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Time-resolved electron temperature and line-intensity profiles in laser-produced plasmas have been
measured for the first time with an x-ray framing camera. Temperature profiles measured from the
slope of the free-bound recombination continuum in AIXIII ions are significantly lower than hydro-
dynamic model calculations. Simultaneous interferometric density measurements are in much closer
agreement with computer simulations. Spectral-line-intensity profiles have also been measured and can-
not be described by standard collisional radiative equilibrium models.
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Measurements of the x-ray emission spectrum from
laser-produced plasmas have been used for many years
to diagnose characteristic plasma conditions such as the
electron temperature and density.!™!° In principle, the
measurement of the spectral emission signature is a
clean, nonperturbing way to probe the microscopic con-
ditions existing in these hot, dense plasmas. Because of
the manner in which these plasmas are created, however,
they have rapid and extreme temporal variations and
steep gradients that must be resolved to extract meaning-
ful information about the plasma. We report here the
results of the first measurements of the K-shell x-ray
emission spectrum of Al XI, XII, and XIII ions in laser-
produced plasmas that are simultaneously resolved in
space and time. Full space-time resolution has been
made possible in these experiments by our extending the
techniques of microdot spectroscopy first used by Herbst
et al.>* to time-resolved measurements by the use of a
gated framing crystal x-ray spectrometer (FCXS).!
The time-resolved electron temperature profiles for a
laser-produced Al plasma have been measured for the
first time with the slope of the H-type free-bound recom-
bination continuum. The electron density profiles were
simultaneously measured with holographic inter-
ferometry.'> Our techniques allow us to measure the
effects of laser absorption and heat transport in the plas-
ma corona and to clearly test standard hydrodynamic
and atomic-physics-model predictions.

The experiments were conducted with the CHROMA
laser facility at KMS Fusion, Inc. Simple 100-gm-diam
Al microdot targets were irradiated with 10'* W/cm? of
0.53-um light in a 1.0-ns-wide stacked pulse (a tra-
pezoidal temporal profile with 100-ps rise and fall times
and a 950-ps flat top). As the target is heated, a col-
lisionally confined plume of Al ions is generated with a
diameter approximately equal to the original dot diame-
ter, greatly reducing the effects of transverse gradients in
the plasma. This is confirmed by 2D laser inter-

ferometry measurements which indicate flat transverse
density profiles for the Al dot plasma. Also, 2D
LASNEX !4 calculations (described later in this Letter)
predict flat temperature and density profiles with less
than a 20% variation across the Al dot.

A wide array of diagnostics were fielded including the
FCXS, a four frame holographic interferometer, a spa-
tially resolved x-ray streaked spectrograph (XSCS), and
x-ray pinhole cameras. All of these instruments were
aligned to view the target edge on to within 5° of the tar-
get surface and employed a common timing fiducial.
(See Fig. 1.) The FCXS provided simultaneously space-
and time-resolved measurement of the x-ray emission
spectra. The FCXS is based on gated microchannel
plate detector'® which has three active stripline areas
which can be independently gated on and off with a fast,
high-voltage bias pulse. A typical set of framed spectra
from a heated Al microdot target is shown in Fig. 2.
Each strip depicts the spatially resolved x-ray emission
spectrum recorded at selected times during and after the
laser heating pulse. The data have been corrected for
taking into account the integrated reflectivity of the po-
tassium acid phosphate (KAP) diffraction crystal,'¢
filter transmission,'’ cesium-iodide-coated microchannel
plate response, '® film sensitivity,'* and FCXS geometry.

The electron temperature profiles have been deter-
mined from the slope of the free-bound recombination
continuum of H-type ions. These temperature profiles
are shown in Fig. 3 (solid lines) and represent two select-
ed 250-ps time intervals during and after the heating
laser pulse. The free-bound continuum followed the usu-
al dlinf(hv)1/d[hv]l = —1/kT, intensity fall-off charac-
teristic to a Maxwellian electron velocity distribution.?
This was anticipated since the effects of hot electrons
and laser-induced nonthermal electron distributions were
not expected to be significant at the laser conditions used
in the present work. 2

The temperature profiles predicted by a 2D LASNEX

© 1988 The American Physical Society 2851



VOLUME 61, NUMBER 25

PHYSICAL REVIEW LETTERS

19 DECEMBER 1988

Time integrated
spatiaily-resolved
crystai spectrograph

4-frame
UV probe beam

CHROMA iaser
F/2.5 focal spot
overfiils microdot
target

Spatial
imaging
slit

Photocathode
entrance slit

FCXS
(Framing Crystai
X-ray Spectrometer)

4-frame
hologram

Plasma
column

XSCS (X-ray)
streaked crystai
spectrograph

FIG. 1. The experimental setup used at the CHROMA laser facility at KMS Fusion, Inc.

hydrodynamics simulation are also shown in Fig. 3. For
these calculations, we prepared a two-dimensional, cylin-
drically symmetric simulation assuming inverse brems-
strahlung laser light absorption, classical 7% thermal
conduction, and using a classical flux limiter value of 0.4.
The atomic kinetics were described by a hydrogenic ap-
proximation rather than the less realistic average-atom
approximation. Radiation transport was treated in the
diffusion approximation, except in the x-ray regions of
interest where an escape probability method was used.
Temperatures representing the outer Al zones have been
used for the present analysis.

The temperature profile observed while the laser is on
(730-980 ps) is significantly different than the LASNEX
calculated profiles. The measured temperatures are a
factor of 3 lower near the target surface and continually
rise for at least 200 um, while the predicted tempera-
tures peak at 50 um and monotonically decrease from
100 ym outward in the simulation. Systematic experi-
mental uncertainties in the laser intensity profile or a
slight misalignment of the microdot target cannot ac-
count for the large observed differences. We note that
indications of anomalously low temperatures have also
been seen at these laser intensities using Raman scatter-
ing.2! For later times, the observed temperature profiles
are in better agreement with the simulation, although
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slightly higher and with larger spatial gradients than
predicted. The observed late-time temperature profiles
seem to be correlated with the variations seen in the H-
type and He-type resonance line intensities. The elec-
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FIG. 2. A typical framed spectra measured with the FCXS.
The time intervals are 1230-1480 ps (top image), 730-980 ps
(center), and 1730-1980 ps (bottom) relative to the beginning
of the laser heating pulse.
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FIG. 3. Electron temperature profiles at various times dur-
ing and after the laser heating pulse are presented: 730-980 ps
(top) and 1950-2200 ps (bottom). LASNEX hydrodynamic
code simulations [dashed lines are for 730 ps (top) and 1950 ps
(bottom); dotted line is at 950 ps] are compared to experimen-
tal temperature profiles determined from the slope of the H-
type free-bound continuum (solid dots), and using a steady
state CRE Lyg/('D;) satellite line ratio (triangles) and the
Heg/Lyp resonance line ratio (open dots).

tron density profiles predicted by the LASNEX simulation
are generally in good agreement with measurements with
holographic interferometry at 857 and 1657 ps, and are
shown in Fig. 4. An overly rapid expansion in the simu-
lation, transverse to the laser axis, could account for the
lower electron densities and temperatures seen in the
model at late times and large distances from the target
surface. These new data indicate that for these simple
laser-plasma interaction experiments, the absorption or
transport mechanisms and possibly atomic processes are
not adequately understood. Further experiments of this
type should help resolve these discrepancies.

The electron temperatures were also deduced with
standard line-ratio diagnostics including the H-type 1s-
3p resonance to He-type 1s2p('P,)-2p%('D;) dielect-
ronic satellite line ratio (triangles). (See Fig. 3.) These
temperatures were determined by our comparing experi-
mental to theoretical line ratios calculated with a col-
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FIG. 4. The electron (axial) density profiles predicted by
the LASNEX hydrodynamic code simulations (dashed lines) are
compared to laser interferometry density profiles (solid lines)
at 857 ps (top) and 1657 ps (bottom).

lisional radiative equilibrium (CRE) modeling code
RATION,?? which is based on a steady-state ionization
distribution. Optical trapping effects were included in
the CRE model with a simple escape-factor correction.
Although the use of a stationary model may be regarded
as inappropriate, this represents an often used method
for diagnosing these laser-produced plasmas. The
dielectronic satellites to the Ly, and He, resonance lines
are observed during and after the laser pulse, and exhibit
a sharp intensity gradient away from the target surface,
as seen in previous experiments. During the heating
laser pulse, the satellite line-ratio temperature profile
closely agrees with the temperatures measured from the
recombination continuum. The dielectronic satellite line
ratios are in good agreement with theory despite the
overionization seen in the spectra due to both lines origi-
nating primarily from the H-type ground state in a
thermal plasma, making this ratio relatively insensitive
to the ionization distribution. After the laser pulse, the
plasma is recombining. The resonance lines are
significantly populated by recombination processes and
the CRE analysis clearly fails.

We have also used the He-type 1s2('S¢)-1s3p('P;)
to H-type 1s-3p “Heg/Lys” resonance line ratio (open
dots) to determine the CRE ionization temperature both
during and after the laser pulse. (See Fig. 3.) The
Heg/Lys resonance line-ratio temperatures are much
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higher and indicate that the plasma is overionized with
respect to a CRE plasma. It is interesting to note that
during the laser pulse, both CRE line-ratio temperature
profiles show the same qualitative deviation from the
LASNEX model prediction. Also, most of the line emis-
sion observed at distances greater than 100 um from the
target surface is emitted after the laser pulse. Thus pre-
vious spatially resolved, time-integrated spectroscopic
measurements of coronal temperature and density
profiles may be in error. The ionization distribution
must be independently determined to compensate for the
lack of ionization equilibrium in these nonstationary
plasmas. A number of such nonstationary modeling
schemes are presently being investigated.>*'°

In conclusion, simultaneously space- and time-resolved
Al K-shell x-ray spectra have been measured from laser-
irradiated microdot targets. Space- and time-resolved
electron temperature and density profiles have been in-
dependently determined. During the heating laser pulse,
the spectral features that are most sensitive to the elec-
tron velocity distribution function, the free-bound contin-
uum and the He-type dielectronic satellite to the Lyg line
ratio, give consistent temperatures. These measurements
of the electron temperature profile, resolved for the first
time, are significantly different than 2D LASNEX hydro-
dynamic simulations. Even the Heg/Lyg resonance line-
intensity ratio temperature profiles (based on a CRE
analysis) disagree qualitatively with hydrodynamic cal-
culations. Further work is needed to resolve these
differences. The highly transient ionization distribution
of this laser plasma complicates the population kinetics
required to fully describe the emission spectra and war-
rants further examination. This work demonstrates that
simultaneously space- and time-resolved diagnostics min-
imize the effects of unresolved gradients in x-ray spec-
troscopy data, and are essential for the study of laser ab-
sorption, heat transport, and atomic physics of laser-
produced plasmas.
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FIG. 2. A typical framed spectra measured with the FCXS.
The time intervals are 1230-1480 ps (top image), 730-980 ps
(center), and 1730-1980 ps (bottom) relative to the beginning
of the laser heating pulse.



