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Energy Transport through High-Z Metal Foil in a Laser-Produced Plasma
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Double-layer thin films of high-Zz metal and low-z polyethylene and each single-layer
film were irradiated with a 1.06-um, 200-psec laser pulse at intensities from 10!% to

2

7 x 1014 W/em?. From the measurements of the transmittance of the laser through these
films, the spatial distributions of the transmitted light, expanding ion currents, and
x rays, the energy transport is found to be due not only to superthermal electrons but

also to x-ray radiation in a high-z material.

In order to find the optimum condition of laser-
driven implosion, it is of prime importance to
clarify the mechanism of the energy transport
through the plasmas of pellet materials: low-Z
ablator, high-Z tampers, and D-T fuel.'! In low-
Z material the flux limitations of electron ther-
mal conduction have been determined by measur-
ing the transmittance of laser light through thin
plastic foils.?*®* Preheat effects in the interior of
targets by fast electrons have been reported
through the measurement of Ka radiation® from
neon-filled glass balloons. This Letter reports
on the energy transport in a laser-produced high-
Z plasma as compared with that in a low-Z plas-
ma.

The double-layer target used in this experiment
consists of a 4-um-thick film of polyethylene
chemically coated with a thin layer of nickel.

The maximum energy of the mode-locked laser
was 10 J in 0.2 nsec. The pulse had a full width
at half-maximum of 160+ 10 psec, but it had a
long prepulse region and tail (70+ 10 and 100+ 20
psec at a quarter of the maximum intensity, re-
spectively). The effective pulse duration was es-
timated to be about 0.2 nsec. The laser beam
was focused on the target at an angle of 45° to
the normal by an f/1.33 aspheric lens. The fo-
cal-spot diameter was about 80 um [as shown in
Fig. 3(b)l. The experimental setup is indicated
in Fig. 1. The energies of the incident, trans-
mitted, specularly reflected, and backscattered
light are measured all together by the use of a
single biplanar phototube with a filter, IR-80,
which is calibrated with a power meter. The
time resolution of the tube is less than 1 nsec
and is enough to separate these lights.

The transmittance through five kinds of targets

are shown in Fig. 2 as a function of incident la-
er intensity. When the laser beam irradiates
the polyethylene layer of the double-layer film,
the transmittance is almost constant and less
than 2%. But when the beam irradiates the nick-
el layer of the double-layer film, the transmit-
tance reaches a maximum value of 50% in the
2.3-pum-thick nickel case, and of 15% in the 1.0-
K“m-thick nickel case. The enhanced transmit-
tance is also seen in single high-Z metal foils of
a few microns in thickness, such as Al, Ni, and
Au, as compared with that in a low-Z polyethyl-
ene film. In the case of a 4-um-thick polyethl-
ene film, the transmittance is the same as that
in the polyethylene layer of the double-layer film.
But in the case of Ni foils of 2.5 and 1.25 um
thickness, the transmittance increases to 50%
and 20%, respectively, and then maintains this
level at the higher intensities without decreasing
to a lower level as for the Ni-polyethylene tar-
get. With the use of a 6-um-thick Al foil, the
transmittance is about 5% at a laser intensity of
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FIG. 1. Experimental setup. BS are beam splitters,
PT is a phototube, and TV is the Si Vidicon. C1 and
C2 are Faraday cups. PIN isp-i-» diodes for soft-
X-ray measurements,
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FIG. 2. Transmittances of laser light as a function
of the incident intensity. Laser beam is focused on,
curve ¢, 2.5-um Ni foil; curve », 2.3-um Ni foil plated
on 4,0-ym polyethylene film; curve ¢, 1.25-um Ni foil;
curve d, 1.0-um Ni foil plated on 4.0-um polyethylene
film; and curve ¢, 4.0-um polyethylene film.

4.8x10" W/cem?. A 3-pum-thick Au foil shows a
transmittance of 30% at 5.5X10'* W/cm?. The
possibility of a parasitic laser oscillation that
develops between the mirrorlike metal target and
some component in the laser system is eliminat-
ed from our measurement because the laser beam
has been focused on the target with a 45° incident
angle and the transmittances are determined by
the time-resolved measurement. This is also
confirmed by the experimental results as follows.
The backscattered light for a metal target had a
smaller intensity than that for polyethylene. In
the x-ray signal of the p-i-n diode, no second
pulse was observed at least during about 400

nsec from the first pulse.

For the enhanced transmission of laser light
through a high-Z foil, four models can be con-
sidered: (1) Filamentation of laser light makes
underdense tunnels through the thin plasma by a
ponderomotive force, or the plasma thermally
expands to be transparent as the interior of the
foil is heated by (2) electron thermal conduction,
by (3) superthermal electrons or by (4) x-ray
radiations, emitted from the laser-irradiated re-
gion. The spatial distribution of the time-inte-
grated laser intensity was measured as shown
in Fig. 3 using an infrared Si Vidicon with a fil-
ter, IR-80, and video recorder. As shown in
Fig. 3, the incident laser light has many local
peaks (b), but the distribution of the transmitted
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FIG. 3. Spatial profiles of beam intensity at the fo-

cused surface:
laser light.

(a) transmitted laser light; (b) incident

light is converted into a smooth profile (a). This
result indicates that no filamentation takes place.
The transmittance through a high-Z nickel foil
becomes large as the thickness of the foil dou-
bles. This result cannot be explained by elec-
tron thermal conduction, contrary to the results
obtained elsewhere.?”® The ion current of an ex-
panding plasma was observed with a Faraday

cup located at the rear side of the target [C2 in
Fig. 1] when the laser irradiated the metal sur-
face of double- and single-layer films. As shown
in Fig. 4, the ion current has generally two com-
ponents®: The first component is the spike due
to the fast ions and the second hump is due to a
thermally expanding plasma. These two com-
ponents overlap at a laser intensity of about 4
x10" W/cm?, where the light transmission has
its maximum value. The arrival time of the sec-
ond hump is delayed in the double-layer case at
higher intensities of the laser, where the trans-
mittance decreases. On the other hand, the ar-
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FIG. 4. Faraday-cup traces measured at the rear
side of targets at each intensity of the incident laser.
Laser beam is focused on (a) 2.5-um Ni foil and (b)
2.3-um Ni foil plated on 4.0-pm polyethylene film. The
dashed lines show the signal of an expanding plasma.
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rival time is not delayed in the single-layer case
at the higher intensities, where the transmittance
maintains the level. At lower intensities, the
arrival time of the second hump is delayed and
current of the hump becomes very small, where
the transmittance decreases very much. To ex-
plain these experimental results, we consider
that a laser-irradiated high-Z plasma is the
source of fast electrons or x-ray radiation for
heating the interior of the target. The intensity
of the source changes when the laser-irradiated
plasma expands. The heating of the interior de-
pends on the thickness of the target, and on the
intensity of the source. As the temperature of
the interior is raised, the foil target expands
rapidly to both sides enough to become trans-
parent during the laser irradiation. This model
explains that the earlier arrival of the thermally
expanding plasma is related to the large trans-
mittance. X-ray emission in the energy range
from 2 to 20 keV was measured by p-i-n diodes.
The ratio of the p-i-n diode current in the Ni
case to that in the polyethylene case increased
with the incident laser intensity from 1+ 0.3 at
10 W/cm?, to 2.4+0.2 at 5X10* W/cm®. These
results indicate that the laser-produced high-Z
plasma is a strong x-ray source at least in this
energy range and the heating effect by the ab-
sorption of x rays should be taken into account.
Using the experimental results on the electron
temperature of a laser-heated plasma and the
reflectivity of an incident laser light, we can
theoretically estimate the heating effect by the
fast electrons and x-ray radiations. The elec-
tron temperature was derived from the filter-
absorber technique using p-z-n diodes. At an in-
cident laser intensity of 5X10'* W/cm?, the elec-
tron temperature was about 500 eV in the poly-
ethylene case and 200 eV in the Ni case. In the
Ni case the effect of line radiation was included.
These temperatures may be used for a qualita-
tive discussion of the heating effect, because the
temperature in the Ni case does not rise more
than in the polyethylene case. The backscattered
reflectivity through an f/1.33 lens was about 6%
in the polyethylene case and 2% in the Ni case at
an incident laser intensity, &,, of 5x10™ W/cm?,
The specular reflectivities through an f/2.5 lens
were 4% and 2%, respectively, at the same inci-
dent laser. If the sum of these two reflectivities
is assumed to be the total reflectivity, ®g,® the
absorbed laser intensity is equal to ®, - ®.
The reabsorption of fast electrons is calculated
as follows. The average ion charges, Z, are 2.5

(CH,) and 13 (Ni), respectively, assuming a sim-
ple coronal model. From these values and the
scale length of density gradient, L =C,Af, where
C, is an isothermal sound velocity and At is a
half-duration of the incident laser pulse, the ra-
tios of the intensity absorbed through inverse
bremsstrahlung to the incident laser intensity,
®c,/®,,7% are calculated to be 50% (CH,) and
86% (Ni). If the residue of incident laser intensi-
ty (&, - ®¢ — ®,) is assumed to be taken up as
resonance absorption ®y 4, then the average en-
ergies of the fast electrons® are 45 keV (CH,)
and 15 keV (Ni). By the use of the mean free
path of fast electrons, A,,'° and the thickness of
the foil, 7, the ratio of the reabsorbed energy
flux of the fast electrons to the incident laser in-
tensity, A, =3[1 - exp(-= I/ AN ®ra/®,, is 0.5% for
the 4-pm-thick polyethylene, 2% for the 1.25-
tm-thick nickel, and 4% for the 2.5-pum-thick
nickel. X radiation can be simply estimated by
use of a theory of blackbody radiation.!' If the
laser-irradiated region is assumed to be an
isothermally expanding plasma’ and the source
of x-ray radiation is in the region from the cut-
off density, n., to solid density, n,, then the
size of the source, x,, is equal to L In(@n/n,)
and the average square density, (n?), is equal
ton2L/2x,. From these assumption, we find
x<<1;,<l, for polyethylene and /,,<x,<l, for
nickel, where [;, is the mean free path in an op-
tically thin medium and I, is the Rosseland mean
free path for bremsstrahlung. The nickel case
satisfies the blackbody condition'? and the ratio
of the x-ray intensity to the incident laser inten-
sity, ®4/®., is calculated to be 35%. If the
mean free path for the absorption of x rays in
the interior of a target, /,;, is calculated from
the solid density and the temperature of laser-
irradiated region, then the ratio of the absorbed
x-ray intensity to the laser intensity, A, =3[1
—exp(-1/1,)| /@, , is 9% for 1.25-um-thick
nickel and 13% for 2.5-um nickel, which are un-
derestimations because the higher temperature
is assumed. In the case of polyethylene, the
medium is optically thinner for the radiation of
free-free transitions than for that of bound-free
transitions. The ratio & X/<I> . is calculated to be
several percent, using the mean free path for
the radiation of bound-free transitions, and the
value of reabsorption is found to be negligibly
small. These calculations qualitatively agree
with the experimental results. The absorbed
energy flux through a high-Z plasma is larger
than that through a low-Z plasma and the flux is

621



VorLuMmE 39, NUMBER 10

PHYSICAL REVIEW LETTERS

5 SEPTEMBER 1977

proportional to the thickness of the target.

In summary, the transmittance of the laser
through a laser-produced high-Z thin plasma is
larger than that through a low-Z plasma, and the
maximum transmittance through the Ni foil of
2.5 um thickness is larger than that through the
1.25-um foil. The transmittance is related to
energy transport through the rate of a plasma
expansion. These experimental results indicate
that the energy transport is due not only to su-
perthermal electrons but also to x-ray radiation
in a high-Z material. The simple theoretical cal-
culations, based on the measurements of the elec-
tron temperature and reflectivity, qualitatively
agree with the experimental conclusion.
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Doublet plasmas have been produced in Doublet IIA using an active field-shaping coil
system, Significant increases in the electron density and energy confinement time have
been observed for the doublet configuration relative to elliptic and circular plasmas in

Doublet IIA.

Doublet IIA!? is a noncircular-cross-section
tokamak which allows direct comparison of vari-
ous plasma configurations in the same device.
The ability to compare plasmas of different cross
sections in the same device and within a few shots
insures the same vacuum and wall conditions
which are critical in tokamak operation. Detailed
diagnostic measurements of the plasma proper-
ties of doublet, elliptic, and circular cross-sec-
tion discharges have been performed. The meas-
ured plasma properties of the circular discharg-
es are characteristic of those obtained in contem-
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porary circular-cross-section tokamaks of simi-
lar size and toroidal field strength. The meas-
ured energy confinement time and electron den-
sity for the circular discharge are in agreement
with the scaling found by Daughney® and Muraka-
mi,* respectively. A comparison of elliptic and
circular plasmas produced in Doublet IIA was re-
ported earlier.® This Letter reports successful
control of a doublet configuration by use of an ac-
tive field-shaping coil system. Measurements on
doublet discharges are presented which show a
significant increase in the electron density », and



