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Abstract

Laser-produced plasmas at subcritical densities have proven to be efficient sources
for x-ray production. In this context, we obtain new results from experiments per-
formed in Kr and Xe gas-filled targets that were irradiated by the high-power
OMEGA (Laboratory for Laser Energetics, University of Rochester) laser. Nearly
40% of the laser energy was converted into x-rays in the L-shell-photon-energy range
(> 1.6keV) by a Kr-filled target. The conversion efficiency measurements were cor-
related with time-resolved plasma-temperature measurements done by means of a
Thomson-scattering diagnostic. The measured range of temperatures, between 2-
3.5 keV, is in good agreement with LASNEX radiation-hydrodynamics simulations.
X-ray-cooling rates and charge-state distributions were computed using detailed
atomic data from the HULLAC suite of codes. X-ray yields predicted by the cooling-
rate calculations are compared to measured spectra, and good agreement is found
for predictions made with highly-detailed atomic models. We find that x-ray con-
version efficiency in Kr-filled targets is a strong function of temperature, and has
an optimum density near 10-15% of the laser’s critical density.

Key words: Laser plasma; X-ray conversion efficiency; Underdense radiator

1 Introduction

An important capability in inertial confinement fusion (ICF) experiments [1]
is to diagnose the properties of and the transient phenomena occurring in
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the dense implosion plasmas. To aid in making these types of measurements,
the production of bright, multi-keV sources for x-ray scattering [2] and x-ray
backlighting has been intensely studied [3-6], with different approaches to the
target design [7,8] or to the irradiating drive configuration [9,10]. Recently,
the performance of underdense radiators in terms of laser-energy conversion
efficiency (CE) into multi-keV x-rays has demonstrated advantages over con-
ventional foil targets [11,12]. The laser energy is coupled to the subcritical
plasma by a volumetric heating, which brings the emissivity up to values
higher than in the case of a solid disk target by at least an order of magnitude
[13]. In the case of the massive, solid targets the energy deposition takes place
at the low-density critical surface, and the high-density region of the target
that is predominantly responsible for the radiation emission must be heated by
a slow thermal-conduction process. In the underdense targets, the laser pene-
trates more deeply to heat material at lower densities than the critical value;
the main mechanism for laser energy absorption is by inverse Bremsstrahlung.
A supersonic heating enables a larger volume to produce x-ray emission. The
resulting plasma is characterized by a nonlocal thermodynamic equilibrium
(non-LTE) regime that is difficult to model accurately with a complete de-
scription of the relevant atomic physics. To understand better the radiative
properties and predict the x-ray output of underdense targets, current atomic
models need to be validated by experimental data acquired over wide ranges
of parameters. The plasma parameters reached during the volumetric heating
process, as well as the x-ray emission and cooling history of the target are de-
termined by the electron density, n., electron temperature, T, and average ion
charge, 7, in the irradiated sample. Therefore, studies of the plasma behavior
as a function of these parameters, and accurate determinations of their values,
are important in optimizing reliable x-ray sources.

Numerical calculations performed with the LASNEX [14,15] code indicate that
greater than 50% of the laser energy can be converted into x-rays for a variety
of laser-irradiated gas targets. Figure 1 shows the predicted conversion effi-
ciency for Kr-filled targets emitting at photon energies above 1.6 keV (L-shell
of Kr) versus the ratio of the plasma electron density to the critical den-
sity, ne, for 351 nm laser light (open triangles, dashed trace). According to
these results, the conversion efficiency increases with the electron density, to
54% at a density of n. ~0.13n.,. There are two traces from the simulations in
Fig. 1, the lower one is for Kr L-shell output divided by the total incident laser
energy, the upper trace is for Kr L-shell output divided by only the energy
absorbed by the target. The CE drops for the lower-density targets in part
because the absorption is going down (46% absorbed at 0.5atm or 0.043n,,,
68% at 0.75atm or 0.065n,, ). The CE rolls over and begins dropping for den-
sities above 0.13n., (pressure 1.5atm) because the laser-bleaching wave that
does the ionization in the gas no longer has a high-enough Mach number to
suppress hydrodynamic motion. Consequently, an imploding density wave de-
velops that both stops the laser and increases the parasitic thermal-radiation



losses below 1.5 keV. The increased parasitic losses leave less energy available
to heat considerably more mass, and the gas in the target does not get nearly
as hot as it does in the lower-pressure simulations. Thus, an optimum condi-
tion exists for producing a bright x-ray backlighter. In the following sections
we will describe an experiment that measured the CE scaling with electron
density in conditions similar to those in the simulations, in targets filled with
pure Kr or a mixture of Kr and Xe gases. Our CE measurements are corre-
lated with plasma temperature measurements. For the plasma temperature
measurements a desirable diagnostic is one that acts locally, independently
of the complications induced by plasma gradients. Therefore we opted for a
Thomson scattering measurement [16] that proved to be consistent with the
radiation-hydrodynamic calculations using the LASNEX code. We also mea-
sured the size and uniformity of the emitting plasma, which are also important
aspects of any potential backlighter.
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Fig. 1. Predicted (LASNEX) conversion of 3w laser energy into Kr and Xe L-shell
x-ray output as a function of electron density in the target plasma (open symbols).
Also shown are the measured results of the present work (filled symbols). The two
traces for the Kr L-shell simulations are for x-ray output divided by total incident
energy (lower) and by absorbed energy (upper).

We have explained the importance of experimental optimization of x-ray source
production and how this work fits in that context. A description of our ex-
perimental set-up follows in Section 2. Section 3 reports on the experimental
results obtained from the conversion-efficiency, temperature and radiator-size
measurements in gas-filled targets. We discuss the numerical simulations of the
experiment and the comparison of these calculations (LASNEX and HULLAC
codes) with data in Section 4. We conclude and summarize in Section 5.



2 Experimental set-up

The present experiments were performed using 39 beams of the OMEGA laser
at A=351 nm wavelength (3w), each of which delivered approximately 500 J
in 1 ns pulses, with an average total energy onto the target, £ < 19.5 kJ. The
beams were pointed to the target center and defocused by moving the focus 3.5
mm away from the target center, in order to irradiate, homogeneously, as much
volume as possible. The resulting individual vacuum beam intensity on target
was 2x 10" W/em?, with a total of 7.8x10' W /cm? (39 overlapping beams)
at the center. The beam overlap region is approximately 800 ym in diameter.
Beams are absorbed on their way to the center, also deflection, diffraction
and filamentation will affect the intensity at the target center. A second set
of measurements was taken with different focusing at a total vacuum laser
intensity [;=2.3x10" W/cm? (overlap region ~ 940 ym in diameter). The
plasmas were formed in irradiated gases confined by polyamide membranes
0.35 pm thick [17,18]. To scale the x-ray conversion efficiency with the electron
density, the targets were filled at various pressures between 0.48 atm and 1.47
atm, which correspond to plasma densities between 0.04n.,. and 0.12n,, (where
n.,= 9.1x10*" em™ for 3w light). The maximum fill pressure permitted by the
thin membrane of the gas enclosure is around 1.5 atm. Pressure transducers
attached to the target monitored the gas fill at all times before the laser shot.
Thus, the electron densities, which are linearly related to the pressures, are
well known for a calculated charge state of the gas (for Kr, Z=31, for Xe,
Z=44) and the neutral gas density. One target contained a mixture of Xe and
Kr in equal proportions, at 0.88 atm, which was used to study the influence
of a high-7 gas on the laser-x-ray conversion efficiency. For the measurements
of the radiator size and uniformity as a function of time a x-ray framing
camera with film detection was fielded at 63.4° relative to the target axis. The
pinhole-array images were recorded onto four strips separated by ~ 0.25 ns in
time, each with three frames of 60 ps exposure. The x-ray emission of Kr was
imaged by filtering the pinholes to allow photon energies > 1.5 keV, while for
the Xe-filled targets the filter materials were chosen to cut light below 4 keV.

The x-ray CE was measured using an absolutely flux-calibrated Bragg crystal
spectrometer [19], which records time- and space-integrated spectra for ener-
gies between 1.5-4 keV, Kr L-shell spectral range, as well as between 4.5-7
keV, Xe L-shell, in the target with the Kr-Xe mixture. The instrument’s view
of the plasma source was at an angle of 64.4 degrees with respect to the target
axis (see Fig. 2). The spectrometer has four channels configured according to
the photon energy range to be measured, with a pentaerytritol (PET) crystal
for the higher energy channels (Xe L-shell and Kr K-shell) and a rubidium acid
phthalate (RAP) crystal for the lower energy channels (for Kr L-shell). The
recorded spectra are unfolded by taking into consideration the known crystal
reflectivity, transmission through the filters used in front of the spectrometer,



geometry of the crystal mounts and distance to the source (in this set of mea-
surements, about 221 cm). The reflectivity of the crystals and transmission of
the filters is known to better than 10% [13]. The CE is defined as the ratio
between the total energy in the x-ray emission into 47 divided by the total
absorbed laser energy. The x-ray output energy is calculated from the abso-
lute spectra and divided by the incident laser energy, from which the fraction
of light scattered due to parametric instabilities [20] is subtracted. In order
to evaluate the backscattered signal, we employed a full-aperture backscatter
system (FABS), consisting of a system of calorimeters and a streak camera
providing time-resolved signals of both SRS and SBS light scattered back into
the £/6.7 lens of one of the heater beams that illuminates the target at a 58.79°
angle.

Bragg spectrometer
(63.4 deg.)

x ray diodes

Thomson scattering
diagnostic
(37.4 deg.)

laser beams
(Bw)

> Thomson probe
beam (20w / 4w)

Fig. 2. Experimental set-up with all the laser beams symmetrically irradiating the
gas bag target and the main diagnostics shown with their corresponding angles with
respect to the target axis.

For plasma temperature measurements a time-resolved Thomson scattering
diagnostic was set at 79° with respect to the probe beam (see Fig. 2). The
first Thomson scattering experiments with a 2w (A=527 nm) probe beam could
only be performed near the edge of the target, before the beam could refract
out of the scattering volume. In order to increase the penetration depth of the
Thomson probe beam to the target center, a 4w laser beam (A=264 nm) was
used in a similar configuration to the 2w Thomson scattering diagnostic [21].
Scattered light from the plasma was collected by an {/10 lens and coupled to a
1 m spectrometer and a streak camera system with an optical magnification of



1:1. The spectral and temporal resolution of the system, using a 1200 gr/mm
grating in the 2" order were 0.5A and 50 ps, respectively. The probe beam di-
ameter and entrance slits of the spectrometer and the streak camera defined a
cylindrical scattering volume with a 200 gm length and height. The energy of
the 4w probe beam was around 100 J in 1 ns, with a 0.5 ns delay with respect
to the heater beams. For our plasma conditions, the scattering parameter is
a=1/(kAp)>1 and the scattering is collective (k is the scattering wave vector,
and Ap is the Debye length). The resulting Thomson spectra then show two
peaks near the probe laser frequency corresponding to the co- and counter-
propagating ion-acoustic waves with the wave number k= (i—g) sin (6/2), where
Ao 1s the fundamental probe-laser wavelength and 0= 79° 1s the scattering an-
gle. The electron temperature can be directly determined from the separation
between the two peaks, which is proportional to /ZT,, if the charge state is
known. We have assumed an average charge state of Z7=26-31 as calculated

by radiation-hydrodynamic modeling.

3 Results

The time-integrated spectra obtained from the Kr-filled gas bags at different
densities are plotted in Figure 3 over a photon energy range between 1.6—
2.6 keV. The emission intensity of all Kr L-shell ions from Kr?¢T to Ki*T*
increases with the electron density, and for all cases the dominant lines in the
spectra are the 3G, 3F and 3D Ne-like Kr lines. The weak features at high
photon energies are from the B-like to Li-like Kr ions. The quick burn-through
from Ne-like to the hotter spectra reflects a broad distribution of charge states
attained during the heating and cooling phases of each shot, and emission is
integrated over the whole temperature gradient in the target, which is peaked
in the central region and drops towards the target edges (see below).

The conversion of the laser energy into Kr L-shell was calculated by sum-
ming the time-integrated line emissivities between 1.62-3.5 keV and dividing
the x-ray output energy by the laser energy onto the target, from which the
fraction of incident light scattered due to stimulated Brillouin and Raman
scattering instabilities (SBS and SRS) was subtracted. These fractions were
higher for low-density targets, with a maximum value of 5.4% for SBS. All
results for the higher-laser intensity are summarized in Table 1 together with
the corresponding backscatter levels. The measured CE scales with the elec-
tron density, peaking at 0.36 for the highest gas density probed. This is the
highest CE value ever reached in an under-dense laser-irradiated target and
a very promising result for future bright x-ray sources. The CE measured for
the target filled with a mixture of Kr and Xe in equal parts, with an elec-
tron density of 0.091n,,, was calculated by separately accounting for the x-ray

output in the Xe and Kr L-shell bands. The Kr L-shell CE=0.186, which, if
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Fig. 3. The measured Kr L-shell spectra for electron densities varying between
0.04n.,. and 0.12n., (bottom to top). The laser-drive intensity was the same for all
experiments.

compared to a pure Kr-target at a density n.= 0.097n.,. that has a CE=0.329,
suggests an efficient laser conversion for only half the number of emitters.

Table 1

A summary of the conversion efliciency results in targets containing gases at different
pressures. Columns are: the pressure P (atm), the ratio of the electron density to
the critical density, the percentages of laser light backscattered through SBS and
SRS into the f/6.7 lens, and transmitted through the target, T' (measured in only
two cases with calorimeters placed after the target), and the conversion efficiency

CE for Kr and Xe L-shell.
Gas P (atm) =n./n, SBS (%) SRS (%) T (%) CE

Kr 0.48  0.04 5.2 0. - 0.108
Kr 0.71 0.06 5.4 0. - 0.110
Kr 0.92  0.08 4.8 0. - 0.155
Kr 114 0.10 3.5 0. - 0.329
Kr 147 0.2 2.0 0.1 0.6 0.360
Kr:Xe  0.88  0.09 2.2 0.04 2.0 0.109 (Xe)
(1:1) 0.186 (Kr)
Xe 0.88 0.1 2.4 0.06 0.7 0.144

The data in Table 1 are also plotted in Fig. 1, along with £30% error bars,
which represent the uncertainty in crystal reflectivity, filter transmission, mea-
sured laser energy, scattered energy, and electron density (not more than 20%
if the actual average charge Z in the plasma is very different from the as-



sumed Z=31). The trends seen in Fig. 1 are worth noting: for the pure Kr
targets (triangles), the radiation-hydrodynamics predictions [15] (dividing by
total incident energy) overestimate the Kr L-shell yields by a factor of two
at n.~0.06n.. and 40-50% at n./n.. > 0.1, while for the mixed Kr:Xe tar-
get (circles), the prediction is 30% too low. A pure Xe target (squares) shot
in the higher-laser-intensity configuration gave a L-shell CE of 14.4%, while
the LASNEX prediction for that target is too low by 50%. All the data in
Table 1 are from the set of experiments with the more tightly focused heater
beams, that is, from shots with the higher-laser intensities at the target center.
For the lower-intensity case (vacuum I;,=2.3x10'® W/cm?), where the peak
plasma temperature was measured by the Thomson-scattering diagnostic to
be T.~3.0-3.5keV, a target with the initial electron density of 0.06n.. had a
CE=0.08 for the L-shell Kr spectrum. This is 30% lower than is measured for
the same density target shot in the higher-laser-intensity configuration, where
the simulations predict a peak central temperature of 5 keV.

The emission-source size as a function of time has been measured by x-ray
imaging. Figure 4 shows targets filled with Kr at n.=0.08n., and n.=0.12n,,,
and a mixture of Kr and Xe in equal proportions, at n.~0.09n... Since the
inverse Bremsstrahlung absorption length is given by

0.56\2 73/2 )
Ne/ne )2 ZInA

AIB =
(

where Ay is the laser wavelength, 7 is the average charge state and InA
is the Coulomb logarithm, we expected to observe a clear decrease of the
plasma emission length scale with increasing Z and density. The important
phenomenon to observe is the rate at which the entire volume that potentially
emits in the desired spectral band is filled with radiating plasma for different
cases. Therefore, we measured the radial expansion of the plasma emitting
during the laser heating with temporal resolution. We observe that for fill
pressures of Kr below 1 atm the target is rapidly and entirely filled with the
emitting plasma by the time when the laser reaches its peak power. At higher
fill pressures, as in the case of the 1.47 atm target (corresponding to a density
of 0.12n..) the Kr plasma is more collimated on axis, and the edges do not
emit in the selected photon energy range (above 1.6 keV). This pattern is
similar to what is seen with the emission of the Xe L-shell (photon energies
above 4 keV) in the target filled with a Kr-Xe mixture at a pressure below 1
atm. There, the heating process of the gas volume is slower due to the higher
Z component in the mixture. Rapid heating and large emission volumes are
necessary for imaging with x-ray backlighters, but uniformity across the sam-
ple is important, too. After converting the pictures of the 1 atm Kr targets to
exposure units using a calibration wedge exposed onto the same piece of film,
line outs across the images showed less than 5% variation from the average
in exposure at all times while the drive beams were on across a region ~1000



pm in diameter, away from the edges of the bag.

Kr 0.92 atm (0.08n_): E>1.6 keV

o

Fig. 4. A selection of x-ray framing camera images at different times during the
laser heating of the gas-filled targets. The view is near side-on and observable in
the center is the Al washer support ring of the gas bag. The selected targets are
Kr-filled gas bags at 0.92 atm and 1.47 atm, followed by a Kr-Xe mixture at 0.88
atm. The laser beams heat the target from both sides. The diagnostic was filtered
to image the emission of the Kr above 1.6 keV and the Xe above 4 keV.

Temperature measurements from both the high- and low-laser-intensity shots
are shown in Fig. 5 for Kr targets at 0.06n.,. The target in Fig. 5a is irradiated
with a vacuum intensity of I,=7.8x10'"> W/cm? and in Fig. 5b, 1,=2.3x10"
W/cm?. In case (a) the temperature is inferred from the 2w Thomson scat-
tering shortly after the end of the laser pulse, which was necessary due to a
high background from the plasma self-emission. The scattering volume in this
case 1s located near the target edge, 800 pm away from the center, where the
plasma in the given irradiation configuration is cooler. The measured temper-
ature, given by the separation of the ion acoustic features in Fig. 5a is T,=1.6
keV. In the lower laser-intensity case, the plasma was heated with a larger
overlap region for the drive beams and smaller gradients are expected, as are
lower central temperatures. In these experiments, a 4w probe beam was used.
The scattering geometry for the temperature measurements was similar to the
first set of measurements, but the location of the Thomson volume was at the
target center. In this measurement the plasma temperature was as high as
3.0-3.5 keV (for Z=31-26, respectively) between t=0.5-0.8 ns, decreasing to
1.8-2.0 keV (for Z=28.5-26, respectively) after the main laser-drive pulse is



turned off (1.25-1.3 ns) [see Fig. 5(b)]. The Thomson-derived temperatures
are accurate to 2220% based on the fits to the spectra and the assumed value

of 7.
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Fig. 5. Measured Thomson scattering spectra for (a) 2w and (b) 4w probe beams,
along with best fits. The data in (a) are from a volume displaced 800 pm from
the center of the Kr gas target, at a time after the end of the drive beams. The
data in (b) are from the center of the target, at times (top) during the peak laser
power, 0.5-0.8 ns and (bottom) after the drive beams have ended, 1.25-1.30 ns. The
parameters used in each fit are written next to the spectrum, r is the dimension of
the scattering volume.



4 Numerical simulations

To get an insight into the temperature distribution in the Kr plasma, we con-
fronted the measurements performed at different locations in the targets with
theoretical models that provide calculated-temperature values. The Thomson
scattering measurements indicate a temperature of 1.6 keV at approximately
800 um from the target center at a time 1.2-1.5 ns after the start of the pulse.
In the low-laser-intensity configuration, the core is heated to a temperature
of ~3.25 keV during the laser pulse, decreasing in time to ~2 keV after the
heater beams turn off. These temperature points were used to benchmark nu-
merical simulations for the two laser configurations. These simulations were
performed using the 2D radiation hydrodynamic code LASNEX [14] and the
results are in a good agreement with data for both cases, at the Thomson scat-
tering probed locations: (a) 2 keV at 1.2 ns delay from the drive-laser pulse
beginning, and (b) 3.42 keV at 0.75 ns delay; 2 keV at 1.5 ns delay. The hot
core of the target for the case (a), according to the same calculations, reached
a temperature equal to 5 keV during the laser pulse.

We have computed the steady-state collisional-radiative (CR) emissivity of
x-ray transitions from all L- and K-shell Kr ions using atomic data from the
HULLAC [22] suite of codes. Our models include the fine-structure levels from
all singly excited configurations with n < 5 (¢ < 4) formed by promotion of
an n=2 or an n=1 electron and some doubly excited configurations formed by
permuting the n=2 spectator electrons. For some iso-electronic sequences (Mg-
to F-like, B- to H-like), levels from configurations with n < 6 are considered.
This results in models with up to > 1600 levels per ion. This significant level
of description accounts for only a tiny fraction of the possible dielectronic
recombination channels that determine the charge state distribution (CSD)
in the Kr plasma. The method used to compute the CSD of the moderate-
density plasmas in the present work is described in Ref. [23]. Attention was
paid to the collision limit above which levels with principal quantum number n
can be neglected; the results in Ref. [23] converge to the earlier coronal result
obtained for Kr [24]. The CSDs found for a range of temperatures of interest
to the present OMEGA experiments are shown in Fig. 6.

We have computed the steady state CR level populations for all the above-
mentioned Kr ions. The atomic structure and rate coefficient data were gen-
erated with the relativistic, multi-configuration HULLAC suite of codes. The
present models include more than 8000 levels for the sets of ions shown in
Fig. 6. Our CR spectrum is compared with data from OMEGA shot 29674
(high-laser-intensity shot, 0.92 atm pressure, n.=0.08n.,) in Fig. 7. Our spec-
tral data are space and time integrated; the observed temperature gradient is
reflected in the simulation in Fig. 7 by superposition of spectra from several
individual-temperature spectra [25]. The data show emission from all L-shell
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Fig. 6. The calculated CSD for Kr at 1.0, 1.6, 2.0 3.5 and 5.0 keV, computed for
n.=4.5x10% cm~3. The calculations were done as described in Ref. [23].

ions K1?%T to Kr***. The data also show a strong recombination phase in the
anomalous strength of the 3G and 3F Ne-like lines. This recombination phase
is not accounted for in our steady-state calculations. (The HULLAC and LAS-
NEX simulations indicate that the Ne-like Kr lines are optically thin as long
as T.>2 keV, thus, the anomalous strength of the 3F and 3G lines is not due
to opacity effects.) For the current work, we measure ~ 3 kJ of Kr L-shell
x-ray output from the spectrum shown in Fig. 7, the theoretical spectrum
yields 2.75 kJ in the same spectral band, which is excellent agreement given
the crude temperature gradient assumed to weight the steady-state spectra
used to construct the simulation in Fig. 7.

5 Conclusions

We have measured the conversion efficiency of 3w laser light into multi-keV
x-rays in the L-shell spectral band of Kr, photon energies between 1.5 and 3.5
keV. The measured CE was steeply increasing with target-plasma density, up
to a record 36% at a density n.~0.12n.,. No saturation of the CE mechanism
was observed, due to present limitations imposed by the gas bags’ inability
to support higher fill pressures. Laser scattering by SBS and SRS instabilities
back into the focusing lens became less important as the density increased.
In these experiments, we measured the CE of the laser energy to x-rays at
two intensities that differed by a factor of three. In the higher-intensity case
(Ip~7.8x10'® W/cm?) steeper temperature gradients across the target are ex-
pected due to tighter laser focusing that results in a smaller beam-overlap
region. Despite this, the CE into Kr L-shell x-rays is higher in the higher-
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Fig. 7. L-shell Kr spectrum for OMEGA shot 29674 as measured with the HENWAY
spectrometer (grey), and a simulated spectrum for a range of temperatures from
1.0 to 4.0 keV using HULLAC atomic data (black). Features from all L-shell ions
(Kr?6+ to Kr*t) are visible.

intensity case. The central temperatures in the low- and high-intensity cases
were 2, 3 and 5.0 keV, as inferred from Thomson scattering measurements and
LASNEX simulations, respectively. The good agreement between the Thomson
scattering measurements and the simulated temperatures in the low-intensity
case gives confidence in the simulations of the higher-intensity cases (where,
in particular, temperature measurements were not performed). On the other
hand, the emission in the Kr L-shell band is over predicted by LASNEX, pos-
sibly due to the use of an average-atom model [15] that does not calculate
sufficient detail for the atomic structure of the Kr L-shell transitions.

A sophisticated atomic model based on HULLAC atomic data was developed
for the calculation of Kr L- and K-shell spectra and showed good agreement
with the experimentally measured emission, particularly in the higher-photon
energy range (B-like Kr*'* to L-like Kr®** lines), which is emitted during
the peak of the laser-power from the hot core of the target. The calcula-
tions indicate that the higher-energy transitions originate in a plasma with
T.=3.5-5 keV, which also agrees with the LASNEX predictions for this region
of interest. Spectra calculated for lower-plasma temperatures underestimate
the emission in strong Ne-like 2p — 35 transitions that is due to enhanced pop-
ulation in these levels following cascades during recombination in the cooling
phase of the target; these dynamics are not included in the steady-state spec-
tral simulations. The detailed spectral simulations predict an x-ray yield that
is within 10% of what is measured.

For plasma source size, 2D, time-resolved x-ray imaging shows that the largest



emitting volumes are obtained for gas-fill pressures below 1 atm in Kr gasbags.
The entire target volume emits radiation above 1.6 keV at 0.5 ns (middle of
the laser pulse) and starts to cool slowly after the laser turns off. For large
area backlighters, provided the energy range is suitable to a given applica-
tion, these targets are more appropriate than the higher pressure ones, given
that the uniformity can be controlled by tuning the irradiation configuration
thus changing the overlap region of the heater beams. For more stringent re-
quirements on brightness, the density in the target has to increase, as our
measurements suggest, for the same given input energy. Calculations with
LASNEX have shown that to achieve these results (a 40% CE, a large, uni-
form emitting region) at higher photon energies (4.5 keV in L-shell Xe, 13 keV
in K-shell Kr), both gas and underdense solid targets extrapolate very well to
the laser powers that will be available at the National Ignition Facility. This
work was performed under the auspices of the U.S. Department of Energy
by University of California Lawrence Livermore National Laboratory under

contract No. W-7405-Fng-48.
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