-
tuation spectra is observed, indicating an almost immediate improvement of containment
time.

PACS numbers: 52.35.Py, 52.25.Ps, 52.55.Qb

In present day toroidal plasma confinement ex-
periments anomalous energy tra, nsport limits ef-
ficient confinement to levels well below that ex-
pected from calculations based on classical Cou-
lomb scattering. This anomalous transport can
be caused if microinstabilities are driven by the
free energy in the confined plasma. ' The nonlin-
ear nature of the theory makes it extremely diffi-
cult to calculate quantitative fluctuation spectra
and their influence on energy transport; however,
in special cases such influence is strongly sug-
gested. ' It is therefore desirable to investigate
these microturbulences and their effect on energy
confinement experimentally. ' ' In this communi-
cation experimental results are discussed which
were obtained with CO, -laser-light scattering
from the Wendelstein VII A(W VII A) stellarator
plasma in Garching, Germany, during the period
in which a, current-free plasma was achieved as
discussed in detail in Ref. 5.

The scattered laser radiation is received in

homodyne fashion. 35 W of laser radiation pro-
duced by a single-mode cw CO, laser is redirect-
ed via mirrors over a 10-m path into the W VII A
torus into which it is focused by a set of ZnSe
lenses to a 3-mm waist. After passing through
the torus center the beam is attenuated and re-
flected from the surface of a BaF, plate towards
the detector, thus producing 0.1 mW of local oc-
cillator radiation. Scattered radiation after pass-
ing through the BaF, plate is reflected by a gold-
coated surface mirror and is made collinear with
the local oscillator beam. The angle and distance
between the BaF, plate and the gold-coated mir-
ror a,re chosen such that radiation scattered from
0.5-mm wavelength fluctuations propagating per-
pendicula. r to 8, is detected. Because of the
small scattering angle the length of the scatter-
ing volume is determined by the plasma diameter.
The superimposed beams are then focused onto
the HgCdTe detector cooled to 70 K. Between
shots a mirror is placed in the beam path redi-
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