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Extreme Ultraviolet Radiation Transport in Laser-Irradiated High-Z Metal Foils
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Spatially resolved extreme ultraviolet spectra were measured from the rear side of

gold foils irradiated with 1.05-um wavelength, 100-ps pulses at intensities of 3x 1

014

W/cm?. In the energy range of 0.1 to 1.0 keV the radiation intensity decayed exponential-
ly with foil thickness up to 1 pm but remained almost constant over the range of 1 to 6
um. These results indicate that radiation heat conduction plays an important role in
high-Z plasma energy transport. Ablation by the radiation heat flux is briefly discussed.

PACS numbers: 52.50.Jm, 52.25.Ps, 52.25.Fi

Emission and reabsorption of extreme ultravio-
let (XUV) radiation play an important role in high-
Z plasma energy transport.’ Conversion efficien-
cies from laser energy to XUV radiation energy
have been measured with multichannel x-ray di-
odes and range from 15% to 2.3% for laser inten-
sities of 10** to 10'® W/cm? and gold targets.? The
spectrum has been shown to be Planckian with
color temperatures ranging from 66 to 134 eV.
When the outward radiation flux is as large as ob-
served and a target plasma is optically thick to
the radiation, inward radiation flux heats a plas-
ma inside the target. In this Letter we report on
the first direct measurement of the transport of
XUV radiation through high-Z (gold) and low-Z
(aluminum) foils. We also estimate the front- and
rear-side plasma temperatures for the gold foils.

The experimental setup is shown in Fig. 1. The
experiments were performed on the HALNA Nd:
phosphate-glass laser system with an output en-
ergy of 7to 15 J in a pulse of 100 ps full width at
half maximum. The laser output was focused to
a 200-pm-diam spot with an /1,33 aspheric lens,
giving an intensity of 3 X 10'* W/cm?, Targets
were 5-mm-wide foils of gold or aluminum with
thicknesses from 0.5 to 10 um. For the Au foils,
the support resin was removed in acetone and ir-
radiation was on the initially uncoated surface.
The spectrum was measured using a grazing-in-
cidence (88°) spectrograph with a 2-m-radius
gold-coated concave grating. Spatial resolution
was achieved by inserting a 100- um-wide slit be-
tween the 10- um-wide entrance slit and the grat-
ing.® Single shot spectra were recorded on Kodak
SC-T7 film. Wavelength and film calibration were
performed in a separate experiment.

XUV spectra from the laser-irradiated plasma

1000

were recorded with the laser incident at 20° to
the target normal, as shown by the solid line in
Fig. 1. Rear-side spectra were recorded with
the same incident angle as shown by the dashed
line. Evidence for radiation transport through
the target was obtained by comparing these two
spectra for different foil thicknesses. The laser-
irradiated plasma spectrum was essentially in-
dependent of the foil thickness and, for the gold
targets, consisted of many closely spaced lines
in the wavelength ranges of 25-35 and 45-55 A
as shown in Fig. 2(a). The latter group has also
been observed in tokamak plasmas®* and comes
from highly ionized Au*'® to Au*®, This plasma
can be considered as a source of radiation which
heats the target interior. The rear spectrum also
contained these two groups of lines, but of some-
what weaker intensity, and two lines of C ** and

C * from residual traces of the foil support resin
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FIG. 1. Experimental setup. S1 is a slit for wave-
length dispersion and S2 is a slit for spatial resolution.
The XUV spectrum from the laser-side plasma is ob-
tained with the target setting shown with the solid line
and that from the rear-side one with the dashed line.
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FIG. 2. Densitometer traces of XUV spectra from
Au-foil targets. (a) The radiation spectrum from the
laser-side plasma. (b) —(e) Radiation spectra from
the rear-side plasmas with 0.5-um Au-foil thickness
for (b), 1 pm for (c), 3 um for (d), and 6 um for (e).
D, is the film density of the diffracted radiation and
D, is that of the stray-background light.

as shown in Figs. 2(b)-2(e). If the initially resin-
coated surface was irradiated with the laser,
these carbon lines were not observed from the
rear-side plasma, indicating that the target is op-
tically thick to the XUV radiation. The observa-
tion of the highly ionized gold and carbon lines
from the rear surface therefore indicates a high-
temperature rear-surface plasma. For the gold
foils rear-surface spectra were observed for
thicknesses up to 6 yum but not for 10- um-thick
foils. On the other hand, for Al foil targets com-
parable spectra were only recorded for 1.5-um-
thick foils, and not for 3-um-thick targets.

The XUV radiation intensity from the rear sur-
face is plotted as a function of foil thickness in
Fig. 3. The intensities are measured at 52.4 A
(Al X1, 2p2P-3d?D) and 50.0 A (continuum) for
aluminum and at 47 A (many closely spaced lines)
for gold. For aluminum [ Fig. 3(a)] the intensity
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FIG. 3. Radiation intensities as functions of the foil
thickness. (a) Open circles show the data for 52.4-A
(Alxt, 2p p_3d ’D) and open triangles the data for
50.0-A (continuum) radiation from the aluminum.

(b) The data for 47-A radiation from the gold. The
data for the 0-um foil thickness are taken from the
radiation of the laser-side plasma.

decays exponentially with a scale length of 0.69 to
0.80 um and goes to zero at 3 um. Here, the
zero-intensity point indicates that the diffracted
radiation cannot be distinguished above the stray-
background light in our system. For gold the in-
tensity also decays exponentially initially with a
scale length of 0.20 um, but for thickness from

1 to 6 um the intensity remains almost constant
[Fig. 3(b)]. The exponential decay scale lengths
are several times larger than the absorption
lengths for the un-ionized target materials,® ¢ but
are consistent with the absorption lengths in high-
ly ionized material.®” Suprathermal electron
heating is also another candidate to explain the
exponential part of the decay curves.

Before discussing the energy transport process-
es it is necessary to estimate the front- and rear-
side plasma temperature for our experiment. To
estimate the front surface temperature the Au
target was irradiated with two laser pulses at
normal incidence with a separation of 8 ns. After
the first pulse the plasma expands normal to the
target surface and the second pulse then produces
a second XUV -emitting region. From the separa-
tion of the two emission regions of 250-350 pm
as shown in Fig. 4 and the pulse separation we
estimate the expansion velocity to be (3.1-4.4)

X 10% cm/s. Assuming that this velocity is of the
order of the sound velocity, we get a product of
average ion charge, (z), and electron tempera-
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FIG. 4. Spatial distribution of XUV radiation at the
wavelength of 47 A for 10-um-~thick Au foil. Two laser
pulses, whose interval is 8 ns, are incident on the
target from the left in this figure.

ture, T,, of 1.2 to 2.4 keV. For local thermody-
namic equilibrium (LTE) we can then estimate
that (z) =~ 14 and T, ~130 eV. For the rear-side
temperature we use the intensity ratio of the C *
and C * lines. For 0.5- um-thick gold foils this
ratio was 2.2 £0.2 and for 1.0- to 6.0- um-thick
foils it was 1.1 £0,3. For LTE and an ion density
equal to solid density, we estimate temperatures
of 125+10 eV for 0.5- um-thick foils and 100 £10
eV for 1- to 6-pum-thick foils. For coronal equi-
librium these temperatures become 90+5 eV and
805 eV, respectively. From these estimates
we can conclude that there is a plateau in the
rear-side temperature of many tens of eV which
is almost constant for Au foil thickness from 1 to
6 pm,

We can consider suprathermal electron and ra-
diation as candidates for anomalous energy trans-
port through the gold foil. According to Max and
Estabrook,® with the laser intensity of 3 x 104
W/cm?, (z) of 14, and the cold-electron temper-
ature of 130 eV, the hot-electron temperature
and its range are estimated to be 3.2 keV and 1.8
um, respectively. The range is smaller than the
foil thickness of 6 um. The radiation from the
rear-surface plasma of the gold was observed
even in the case of the thicker foils compared
with the aluminum. To explain the results, both
energy and number density of hot electrons in the
gold are then required to be extremely greater
than those in the aluminum, since the range in a
high-Z plasma is shorter than that in a low-Z
plasma. Although heating through the foil by hot
electrons cannot be ruled out, it is difficult to ex-
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plain the data only in terms of suprathermal elec-
tron heating.

Under the assumption that the radiation is black-
body with a color temperature of the same order
as the plasma temperature of 130 eV, and using
a diffusion approximation with the Rosseland
bound-free mean free path in solid density,’ we
can estimate the ratio of radiation to thermal
electron heat flux to be greater than 100. In a
high-Z gold plasma the radiations are dominantly
emitted by bound-bound transitions, as shown in
Fig. 2. Since we do not yet have precise knowl-
edge of the absorption mean free path for the
many closely spaced lines, in this Letter we use
the Rosseland bound-free mean free path instead.
The mean free path with bound-bound absorption
has been calculated to be shorter only by a fac-
tor of 3 than that without it at any particular tem-
perature.'® Therefore, although our estimate of
the path has an error, the radiation heat flux can
be much greater than the thermal electron heat
flux. Under these conditions ablation of the plas-
ma by radiation heat flux can occur in gold,'* as
has been observed in relativistic electron beam
experiments.’? The ablation plays the role of a
piston and drives a shock wave ahead of itself.
We now estimate the radiation heat flux by as-
suming that the inward radiation flux supports the
ablation, and that the rear-side plasma is heated
only by the shock wave. If we assume steady ab-
lation for simplicity, the inward radiation heat
flux, @,, required at the Chapman-Jouguet point
to maintain the ablation can be approximately giv-
en as

Q,=[Fn,(2,+ DT, + gm;n,c,’ +1)2] €, =3p,C,,
(1)

if n, >n,, where n, p, and c are, respectively,
the ion density, the pressure, and the sound ve-
locity, and the subscripts 1 and 2 indicate the
variables in the shock-compressed region and at
the Chapman-Jouguet point, respectively. For a
strong shock, n, ~4n, and v,~4c,/V3, and if n,
>n,, p,~P,/2, where n,and v, are the initial
target density and the shock front velocity, re-
spectively. Using those relations, we get

Qr = %m:‘novszcz’ (2)

which can give the maximum value of the inward
radiation heat flux. For c,, we use the sound ve-
locity obtained from the measurement of the la-
ser-irradiated plasma expansion velocity. The
shock front velocity is estimated by use of the
measured rear-surface temperature and the
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strong shock relation. The radiation heat flux is
then calculated from Eq. (2) to be 1.0 X 10** W/
c¢m? and the conversion efficiency from laser to
XUV radiation is 33%. Also the width of the ab-
lation front is estimated to be 1 um.!' Using the
relation @,=(cAys /3)(8U, /8x), where Ay and U,
are the Rosseland mean free path for bound-free
absorption and the radiation energy density, re-
spectively, we estimate the color temperature as
150 eV. These values can be overestimated since
we have assumed that the rear-side plasma is
heated only by the shock wave. The temperature
of the rear-surface plasma is higher than that
heated by the shock wave, because of additional
heating by suprathermal electrons, and also be-
cause the hot region of the ablation front reaches
the rear surface after the shock wave. This mod-
el has, however, an advantage to explain the al-
most constant temperature of the rear surface
for thickness from 1 to 6 pm, since the shock-
heated plasmas have the same temperature under
the constant heat flux. It cannot be assumed that
the shock front reaches the rear surface of gold
foils thicker than 6 pum within the duration of the
heat flux. A more definitive explanation of the
plateau of the radiation intensity calls for further
measurements of, for example, the duration time
of the heat flux and the break-out time on the
rear of the foil.

To summarize, spatially resolved XUV spectra
from the rear side of laser-irradiated aluminum-
or gold-foil targets have been observed in the en-
ergy range of 0.1 to 1.0 keV. For aluminum the
radiation intensity decays to zero at 3 um. For
gold the radiation intensity also decays exponen-
tially up to 1 um, but from 1 to 6 yum it remains
constant. In the latter case the rear-side tem-
perature is higher than several tens of electron-
volts for foils from 1 to 6 um thick. These re-

sults and the simple theoretical calculation indi-
cate that radiation heat conduction plays an im-
portant role in the high-Z plasma energy trans-
port. The possibility of ablation by radiation heat
flux is also discussed.
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