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Measurements of the x-ray conversion efficiency (hv > 100 eV) for a KrF-laser—produced plasma
are reported. Planar targets with atomic numbers varying from 4 to 82 were irradiated by moderate
intensities (< 10> W/cm?) of 0.25-um KrF-laser light and the resulting emission was observed by
several detectors sensitive to x-ray photon energies from 100 eV to 15 keV. Most of the radiation
appeared as xuv and was measured by x-ray diodes to obtain the conversion efficiency as well as the
angular distribution of the emission. The x-ray emission both above and below 1 keV was found to
display marked variation with atomic number, as successive atomic shells are ionized. These mea-
surements are supplemented by spatial and temporal observations of the keV x-ray emission which

also show variations with target atomic number.

I. INTRODUCTION

The conversion of laser energy to x rays has been one of
the primary objectives of many laser-plasma interaction
experiments since the inception of this field of
research.! ™7 Earlier investigations were principally con-
cerned with the conversion of laser energy to x rays in the
photon-energy range of greater than 1 keV, motivated by
the application of these x rays to lithography®’ and ra-
diography.!® More recently, the emphasis has shifted to
soft (sub-keV) x-ray generation since a significant fraction
of laser energy can be converted into radiation in this en-
ergy range.'"'>'? In particular, for high-Z laser plasmas
where the heat fluxes transported by radiation and elec-
trons may be comparable, the soft x-ray radiation can in-
fluence ablation through radiative energy transport.'*
Soft—x-ray generation from high-Z targets has also been
pursued as a means of achieving more uniform compres-
sion in laser fusion experiments,'’ as a source of indirect
drive of fusion “cannonball” targets and as a pump for
potential x-ray lasers.!6!’

Moreover, the high efficiency of x-ray conversion has
made plasmas produced by ultraviolet laser radiation a
most efficient and convenient source of high-intensity x-
ray fluxes for the applications listed above. Comparative
studies have demonstrated that the conversion efficiency
increases considerably with shorter laser wave-
lengths.'®1%20 However, few results have been reported
thus far at 0.27 um wavelength'®-2>2! (obtained from fre-
quency multiplication of Nd:glass laser light), and these
have been restricted to x-ray conversion using gold and
aluminum targets. Use of KrF-laser radiation at 0.25 um
is of interest in this regard since it has a considerably
higher efficiency than Nd:glass lasers for generating short
wavelength radiation. To date, reports of x-ray conver-
sion from KrF-laser—produced plasmas?>?* have been
limited to aluminum targets and to x rays above 1 keV en-
ergy.

In this paper, we report the first detailed measurements
of total x-ray conversion for varying atomic number tar-
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gets using a short pulse KrF laser system. Measurements
of the sub-keV and keV emission from planar targets were
performed using a variety of detectors, each suited for a
particular x-ray photon energy range. The energy conver-
sion efficiency in each selected x-ray energy band was
determined as a function of atomic number and incident
laser energy using known quantum efficiencies. In addi-
tion, the spatial and temporal variations of the keV emis-
sion with target Z were examined to assess the role of la-
teral energy transport and radiation cooling. Angular dis-
tributions of the x-ray emission for Au and Al targets are
reported which appear to be at variance with the Lamber-
tian cosine law expected from an optically thick plane sur-
face emitter.

II. EXPERIMENTAL DETAILS

A. Laser system and targets

Brillouin compressed KrF-laser pulses®* of 1.8 ns
FWHM and energies up to 2 J were focussed by a 70 cm
focal length f/10 plano-convex lens onto targets with
atomic numbers ranging from Z =4 to 82. The focal spot
intensity distribution was monitored by an equivalent fo-
cal plane image system coupled to a uv video digitizing
system. The average equivalent radius of the 70% energy
containing contour was ~50 um and intensities using
70% of the incident energy within this contour ranged
from 2.5—8x 102 W/cm?. Intensities were varied by
changing the incident laser energy which ranged from a
300 mJup to2J.

The majority of the data is centered around 1 J on tar-
get and consists of approximately 600 laser shots on 19
different atomic number targets consisting of foil samples
> 10 um in thickness adhered to large aluminum slabs.
The target position was adjusted to provide a fresh surface
at the laser focus prior to each laser shot. The purity of
each target sample was 99.9% or better and all but the
lithium targets were free of thick oxide layers. The effect
of oxide layers in our experiments was tested by preheat-
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ing the target surface by firing several defocussed laser
beam shots on the same focal spot at an energy density of
10 J/cm?, prior to laser irradiation at high intensity. No
observable difference in x-ray emission was detected after
such surface cleaning. The lithium targets were treated as
oxygen (Z =8) since the relatively high keV emission sug-
gested the unavoidable presence of an oxide layer. Simi-
larly, the Teflon target [(CF,),] was assumed to have
Z =9 since the higher atomic number fluorine would be
the dominant x-ray emitting ion species in the plasma.
The targets and the x-ray detectors were positioned in a
vacuum target chamber maintained at 2 10~° Torr (or
better) by means of an oil diffusion pump in series with a
dry ice cold trap to prevent backstreaming of pump oil
into the chamber.

The optimum focal position of the target slab with
respect to the focussing lens was determined by observing
the ratio of the soft—x-ray intensity to the laser energy as
a function of target position. The uncertainty in the best
focus position determined in this manner was +0.5 mm
and was maintained throughout the course of the experi-
ments by He-Ne laser alignment of the axial position of
the target slab prior to each shot.

B. Geometry of the detectors

The experimental setup is shown in Fig. 1. Four x-ray
diodes were used to monitor the soft—x-ray emission. A
p-i-n diode and two scintillator-photomultiplier (SPM)
detectors were used to observe hard x rays ( > 1 keV). The
p-i-n diode and x-ray diodes (designated as XRD 2, 3,
and 4 in Fig. 1) were arranged so that each detector ob-
served x rays in a small cone centered at 19° with respect
to the target normal, thereby avoiding any relative aniso-
tropy of emission. Emission anisotropy was monitored by
XRD 1 that was positioned at an angle of 55° with respect

p-i-n diode scintillator-
3m —— photomuiltiplier
extension tube detectors
N
N
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~ XRD 1

_ laser beam

\\\\\\ @;__
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FIG. 1. Schematic diagram of the experimental setup inside
the vacuum target chamber. Aperturing for the aluminum mir-
ror is not shown for clarity.

to target normal. The p-i-n diode was placed inside an
extension tube 3 m from the target in order to prevent sa-
turation of this detector by the high x-ray fluences from
some of the targets. X-ray diodes 1, 2, and 3 were posi-
tioned 13 cm away from the target and XRD 4 was
placed 40 cm away. Not shown in Fig. 1 are the x-ray
pinhole camera and x-ray streak camera used for spatial
and temporal resolution of keV x rays.

The x-ray diodes were biplanar with dry machined Al
photocathodes as specified in Ref. 24. Temporal stability
of such photocathodes over several months, reported to be
good to within 20%,22% was verified by comparing
responses of used, newly machined and Al vacuum depo-
sited photocathodes. Differences no greater than 19% in
the relative calibrations were found. The diodes were
periodically cross calibrated throughout the course of the
experiments using a laser-produced aluminum plasma as
the x-ray source and having all the diodes mounted to-
gether in a cluster with similar Formvar filters. Flat
stainless steel mesh which had 31% transmission was
used as the anode material. The influence of uv light
from the plasma on the measurements was found to be
negligible.

The x-ray diodes were biased at 1 kV through a 90 cm
charging line and the signals were observed on Tektronix
7104 oscilloscopes. The overall time resolution of the sys-
tem as determined from the observation of 0.5 ns
hard—x-ray bursts was better than 1 ns. The anode to
cathode distance was 0.127 cm, and the photocathode di-
ameter 1.27 cm. The calculated space charge-limited sig-
nal level?’ for this x-ray diode system is 185 V into a 50-Q
load. Typically, x-ray detector (XRD) signals were ob-
served to be smaller than 100 V.

C. Detector response

To obtain the x-ray conversion efficiency in the most
straightforward manner detectors with flat responses are
desired. A p-i-n diode with a 10 um Be foil filter was
used to provide an essentially flat response for the 1—10
keV range. X-ray diodes consisting of Al photocathodes
filtered with Formvar filters®® of thickness <1 pum show
considerable variation in the response in the soft—x-ray
range 100—1000 eV. Since there are two distinct response
regions on either side of the carbon K edge at 283 eV, the
x-ray energy content in the lower energy band (100—280
eV) was separately measured using a Formvar filtered
XRD together with a high energy cutoff x-ray mirror that
did not reflect x rays > 300 eV. Separate assumed flat
responses were then used to obtain the x-ray conversion in
the two sub-keV ranges.

An example of the two response regions is given in Fig.
2 by the solid curve which is the calculated response of
XRD 3 obtained by convoluting transmission of a 1.1 um
Formvar filter with the quantum efficiency of an Al pho-
tocathode. The quantum efficiency of the prepared Al
photocathode was taken from the measured values of
similarly prepared photocathodes.?’> The Formvar mass
attenuation coefficients were compiled from data present-
ed by Henke et al.,?*3%3! Viegele’? and supplemented by
measured values from Day et al.?® in the photon energy
range of 100—240 eV. The Formvar filter thicknesses
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FIG. 2. Response of the x-ray detector channels (—-—-.—. )
XRD 4—0.5 um Formvar filter convoluted with Al,O; mirror

reflectivity and aluminum photocathode; (— — —) XRD 3—1.1
pum Formvar and Al photocathode; (—--—) XRD 2—0.91 um
Formvar + 2 B-10 foils; (— - - - —) p-i-n diode filtered with 10
pum Be.

were determined by observation of transmission maxima
obtained from visible and near ir spectrophotometric
scans of the various filters. A dashed line through the
solid curve of Fig. 2 shows the average response in the x-
ray energy range 380—1100 eV which is 1.43x 107> C/J.
Average responses were calculated by integrating the
response curves and dividing the result by the energy in-
terval of interest. The lower bound on the 380—1100 eV
energy range is the corresponding photon energy where
the response is 1/e times its maximum value beyond the
carbon K edge. The upper bound was taken as 1100 eV
since the x-ray emission above this value was measured by
the p-i-n diode. Thus, XRD 3 was considered to have a
flat response in the range 380—1100 eV. The average
response of XRD 3 in the 100—280 eV region is also
shown in Fig. 2 and this value is used to account for the
contribution to the XRD 3 signal from the measured radi-
ation in this region.
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To obtain a flat response in the photon energy range of
100—280 eV, XRD 4 was used in conjunction with a high
energy cutoff x-ray mirror.?>** The mirror was arranged
to give incident and reflecting glancing angles of 105 mr
between XRD 4 and the plasma, and positioned so that a
narrow cone of rays propagating at 19° with respect to tar-
get normal would reflect off the mirror into the detector.
For the sake of clarity, an aperture used for defining the
optical geometry, as well as a positioning lance used for
alignment, are not shown in Fig. 1.

The high—energy-cutoff Al,0; mirror was made from
99.99% pure Al, diamond turned on a microsurface lathe
and subsequently anodized** to form an oxide coating ap-
proximately 70 nm thick. The mirror reflectivity at 105
mr glancing angle was taken from Ref. 32. The convolut-
ed response of the 0.5 um thick Formvar filter of XRD 4,
A1,0; mirror and aluminum photocathode is shown as the
dot-dashed curve in Fig. 2. The dashed line is the nomi-
nal average response in the 100—280 eV photon energy
range, 4.88 X 10— C/J, which was used for the observed
charge yields from XRD 4. Thus, energy conversion in
the range 100—280 eV is obtained directly from the in-
tegrated charge observed from XRD 4 using this average
flat response.

The energy conversion efficiency in the photon energy
range of 380 to 1100 eV was obtained by subtraction of
charge yields?®3® from diodes 2 and 4 (whose sensitivities
are outside of this energy window) from the charge yield
obtained from XRD 3. The detector XRD 2 has a
response of 1.1—5 keV,¢ as shown in Fig. 2. Variations
in the individual Formvar filter thicknesses for the vari-
ous diodes were incorporated into the subtraction pro-
cedure. The resulting charge yield obtained in this
manner was then converted to x-ray energy by the average
value of 1.43% 1073 C/J as indicated in Fig. 2.

The response of the p-i-n diode used to derive the ener-
gy conversion in the 1.1—10 keV range was assumed to be
flat to 10 keV and was 0.20 C/J. (This average response
for the p-i-n diode is actually weighted for the 1.1—1.5
keV range since negligible radiation is expected beyond 5
keV.) The SPM detectors were oriented to observe angles
greater than the 19° conical angle and to monitor the x-ray
radiation beyond 3 keV. The ratio of the signal intensities
from the SPM detectors were used to estimate the coronal
electron temperature. Table I summarizes the characteris-
tics of the detectors, their associated filters, sensitive pho-

TABLE I. Summary list of the detector characteristics, their respective filters, response windows,

and assumed sensitivities.

Response Sensitivity

Detector Filter window (C/T)
XRD 1 0.5 pm Formvar 100 eV-5 keV
XRD 2 2X B-10+ 0.9 um Formvar 1.1 keV-5 keV
XRD 3 1.1 um Formvar 380—1100 keV 1.43x 1075
XRD 4 0.5 um Formvar + mirror 100—280 eV 4.88x 1073
p-i-n diode 10 pum Be 1.1—-10 keV 0.2 C/J
SPM 1 9 um Al 3.8—15 keV
SPM 2 22 pum Al 5.2—15 keV

#Response used after charge subtraction procedure (see text).
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ton energy windows, and responses as used in determining
energy conversion.

III. RESULTS

A sample of the observed voltage signal from XRD 3 as
a function of laser energy is shown in Fig. 3. The scatter
in data is typical of that observed for all targets and can
be attributed to shot-to-shot variations in laser pulselength
and/or laser beam spatial quality. Typically, for a nomi-
nal fixed energy E of 0.9 J on target, mean fluctuations of
12% and 30% were observed for the pulselength and fo-
cal diameter, respectively.

Signal intensity from the x-ray diodes monitoring emis-
sion below 1 keV varies as E'-°~ 14 for the various targets
used. In contrast, the scaling observed for emission above
1 keV was considerably greater with incident laser energy,
varying as E'#~3% This faster scaling can be explained
by the dependence of x-ray emission intensity I,, on elec-
tron temperature (I, < exp(—hv/kT,). Emission of sig-
nificant x-ray radiation in the keV range only occurs for
electron temperatures of several hundred eV in the plasma
and is therefore more critically dependent on the incident
laser intensity to produce these required temperatures.

The pulsewidth of the soft—x-ray signals varied from
~3—4 ns FWHM for low-Z elements to ~2 ns FWHM
for high-Z elements. In contrast, x-ray signals for energy
> 1 keV, as observed by XRD 2, had much shorter pul-
sewidths ranging from ~1—2 ns. x-ray streak camera ob-
servations® (20 ps resolution) of hard x-rays transmitted
through a 10 um Be filter showed that the ratio of the
FWHM duration of the x-ray emission to the laser pulse
width varied from 0.8 for low-Z elements to 0.3 for high-
Z elements at approximately the same laser intensity.
The relatively shorter duration of both soft— and
hard—x-ray emission for high-Z targets is thought to be
due to increased cooling of the plasma caused by higher
radiation losses since cooling due to hydrodynamic expan-
sion would be comparatively less important for high-Z
targets.
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FIG. 3. Voltage signals from XRD 3 as a function of laser
energy for a tin target. The line is a least-squares fit indicating
a dependence on laser energy of E'-3.

Data from the p-i-n diode and SPM detectors showed a
large modulation of keV x-ray intensity as a function of
atomic number Z. The dependence of keV x-ray emission
on target Z observed using SPM detectors filtered by Al
foils of thickness 9 and 22 um for a nominal energy of
0.93 J on target is shown in Figs. 4(a) and 4(b), respective-
ly. (The corresponding cutoff energies defined from 1/e
transmission through the two filters are 3.8 and 5.2 keV.)
Three distinct peaks in Figs. 4(a) and 4(b) are observed,
due to enhanced radiation from bound-bound and free-
bound transitions to the available atomic shells. The in-
tensity of these transitions vary with atomic number for a
given electron temperature and density. These peaks in
x-ray conversion occur when the internal energy of the
plasma can produce a large number of excitations to a
given shell, determined by the atomic structure of a par-
ticular target element. The three peaks observed in Figs.
4(a) and 4(b) are thus expected to be due to transitions to
K, L, and M shells, respectively. The location in Z of the
observed peaks is consistent with previous work using
longer wavelength lasers>®"3° and supports the observa-
tions made in Ref. 6 that locations of the keV emission
peaks change only slightly for widely varying laser irradi-
ation conditions.

The SPM measurements provided an estimate of the
electron temperature based on the foil ratio technique.
Coronal ionization equilibrium calculations for all targets
were performed for the free-free and free-bound radiation
transmitted through the foil absorbers as a function of the
electron temperature. Since the cutoff energies of the ab-
sorbers used were 3.8 and 5.2 keV, it is expected that a
reasonable estimate of the coronal electron temperature
can be obtained for those target elements where line radia-
tion above 1 keV is not dominant. Analysis of the data
showed that C, Li(O), CF,(F), Al, Ti, Fe, Mo, Cd, Yb, and
Au targets produced electron temperatures in the range of
200—300 eV. These electron temperatures did not show
any obvious dependence on Z, an observation that is con-
sistent with that of Glibert et al.° Simple self-regulating
model*®° considerations suggest that for a given laser in-
tensity, the electron temperature should increase with Z
and atomic mass. The observation that the electron tem-
perature does not increase for higher-Z targets is conse-
quently attributed to increased energy losses due to in-
creased ionization and radiation in high-Z plasma.*'

The x-ray energy conversion efficiency in the 1.1—-10
keV range as deduced from p-i-n diode measurements is
shown in Fig. 4(c). Three peaks in x-ray emission as a
function of atomic number are once again evident. For
0.93 J on target (5 102 W/cm?) a maximum conversion
of 1.3+£0.4 % is observed (for Ni targets). Estimation of
the conversion efficiency in this photon energy range has
assumed isotropic emission into 27 sterradians since it is
expected that hard x-ray emission should largely emanate
from the extended hot coronal region of the plasma and
be optically thin. However, it has been demonstrated in
another experiment*? that the intense resonance line emis-
sion of Al XII ions (1.6 keV) follows a cosine angular dis-
tribution whereas less intense line radiation from the Al
plasma is considerably more isotropic. Hence, the keV x-
ray conversion in Fig. 4(c) should be taken as an upper



3878 POPIL, GUPTA, FEDOSEJEVS, AND OFFENBERGER 35

T T T T
(a
9 um Al Filter
)
c 4 A
S 10
o
[
8
©
c
2
(72]
% 103L o -
0
>
102 | L I 1
10 30 50 70
Target Atomic Number Z
10* T T T T
. (b)
22 um Al Filter
0
c
3
o
P
8
©
C
R
n
>
©
o«
>
1 | L |
10 30 50 70
Target Atomic Number Z
T T T T T T T T
= 1-10kev  (€)
= L 4
R \
0 12 \ .
o Hh
> I
c L 1 h 4
(] { \
(@) R
> 08+ [ —
> P N
[} ) H AN AY
& i o r/ ¥ )
1 | \ / \
T o4 I\ ! N %/ \ .
o I ‘%-_4} N2 N
> - | § \\-§,,§ N
O UQI | 1 1 1 1 % 1
10 30 50 70

Atomic Number Z

FIG. 4. KeV x-ray signal versus target atomic number at
0.93 J on target: (a) SPM detector with 9 um Al filter; (b) SPM
detector with 22 um filter; (c) x-ray energy conversion measured
by the p-i-n diode channel. The curves are intended as visual
guides only.

bound; it is nonetheless a small contribution to the overall
energy conversion.

Results of x-ray conversion measurements for the two
soft—x-ray energy bands, 100—280 eV and 380—1100 eV,
as a function of target atomic number for a laser intensity
of 5% 10'2 W/cm? are shown in Fig. 5(a). A comparison
of these results with those of the keV x-ray emission [Fig.
4(c)] clearly shows the dominance of the soft—x-ray ener-
gy radiation. A pronounced increase in emission with
atomic number is evident for the 380—1100 eV band. For
comparison with previous work,!%2%21:26 5 cosine distribu-
tion was assumed in calculating conversion efficiencies in
the sub-keV range. The error bars shown in Fig. 5(a) and
5(b) are principally due to scatter in the XRD data and
the smooth curves in Fig. 5(a) and 5(b) are visual guides
only. The total x-ray energy conversion efficiency, given
by the sum of conversions in the various bands, yields the
results shown in Fig. 5(b). The data are plotted for an
average 0.93 J on target and, in addition, best fit curves
are plotted for 0.47 and 1.4 J data. It is observed that

- 40 T T T T T T T T
= o0 380 - 1100 eV 1 (a)
c © 100 - 280 eV
o
2 30} i
g
c o —0— \
8 /
- 20+ - / B
o I ’ I
5 !
e 41
< o ‘ 5B
[} %@"/ 3 /’ N ?
oc T 5. F N / \,§, %,'
! / ~ H ~ Ee]
= A
O 1 1 1 1 1 1

10 30 50 70
Atomic Number Z

CF,
Beb Ni  NbcCd Ta Pb
'c‘ Al TiFe’Zn lMoiSn Ba Gd Yb\ Aul
| | RN | [ i | |
50 T TTT LB I — T T 1T
——14 (b)
40| ——0.93J ‘
-==--047J

20

101

X-Ray Energy Conversion (%)

0 1 L I L
0 10 30 50 70

Atomic Number Z
FIG. 5. (a) X-ray energy conversion in the sub-keV bands
100—280 eV (lower curve) and 380—1100 eV (upper curve) for
0.93 J average energy on target. (b) Total x-ray energy conver-
sion efficiency as a function of target atomic number. The data
points and solid curve are for 0.93 J on target, best fit curves are
shown for 0.47 and 1.4 J data as indicated.
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over our limited intensity range of 2.5—8% 10> W/cm?,
the total x-ray energy conversion increases slightly with
laser intensity for high atomic numbers. The peak con-
version efficiency at 810> W/cm? is 40.6+7.5 % for
Au targets and 14.5+2.5 % for Al targets.

The angular distribution of the sub-keV x-ray emission
relative to the other detectors was monitored during the
conversion measurements by XRD 1 placed at an angle of
55° with respect to target normal. Data collected for Zn,
Fe, Ni, and Au targets suggested that the soft—x-ray
emission was considerably more isotropic than a cosine
distribution. If the emission were completely isotropic,
the x-ray yield would be 1.89 times greater than the values
plotted in Fig. 5(b). Emission isotropy was examined in
detail using the x-ray diodes placed at angles of 12°, 19°,
40°, 55°, 63°, and 78° to the target normal. Four x-ray
diodes were used in two different geometries to cover all
the angles. The x-ray signals are plotted logarithmically
versus the cosine of the angle in Figs. 6(a) and 6(b) to
determine the azimuthal dependence. For the case of Al
plasma, Fig. 6(a), a least-squares fitting gives (cos0)*’®
and for Au plasma, Fig. 6(b), the fit is (cos8)*3%. An an-
gular dependence of (cos8)*> has recently been observed
by Kodama et al.?° for 0.27 um laser irradiated Au tar-
gets. Incorporating the observed cosf scalings for total
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FIG. 6. Angular distribution of sub-keV x-ray emission from
(a) aluminum and (b) gold plasmas. The relative signal of the
XRD detectors is plotted logarithmically versus the cosine of
the angle from target normal. Straight lines are least-squares
fittings.

conversion efficiency into 27 sr, we find that the Al emis-
sion increases by 1.08 times and that for Au by 1.46
times. The maximum observed conversion efficiencies for
Al and Au at 8 10'2 W/cm? are then 15.7+2.75% and
59.3+11 %, respectively.

A pinhole camera with a 10 um thick Be filter was used
to observe the keV x-ray emission from Al, Au, Gd, and
Fe targets. The camera was oriented at 45° to target nor-
mal and x-ray images with a magnification of 3X and
spatial resolution of 12.5 um were recorded on Kodak
DEF film. Irregular features observed in some laser focal
spots were well reproduced by similar features in the
pinhole x-ray images. Good correspondence between the
0.2 ND above fog density contour diameter and the 70%
energy containing contour were obtained for the Fe and
Gd targets. The average lateral x-ray image dimension
for the iron target was 15% larger than the average 70%
energy containing focal diameter while for Gd it was 14%
smaller. In contrast, the x-ray image diameters for Al
and Au targets were 50% smaller than the focal diameter.
That the Fe target produced the largest x-ray images is
taken to reflect the fact that iron is the most efficient keV
x-ray emitter out of the four selected targets together with
the observation that the electron temperature does not
vary significantly with Z for moderate laser intensities.

IV. DISCUSSION

In this section, the effect of nonuniform responses of
the filtered x-ray diodes in estimating x-ray conversion ef-
ficiency will be assessed. A discussion of the significance
of the x-ray conversion results and their scaling with laser
intensity, the angular emission dependence of soft—x-ray
emission and the effect of lateral energy transport on mea-
surements will follow.

To determine the conversion efficiency accurately, the
emission spectrum must be measured and the detector
responses can then be adjusted accordingly. It is expected
that a large part of the x-ray emission will be in the form
of line emission in one or more bands.'*** These bands
shift in wavelength with varying atomic number and,
thus, detailed variations from one element to the next in
our calculated x-ray yield may be due in part to the
nonuniform spectral response of our detectors. However,
as a number of elements are measured and the peak emis-
sion bands sweep across the detector channels, the average
trend in x-ray conversion efficiency found by averaging
over a number of neighboring elements should be fairly
accurate.

An indication of the effect of nonuniform spectral
response of the detectors on x-ray conversion calculations
can be obtained by convoluting a blackbody emission
spectrum with the assumed flat and actual responses for
the two sub-keV bands. Although the bulk of the emitted
radiation may arise from limited regions of the plasma, it
is not possible, in general, to model the spectrum of emit-
ted radiation by a single temperature Planckian distribu-
tion because of widely varying conditions of temperature
and density in the plasma.?®

A previous study*' of Au plasma ablation by KrF laser
pulses indicated the formation of a two component plas-
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ma which was inferred to correspond to a high-
temperature, low-density absorption region and a low-
temperature, high-density radiation heated region. The
temperatures of these two components are estimated to be
200 and 75 eV, respectively. The low-temperature, high-
density region would be optically thick, and in addition,
the 200 eV coronal region of the plasma may also be opti-
cally thick, particularly for the sub-keV radiation emitted
in the N and O bands. That the coronal region contri-
butes significantly to the total measured radiation can be
noted from the observation that if the emission spectrum
were truly characterized by blackbody emission at a single
temperature of 75 eV, then the amount of radiation ob-
served in the 100—280 eV band should considerably
exceed that seen in the 380—1000 eV range. As seen in
Fig. 5(a), however, radiation in the 380—1100 eV range
clearly dominates.

Assuming a 75 and 200 eV blackbody spectrum we cal-
culate, utilizing the assumed flat responses, that in the
100—280 eV range the conversion efficiency is underes-
timated by factors of 1.02x and 1.09 X, respectively. For
the 380—1100 eV range, calculations show that the con-
version efficiency is underestimated by 1.3 in the case
of a 75 eV blackbody but only by 1.02 X in the case of a
200 eV blackbody. Thus, if the soft—x-ray spectrum is
comprised predominantly of a low-temperature blackbody
distribution, then the calculated conversion efficiencies,
assuming flat responses, are underestimated in the
380—1100 eV band. Overall, the calculated conversion
values give a lower bound on the total x-ray conversion ef-
ficiency due to the relatively small detector response in
the photon energy range 280—380 eV.

X-ray conversion estimates obtained from these mea-
surements with x-ray diodes are in good agreement with
results obtained from an x-ray foil calorimeter. The foil
calorimeter responds up to 850 eV, beyond which there is
significant transmission of x rays through the thin foil
element. Assuming a cos@ distribution, the x-ray calorim-
eter conversion efficiencies at laser irradiance of 5 10'?
W/cm? for aluminum and gold are 14+4% and 3118 %,
respectively, in experimental agreement with comparable
values obtained from the XRD data [Fig. 5(b)]. It is not-
ed, however, that both sets of measurements do not cover
the entire x-ray spectrum and thus are underestimations
of the total conversion.

The x-ray conversion values measured in the present ex-
periment appear to increase with laser intensity in the
range of 2.5—8 % 10!2 W/cm?. This is consistent with ob-
servations of Nishimura et al.!® at 0.35 um irradiation, in
which the x-ray energy conversion for gold disk targets
was seen to increase from 20% to 40% in the intensity
range 1—10%10'? W/cm?. A one-dimensional plane
model that includes detailed atomic physics and radiation
transport (Duston et al.**) for 0.35 um radiation, also in-
dicates an increase of conversion efficiency with laser in-
tensity up to 10'* W/cm? and a subsequent decrease
around 10" W/cm? Since modelling!® for low intensities
(< 10" W/cm?) suggests that the underdense coronal
plasma plays a dominant role in overall x-ray emission,
the increase of x-ray conversion with laser intensity may
be attributed to the simultaneous increase of the dimen-

sions and temperature of the coronal plasma.

We now compare the conversion efficiencies measured
in our experiment with those reported for 0.27 um laser
irradiation obtained using frequency multiplication of
Nd:glass lasers, although a direct comparison is difficult
in view of the differences in laser pulse duration, focal
spot size, and laser intensity. For the case of Al and Au
KrF-laser—produced plasmas, conversion efficiencies tak-
ing into account the measured cosf distributions, are
determined to be 15.7+2.7 % and 59.3+11 %, respective-
ly, for 8102 W/cm?. While the conversion efficiency
for Au plasmas in our experiment is somewhat lower than
values obtained in other experiments,'”?° reasonable
agreement is found for Al plasma.?®2! For instance, a
conversion efficiency of 85% at 9 10'> W/cm? has been
measured in gold disk irradiation at 0.26 um (1 ns pulse,
1500 pm focal spot),!” and Kodama et al.?° have observed
a conversion of 80% at 2.4 10> W/cm? (400 ps pulse,
150 pum spot size).

The smaller conversions observed in our experiment
may be qualitatively accounted for by the following con-
siderations. (1) For the small focal spot of 100 um and
long pulse duration of ~2 ns, hydrodynamic expansion of
the plasma would be significant during the laser pulse.
Consequently, a larger fraction of the laser energy would
go into the kinetic energy of ions, leaving a smaller energy
available for x-ray emission. (2) The conversion ratios
measured in our experiments were obtained at smaller
laser intensities than other experiments, and for our laser
intensity range the conversion increases with laser intensi-
ty. (3) Lastly, the present estimates only give a lower
bound since the contribution of the spectral region
280—380 eV is not included due to the negligible response
of the x-ray diodes in this range, as discussed earlier.

The angular distribution of soft—x-ray emission for
both Al and Au targets is more isotropic than a cosf
behavior expected for emission from a planar disklike sur-
face of an optically thick plasma. Observations in other
experiments?>** on gold plasma have also indicated angu-
lar distributions to be more isotropic than cosf. In planar
target experiments, this behavior can be expected if a sig-
nificant fraction of the measured radiation is contributed
either by an optically thin emission region or by the outer
regions of the plasma. Both of these effects would
enhance the contribution of the coronal region to the
overall x-ray emission, an inference made earlier from the
measured relative energy content in the two sub-keV spec-
tral bands. Furthermore, for our experimental conditions,
including small focal spot size, spherical expansion of the
outer corona can be expected, thus favoring isotropic
emission. The increase in radiation isotropy for gold as
compared to aluminum would suggest that the emitting
region for gold lies more in the coronal region than in the
overdense region, as indicated by a 2D simulation!® for
0.27 um light at low intensity. Hence, the Al plasma
soft—x-ray radiating region should be more disklike than
that for the Au plasma and therefore shows a predom-
inantly cosf emission distribution.

X-ray imaging of keV emission has been used previous-
ly to assess the role of lateral energy transport in 0.53 ym
irradiation experiments®®* which showed that the spatial
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extent did not significantly exceed the focal spot dimen-
sion. Similar observations have been made in the present
experiment, showing keV x-ray images not significantly
exceeding the focal spot size. On the other hand, analyses
of ion diagnostic data from KrF laser irradiated Al tar-
gets* have suggested that there is significant lateral ener-
gy spread. Moreover, time-resolved picosecond dye laser
shadowgraphy*® of the tangential expansion of the plasma
has shown that at the time of the peak of the laser pulse,
the lateral 0.01 n., density contour (#n, is critical density)
can be twice as large as the focal diameter, thus indicating
a peripheral tenuous cold plasma region resulting from la-
teral transport. Lateral energy transport, by cooling the
plasma, would lower the overall total x-ray conversion ef-
ficiency. Therefore, the lower conversion efficiencies ob-
served in our experiments may also be due to 2D effects.

V. CONCLUSIONS

The total x-ray energy conversion for KrF-
laser—irradiated targets has been measured in sub-keV
and keV photon energy ranges for 19 elements. X-ray
conversion in the intensity range of 2.5—8 X 10'> W/cm?
was observed to increase the laser intensity. X-ray energy
conversion for Au and Al were determined to be
40.6+7.5% and 14.5+2.5%, respectively, at 8x 10"
W/cm? assuming a cosine angular distribution of x-ray
emission. A study of the radiation isotropy showed that
the Au plasma x-ray emission is relatively more isotropic

implying a 27 Au conversion of 59.3+119% and for Al
15.7£2.7 %. The relative emission isotropy and the mea-
sured distribution of radiation in the sub-keV range im-
plies that the dominant x-ray emitting zone for the Au
plasma lies in the coronal region.

The conversion above 1 keV was found to be small,
<2%, in comparison with that measured in the sub-keV
bands. Pronounced modulations in the keV x-ray emis-
sion intensity with target Z were observed which can be
related to the atomic shell structure. Lower than expected
electron temperatures and relatively smaller durations of
x-ray emission from high-Z plasmas are consistent with
higher radiation losses in these plasmas. X-ray pinhole
camera images of the keV emitting corona showed lateral
dimensions comparable to the focal diameter but other
evidence suggests that lateral energy transport may be a
significant energy loss in our experiment, consequently
limiting the x-ray energy conversion.
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