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Planar gold layers of thickness 50~200 nm, both free-standing and supported on substrates of 1-
pm polypropylene, were irradiated with 3-ns laser pulses of 0.53 um wavelength at 10'? and 10"}
W/cm?. The x-ray emission from the rear and front of the target was measured with symmetrically
placed x-ray diodes and x-ray transmission grating film spectrometers. The transmitted laser light
was also monitored. Under optimized conditions it is possible to obtain up to 30% conversion of
the laser energy in the form of soft x rays from the rear surface of the target with less than 2% laser
light transmission. The measured overall conversion efficiency is approximately in agreement with
hydrodynamic simulations. The spectral and temporal features of the emission are discussed with
respect to the opacity of the hot dense target material.

I. INTRODUCTION

The intense emission of soft x rays from laser-
irradiated plasmas is of interest for a variety of applica-
tions, such as in indirect drive laser fusion,! as a heating
and diagnostic tool for investigations of hot compressed
matter,” > as a pump source for x-ray lasers,® and as an
emission source for microlithography.”® Thorough stud-
ies of the conversion of laser light into x rays with mas-
sive targets were performed by a number of workers,” %!
covering a wide parameter range of laser intensity, pulse
duration, wavelength, and target atomic number. The
emission from thin gold layers, either free-standing or on
a substrate, was investigated in Refs. 12, 19, and 22.
From the measurements of Nishimura et al.'>?2 a
characteristic burnthrough depth of ~100 nm (at 10"
W/cm?, wavelength 0.53 um, and pulse duration 0.5-0.7
ns) has been inferred. Thin gold foils in this thickness
range were recently used as x-ray converters.>® The x
rays emitted from the rear side provide an intense soft x-
ray flux free of laser light if the converter foil is thick
enough to absorb all the laser energy, but thin enough for
an efficient x-ray flux to the rear. Such converter targets
are an intense x-ray source for various experimental ap-
plications, which simultaneously avoid the drawbacks of
direct laser radiation. Although the converter idea is not
new, and in fact several experiments have already been
carried out using this scheme as a basic component,”> a
detailed investigation of the converter itself including the
x-ray emission towards the front and the rear and the
transmission of laser light through the expanding foil has
not yet been reported in the literature.

Figure 1 shows a sketch comparing the x-ray emission
from a massive high-Z target with that from a thin con-
verter foil. The conversion of laser light into x rays in
massive targets has been analytically and numerically ex-
amined elsewhere,?* yielding the following picture:
The hot plasma in front of the cold target can be divided
into two distinct regions, an optically thin conversion lay-
er and an optically thick re-emission zone. The conver-
sion layer is the outer low-density, high-temperature re-
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gion, in which the laser light is absorbed and converted
into x rays. The converted fraction is a., which is equal-
ly radiated in the two directions. The x rays propagating
towards the solid target are absorbed in a region of high
density and moderate temperature. This region is called
the re-emission zone because some fraction r <1 of the
absorbed x rays is re-emitted. The total x-ray conversion
fraction in massive targets 77, can then be expressed by
n, =(1+r)a. /2. The essential feature of a converter tar-
get is that it is so thin that it consists almost entirely of
the conversion layer in order to obtain nearly symmetri-
cal x-ray conversion fractions of a,/2 from each side of
the target. With nanosecond pulses of submicrometer
wavelength the total x-ray conversion from massive gold
targets has been measured'>?! to reach levels of up to
~80%. Under these conditions the re-emission
coefficient r approaches unity and one may then achieve
up to 40% rear conversion fraction from a thin high-Z
converter target. As will be shown, this qualitative pic-
ture appears to be confirmed by the experimental results
presented below.

This paper reports an experimental investigation of x-
ray emission from thin gold foils for 0.53-um laser light
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FIG. 1. A comparison of x-ray emission from high-Z targets
in (a) the case of a thick target and (b) the case of a thin x-ray
converter foil.
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in a 3-ns pulse with simultaneous measurements of the
laser light transmission through the target. The pulse
length is significantly longer and the laser intensity lower
than in the experiments with converter schemes reported
up to now.>>?? We can show that the thin foil converter
functions equally successfully under these conditions, in-
dicating that it may be a technique for general applica-
tion. The experimental setup and the results are present-
ed in Secs. IT and II1. The results are discussed in Sec. IV
by comparing them with numerical hydrodynamic calcu-
lations. Special emphasis is given to the x-ray opacity of
the hot converter foil.

II. EXPERIMENTAL ARRANGEMENT

The experiments were carried out with a Nd-glass laser
frequency doubled to produce pulses of wavelength 0.53
pm, duration 3 ns, and energy 10 J. The laser beam was
focused with f /1.4 optics onto the target, which was po-
sitioned behind the best focus to produce a diverging
beam at the target surface. Two focal spot sizes were
selected, a large one 630 um in diameter yielding a laser
intensity of S; =10'> W/cm? and a smaller one 200 ym in
diameter yielding a laser intensity of S; =10* W/cm?.
The local intensity on the target surface exhibits some
structure, essentially consisting of concentric diffraction
rings. The incident intensity pattern of the 630-um spot
is shown in Fig. 5(a) and is discussed in more detail in
Sec. III B.

Two types of targets were used: free-standing gold
foils and gold deposited on 1-um polypropylene (CH,,
density 0.9 g/cm?), referred to as “free-standing” and
“supported” in the following. In addition, for compar-
ison a number of target shots were carried out on thick
(10-um) gold foils, which may be considered as massive
targets.

The experimental arrangement is shown schematically
in Fig. 2. The x-ray emission was monitored with a set of
two identical vacuum x-ray diodes, and two identical
transmission x-ray grating spectrometers. These detec-
tors were symmetrically placed at 30° from the target
normal both in front of and behind the target. The x-ray
diodes had copper cathodes and were filtered with 1.0-
pm-thick polypropylene foils. They were primarily sensi-
tive at wavelengths above the carbon K edge in the range
44 t0 100 A, and also at wavelengths <30 A significantly
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FIG. 2. Experimental arrangement for the x-ray converter
foil investigation.
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below the K edge. The combined diode-oscilloscope
response time was =~500 ps. For the spectral sensitivity
of the cathode we used the data of Day et al.?*

The spectrometers used identical gold transmission
gratings with a grating period of 1 um and absolutely
calibrated Kodak 101-01 x-ray film as a detector. Details
of this diagnostic can be found in Refs. 26 and 27. The
spectral resolution was limited by the relatlvely large
source size to 15 A at intensity S; =10'> W/cm? and 8 A
at §; =10 W/cm?

An f /1 lens placed behind the target plane was used to
collect the directly transmitted laser light. In order to
obtain spatial information from the transmitted beam,
the target plane was imaged and recorded on burn paper
with a spatial resolution better than 10 um in the target
plane. In addition, a set of energy diodes and a vacuum
photodiode were used to monitor the transmitted energy
and pulse shape from a signal split off from the main
transmitted beam.

III. EXPERIMENTAL RESULTS

A. x-ray conversion

The total x-ray energy emitted towards the front and
rear normalized to the incident laser energy is displayed
in Fig. 3 as a function of the gold-layer thickness for
free-standing and supported targets at the two laser in-
tensities 10'2 and 10> W/cm? The general trend is to-
wards a nearly symmetrical front and rear emission if the
gold layers are very thin ( <50 nm). With thicker gold
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FIG. 3. Total x-ray emission from the front and rear sides of
free-standing and supported converter targets at S, =10'> and
10" W/cm?. Conversion measurements towards the front are
denoted by triangles, and towards the rear by circles. The open
and closed symbols were derived from film spectrometer mea-
surements and x-ray diode signals, respectively. The solid
curves represent simulation results.
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layers, the front emission increases up to the massive tar-
get value, whereas the rear-side emission decreases. The
maximum rear-side conversion efficiency approaches al-
most 30% for a free-standing gold foil; with supported
targets, the rear-side conversion is somewhat smaller but
still values of up to 20% were measured. A similar trend
is seen in the numerical simulations (solid curves) dis-
cussed in Sec. IV.

The data points plotted in Fig. 3 were derived from
spectra recorded on film (open symbols) and from diode
signals (solid symbols). Absolute values of the emitted x-
ray energy are obtained by analyzing the spectra record-
ed on film, taking into account the characteristic film
gamma curve relating incident energy density to photo-
graphic density, and the wavelength dependence of the
film sensitivity.?%?’ For the batch of Kodak 101-01 film
actually used, recent calibration data were available.?®
The evaluated spectra were further corrected for contri-
butions from the higher diffraction orders (amounting to
a few percent). Integration of the spectra over the wave-
length range 20-200 A thereby yielded an absolute value
for the emitted energy per unit solid angle as seen by the
instrument.

Relative values of the emitted x-ray energy were
formed from the diode signals by multiplying the signal
peak level with the full width at half maximum (FWHM).
These values were normalized to the absolute values ob-
tained from the film spectra measured at the front side of
massive targets.

Determination of the total x-ray energy requires that
the angular distribution be known, but it was not mea-
sured in this experiment. We remember that for an opti-
cally thick blackbody radiator, the angular distribution
follows the Lambertian cosine law, while for an optically
thin volume radiator, it is independent of the angle. We
assumed an isotropic angular distribution and therefore
have calculated the data points in Fig. 3 by multiplying
the x-ray energy measured by the detector at 30° to the
target normal by the solid angle 27 of the half-space on
each side of the target. For the converter targets we be-
lieve this to be a reasonable assumption because the very
thin gold converter foil becomes a nearly optically thin
source. With increasing target thickness the x-ray emit-
ting region is no longer completely optically thin and de-
viations from an isotropic angular distribution are ex-
pected. Indeed, measurements of the angular distribution
for massive gold targets show a dependence on an-
gle.!"21:27 Taking instead of an isotropic distribution the
angular distribution measured by Kishimoto?’ for a mas-
sive gold target under irradiation conditions (3X 10"
W/cm? at laser wavelength 0.53 um and pulse duration 3
ns) similar to those of this experiment would result in
16% smaller values for the total x-ray energy. For exam-
ple, the x-ray energy conversion efficiency at the front
side of a massive target of 56% at S; =10'> W/cm? and
60% at S; =10"* W/cm? as plotted in Fig. 3 would then
reduce to 47% and 50%. These massive target data are
in good agreement with independent measurements re-
cently performed in our laboratory?® with a bolometer as
detector, where 50%+5% energy conversion efficiency
was measured at 10" W/cm? and 60%+5% at 5X 103
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W/cm? (with the same laser at wavelength 0.53 ym and
pulse duration 3 ns).

B. Laser energy transmission

Measurements of the transmitted laser energy as a
function of the gold-layer thickness for free-standing and
supported targets are presented in Fig. 4(a) at S, =10
W/cm? and in Fig. 4(b) at §; =10"* W/cm?. In all cases
the measured transmitted laser energy decreases with in-
creasing gold-layer thickness. For free-standing targets
at §; =102 W/cm? and a gold-layer thickness in the re-
gion 70 to 90 nm, where maximum rear-side x-ray emis-
sion was observed, laser transmission is only a few per-
cent, whereas larger values are observed at S; = 1013
W/cm?. In supported targets the polypropylene sub-
strate significantly helps to reduce laser transmission.

In Fig. 5 we display the temporal pulse shape and spa-
tial intensity distribution of the transmitted laser beam
for various thicknesses of free-standing targets at 10'2
W/cm? On the left of the figure are the incident and
transmitted pulse shapes, and on the right the burn paper
images of the intensity distribution of the transmitted
beam in the target plane image. Both the incident and
transmitted signals were recorded on the same oscillo-
scope trace with a fixed cable delay of 8 ns separating the
two pulses. In Fig. 5(a) records are shown for the case of
no target (full transmission) for comparison with Fig.
5(b), a 50-nm target, and Fig. 5(c), a 90-nm target. Filters
were placed on the diodes to obtain a similar signal level
for the incident and the transmitted beams. The
transmitted laser light appears with a clear delay, which
increases with target thickness.

The spatial intensity patterns of Fig. 5 contain consid-
erable structure, which is already present in the incident
beam shown in Fig. 5(a) in the case of no target. The
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FIG. 4. Measurement and simulation results for the fraction
of laser energy transmitted through converter targets. (a) Re-
sults at S; =10'2 W/cm?, with the solid symbols showing exper-
imental measurements for free-standing targets, and the open
symbols for supported targets. The solid curve shows the simu-
lation results for free-standing targets; for supported targets the
simulations showed no laser transmission for all gold
thicknesses >20 nm. (b) The same as for (a) at S, =10"3
W/cm?; the dashed curve shows the simulation results for sup-
ported targets.
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FIG. 5. Spatially and temporally resolved measurements of
the transmitted laser beam at 10'> W/cm? for free-standing con-
verter targets. On the left are oscilloscope traces of the incident
and transmitted laser pulses. On the right are the burn paper
images of the laser spot in the target plane. (a) Results for no
target: the transmitted and incident pulses are the same; (b) re-
sults for a 50-nm gold target: the transmitted pulse is magnified
by a factor of 5 by adjusting the entrance filter on the detector;
(c) results for a 90-nm gold target: magnification of the
transmitted laser pulse by a factor of 50.

concentric rings in the incident beam are caused by
diffraction from apertures in the laser beam. The intensi-
ty on the diffraction rings in Fig. 5(a) is about a factor 2
larger than the average intensity. The region of low in-
tensity in the center is caused by a hole in the focusing as-
pherical lens (necessary to avoid damage of the lens).
The patterns Figs. 5(b) and 5(c) of the laser transmitted
through thin converter foils show enhanced transmission
primarily in regions in which the incident intensity is
high. In Fig. 5(c) at thickness 90 nm the transmission ap-
parently occurs only in the intense diffraction rings. The
transmission patterns were reproducible from shot to
shot. Aside from the differences in intensity, the ring
pattern itself remained the same at all thicknesses. For
supported targets at 10'> W/cm? the temporal and spatial
measurements showed essentially the same features as the
free-standing targets, but with generally much less laser
transmission.

At S; =10'* W/cm? the x-ray signals for both support-
ed and free-standing targets showed a burnthrough delay
similar to that at 10'> W/cm?, although with signal on-
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sets not as sharply defined. The spatial intensity distribu-
tion of the transmitted light did not display the structure
of the incident beam as clearly as at 10'> W/cm?2. In ad-
dition, the patterns tended to vary with the target thick-
ness: For thin targets it resembled the incident laser,
while for thicker targets the overall pattern expanded in
size and tended to clump into several large bundles.
These patterns were also far less reproducible. This be-
havior indicates that refraction effects due to two-
dimensional plasma expansion are important and also
suggests that instabilities may be playing a role in beam
breakup, as discussed in Sec. IV A.

We finally note that the amount of light reflected back
through the focusing lens was less than 1%. For the long
pulses and the relatively low intensity of this experiment,
the total absorption measured with massive targets
exceeds 90%.'%

C. Spectrally and temporally resolved x-ray signals

1. Free-standing targets

Measurements of the spectra from both sides of the
free-standing converter targets at S, =10'> W/cm? are
presented in Fig. 6 for three different target thicknesses.
For the thinnest target [50 nm, Fig. 6(a)], the spectra
from the front and rear are nearly the same except for the
wavelength region below 50 A, where the front spectrum
is somewhat more intense. With increasing target thick-
ness, the front spectra increase uniformly across the en-
tire wavelength region. The rear spectra, however, exhib-
it a marked decrease in the total emission as well as a
shift of the maximum in the 20-50 A region to a broad
peak around 60-110 A.

Figure 7 shows time-resolved x-ray diode signals for
the three target thicknesses of Fig. 6. Front and rear sig-
nals are recorded on the same oscilloscope trace with a
fixed cable delay of 9.6 ns between them. The front-side
signals have similar shapes with the amplitude increasing
somewhat with target thickness. The signals emitted
from the rear side of the targets show a shift of the peak
to later times with increasing gold thickness, together
with a noticeable increase in the rise time of the pulse.
This trend of delayed maximum emission towards the
rear continues for the 200-nm-thick gold foils (not
shown). Within the limited time resolution (500 ps) of
the diode, we did not see a delay in the onset of the emis-
sion towards the rear.

2. Supported targets

A comparison of the emission spectra of free-standing
and supported targets shows little difference for the
front-side spectra, but significant differences for the rear-
side spectra. In Fig. 8 we compare the rear emission
spectra from a free-standing (solid curve) and a supported
(dashed curve) 70-nm gold layer. The filtering of the po-
lypropylene (CH,) substrate causes less emission to the
rear, especially at shorter wavelengths below the carbon
K edge (at 44 A for cold carbon). As an additional com-
parison, we display the measured rear emission from a
free-standing 70-nm gold target filtered by a cold 1-um-
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thick polypropylene foil placed at a large distance from
the target in front of the spectrometer grating (dashed-
dotted curve). The observed filtering is as expected from
the absorption coefficient®' of cold polypropylene (essen-
tially carbon). The supported target spectrum (dashed
curve) is more intense at each wavelength than the
filtered free-standing target spectrum (dashed-dotted
curve). We discuss these results in Sec. IV B2 taking into
account the opacity of the substrate material, which is
heated by the x rays.

Time-resolved x-ray diode signals of the rear emission
for this example are displayed in Fig. 9. Here, the solid
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FIG. 6. Transmission grating spectra of the front and rear x-
ray emission at 10'> W/cm? for free-standing gold targets. The
dashed curves are the front spectra and the solid curves are the
rear spectra. Target thicknesses are (a) 50 nm, (b) 90 nm, and (c)
140 nm. The dashed-dotted curves are calculated from the mea-
sured front spectra and show these as they would be seen
transmitted through a cold gold filter of thickness in (a) 20 nm,
(b) 60 nm, and (c) 110 nm. The dotted curve in (c) is a calculat-
ed Planck spectrum for temperature 30 eV.
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FIG. 7. Oscilloscope traces of the front and rear x-ray diode
signals at S; =10'2 W/cm? for free-standing gold targets with
the same three thicknesses as in Fig. 6 are displayed: dashed, 50
nm; dotted, 90 nm; solid, 140 nm gold thickness.

curve shows the emission from the 70-nm free-standing
target, and the dashed curve that from the supported tar-
get of the same gold thickness. The front pulse shapes
are essentially identical (the slight differences noticeable
here being caused by shot-to-shot variations of the in-
cident laser pulse). However, the rear signals from the
free-standing and the supported targets show characteris-
tic differences. At the beginning of the pulse the signal of
the supported target is somewhat less than 50% of the
free-standing target signal, whereas at later times after
the peak of the pulse the emission from the supported
target approaches that of the free-standing target, i.e., the
substrate has become gradually more transparent.

IV. DISCUSSION

A. Comparison with numerical simulations

Simulations of thin converter targets were performed
with MULTI,32 a planar, Lagrangian, one-dimensional,
fully implicit code which solves the hydrodynamic equa-
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FIG. 8. Measurement of x-ray spectra on the rear side of a
free-standing and a supported target: gold thickness 70 nm,
S, =10 W/cm?. For comparison the spectrum from a free-
standing target filtered by 1-um cold polypropylene is also
shown.



41 CONVERSION OF LASER LIGHT INTO X RAYS IN THIN . ..

front rear
— T T T T T T T T T
2
= i
2 .
5 free standing
E - Ysupported b
°
[=
(=
@
>
o
[
L
x
1 1 1 i i i 1 1 1
4 8 12 16 20
time (ns)

FIG. 9. Comparison of oscilloscope traces of x-ray diode sig-
nals on the rear side of 70-nm gold targets at S; =10'> W/cm?:
solid, free-standing target; dashed, supported target.

tions coupled with multigroup radiation transport. The
laser energy is absorbed by inverse bremsstrahlung. The
remaining laser flux reaching the critical density layer
was deposited there, causing 100% absorption as long as
the plasma is above critical density. Flux-limited elec-
tron heat conduction was used with the flux limiter set to
0.08. X-ray emission and absorption coefficients as well
as the plasma ionization state were calculated in a
steady-state non-local-thermodynamic-equilibrium ap-
proximation.>® A detailed discussion of results for mas-
sive gold targets obtained with the MULTI code is given in
Ref. 24.

Simulation results of the rear and the front conversion
efficiencies as functions of the gold-layer thickness are
shown by the solid curves in Fig. 3. The calculated laser
light transmission is given by the curves in Fig. 4.

To illustrate the simulations, we have displayed in Fig.
10 spatial temperature and density profiles for different
thicknesses of free-standing gold foils. The profiles
represent snapshots at a fixed time which corresponds to
the maximum of the laser pulse (S; =102 W/cm?).

Very thin foils [20 nm in Fig. 10(a)] rapidly expand to
low densities and become underdense early in the begin-
ning of the laser pulse. Some fraction of the incident
laser energy is absorbed by inverse bremsstrahlung in the
underdense plasma, the rest of about 50% [see Fig. 4(a)]
being transmitted. This situation results in an almost iso-
thermal temperature and a Gaussian density profile. It
resembles very closely that of exploding-foil experiments,
which have been extensively investigated in connection
with x-ray laser schemes.>* Front and rear x-ray signals
emitted by the nearly symmetrically expanding, optically
thin plasma are almost identical. In terms of the simple
picture described by the sketch of Fig. 1, the plasma in
this case consists of just a conversion layer.

In the other extreme of relatively thick targets, the
division of the target into a hot conversion layer (CL) and
a cooler absorption and re-emission zone (RZ) is clearly
apparent in the simulations [see Fig. 10(c)]. Here the
300-nm gold layer is thick enough to absorb the radiation
generated in the conversion zone. The energy is trans-
ported in the re-emission zone by an ablative radiative
heat wave® propagating at the front of the re-emission
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FIG. 10. Calculated temperature and density profile in a 20,
50, 300-nm-thick free-standing gold foil, S; =10'2 W/cm?,

zone. In Fig. 10(c) the radiative heat wave has not yet
reached the rear side of the target, which is therefore still
close to the solid-state density (at a temperature of about
0.3 eV owing to shock heating). The front emission is
enhanced by the re-emission and approaches the level ex-
pected for a massive target, while the rear emission is
small.

In the medium range between these extremes there lies
an optimum target thickness for obtaining maximum
emission towards the rear. According to Fig. 3, this op-
timum thickness is at 40 to 50 nm. The density and tem-
perature profiles in Fig. 10(b) (50-nm foil) indicate the ex-
istence of a narrow re-emission zone. The density in this
zone is high enough to avoid laser light transmission
which only becomes significant at the end of the pulse,
when the foil is more decompressed. Owing to the larger
amount of deposited laser energy, the rear emission
shows a maximum which, according to the simulation, is
40% of the laser energy for S; =10'> W/cm? and a free-
standing gold foil.

In the simulations for supported targets we modeled
the substrate as a pure carbon layer of initial thickness 1
um and density 1 g/cm®. The results presented in Fig. 3
show a smaller emission towards the rear compared with
free-standing targets,which stems mainly from absorption
of x rays in the substrate, as discussed in more detail in
Sec. IVB2. The transmission of laser light in supported
targets is much less than in free-standing targets (see Fig.
4). This is caused by absorption of laser light in the ion-
ized substrate material. Furthermore, the presence of the
substrate prevents free expansion of the gold layers close
to the carbon-gold interface and increases somewhat the
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gold density, which also helps to reduce laser light
transmission.

The comparsion between simulations and measure-
ments in Figs. 3 and 4 shows that several experimental
trends are qualitatively described by the theoretical mod-
eling: For the thinnest free-standing gold layers (50 nm)
we measure approximately a symmetrical back and front
emission, which is also seen in the spectra and the pulse
shapes displayed in Figs. 6(a) and 7; with increasing
gold-layer thickness, the front emission increases up to
the massive target value, whereas the rear emission de-
creases (at least at 10'> W/cm?). In supported targets the
rear conversion is slightly reduced; the laser transmission
decreases and occurs delayed with increasing gold-layer
thickness and is considerably smaller in supported than
in free-standing targets.

In detail, however, one observes in Figs. 3 and 4 quan-
titative discrepancies, which are attributed to several ap-
proximations made in the simulations. One reason is cer-
tainly the simplified atomic physics model*® used. In the
context of the radiative transport in the target, this will
be discussed in more detail in Sec. IV B.

Another approximation made is the one-dimensional
plane geometry. Deviations from this ideal case may be
caused by the nonuniform intensity distribution of the
laser beam. This creates local burnthrough as observed
experimentally in Fig. 5. Also thermal self-focusing may
be important and may be the reason for the non-
reproducible intensity distribution of the transmitted
laser light observed at S; =10'3 W/cm? These effects
could be responsible for the measured laser light
transmission being considerably larger than in the simu-
lation (see Fig. 4). They also may cause the shift of the
maximum rear conversion to larger gold-layer
thicknesses in the experiment compared with the simula-
tion. In view of the rather poor laser focal spot quality in
the experiment, we believe that the results can be
significantly improved with a smoother intensity distribu-
tion in the laser focal spot in order to obtain higher rear
conversion at less laser transmission.

Lateral expansion at the front and the rear side is also
not considered in the one-dimensional calculations. This
could be of importance especially at S; =10'> W/cm?
with the smaller laser spot of 200 um (compared to 600
pum at S; =102 W/cm?). From the plasma parameters
found in the simulations [Z =20 (40), T'=100 (500) eV
at S; =102 (10'*) W/cm?], we calculate a sound speed
of ¢,=(ZT/M)""*=~3X10° cm/s for 10'> W/cm? and
~10’ cm/s for 10'* W/cm?. For the 7=3 ns laser pulse
duration the expansion scale length is ¢,7=100 um at
S; =10"> W/cm?, which is roughly a sixth of the spot di-
ameter. At S; =10'* W/cm? the expansion scale length
reaches ¢, 7~=~300 um, significantly larger than the 200-
um laser spot diameter. In this case the foil expands
spherically rather than in one dimension, which allows
the laser to penetrate deeper than expected from one-
dimensional simulations. This is consistent with the ob-
servations of large laser transmission through thicker tar-
gets, especially at 10'>° W/cm?. The large fraction of
transmitted laser energy also contributes to direct laser
heating of parts of the rear surface, as confirmed by the
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fact that the measured rear conversion at 10> W/cm? lies
above the curves calculated in the one-dimensional simu-
lations. The detailed observations of the intensity distri-
bution of the transmitted laser beam also indicated the
presence of significant refraction, as would be expected in
a spherically shaped plasma cloud.

B. Radiation emission and transport

1. Free-standing targets

Simulated front and rear time-integrated spectra for
three free-standing target thicknesses (50, 90, 140 nm) at
S, =102 W/cm? are displayed in Fig. 11. In addition,
the insets show the frequency-integrated x-ray pulses em-
itted towards the front and rear sides. The rear emission
sets in after some delay when the rear side of the target is
heated up by the radiative heat wave. The delay in-
creases with the target thickness and the peak emission of
the rear spectra shifts somewhat to longer wavelengths,
because the rear side in thicker targets is considerably
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FIG. 11. Simulated x-ray spectra of the front and rear x-ray
emission at 10'> W/cm? for free-standing gold targets. The
dashed curves are the front spectra and the solid curves are the
rear spectra. Target thicknesses are (a) 50 nm, (b) 90 nm, and (c)
140 nm. The insets show the calculated frequency-integrated
front and rear x-ray pulses in arbitrary units [in (a) the laser
pulse is also plotted].
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colder than the front side (see Fig. 10).

Figure 11 may be directly compared with the experi-
mental spectra and x-ray pulses shown in Figs. 6 and 7.
As a common trend of the calculated and the measured
spectra, the shape of the front spectra does not change
much with gold thickness, whereas the rear spectra show
a shift to longer wavelengths with increasing target thick-
ness. In detail, however, discrepancies between simula-
tion and experiment are evident. The experimental spec-
tra show much more structure than the calculated ones.
In the measured rear x-ray pulses we observe a delay only
for the pulse maximum, whereas the onset of the signal
occurs in contrast to the simulations without a delay even
for the thickest targets studied. This could be caused by
local burnthrough in the hot spots of the laser beam as
observed for thinner targets. However, at the lower in-
tensity S; =10'> W/cm? considered here, burnthrough
was negligible for thicker targets (X 140 nm). The in-
stantaneous onset of the rear signal may therefore indi-
cate that directly transmitted x rays from the hot laser-
heated conversion layer at the front side are important,
as discussed below.

One major reason for the disagreement between simu-
lation and experiment is the simplifying assumptions
made for the theoretical opacities.>® They are calculated
within a hydrogenlike approximation, which describes
the energy levels of the gold ions by the principal quan-
tum number only. The peak in the simulated spectra at
about 35 A is essentially caused by 4-5 bound-bound
transitions. However, as pointed out by several work-
ers,’%37 I splitting is important for the spectra of complex
ions. On the basis of theoretical calculations®® ~*! of the
subshell energy levels for differently charged ions, we
identified the peaks in the measured front spectra as
bound-bound transitions between subshells and have not-
ed this in Fig. 6(a). An average charge state of the gold
ions Z=~20 was used, which is expected for S; =10
W/cm?, according to the simulations.

We now turn to the measured rear spectra. For the
thinnest target [SO nm, Fig. 6(a)] the rear spectrum does
not deviate much from the front spectrum, because this
target is nearly optically thin. This situation essentially
corresponds to the case of optimum converter foil thick-
ness with maximum emission to the rear side. In thicker
targets the radiative transport becomes important. The
rear spectra of these targets with a more inhomogeneous
temperature and density distribution may contain contri-
butions from the hot plasma at the front side and the
colder plasma at the rear side. Simulations indicate a
temperature of 30 eV at the rear side of the target after
the radiative heat wave has propagated through the foil.
If it is assumed that this region is optically thick, a
Planck spectrum would be radiated as shown by the dot-
ted line in Fig. 6(c) for kT=30 eV. The 30-eV Planck
spectrum is a considerable fraction of the measured rear
spectrum and is at wavelengths % 100 A approximately
in agreement with the measured spectrum. Thus one
may conclude that the radiation emitted toward the rear
to a large extent is caused by self-emission from the rear
target side, which is heated by the radiative heat wave.

As already inferred from the measured rear x-ray
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pulse, directly transmitted radiation from the hot front
side may also contribute to the rear emission. Direct
transmission is possible in spectral regions, in which the
target is not optically thick enough. This may be the case
in the spectral region below ~ 100 A, where the mea-
sured spectrum is above the Planck spectrum. At =80 A
we observe for thicker targets the formation of a charac-
teristic peak [see Fig. 6(c)]. It appears in a spectral re-
gion where the photmomzanon cross section of cold solid
gold3!*? exhibits a broad minimum centered at ~80 A,
which is mainly a consequence of the behavior of the 4f
and 5d subshell photoionization cross sections.*’ Thus
one would expect a peak at =80 A in the rear spectra
when one assumes that the radiation from the hot laser-
heated conversion layer at the front side is filtered by the
remainder of the target acting as a cold gold filter. The
dashed-dotted spectra in Fig. 6 are calculated in this way
from the front spectra with the cold gold opacity as given
by Henke et al.3! As the thickness of the cold gold filter
we took the target thickness minus an estimated thick-
ness of 30 nm for the laser-heated conversion layer. The
error bar in Fig. 6(c) indicates the existing uncertainty in
the cold gold opacity data,* which especially around the
minimum at 80 A is rather large (about a factor 2).

The dashed-dotted spectra show as the experimental
spectra the formation of a peak at =80 A, but at a con-
siderably lower level [see Fig. 6(c)]. This may be caused
by heating and ionization of the rear target material by
the absorbed x rays, which leads to a reduction of the ab-
sorption by photoionization because the ionized gold has
fewer bound electrons than cold gold and higher ioniza-
tion thresholds for the different subshells. As a result,
the heated target material becomes more transparent
than cold gold. Duston et al.** observed transmission
enhanced by this effect in a computational study of a
laser-irradiated aluminum target and called it ““ionization
burnthrough.”

From the above discussion it becomes clear that the ra-
diation emitted from laser-irradiated thin gold foils is of
interest to check opacity models implemented in hydro-
dynamic simulations. We find that a more realistic
description than is given by the present simulations
would require more precise opacity calculations includ-
ing, for example, [-splitting effects.

2. Supported targets

Typically, the supported targets yielded less rear emis-
sion than free-standing targets, which we attribute to ab-
sorption of the radiation emitted by the gold layer in the
substrate. Self-emission from the relativity cold low-Z
plasma of the substrate is of minor importance.

We now discuss this aspect in somewhat more detail
because it gives information on the absorption of radia-
tion in the hot dense carbon plasma of the substrate. The
opacity of the substrate material was calculated from the
measured rear spectra (Fig. 8) of the free-standing and
the supported target resulting in the experimental points
plotted in Fig. 12. We neglected changes of the substrate
mass per area (g/cm’) by lateral expansion, which is
reasonable for the large laser spot of the laser intensity
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FIG. 12. Carbon opacity vs wavelength: solid dots, experi-
mental opacity of the heated polypropylene (CH,) substrate as
determined from the measured spectra in Fig. 8; solid curve,
cold carbon opacity (Ref. 31); dashed curve, theoretical carbon
opacity (Ref. 44) for ionization states Z =3 and Z =3.4.

10'> W/cm? considered here (see Sec. IV A). It was also
assumed that the rear spectrum emitted by the free-
standing target (measured in a different shot) is identical
with that of the radiation entering the substrate in the
case of the supported target. Certainly this assumption is
not quite correct for wavelengths A =50 A, where the in-
tensity with the supported target is even a little bit higher
than with the free-standing target (see Fig. 8). This could
be caused by small shot-to-shot variations or small
changes of the gold emission due to the presence of the
substrate. Greater uncertamty therefore exists in the
measured opacity at A =50 A.

The measured opacity is lower (by a factor of about 3
at wavelengths above the K edge of carbon) than the cold
carbon opacity. This is attributed to ionization of the
substrate. According to the experiment and the simula-
tions, the amount of x-ray energy deposited in the sub-
strate is about 10% of the laser energy, which heats the
substrate to temperatures of 10 to 20 eV. At the same
time the substrate decompresses, reaching densities of
1072 to 107 % g/cm?® at the end of the laser pulse. The
typical ionization state of the carbon ions is between 3
and 4.

The photoionization cross section taken for the hydro-
dynamic simulation®* was approximated by Kramer’s for-
mula, in which the wavelength scaling of the opacity is
proportional to A3. However, this scaling describes the
experimental result poorly. A more accurate calculation
of the absorption by photoionization was performed by
Reilman and Manson.** These theoretical results were
recently confirmed experimentally for beryllium ions*
and for carbon ions.*® In Fig. 12 we plotted the opacity
according to Reilman and Manson for C3* ions [Z =3;
for neutral carbon (Z =0) their result is in agreement
with the data of Henke et al.’! for cold solid carbon]. At
wavelengths above the carbon K edge the absorption is
caused by photoionization of L-shell electrons. In this re-
gion the opacity of C** is smaller than for C° mainly be-
cause of the different numbers of electrons in the L shell.
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The K edge of C** is shifted to smaller wavelengths be-
cause of less screening by L-shell electrons. At wave-
lengths below the K edge the absorption is not influenced
by the ionization of the L shell and the cross sections for
C%and C** coincide.

At wavelengths above the K edge, the experimental
opacity is lower than the theoretical** opacity for c.
This indicates that the degree of ionization is larger than
three and that C*" ions are present in the plasma in addi-
tion to C** ions (note that the photoionization cross sec-
tion for C** is zero for wavelengths above the K edge be-
cause the L shell is empty). Assuming an average charge
Z =3.4 in reasonable agreement with the charge state ex-
pected from the simulations, we find a good coincidence
between theoretical and experimental opacities in a wide
range of wavelengths 80 <A =200 A, which may be con-
sidered as a confirmation of the theoretical photoioniza-
tion cross sections of Reilman and Manson.

In the region around the carbon K edge, the experi-
mental wavelength resolution is not high enough to make
definite statements. The measured position of the edge
does not seem to be as strongly shifted to shorter wave-
lengths as the theoretical K edge for Z =3 or 4. This
may be caused by continuum lowering (the calculations
of Reilman and Manson* refer to an isolated carbon
atom) and/or by K-shell absorption lines which are not
resolved at the present spectral resolution (the absorption
line with the largest wavelength is the 1s2-1s2p transi-
tion, which is at 40.3 A in C**).

V. SUMMARY

We have presented a detailed study of the radiation
emission towards the front and the rear sides of thin gold
foils to be used as efficient converters of laser light into x
rays. We find an optimum gold thickness for maximum
conversion towards the rear with low laser transmission.
For the laser parameters of our experiments (intensity
10'? to 10'* W/cm? at pulse duration 3 ns and wavelength
0.53 pm) we measure with free-standing gold foils =70
nm thick a maximum conversion efficiency of up to 30%
with only a few percent laser light transmission, mainly
in hot spots of the laser beam. The laser light transmis-
sion could certainly be reduced by a more uniform laser
illumination.

Considerably less laser transmission was found with
thin gold layers supported on a 1-um-thick polypropylene
substrate, whereas the maximum x-ray conversion de-
creased only slightly. Supported targets are also advanta-
geous for a slower material flow to the rear. This is im-
portant in experiments (such as x-ray laser pumping or
opacity studies) in which the rear emission from the con-
verter foil is used to heat a second target. One could also
change the material of the conversion layer and of the
substrate (not done in this work) in order to optimize the
shape of the emitted rear spectra for special applications.

As an interesting aspect, we discussed the results with
respect to the opacity of the hot dense converter foil ma-
terial. Numerical simulations with the MULTI hydrocode
described well the characteristic trends of the overall
conversion efficiency. However, the detailed spectral and
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temporal behavior of the emission showed differences be-
tween the simulations and the experiment, which were in-
terpreted as a consequence of insufficiently detailed gold
opacities used in the simulations. In particular, con-
sideration of the strong [ splitting of the N and O shells
seems to be important.

In the case of the supported targets we found increased
transmission of radiation through the heated polypro-
pylene substrate compared with the cold substrate, which
was explained as a decrease of the photoionization cross
section due to the ionization of the polypropylene. We
note that measurements of the photoionization cross sec-
tion in hot dense matter (with the exception of Refs. 45
and 46 for plasmas at lower densities) have not been per-
formed previously.

Future experiments with improved experimental set-
ups® and better spectral resolution would certainly be of
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interest for the study of opacities in hot dense matter.
For high-Z targets such as gold a separate measurement
of the contributions caused by self-emission and by
directly transmitted light would be important.
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FIG. 1. A comparison of x-ray emission from high-Z targets
in (a) the case of a thick target and (b) the case of a thin x-ray
converter foil.
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FIG. 5. Spatially and temporally resolved measurements of
the transmitted laser beam at 10> W/cm? for free-standing con-
verter targets. On the left are oscilloscope traces of the incident
and transmitted laser pulses. On the right are the burn paper
images of the laser spot in the target plane. (a) Results for no
target: the transmitted and incident pulses are the same; (b) re-
sults for a 50-nm gold target: the transmitted pulse is magnified
by a factor of 5 by adjusting the entrance filter on the detector;
(c) results for a 90-nm gold target: magnification of the
transmitted laser pulse by a factor of 50.



