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Electron temperature and density measurements in laser-produced large-scale-length
gas-bag plasmas by x-ray spectroscopy

S. H. Glenzer, C. A. Back, K. G. Estabrook, B. J. MacGowan, D. S. Montgomery,* R. K. Kirkwood, J. D. Moody,
D. H. Munro, and G. F. Stone

L-339, Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, California 94551
~Received 12 August 1996; revised manuscript received 1 October 1996!

We present temporally and spatially resolved measurements of theK-shell emission from argon and chlorine
dopants in laser-produced mm-size gas-bag plasmas. Particularly useful for the diagnostics of these plasmas are
the line intensity ratios of the He- and H-like resonance lines to their respective Li- and He-like dielectronic
satellite transitions. By Abel inverting the experimental spectra and applying time-dependent collisional-
radiative modeling, local electron temperatures, and densities are deduced. About 0.4 ns after the beginning of
the laser heating, we observe a homogeneous plasma center which heats steadily until the end of the heating
pulse. Although the heating is slower than predicted by hydrodynamic simulations, the measured peak electron
temperature ofTe53 keV for neopentane-filled gas bags is in good agreement with the hydrodynamic simu-
lations. In addition, the electron densities inferred from the line intensity ratio of the intercombination to the
resonance line of heliumlike argon are consistent with 1021 cm23 as expected from the initial gas fill density.
Further gas fill densities have been investigated, and in agreement with simulations we find lower temperatures
for lower gas densities.@S1063-651X~97!05601-8#

PACS number~s!: 52.70.La, 32.30.Rj, 52.25.Nr, 52.25.Vy
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I. INTRODUCTION

Millimeter-size gas-bag plasmas are routinely produc
with the Nova laser facility at the Lawrence Livermore N
tional Laboratory to study laser-plasma interactions. T
plasma conditions and the scale length of gas bags are
pected to be similar to the corona of indirectly drive
inertial-confinement fusion plasmas@1,2# which will be pro-
duced with the next generation of large laser facilities, e
with the National Ignition Facility~NIF!. Stimulated scatter-
ing processes due to parametric instabilities in this plas
region, such as stimulated Brillouin scattering~SBS!, stimu-
lated Raman scattering~SRS!, filamentation and the two
plasmon decay instability@3,4#, can reduce or redirect th
laser energy delivered to the fusion target and affect pre
target designs and laser specifications for the NIF@5,6#.

In the present investigation we measured the tempera
and density of gas-bag plasmas by x-ray emission spec
copy @7#. Since the electron density, particle compositio
and scale length of gas-bag plasmas are constrained b
gas fill and size of the target, the electron temperature is
most critical parameter to be determined experimentally.
accurate and independent measurement of the electron
perature and of the uniformity of the plasma is particula
important for the interpretation of current gas-bag expe
ments. For example, plasma parameters derived from
K-shell emission of Ar and Cl dopants are very useful fo
comparison with the temperature and density sensi
L-shell emission spectra of Xe dopants@8# to test atomic
modeling @9#. Other experiments studying the transmissi
of laser beams through gas-bag plasmas@10# depend criti-

*Present address: Los Alamos National Laboratory, Los Alam
New Mexico 87545.
551063-651X/97/55~1!/927~12!/$10.00
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cally on the electron temperature sensitive inverse bre
strahlung absorption cross section. Furthermore, experim
are being performed to measure the amount of laser l
scattering owing to parametric instabilities as a function
density and temperature of the plasma@11#. Finally, the cor-
relation between SBS and SRS has been investigated,
the energy transfer between crossed beams via ion aco
waves was measured@12# in gas-bag plasmas. The thresho
for the onset of laser-plasma instabilities, their growth r
and the phase velocities of the accompanying plasma wa
depend on plasma parameters such as electron temper
and density, and so accurate plasma characterization i
important part of understanding laser-plasma interaction
periments.

Some experiments were carried out previously using
ferent types of gas-bag targets than those currently emplo
for the above-mentioned studies and for the present inve
gation. In those previous experiments spatially avera
temperatures were inferred from the ratio of the Ly-a lines
~i.e., the 1s 2S–2p 2P° transitions in hydrogenlike ions! of
argon and chlorine dopants@13#, and from the ratio of the
He-a line ~i.e., the 1s2 1S–1s2p 1P° transition in a helium-
like ion! of titanium to the Ly-a line of chromium, that were
deposited on a fiber in the center of the target@14–16#.

In this study we recorded the spectra of optically th
K-shell emission of argon and chlorine dopants in gas ba
In particular, the intensity ratios of the resonance transitio
~He-a and Ly-a) of the heliumlike and hydrogenlike ion
Ar XVII and Ar XVIII to their respective dielectronic satellit
transitions (1s22p 2P° –1s2p2 2D or j ,k,l satellites and
1s2p 1P° –2p2 1D @17,18#! were found to be very useful as
reliable determination of the detailed temporal evolution
the electron temperature of gas bags. For the typical gas
densities of 1021 cm23 and temperatures of 3 keV, thi
method has several advantages over those of Refs.@13–16#.
s,
927 © 1997 The American Physical Society



im
c-
e
a
h
m

ho
th
al
ef
re

a
th

n

t

e
.g
t
. A
ur
d

tio
c
s

as
th

it
es
en

al

f
o
lly
.
o

n-
tr
h

as

m.
the
ndi-
gas
re

by
ing
ci-

ng
aser
ec-
ous

g to
how
re a
On
m-

ave

ion
the
-

ri-
he

its
ick-
mm,
y

928 55S. H. GLENZERet al.
The advantages are discussed in detail in Sec. III A. An
portant feature is that the intensities of lithiumlike diele
tronic satellites closely follow electron temperature chang
so that less than a 0.1-ns lag occurs, thus providing an
propriate spectral feature to determine the temperature
tory of the gas-bag plasma independent of hydrodyna
simulations.

We present measurements of a large number of s
which enables us to ascertain that the reproducibility of
plasma conditions is found to be about 15%. From spati
resolved line intensity measurements, local emission co
cients are inferred by Abel inversion and local temperatu
are obtained with a resolution of 110mm. The results show
that gas-bag plasmas have a homogeneous center with
ameter of 2 mm. The results are in good agreement with
hydrodynamic codeLASNEX @19#. In addition, we compare
temperatures inferred from dielectronic satellite transitio
with those of other line ratios arising from theK-shell emis-
sion from argon and chlorine. In particular, we compare
the isoelectronic ratio of the He-b lines ~i.e., the 1s2 1S–
1s3p 1P° transitions in heliumlike ions! of argon and chlo-
rine @16,20,21#. This method is presently employed for th
diagnostics of several targets at Nova. Other line ratios, e
the ratio of Ly-a transitions of both ions, do not follow fas
temperature changes on a time scale smaller than 1 ns
though they are generally in agreement with the temperat
derived from the more appropriate ratios, they are not use
this study.

We also performed a spectroscopic density determina
from the ratio of the intercombination line to the resonan
transition of heliumlike argon. This line intensity ratio wa
shown to be useful for density diagnostics in Ref.@22#,
where a well-diagnosedu pinch discharge had been used
plasma source. This line intensity ratio is employed for
diagnostics of, e.g., laser-produced plasmas@23,24#, z
pinches@25–27#, and plasma jets@28#. Here we find electron
densities consistent with hydrodynamic simulations and w
measurements@1# of the Raman scattered light. The densiti
obtained in this way are also consistent with the line int
sity ratio of the fine structure components of the Ly-a tran-
sitions in Ar XVIII .

II. EXPERIMENT

A. Gas-bag targets and laser illumination

Gas bags are nearly spherical volumes of gas at typic
one atmosphere pressure. Two 0.35-mm-thick polyimide
~C14H6O4N2) membranes are mounted on each side o
0.4-mm-thick aluminum washer with an inner diameter
2.75 mm. The inner volume is inflated with gas, typica
neopentane~C5H12), forming the nearly spherical balloon
The membranes extend to a minor diameter of 2.5 mm
thogonal to the washer surface@Fig. 1~a!#. When inflated, the
thickness of the membranes is about 0.22mm. For spectro-
scopic measurements we used 1% argon and 1% freo
~CClF3) dopants added to the main gas. The gas concen
tions are measured by mass spectrometry for each batc
mixed gas.

The gas bags are heated with 9 beams of the Nova l
@29#, a Nd:glass laser operating at 1.053mm. For the heating
of gas bags the laser light is frequency tripled tol5351.1
-
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nm. f /4.3 focusing optics are used defocused by 6.78 m
This configuration results in laser beams converging at
center of the gas bags with a laser spot size of each i
vidual beam of 1.7-mm diameter on the surface of the
bag@13#. A total-energy of 21 kJ is delivered in a 1-ns squa
pulse, giving an averaged intensity of 1014 W cm22 per
beam.

When the membrane of the gasbag is first irradiated
the laser, it heats and quickly ablates similar to an explod
foil @30#. The cold gas behind the membrane is then disso
ated and first ionized by multiphoton ionization@31#. Then
efficient heating of the plasma by inverse bremsstrahlu
occurs until the gas becomes less opaque, allowing the l
to penetrate further into the plasma. Four hundred picos
onds after the beginning of the heating a homogene
spherical plasma~see Sec. III A! has formed. The exploding
membrane launches a weak shock into the gas travelin
the gas-bag center with the sound speed. Simulations s
that electron densities and ion temperature in the shock a
factor of 2 higher than the average values in a gas bag.
the other hand, the effect of the shock on the electron te
perature is negligible for the 0.22-mm-thick membranes. In
previous experiments larger perturbations of the plasma h
been observed with a 0.4-mm-thick membrane@13#. The
dopants reach the hydrogenlike and heliumlike ionizat
stages and the bulk gas is fully ionized about 0.2 ns after
beginning of the heating (t0), resulting in an averaged elec
tron density ofne51021 cm23 for neopentane.

We performed hydrodynamic two-dimensional, cylind
cal symmetric simulations of the plasma evolution with t

FIG. 1. Example of a gas-bag target with two vertical sl
mounted at a distance of 8 mm from the gas-bag center. The th
ness and the inner diameter of the washer are 0.4 mm and 2.75
respectively~a!. Experimental setup showing the view of the x-ra
diagnostics on the gas-bag plasma~b!.
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55 929ELECTRON TEMPERATURE AND DENSITY . . .
codeLASNEX @19#. The laser is modeled by typically 100
rays per beam assuming absorption by inverse bremss
lung including effects of laser-induced non-Maxwellian ele
tron distributions@32#. For gas-bag plasmas this effect r
duces electron temperatures by about 3%. Electron
transport is by diffusion with a flux limiter of 0.05. Th
calculations do not critically depend on the flux limiter. F
example, increasing the flux limiter to 0.1 results in a 6
lower temperature. Nine heater beams with a total of 21 k
3v were modeled, and one interaction beam delayed by
ns with 500 J at 3v was along the axis of symmetry. Furth
simulations were performed with heater beam energies
duced by 22% for neopentane filled gas bags and 31%
propane filled gas bags. These values correspond to the
sured energy losses by SBS and SRS sidescattering
backscattering of the unsmoothed heater beams. Nonl
thermodynamic equilibrium rate equations determined
ionization state and calculations of an atomic spectra mo
were used for the emissivities and opacities included in m
tigroup diffusive photon transport.

Unlike the more traditional targets for high-density las
plasma interactions~solid or exploding foil targets! the gas
bag targets convert most of the incident laser energy
thermal energy of the electrons and less into the kinetic
ergy of bulk plasma motion. The energy budget for a typi
gas-bag simulation is 22 kJ incident, 12.5 kJ absorbed, 8.
in electron thermal energy (Te53.3 keV! and only 2.6 kJ in
kinetic energy~21% of absorbed energy!. These numbers
should be compared with typical exploding foil plasm
where similar calculations~to produce a 10%ncr plasma
where the critical density is given byncr ~cm23)
51.131021/@l(mm)]2) show 22 kJ incident, 8 kJ absorbe
3.1 kJ in electron thermal energy (Te52.4 keV! and 4.5 kJ in
kinetic energy~56% of absorbed energy!. The heating of a
stationary low-density target is therefore a much more e
cient way of producing a high-temperature plasma with
added benefit that density and velocity gradients are m
less severe and therefore more suitable for experiments
mimic laser plasma interactions within indirectly driven i
ertial confinement fusion hohlraums.

B. Diagnostic techniques

For spectroscopic electron temperature measurement
observe the plasma emission through a crossed slit con
ration. A slit of 3-mm height and 150-mm width cut in a
copper shield~300mm thick, 3 mm in diameter! is mounted
on the target at a distance of 8 mm, effectively limiting t
plasma size seen by the spectrometer@Fig. 1~a!#. This slit
allows a view through the gas-bag center. At a distance
11.9 cm from the first slit we used four parallel slits~250-mm
width, 2-mm height! to image the emission onto four parall
strips of a gated microchannelplate~MCP! detector with a
factor of 2 magnification. Between the four slits and the m
crochannelplate a pentaerythritol crystal is mounted at
Bragg angle to spectrally disperse the plasma emission.
used curved crystals to obtain survey spectra and various
crystals for measurements with higher resolution. Sin
source broadening is efficiently reduced by the first slit
resolution ofl/Dl5800 is achieved by this type of spe
trometer@33#.
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The gated MCP detector@34,35# has four sensitive rect
angular strips~4340 mm2). A gate pulse of 0.08-ns squar
traverses the length of the strip along the wavelength dis
sion direction in 0.25 ns. This pulse results in a time reso
tion of 0.1 ns for the measurements of the dielectronic sa
lite spectra, because the lines of interest are only 3 mm a
on the MCP. The four strips can be timed independently.
chose a time delay of 0.25 ns between the strips, thus c
ering with four successive measurements the temporal e
lution of the gas-bag plasma, which is produced with a 1
square pulse. At the output of the MCP a P20 phospho
mounted, and its illumination is recorded on film~Kodak
TMAX 3200!, which we digitized with a resolution of 22
mm.

Four further diagnostics were fielded observing the x-
emission of gas-bag plasmas@Fig. 1~b!#. Two pinhole ~10
mm! cameras with gated x-ray MCP detectors@35,36# give
two-dimensional images of the emission with radiation en
gies ofE.2 keV. They observe the target parallel and o
thogonal to the washer surface measuring the size of
plasma. In general, these images show that a
t5t01(0.360.1) ns the plasma is homogeneous and
nearly spherical symmetry. Figure 2 shows an example
the measurements. On the images taken in the first 0.3 n
the experiment, the imprints of the laser beams are obser
The central hole of the Nova laser beams can be cle
identified in Fig. 2~a!. Before the focusing lens the bea
diameter is 68 cm, and the central part of 19-cm diamete
blocked. These measurements verify the alignment of
laser beams and monitor the illumination and heating of
plasma. Further successive images from the same shot d
onstrate the plasma homogeneity, and show no signific
deformation of the plasma during the first nanosecond@cf.
Figs. 2~b! and 2~c!#.

A x-ray streak camera observed the shock front propa
ing through the plasma. Figure 3 shows a measuremen
the x-ray emission filtered for energiesE.2 keV of a gas
bag as a function of time. A slit before the streak cam
with 10-mm width was used to image the center of the g
bag onto the photocathode. In this way spatial resolution

FIG. 2. Two-dimensional x-ray pinhole images of the emiss
of neopentane-filled gas bags with energiesE.2 keV for three
successive times of a single shot. The images were taken edge-
the washer, and their central part is blocked by the washer an
additional shield which is mounted on the washer. In~a! at
t5t010.25 ns the imprint of the laser beams can be observedt0
indicates the beginning of the laser heating!. In ~b! at t5t010.75 ns
the plasma emission is homogeneous, and in~c! at t5t011.25 ns
the radius of the emission region is slightly reduced because of
shock front moving toward the gas-bag center. During this time
significant deformation from a spherical symmetry or refraction
the plasma can be observed.



es
th
av
r
n
re
he
te

ra
iu
ra
t
e
th

a
-

e
in
h
t
-

-
s

t-

p-
-

ls. It
n-
ize
sat-
he
the

tion
n
ities
eir
m-
. 5,
al-

-
sen-

x-

f

a
Th
g

he
gas
ral
10
tern

930 55S. H. GLENZERet al.
achieved only along the horizontal direction. A ten tim
magnification was used, and the temporal resolution of
measurement is 25 ps. The emission front or blast w
propagates with a velocity of 53107 cm/s toward the cente
of the gas bag~Fig. 3!. The solution of the kinetic dispersio
relation@37# shows that for a CH plasma with a temperatu
of 3 keV this velocity coincides with the sound speed of t
plasma. At aboutt5t012.5 ns the shock reaches the cen
of the gas bag.

We also fielded a crystal spectrometer coupled to a x-
streak camera which detects the resonance lines of hel
like and hydrogenlike argon and chlorine with a tempo
resolution of 25 ps. The spectra are source broadened, so
the satellite and intercombination lines cannot be resolv
These data are useful to monitor the reproducibility of
temporal evolution of the plasma emission.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Electron temperature

Figure 4 gives an example of a film record showing
survey spectrum of theK-shell emission of argon and chlo
rine in the wavelength range of 0.33 nm,l,0.46 nm. The
spectrum is detected att5t010.6 ns, about 0.4 ns befor
peak temperature. A lineout is taken in the center averag
over 110mm along the height of the gas-bag plasma. T
lineout has been corrected for the wavelength-dependen
strument response@38#, filter transmission, and crystal reflec
tivity @39#. The He-b ~0.3365 nm!, Ly-a ~0.3737-nm!, and
the He-a ~0.3949 nm! spectral lines of argon and He-b
~0.3790 nm!, Ly-a ~0.4188 nm!, and the He-a ~0.4444 nm!
spectral lines of chlorine are easily identified@40,41#. On
the red wings of the Ly-a spectral lines, we also ob
serve weak 1s2l –2l 2l 8 dielectronic satellite transition
and on the red wings of the He-a spectral lines we ob-
serve the 1s2 1S–1s2p 3P° intercombination lines plus
1s22l –1s2l 2l 8 dielectronic satellite transitions. The sa
ellite feature on the red wing of the He-a line is dominated
by the j ,k,l satellites. The upper levels of thej ,k,l dielec-

FIG. 3. Streak camera measurement of the emission o
neopentane-filled gas bag with energiesE.2 keV. The measure-
ment was taken with the same angle of observation as Fig. 2,
the spatial resolution is along the midplane of the gas bag.
emission region of the plasma moves toward the center of the
bag with a velocity ofv553107 cm/s.
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tronic satellite transitions are primarily populated by the ca
ture of a free electrone by an ion~dielectronic capture sat
ellites!,

1s21e→1s2l 8nl 9. ~1!

The ion in the double excited state has two decay channe
can autoionize with emission of one electron to the co
tinuum, giving rise to resonance excitation, or it can stabil
by radiative decay, producing the observed dielectronic
ellite line emission. The dielectronic satellites occur on t
red wing of the resonance lines due to the screening of
excited nl electron. As pointed out by Gabriel@17#, the
temperature dependence of the dielectronic recombina
rate differs from that of the electron collisional excitatio
rate of the resonance lines. Therefore, the relative intens
of the dielectronic satellite transitions compared to th
close-lying resonance lines are very useful for electron te
perature measurements. This is demonstrated in Fig
where we show steady-state collisional-radiative model c
culations of the line intensity ratios of the He-a line of argon
to the j ,k,l dielectronic satellite transitions and of the Ly-a
line of argon to the 1s2p 1P° –2p2 1D satellite as a function
of the electron temperature. The two rates~dielectronic re-
combination and collisional excitation! have the same den
sity dependence and, therefore, these line ratios are not
sitive to electron density variations~cf. Fig. 5!. Electron
density sensitive satellite ratios often involve innershell e
citation from lithiumlike ions

1s22l 1e→1s2l 8nl 91e. ~2!

a

nd
e
as

FIG. 4. Example of the film showing a survey spectrum of t
K-shell emission of Ar and Cl dopants of a neopentane-filled
bag ~a!. Spatial resolution is in the vertical direction, and spect
resolution in the horizontal direction. A lineout averaging over 1
mm of the gas-bag emission shows the typical emission pat
consisting of the He-b, Ly-a, and He-a lines of argon and chlorine
~b!.
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55 931ELECTRON TEMPERATURE AND DENSITY . . .
For example, the population densities of the upper levels
thea,q dielectronic satellites~see below! are affected by this
mechanism.

Intensities of dielectronic satellite transitions were wide
employed to diagnose laser-produced plasmas@24,43#, mi-
cropinch discharges@44,45#, and plasma foci@25#. The
wavelengths, atomic transition probabilities or satellite li
strengths of the dielectronic satellite transitions were ca
lated in a number of theoretical studies@17,18,46,47#, and
advanced calculations for relevant electron collision cr
sections~e.g., Ref.@48#! have been performed. Atomic da
of this type were used for the analysis and spectral mode
@42# of the present experimental data. They have been te
in low density plasmas, where electron temperatures w
determined independently by nonspectroscopic techniq
@49,50#.

The analysis of the spectral line ratios was performed
time-dependent collisional-radiative modeling. In order
take into account the contributions of all relevant populat
mechanisms from an almost complete number of ato
states in the hydrogenlike, heliumlike, and lithiumlike io
ization stage, we used the codeFLY @42#. Lithiumlike dielec-
tronic satellite transitions with the upper-state configurat
1s2l 2l 8, and heliumlike dielectronic satellites wit
2l 2l 8, are taken into account. In this code, radiation tra
port is included by an escape factor approximation. Ho
ever, the concentration of the gas dopants in gas bag
chosen to obtain optically thin argon and chlorineK-shell
emission in the temperature range of interest. In particu
our calculations show that the inclusion of radiative transp
effects~self-absorption! does not affect the intensity ratio o
the He2a transition to thej ,k,l dielectronic satellites of
argon forTe.1.5 keV. For electron densities of 1021 cm23

the intensity ratio of the Ly-a line of argon to the
1s2p 1P° –2p2 1D satellite shows radiative transport effec
of the order of 10%~cf. Fig.5!.

FIG. 5. Steady-state collisional-radiative model calculations
the argonK-shell emission@42#. The line intensity ratios of the
He-a line ~bottom! to the j ,k,l dielectronic satellite transitions an
of the Ly-a line ~top! to the 1s2p 1P° –2p2 1D satellite are shown
as a function of the electron temperature for electron densitie
ne51020 and 1021 cm23. For the argon densities in gas bags t
ratio of the He-a line to the j ,k,l dielectronic satellites shows n
opacity~self-absorption! effects. Including opacity only the ratio o
the Ly-a line to the 1s2p 1P° –2p2 1D satellite is affected for
1021 cm23, resulting in a slightly smaller ratio for the whole tem
perature range.
of

-

s

g
ed
re
es

y

n
ic

n

-
-
is

r,
rt

In the present study the atomic modeling was carried
using a Maxwellian electron velocity distribution function.
modification of the electron impact excitation rates due to
effect of suprathermal electrons was not performed. For g
bag plasmas approximately 3% of the laser energy of
heater beams is converted into hot electrons, e.g., as a
ondary product of SRS. We measure a hot electron frac
of about 1% with temperatures of 17 keV by observing t
bremsstrahlung in the x-ray spectral region with calibra
diodes@1#. It has been shown that the line intensity ratio
the He-a line to the j ,k,l dielectronic satellites, which is
used in this investigation for temperature measurements
not sensitive to hot electron excitation for bulk electron te
peratures ofTe.1 keV @51#. However, hot electrons can b
seen to modify inner-shell excited dielectronic satellites, i
thea,q dielectronic satellite transitions, and the intercom
nation line@27,51#. In addition, satellites from double excite
states where at least one electron has the configurationnl
with n.2 are not taken into account in the analysis. The
fore, we require high spectral resolution to determine
satellite contributions other than thej ,k,l dielectronic satel-
lites; see Fig. 4.

Figure 6 shows two high-resolution measurements in
wavelength region of the He-a spectral line of argon de
tected att5t010.55 ns andt5t010.80 ns. From measure
ments of this type we deduce the line intensity ratio of t
He-a to the j ,k,l satellites with an error of less than 10%
This is achieved by fitting the measured data as shown
Fig. 6. We obtain a good fit of the detailed satellite structu
taking wavelengths from Ref.@47#. Ten individual lines have
been included in the fit where the line profiles were assum
to be equal. The contribution of alln53 satellites are ap-
proximated by a single profile, but with a larger width tha
the other lines. The line profile used in the fit is a Voi
function with 0.004-nm Gaussian and 0.002-nm Lorentz
width, and it represents essentially the instrument function
the detector. The dominant features are the He-a ~orW) line
~0.3949 nm!, the n53 dielectronic satellites~0.3955 nm!,
the intercombination~or Y! line: 1s2 1S–1s2p 3P° ~0.3969
nm!, the a,q,r ~0.3967–0.3986 nm! dielectronic satellites,
the k dielectronic satellite~0.3990 nm!, and the combined
j , l dielectronic satellites~0.3994 nm!. The contribution of
the l satellite to the feature atl50.3994 nm is 5%, and is
included in the collisional-radiative modeling. We find on
small deviations from the experimental data and the fit.
the blue wing of the He-a spectral line, the experimental da
show a feature which is not taken into consideration by
fit. This could be due to a berylliumlike 1s2p3–2s2 2s2 @52#
or a lithiumlike 1s2 3l –1s2l 83l @53# satellite transition. A
blue satellite was also observed in MgIX in a micropinch
discharge@54#. Another deviation occurs on the red wing o
the resonance transition in a wavelength region close to
n53 dielectronic satellite transitions, that is probably due
the fact that we approximated then53 dielectronic satellite
structure by a single line.

The fit and the analysis focus on satellites withn<3 spec-
tator electrons. The justification for ignoring other transitio
is as follows: The 1s2 1S–1s2s 3S spin-forbidden~or X) line
at l50.3994 nm coincides with thej satellite. However, its
intensity is negligibly small @55#. The results of the
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collisional-radiative modeling show for our plasma con
tions that its intensity is five orders of magnitude smal
than that of thej satellite. Furthermore, with increasing prin
cipal quantum number of the spectator electron, the wa
length of the respective dielectronic satellite transitio
(n54, etc.! are too close to the resonance line to be exp
mentally resolved. Fortunately, their contribution to the
tensity of the He-a line is negligible. It was shown in Ref
@17# that with increasing nuclear chargeZ, dielectronic sat-
ellites with n.2 spectator electrons become less importa
According to that work forZ.14, n53 dielectronic satel-
lites have become negligible. In the present study then53
satellites are intense enough to determine their magni
independently. However, the statement of Ref.@17# is con-
sistent with our observations~Fig. 6!, as the relative contri-
bution of then53 satellites to the intensity of the He-a line
is only 3.5%. Based on this observation, we expect satel
with the configurationnl with n.3 to be less intense, an
we have neglected those in the analysis.

The measurements shown in Fig. 6 are performed wit
spatial resolution of 50mm along the height of the gas ba
Since the plasma is symmetrically heated and the meas

FIG. 6. High-resolution spectra of the heliumlike resonan
line, intercombination line, and dielectronic satellites of arg
at t5t010.55 ns andt5t010.8 ns. The spectra were take
from a neopentane-filled gas bag and represent emission a
aged over 110mm along the height of the gas-bag plasma:h. To
determine the relative intensities of the argon spectral lines
spectrum was fit by ten lines~—!: 1, He-a or 1s2 1S0–1s2p

1P1;
2, n53 dielectronic satellites; 3,m or 1s22p 2P3/2–1s2p

2 2S1/2;
4, s,t or 1s22s 2S1/2–1s(2s2p

3P) 2P3/2,1/2; 5, Y or 1s2 1S0–
1s2p 3P1; 6, q or 1s22s 2S1/2–1s(2s2p

1P) 2P3/2; 7, a or
1s22p 2P3/2–1s2p

2 2P3/2; 8, r or 1s22s 2S1/2–
1s(2s2p 1P) 2P1/2; 9, k or 1s22p 2P1/2–1s2p

2 2D3/2; 10, j ,l or
1s22p 2P3/2,3/2–1s2p

2 2D5/2,3/2.
r

e-
s
i-
-
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de

s

a
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ments are performed at an angle of 14° to the washer ax
cylindrical symmetry for the plasma is assumed, allowing
Abel inversion of the measured intensities. To ensure
accuracy of the Abel inversion procedure, we tested differ
techniques. For example, we fit the radial intensities b
polynomial and performed the inversion by analytical in
gration. However, this procedure turned out to be too se
tive to small discrepancies between the measured intens
and the fit. Thus, especially in the center of the gas bag,
slope of the data becomes small, leading to large uncert
ties in the local emission coefficients. Significantly smal
errors were achieved by dividing the gas bag into 24 lay
with a thickness of 110mm. The local emission coefficient
are then derived by determining first the local emission
the most outer layer which is identical to the measured
tensity at the edge of the gas-bag plasma. With this value
local emission of the next outer layer can be derived. T
procedure is continued successively until the gas-bag ce
is reached.

Figure 7 shows examples of the measurements of
He-a and j ,k,l dielectronic satellites as a function of th
radius r of the gas bag att5t010.15 ns ~a! and
t5t010.75 ns~b!. The local emission coefficient at earl
times att5t010.15 ns shows a stronger He-a emission at
the edge of the gas bag than in the center, while thej ,k,l
satellite emission shows the opposite behavior. The inten
ratio of the He-a line to the j ,k,l satellites is plotted in the
inset, and clearly reveals a cold core and a hot shell of

e

er-

e

FIG. 7. Abel inversion for the He-a line and thej ,k,l dielec-
tronic satellites from a neopentane filled gas bag fort5t010.15 ns
~a! and t5t010.75 ns~b!. The lines~—! are the measured radia
intensities. The dots are the local emission coefficients after A
inversion (j: He-a; d: j ,k,l satellites!. The insets show the elec
tron temperature sensitive intensity ratio of the He-a transition to
the j ,k,l satellites. These type of measurements indicate a hot e
of the gas-bag plasma at early times and verify the good homo
neity of the gas-bag plasmas fort.t010.4 ns and for radiir,1
mm.
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55 933ELECTRON TEMPERATURE AND DENSITY . . .
gas-bag plasma. Fort5t010.75 ns the distribution of the
local emission coefficients and the intensity ratio of the Hea
line to the j ,k,l satellites clearly show that the center of t
plasma is homogeneous. When the plasma is homogene
i.e., for t010.40 ns,t,1.20 ns, errors in the local line
intensity ratios introduced by the Abel inversion are es
mated to be about 5%.

Figure 8 shows the intensity ratio of the He-a line to the
j ,k,l satellites as a function of time at a radius of 0.4 m
after Abel inversion. Data from 15 shots with an incide
laser energy of 2161 kJ are compiled in this plot. Typica
errors for individual intensity ratios arising from the fittin
procedure and the Abel inversion are about 15%, which
consistent with the reproducibility of the data. The lar
number of experimental data points allows us to deduce
electron temperature from the ratios shown in Fig. 8 in
pendently of a simulated plasma evolution. This is achie
by iteratively determining the electron temperature hist
by time-dependent collisional-radiative modeling usingFLY.
The iteration is started with temperatures inferred from
experimental ratios by steady-state calculations. These s
ing values determine an electron temperature history of
plasma which is used in the first iteration of the tim
dependent calculations. From the electron temperature
tory the temporal evolution of line intensity ratios is calc
lated and compared with the experimental ratios. After e
iteration a new set of electron temperatures is used to de
new line intensity ratios. This procedure is repeated until
further changes of the electron temperatures are necessa
match the experimental line intensity ratios. For the line
tensity ratios of the Ly-a line and respective dielectroni
satellites as well as for the isoelectronic He-b lines of argon
and chlorine, a difference of about 30% exists betwe
steady-state and time-dependent calculations. For the Ha
and j ,k,l dielectronic satellites, the difference is only 4%
thus indicating the reliability of this ratio as a diagnostic
the electron temperature evolution of these plasmas.

For the calculations the electron density is chosen to
constant, i.e.,ne51021 cm23 for neopentane-filled gas bag
This value is consistent with the intensity ratio of the inte
combination line and the He-a line of argon~see Sec. III B!
and with the measurement of the wavelength shift of stim
lated Raman scattered laser light@1#. It is also consistent
with the known fill density of the target. However, the exa

FIG. 8. Experimental ratios of the He-a line to the j ,k,l dielec-
tronic satellites of argon as a function of time atr50.4 mm. The
data are obtained from 15 shots with neopentane-filled gas ba
us,
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value is not critical for the determination of the electron te
perature. For example, steady-state collisional-radia
model calculations show that reducing the electron den
by one order of magnitude affects the electron tempera
determination by only about 5%~cf. Fig. 5!.

The result of the iteration is plotted in Fig. 9 for a radiu
of r50.4 mm together with calculated electron temperatu
of the hydrodynamic codeLASNEX @19#. Results of two simu-
lations are shown. The dashed curve corresponds to a
delivered energy of 21 kJ in the heater beams. The full cu
is the result of a simulation where heater beam losses
included. The sum of the losses by SBS and SRS sides
tering and backscattering were measured to be roughly c
stant for the duration of the heater beams, and account
22% for a neopentane-filled gas bag. The inclusion of
heater beam losses in the simulations significantly impro
the agreement between the experimental and calculated
The simulated peak electron temperature ofkBTe53 keV is
in excellent agreement with the experimental peak temp
ture of kBTe53.060.5 keV. Deviations between the simula
tions and the experiment occur during the heating phas
the plasma. The simulations predict a faster heating of
gas bags than experimentally observed. The discrepa
might be due to uncertainties of the measured heater b
losses by SRS and SBS which have a reproducibility
about 30%. Further contributions to the lag may be due
the atomic cross sections and transition probabilities use
the time-dependent collisional-radiative modeling and due
the simplified heat transport model used in theLASNEX simu-
lations.

In addition to the spectrum of the heliumlike resonan
transition of argon, we also measured the electron temp
ture using the 1s2p 1P° –2p2 1D dielectronic satellite tran-
sition on the red wing of the Ly-a line of argon. Figure 10
shows an example of a high-resolution spectrum in the wa
length range 0.372 nm,l,0.38 nm detected att5t010.60
ns. The two multiplet components of the Ly-a line at 0.3731

.

FIG. 9. Electron temperature as a function of time f
neopentane-filled gas bags atr50.4 mm. Experimental data o
three line ratios are shown together with the results of hyd
dynamic simulation. He-a to j ,k,l satellites: j; Ly-a to
1s2p 1P1–2p

2 1D2 satellite:s; He-b of Ar to the He-b of Cl: ¹.
The uncertainties of the experimental data are about 20%. The h
zontal error bar is 0.1 ns for all experimental data points.LASNEX

simulations for 21-kJ heater beam energy: - - -; LASNEX simulations
including the measured heater beam losses of 22% due to para
ric instabilities~corresponding to 16.4-kJ effective heater beam
ergy!: —.
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934 55S. H. GLENZERet al.
and 0.3737 nm are clearly resolved. The intensity ratio of
components is density sensitive@56#, and is consisten
with 1021 cm23. On the spectrum of Fig. 10 several diele
tronic satellite transitions can be seen, but only
1s2p 1P° –2p2 1D ~0.3771 nm! satellite is measurable ove
a time interval that permits a temperature history to be
tracted. The electron temperature from the relative inten
of this satellite to the Ly-a transition is also plotted in Fig. 9
We find good agreement between the electron temperat
inferred from the dielectronic satellite transitions of the Hea
and Ly-a transition for the full time interval of Fig. 9. In
particular, the peak temperatures agree within 5% dem
strating the mutual consistency of the temperature data.

Furthermore, the electron temperatures inferred from
electronic satellite transitions are consistent with those us
the isoelectronic line intensity ratio of the He-b lines, i.e.,
the 1s2 1S0–1s3p

1P° transitions in heliumlike ions, of ar
gon and chlorine~see Fig. 4! which was first proposed fo
temperature measurements in Ref.@20#. The electron tem-
perature evolution of the plasma obtained from this ratio
also plotted in Fig. 9. We find good agreement with t
results of the other techniques. Within the uncertainties
about 20% the electron temperatures inferred from the v
ous line ratios agree with each other. Small deviations oc
at early times (t010.40 ns,t,t010.60 ns! between the di-
electronic satellite technique and the isoelectronic techniq
These deviations are probably due to the fact that in this t
interval the He-b line is weak.

In Fig. 11 we show the electron temperatures as a fu
tion of the radius r of the plasma fort5t010.40 ns,
t5t010.75 ns, andt5t010.90 ns obtained from the He-a
line and thej ,k,l satellites. The center of gas bags with
diameter of 2 mm shows a homogeneous electron temp
ture distribution, for a time interval oft010.40 ns
,t,t011.10 ns. For this time during the plasma evoluti
reliable experimental temperature data are obtained, with
error of about 20%. This estimate includes uncertainties
the determination of the line ratios after fitting the expe

FIG. 10. High-resolution spectrum of the hydrogenlike res
nance lines and dielectronic satellites of argon att5t010.6 ns. The
spectrum represents emission averaged over 110mm along the
height of the gas-bag plasma~h!. To determine the relative inten
sities of the spectral lines the spectrum was fit by eight lines~—!.
Transitions in argon: 1, Ly-a component or 1s 2S1/2–2p

2P3/2; 2,
Ly-a component or 1s 2S1/2–2p

2P1/2; 3, 2s
2 1S0–1s2p

1P1 and
n53 satellites; 4, 1s2s 1S1–2s2p

1P3; 5, 1s2s
3S1–2s2p

3P2; 6,
1s2p 3P3–2p

2 3P2; 7, 1s2p
1P1–2p

2 1D2. Transition in chlorine:
8, 1s2 1S0–1s3p

1P1.
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mental spectra and performing the Abel inversion. The
homogeneous center of the plasma shown in Fig. 11 is
region where all heater beams overlap and homogeneo
heat the plasma. The electron temperature drops for r
larger than aboutr51 mm. In this region the heater beam
do not completely overlap, resulting in less energy abso
tion than in the central part of the plasma. Also shown in F
11 are the results ofLASNEX simulations fort5t010.90 ns.
In particular, the calculations which include heater beam
ergy losses compare well to the experimental data forr,1
mm. For larger radii the hydrodynamic simulations overes
mate the electron temperature. This may be due to the t
dimensional approximation in the simulations which do
not account for the lower effective heater beam intensitie
the edge of the gas bags. For very early timest,t010.25 ns
hot regions at the edge of the plasma are found~cf. Fig. 7!,
and for timest.t011.10 ns the intensities of some spectr
lines become too low so that the results of the Abel invers
is affected by significant errors. Moreover, as seen in Fig
the reproducibility of the experimental data is also reduc
after 1.10 ns. For these reasons we do not give tempera
data fort,t010.25 ns andt.t011.10 ns.

Peak electron temperatures for various gas fills are s
marized in Fig. 12. Besides C5H12, data are shown from
C3H8, CO2, and CF4, and a mixture of the latter two gase
These gases were used in Ref.@11# to vary electron and ion
Landau damping of the plasmas. For the time-depend
collisional-radiative modeling we used electron densities c
culated from the number of electrons in the bag. To rule
uncertainties we monitored the gas pressure of each ta
with a pressure transducer just prior to the laser shot. Ag
the calculated density is consistent with density sensitive
ratios as well as with spectra from stimulated Raman sca
ing, and is not critical for the determination of the electr
temperature. The temperature evolution and the peak va
are similar to those of neopentane-filled gas bags. The p
temperatures are reached later in time by about 0.20 ns.
temperature gradually increases with higher densities of
target. In Fig. 12 we plot the peak temperatures versus
ratio of the electron to the critical density of a 351.1-nm las
beam. The observed temperature scaling is consistent

- FIG. 11. Electron temperatures as a function of the radius
neopentane-filled gas bags after Abel inversion fort5t010.4 ns,
t5t010.75 ns, andt5t010.9 ns. The uncertainties of the exper
mental data are 20%. Also shown areLASNEX simulations at
t5t010.9 ns for 21-kJ heater beam energy~- - -! and for 16.4 kJ
which corresponds to the measured effective heater beam en
~—!.
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55 935ELECTRON TEMPERATURE AND DENSITY . . .
our understanding of inverse bremsstrahlung absorption.
example, detailedLASNEX simulations for propane with
21-kJ heater beam energy result in a 10% lower peak t
perature than for neopentane. Including the measured he
beam losses of 31% for propane and 22% for neopen
gives a 13% lower peak temperature for propane filled
bags than for neopentane, which is in excellent agreem
with the experiment.

B. Electron density

In this section we investigate the consistency of the l
intensity ratio of the intercombination line (1s2 1S–
1s2p 3P°) to the resonance transition~He-a) of heliumlike
argon with the electron densitites we expect from the
densities of the gas bags. This ratio is density sensitive,
also shows some dependence on the electron tempera
This is demonstrated in Fig. 13 where the results of stea

FIG. 12. Peak electron temperatures of gas bags filled with v
ous gases as a function of electron density, experimental data1.
Also shown are results ofLASNEX simulations for propane and neo
pentane calculated for a heater beam energy of 21 kJ:L; and for a
reduced heater beam energy of 16.4 kJ for neopentane and 14
for propane to account for heater beam losses by parametric i
bilities: n. The uncertainties of the experimental data are 20%.
calculational results which account for heater beam energy lo
agree well with the experiments.

FIG. 13. Steady-state collisional-radiative model calculatio
for the line intensity ratio of the 1s2 1S–1s2p 3P° intercombina-
tion ~or Y! line to the He-a transition of argon as a function of th
electron density forTe51 keV, Te52 keV, Te53 keV, and
Te54 keV @42#. While for Te51 keV the ratio is affected by self
absorption effects, there are no effects for larger temperatures
or
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state collisional-radiative model calculations are shown. T
line ratio is sensitive to electron density variations beca
the radiative decay rate of the triplet level is much sma
than that of the singlet level. With increasing electron den
ties the electron collisional depopulation rate of the trip
level assumes the same order as its radiative decay
Hence the relative upper state population and relative in
sity of the intercombination line decreases compared to
resonance line which upper level is predominantly depo
lated by radiative decay.

From two-dimensional x-ray images of gas bags we fi
that for t,t011.50 ns no significant rarefaction or devia
tions of the plasma from a spherical symmetry occur~cf. Fig.
2!. For that reason it was assumed that the electron densi
the plasma is simply given by the number of electrons of
gas filling and its pressure giving, e.g.,ne51021 cm23 for
neopentane. However, deviations from a homogeneous e
tron density distribution of the plasma are expected to oc
in the shock front which is launched by the explosion of t
membrane~cf. Fig. 3!. Our measurements and calculatio
indicate that the perturbations due to the shock are sig
cantly reduced for the 0.22-mm-thick membranes employe
here. In the present study a density peak ofne5231021

cm23 in a 100-mm-thick shell moving approximately with
the sound speed towards gasbag center is predicted
LASNEX simulations.

Figure 14 shows the experimental intensity ratio of t
intercombination to the resonance transition averaged o
five measurements for three radii,r50.4, 0.8, and 1.2 mm
For r50.4 mm no deviations of the electron density fro
ne51021 cm23 are expected, because the shock does
reach this radius in the time interval shown in Fig. 14. F
this reason we compare the measured line intensity ra
with calculated ratios employing the experimental electr
temperature history obtained in Sec. III A, and assume th
constant electron density ofne51021 cm23 is produced
within about 0.20 ns. We find quite good agreement betw
the calculated and the experimental ratios@Fig. 14~a!#. For
t,0.25 ns the experimental and calculated ratios assum
value of about 0.7, which gradually reduces to 0.3 for 0.25
,t,1.20 ns.

In addition, for a radius ofr50.8 mm the calculations are
in fair agreement with the experiment. In this case, o
LASNEX simulations show that the shock front with a dens
of ne5231021 cm23 arrives att't010.80 ns. The ratio is
calculated assuming that a density ofne51021 cm23 is pro-
duced withint5t010.20 ns, and perturbed att5t010.80 ns
for a duration of 0.15 ns. For that reason the calculated r
shows a kink att't010.80 ns, giving a minimum ratio o
0.2. Since the width of the shock is only about 100mm, the
present spectroscopic measurements and the Abel inve
technique is not sufficiently sensitive to resolve this pert
bation. However, the calculations are within the uncertain
of the experimental data@Fig. 14~b!#.

For a radius ofr51.2 mm, where the laser beams heat t
plasma first, the experimental intensity ratios differ from t
data obtained further inside of the gas bag. A constant in
sity ratio occurs of about 0.3 for 0.20 ns,t,1.20 ns. A
comparison with time-dependent collisional-radiative mod
ing is performed assuming that withint,t010.30 ns a den-
sity of ne5231021 cm23 is produced, decreasing withi
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936 55S. H. GLENZERet al.
0.10 ns to ne51021 cm23, and remains constant fo
t.t010.40 ns. Included in the calculations is the fact th
the electron temperature history differs from those furt
inside of the gas bag; in particular, the peak temperatur
only 2.2 keV ~cf. Fig. 11!. We find reasonable agreeme
between the experimental and calculated ratios.

FIG. 14. Electron density sensitive line ratio
(1s2 1S–1s2p 3P°)/He-a (1s2 1S–1s2p 1P°) of argon ~j! as a
function of time for three positions in a C5 H12 filled gas bag:
r50.4 mm~a!, r50.8 mm~b!, andr51.2 mm~c!. The horizontal
error bar is 0.1 ns for all experimental data points. The experime
ratios are compared with calculations~—! for a density of
ne51021 cm23 and a perturbation of about 0.1-ns duration includ
in ~b! and ~c! due to the shock. For a radius ofr50.4 mm ~a! a
shock perturbation occurs att.1.4 ns, and is therefore neglecte
At t'0.8 ns the shock reached the radius ofr50.8 mm, causing a
sharp decrease of the calculated ratio. At a radius ofr51.2 mm~c!
the shock causes a significantly smaller ratio att'0.2 ns as com-
pared to~a! and ~b!.
.
. F
H
.
.

t
r
is

Although reasonable agreement is obtained for all ra
within the experimental errors, the calculations are con
tently slightly greater than the experimental mean valu
These small deviations may be due to suprathermal elect
which influence the electron collisional excitation and redu
the population density of the 1s2p 3P° triplet level. These
suprathermal electrons reduce the intensity of the interc
bination line and therefore lead to a smaller intensity ra
Although, this effect is not included in our collisiona
radiative modeling, calculations for the line intensity ratio
the intercombination to the resonance line of argon h
been performed in Ref.@27#. For the present densities, the
calculations indicate that the intensity ratio is reduced by
electron excitation of the intercombination line by about 1
20 %. Taking this correction into account improves t
agreement between the experimental and calculated rati

IV. CONCLUSIONS

We applied accurate spectroscopic techniques to be
mark hydrodynamic simulations of inertial confinement f
sion plasmas. Our temporally and spatially resolved spec
scopic electron temperature and density measurement
neopentane-filled gas bags show a peak temperature
kBTe53 keV, and densities ofne51021 cm23. Further gas
fills have been investigated, and slightly lower temperatu
are observed for lower gas densities. These findings ar
agreement with two-dimensional hydrodynamic simulatio
using LASNEX. In particular, we take into account heat
beam energy losses by SBS and SRS sidescattering
backscattering which results in calculated peak temperat
that are within 3% of those measured in the experime
demonstrating our ability to simulate high-temperature la
scale-length laser-produced plasmas. Furthermore, the
perimentally observed homogeneous plasma center is
agreement with the simulations. However, discrepancies
observed when comparing the measured temporal evolu
of the temperature of the plasma with the details of the sim
lations. The experimental results show that the plasma h
more slowly than calculated. This observation might be
lated to uncertainties in the measurement of the heater b
energy losses, to uncertainties in the time-depend
collisional-radiative modeling or to the simplified heat tran
port model used in theLASNEX simulations.
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