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Inward energy transport ranges in layered targets have been measured as a function of
the irradiance of short-pulse CO2-laser light. As electromagnetic ponderomotive effects
become important, the penetration of thermal electrons is sharply reduced and the pene-
tration of suprathermal electrons increases much more slowly with irradiance. These
results are discussed in the context of target implosions driven by suprathermal electrons.

PACS numbers: 52.50.Jm

Efficient energy transport from the absorption
region to the core of the pellet shell target is
needed in laser fusion to produce the inward shell
acceleration and subsequent thermonuclear-burn
conditions. Sufficient energy transport by therm-
al electrons has been demonstrated for 1.06- p,m
lasers at moderately low irradiance. ' Longer-
wavelength lasers, however, produce abundant
suprathermal electrons leaving much less energy
available for thermal electron transport. It has
then been suggested that the hot-electron penetra-
tion into the target could become an alternate en-
ergy transport mechanism for 10.6- pm lasers at
high target irradiance. ' Lateral transport of hot
electrons has been observed' with a 10.6- pm-
wavelength laser at somewhat higher irradiances
than ours, but we do not address that problem
here. In this Letter, we report observations of
the depth of heat transport by both thermal and
suprathermal electrons for two different irra-
diance regimes. At the lower irradiances, both
the thermal- and suprathermal-electron penetra-
tion are increasing with irradiance, as expected.
However, at the higher irradiances, with the on-
set of electromagnetic ponder omotive force ef-
fects, the thermal-electron penetration decreases
sharply while the suprathermal-electron penetra-
tion increases only weakly with irradiance.
These results are encouraging for the fusion ap-

plication mentioned above.
These experiments were carried out with a CO, —

laser beam (10.6 pm wavelength) incident on
planar layered targets. The S-polarized laser
pulse, 1.5 nsec in duration (full width at half
maximum) with a prepulse-to-main-pulse con-
trast ratio &10 ', was focused on target by an
f/1. 5 off-axis parabolic mirror. With an infrared
film sensitizing technique, the half-energy spot
diameter was measured to be 130 pm, essential-
ly independent of laser irradiance and without any
hot spots.

To ascertain the importance of the electromag-
netic ponderomotive force effects on the trans-
port and interaction physics, we covered the
range of target irradiance corresponding to a
variation of the parameter y= v, /v, (electron
oscillatory to cold thermal velocity) from 0.2 to
1.5. This range covers the transition from a
regime of "weak" (@&1)to "moderate" (y&1)
plasma-density profile modification. This tran-
sition is clearly illustrated in Fig. 1 by typical
interferograms obtained with a 35-psec ruby-
laser pulse synchronized and time delayed with
respect to the CO, laser. At lower irradiances
() &1), Abel inversion of the well-separated
fringes yields an on-axis density-gradient scale
length of about 35 pm. At higher irradiances ()
& 1), the density scale length is reduced to less
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FIG. 1. Ponderomotive force effects on the hot-elec-
tron temperature and the plasma density profile. The
interferograms were taken near the peak of the laser
pulse at the average irradiances indicated by the ar-
rows e
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than 10 pm, as can be seen from the closely
spaced fringes on axis. The ponderomotive steep-
ening of the density gradient coupled with the
resonant absorption mechanism give rise to var-
ious other changes in plasma behavior. "Among
others, the scaling of the hot-electron "tempera-
ture" with irradiance' is modified above a criti-
cal irradiance, as ean be seen in Fig. 1. This
hot-electron temperature is inferred from con-
tinuum x-ray spectra measured from irradiated
targets with filter-absorber detectors covering
the 1—50-keV range. ' Strong profile steepening'
and changes of the hot-electron temperature
sealing' have also been reported elsewhere. We
will see next that the inward energy transport
changes in important ways above and below the
critical ir radiance.

The electron energy transport ranges are in-
ferred from the variation of the x-ray emission
from planar layered targets' as a function of lay-
er thickness. The targets consisted of a thin lay-
er of polystyrene [(CH)„]deposited on a glass
(SiO,) substrate. Continuum x-ray emission from
the glass substrate provides quantitative evidence
of the effectiveness of energy transport through
the relatively weakly emitting (CH)„overlayer.
Figure 2(a) shows the x-ray intensities, normal-
ized to the bare glass substrate emission, for
various channels as a function of the overlaid
plastic thickness, at a given irradiance. No x-ray
contribution from the glass substrate is observed
on any channels for plastic thickness more than
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FIG. 2. X-ray intensities vs (CH)„overlayer thick-
ness, normalized to the emission from pure SiO~ glass
substrate. (a) Relative behavior of various x-ray
channels at a given irradiance. (b) Tr~n!itions from
steep to slow x-ray variation with increasing (CH)„
thickness for three laser irradianees. (c) X-ray-in-
tensity saturations with increasing thickness on an ex-
tended linear scale. The error bard reflect the + 5%
shot-to-shot reproducibility resulting in a + 10' un-
certainty for the ratios of two independent shots.

about 2 IL(,m at that irradiance. As expected, the
x-ray contribution from the glass substrate in-
creases with decreasing (CH)„thickness. Notice,
however, for all channels, the change in the x-ray
intensity dependence with (CH)„ thickness when

the plastic layer is reduced below 0.2 p,m.
Figures 2(b) and 2(c) show typical normalized

x-ray responses versus (CH)„thickness for differ-
ent laser intensities, on linear scales. Although

only the Be channel (1-1.5 keV) is represented
here, other channels have similar behavior, as
demonstrated in Fig. 2(a.), at a, given laser irra-
diance. The change in the x-ray intensity depen-
dence with increasing plastic thickness is now

more apparent in Fig. 2(b). This transition from
steep to slow x-ray variation varies with the
laser irradiance. Figure 2(c) shows the x-ray
intensity saturation with increasing plastic thick-
ness on an extended linear scale. This transition

1129



VOLUME 44, NUMBER 17 PHYSICAL REVIEW LETTERS 28 APRIL 1980

I I I I I I III I I I

0.2
E

0.'I

LLI
CI

o 4.0
I-

QJ 2.0

i i i'll
I

I I IIII
~o"'

LASER IRRADIANCE (Vl/cm~ )

I I I

FIG. 3. (a) Thermal- and (b) euprathermal-electron
penetration depths as a function of the laser irradiance.
Notice the two distinct irradiance regimes already
identified in Fig. 1 with about the same critical irradi-
ance.

to x-ray emission from thick plastic is shifted
to higher overlayer thickness with higher laser
irradiance.

The first transition in the x-ray behavior [Fig.
2(b)] may be related to the penetration of a heat
wave into the material by electron thermal con-
duction during the laser pulse. The thermal pene-
tration depth is then the (CH)„thickness which is
sufficient to reduce substantially the thermal
heating of the glass substrate and above which
the x-ray emission decreases more slowly. In a
similar experiment, "at a laser irradiance of
3 x10" W cm ', a thermal penetration depth con-
sistent with our results has been measured in Al,
with plasma line radiation instead of continuum
emission.

The second x-ray transition corresponding to
the beginning of pure (CH)„emission [Fig. 2(c)]
is related to the penetration of suprathermal
electrons in the material. The (CH)„thickness
which is sufficient to prevent substantial x-ray
emission due to energetic electrons decelerated
in the SiO, substrate is called the suprathermal
penetration depth. Previous work' '" has been
done on the range of fast electrons in solid tar-
gets using Kn radiation from underlying material.

Figure 3 shows the behavior of both the ther-
mal- and suprathermal-electron penetration
depths as a function of the laser irradiance. The
appearance of two different irradiance regimes,
discussed above from Fig. 1, with a critical
irradiance around 5 xl0" W/cm', is also evident

in Fig. 3. Below the critical flux, at the lower
irradiances, both the thermal- and suprathermal-
electron penetration are increasing with irra-
diances. Above the critical flux, however, the
thermal-electron penetration actually decreases
sharply while the suprathermal-electron penetra-
tion increases much more slowly with irradiance
than afore.

Free-standing foil burnthrough depths were
also deduced from the saturation of the x-ray
emission from irradiated thin plastic foils. %e
find fairly good agreement between thermal pene-
tration depths inferred from layered targets and
those inferred from free-standing foils. X-ray
emission from free-standing thick foils and thick
layers are the same. (Penetration results from
foils should be treated with caution since foil
acceleration before the plasma becomes subcriti-
cal may affect the transport physics. )

In order to determine whether the reduced
thermal penetration above the critical irradiance
is due to reduced heat transport or due to reduced
absorbed energy, the fractional absorption of the
incident laser energy was measured over the
laser irradiance regime covered in Fig. 3. Calor-
imetry measurements of the expanding plasma
give a fractional absorption independent of the
laser irradiance of about 30/c, in relatively good
agreement with other measurements. " One may
then be tempted to claim evidence of strong inhibi-
tion of heat transport by thermal electrons above
the critical irradiance through one or more of
the usual mechanisms such as acoustic turbu-
lence" and magnetic fields. " On the other hand,
this ponderomotive steepening of the density
gradient coupled with the resonant absorption
mechanisms could be such that less absorbed
laser energy is available to thermal electrons
and more for production of energetic electrons.
Thus the dramatic change in the thermal electron
penetration in Fig. 3(a) could be accounted for by
heat transport inhibition and/Or reduction of the
energy in thermal electrons.

The range of suprathermal penetration depth
reported in Fig. 3 is consistent with electrons at
energies of tens of kiloelectronvolts, decelerated
within a few microns of solid plastic. " Actually,
as we see below, the deceleration region of the
fast electrons is likely to be a plasma of com-
plex density and temperature profiles evolving
in time. The collisionless energy transport,
from the critical layer where the hot electrons
are produced to the collisional absorption region
of the electrons, implies bulk heating of the decel-
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eration region. A crude estimate of the amount
of energy transported and deposited into the de-
celeration region can be obtained from the supra-
thermal component of the absolute x-ray spec-
trum measured from irradiated thick (CH)„targets.
At an irradiance of 3 &10"W cm ' with a 1.5-
nsec pulse, about 30/o of the absorbed laser en-
ergy goes via fast electrons deep into the target. '
W'e estimate that carbon ions with directed aver-
age velocities around 10' cm/sec are produced
when the heat from the fast-electron deceleration
within the measured (CH)„thickness is converted
chiefly into directed kinetic energy of expansion.
For a sufficiently long laser pulse, a steady-state
situation similar to the ablation observed for long
1.06- pm laser pulses is also possible. "'

Hot-electron preheat inside laser fusion targets
is unwanted and copious hot electrons are known
to be produced at the high values of IA' (&10"W
cm ' pm') attained by powerful CO, lasers. It
has been proposed' to make use of the hot-elec-
tron absorption in a thick shell of low-Z material
as a driving mechanism for the shell compres-
sion, hopefully attaining interestingly low ablation
velocities as indicated above. In that connection,
the slower increase of fast-electron penetration
depth with irradiance at the higher levels (-I")
shown in Fig. 3(b) (presumably due to the slow
increase of fast-electron temperature) means
that dismayingly thick shells may not be required.
For instance, extrapolating to 10'6 W/cm' of CO, -
laser irradiance suggests that one would only
need about 25 p.m of polystyrene.

To conclude, at high irradiance levels (IA.'
~10"W cm ' pm') the thermal-electron penetra-
tion is reduced with a dramatic change near the
critical irradiance. Furthermore, the fast-elec-
tron penetration increases relatively more slowly
(-I") than at lower levels (-I'"), an encourag-
ing result for the idea' of using hot-electron
transport in laser fusion.
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