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Non-local-thermodynamical-equilibrium effects in the x-ray emission of radiatively heated
materials of different atomic numbers
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X-ray self-emission of radiatively heated materials with different values ofZ has been investigated. Thin
foils were uniformly heated by a 120-eVHohlraum radiation of 400-ps duration in order to study the self-
emission of a homogeneous, optically thin material. The x-ray emission spectra were followed for more than
2 ns. The spectrally integrated emission shows not only a strongZ dependence, but different temporal behav-
iors for different values ofZ. The lower is the value ofZ of the x-ray heated matter, the longer is the duration
of self-emission. Theoretical comparison with a hydrocode andFLY post-processing shows a non-local-thermal
equilibrium behavior caused by direct photoionization due to the thermal pumping radiation, which has a
higher brightness temperature than the matter temperature of the heated material.
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I. INTRODUCTION

X-ray emission of radiatively heated matter is an issue
considerable importance especially for inertial confinem
fusion~ICF!. Homogeneous, thermal x-ray sources of seve
hundred eV in temperature@1# can be created in laser pla
mas of high-Z materials by the effective conversion of hig
intensity laser radiation. Hohlraum targets allow us to gen
ate intense, near Planckian radiation with brightness t
peratures up to 300 eV@2#. Heating of matter by this radia
tion adds impact to ICF, where in the case of indirec
driven ICF@3# the conversion occurs inside a Hohlraum ca
sule made of high-Z ~gold! material.

Another application is connected with the heating of th
foils for the purpose of opacity measurements. Thin foils
heated by thermal x rays so that fairly homogeneous t
perature and density are generated, which provides a p
bility to measure x-ray opacities@4,5#.

Self-emission of x-ray heated matter is an important iss
In ICF the fusion capsule is heated by thermal x rays. Wh
the use of high-Z material seems to be suitable for x-ra
converters, the fusion capsule is best coated with a lowZ
material that has low emission rates, and thus most of
energy is spent on the compression. Most recent wo
aimed at optimizing indirectly driven ICF by optimizing th
conversion of laser radiation to x rays on the external wal
the cavity, and by improving the absorption of the fusi
capsule by the choice of an optimized capsule ablator@6#. A
possible source of the energy losses in the fusion capsu
reemission of the heating x rays@7,8#. Although capsules
may reemit a considerable part ('50%) of the x-ray energy
@7,9#, most of the x rays are absorbed again and then ree
ted on the cavity wall@10#. Therefore, its relative importanc
in a high-Q cavity is not very high. Indeed, most works o
Hohlraum capsules simply neglect it@3,6#, even if it is em-
phasized@6# that some percent of improvement in the to
efficiency might be of considerable importance. Reemiss
of thick, low-Z foils was experimentally investigated in th
context@9,11,12# and the results, especially as concerns
1063-651X/2001/64~1!/016410~9!/$20.00 64 0164
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albedo, were in fairly good agreement with the simulatio
thus a scaling of the results up to fusion conditions beca
possible@9#.

An important problem is however the deviation from th
local thermal equilibrium~LTE!. The shape of the experi
mentally measured spectra deviated from that of the sim
tions in some details. A small deviation between experim
and theory was found between the intensity ratio of H- a
He-like C ions@9#. The relative weight of H-like lines found
in the experiments is higher than expected from the simu
tions, which were carried out based on a LTE model. N
that the hydrocode@13# and the following post-processin
use LTE opacities@9,14#. The deviation was therein attrib
uted to non-LTE effects due to photoexcitation and pho
ionization. It was concluded@9# that deviations from LTE for
the typical densities ofr50.1-g/cm3 ~where most of the
emission was emitted in the experiments! photoionization
may increase the hydrogenlike level population with a fac
of 10%, whereas the heliumlike level populations will d
crease.

Non-LTE effects are also important in opacity studies c
ried out with thin foils, in which case only absorption
investigated. The simultaneous investigation of emission
supplementary diagnostics which also gives informat
about the state of the foil, i.e., about deviations from LTE,
checking that to what degree absorption and emission fu
Kichhoff’s law.

The aim of the present work is to study the emission
radiatively heated matter under conditions when non-L
effects are present. Deviations from LTE are expected w
the density of the heated material becomes small, while
temperature is sufficiently high. The interaction with
Planckian radiation field can bring the sample into the L
state, but only if the interaction takes place for a sufficien
long time @1,15#. In this case collisions will no longer be
dominant, as compared with photoionization and photoex
tation. This was kept in mind when thin foils were chos
with heated densities about two orders of magnitude low
than that mentioned above. It can be mentioned that mos
previous works@16# on photoionization and photopumpin
©2001 The American Physical Society10-1
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FÖLDES, EIDMANN, VERES, BAKOS, AND WITTE PHYSICAL REVIEW E64 016410
aimed to study line coincidences for x-ray laser pumping
the present work the photoionization effect caused b
nearly Planckian radiation is studied. A concerning probl
can also been addressed, i.e., whether a thermal x-ray so
can be used for pumping x-ray lasers, although it might
less efficient@17#.

In previous experiments@11,12,9# thick samples were
heated by x rays from one side, and their emission was
vestigated from the same side but in the opposite direc
along the normal of the heated foil. The observed spectr
this case was a result of emission from an unhomogene
density and temperature distribution. Therefore, the spe
were modeled by solving the radiation transport equat
after the density and temperature distributions were ca
lated by a hydrocode. Although heating by x rays give
rather smooth density distribution and most of the emiss
occurs at a given density and temperature, the investiga
of x-ray emission from a uniform layer is easier to und
stand. Another problem is that in the case of planar geom
@11# the source radiation is not quite Planckian, whereas
the case ofHohlraumgeometry@12,9# one has only a limited
temporal window for the observation because of the clos
of the diagnostic hole and of cavity filling with gold plasm

In order to carry out experiments with clean conditio
we used in the present work a special type ofHohlraum
capsule@18,19# which was well characterized in shock-wav
experiments. The thickness of the emitter sample is cho
so that it is practically uniformly heated. The emitted rad
tion is observed parallel to the foil, i.e., altogether the em
sion of a uniformly heated layer with a considerable opti
depth is investigated. In this geometry plasma filling of t
cavity is not an important issue: no gold plasma will com
into the line of the observation. Therefore, emission of
radiatively heated matter can be observed over a long d
tion, and consequently the temporal dependence of its e
sion can be well studied.

The appropriate thickness of the material was chosen a
numerical simulations. The target foil must be heated u
formly early, at the beginning of the heating x-ray pulse.
order to investigate self-emission of materials with differe
values ofZ, the thickness of the foils were chosen to be
equal areal mass density for different materials, thus pro
ing similar conditions for the different materials. The thic
ness of the samples was chosen so that the characte
density of the material was as low as 1023 g/cm3 during
most part of the emission. Experiments were carried out
the lowestZ material, carbon, with different initial thick
nesses.

In Sec. II we describe the experimental setup and
shape of the targets and the emitter foils. Results of the t
porally and spectrally resolved emission spectra are analy
in Sec. III. In Sec. IV the experimental data are compa
with the MULTI hydrocode and theFLY post-processor.

II. EXPERIMENTAL SETUP

The experiments were carried out with the third harmo
ics of the ASTERIX IV iodine laser~a 200-J, 400-ps light
pulse of 0.44-mm wavelength!. The laser beam was focuse
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onto the target by anf /2 lens. The experimental arrangeme
is drawn in Fig. 1, and a photo of the target is also sho
there.

The Hohlraum capsule used was a so called labyrinth t
@18,20#, where the primary laser pulse falls on a conver
cone and does not directly strike the inner wall of the targ
This results in a very homogeneous x-ray field, but with t
drawback that this target is sensitive to the correct alignm
Poor alignment may cause the primary laser pulse to
directly onto the emitter foil, which was fixed onto a dia
nostic hole of 400-mm diameter on the rear side of the targe
In the case of correct alignment, however, the shock-w
experiments@18,20# showed that a very homogeneous sho
breakout occurs simultaneously in the whole area of the
agnostic hole, thus confirming the uniform heating at t
whole plane of the target foil. The velocity of the shoc
wave was directly measured to be 2.23106 cm/s in Al @20#,
from which the temperature of the heating x rays can
easily determined to be 120 eV according to a simple sca
law @9#. It should be noted that shock-wave experiments
broadly used for temperature measurements in Hohlraum
gets@2#, and the temperatures derived with this method is
good agreement with the one obtainable from spectrosc
@9#.

FIG. 1. Target-arrangement for the experiment~top! and a pho-
tograph of the target~bottom!.
0-2
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NON-LOCAL-THERMODYNAMICAL-EQUILIBRIUM . . . PHYSICAL REVIEW E 64 016410
The emitted radiation was observed with a 5000 lines/m
transmission grating spectrograph within the 1–6-nm sp
tral interval. The slit of the grating was parallel to the fo
thus the size of the expanding emitter determined the spe
resolution, which was found to be of 0.12 nm. As we sh
discuss later in detail when comparing the data with simu
tions, the foil expands to a thickness of'200mm within the
first nanosecond, it is about 100mm thick by the peak of the
pulse~naturally these data depend on the value ofZ). As a
heated foil of 400-mm diameter expands uniformly due t
the uniform heating, we can well neglect the absorbing eff
of the unheated part because it will not expand and thus
not screen the radiation from the heated range in the di
tion parallel to the foil. Special care was taken to screen
radiation of the expanding plasma from the entrance h
@14#.

The detector was an x-ray streak camera armed with a
coated carbon cathode. The output of the streak camera
mapped onto a CCD camera. The overall time resolution
the detection system was 30 ps.

The emitter foils were made of pure carbon, Al, Ti, A
and Au. The metals to be studied were evaporated o
8-mg/cm2-thick carbon layers. Targets made of different m
terials needed approximately the same total areal densitie
order to have similar conditions. The evaporated layers
an areal density of 15mg/cm2 on the 8-mg/cm2-thick carbon
layer, whereas the total thickness of pure carbon targets
25 mg/cm2. For the case of the lowestZ material~carbon!,
experiments were also carried out with different areal de
ties, i.e., 13 and 70mg/cm2, in order to see their effect on th
total emission.

In a preliminary experimental series a different, mo
simple type of cavity—a hollow gold cylinder of 1 mm
length and 1 mm diameter—was also used. In this case
laser was focused onto the cylinder perpendicularly to
axis, and the emitter foil was investigated in the longitudin
direction, as it was glued onto a longitudinal slit on the t
get. We mention here that experiments with this type of t
get were in reasonable agreement with those using labyr
targets. The labyrinth targets gave a more uniform illumin
tion with higher temperatures and cleaner conditions for
emitter, and they were also, better characterized previo
@19#; thus in the following we shall discuss only the expe
ment with these targets, as seen in Fig. 1.

The measured spectra were corrected for the wavele
dependence of the cathode sensitivity and quantum y
with the help of Henke tables@21#. The second order diffrac
tion component of the grating was also taken into accoun
the data acquisition process. In order to determine the t
emission, the spectra were integrated for a wavelength in
val from 2 to 6 nm. This is the spectral interval where t
plasma radiation in the Hohlraum target is of maximal inte
sity.

III. EXPERIMENTAL RESULTS

Figure 2 shows emitted spectra of Au, Ag, Ti, Al, and
The spectra are averaged over 600 ps at the time of m
mum emission. Note that the eventual small spectral edg
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'2 nm is due to the spectral edge of the CsI cathode wh
could not be fully smoothed out by the deconvolution. T
measured intensity of the emission is not absolutely c
brated, but is plotted in the same arbitrary units for the d
ferent materials in Fig. 2. The most intense emission is t
of the gold which element has the highest value ofZ. The
spectral structure is caused by theN-shell transitions, as dis
cussed in detail in several works dealing with opacities
high-Z matter@22#.

Ag and Ti also show strong emission. The tot
intensity—according to the expectations—is higher for A
i.e., for the material of higherZ. One can see features o
Ti XIII 2-3 lines on the Ti spectra corresponding to a high
ionized material, similarly to Al. The intensity of the T
emission is comparable with that of Al. The most importa
lines of the Al emission can well be identified. The emissi
of aluminum is dominated by theL-shell lines of the highly
ionized AlX and AlXI. In the carbon spectrum the most in
tense line is the Ly-a (1s-2p), while the He-a (1s2

21s2p) line is weak and cannot be separated from the ba
ground. Note that the low signal-to-noise ratio is caused

FIG. 2. Emitted spectra of Au, Ag, Ti, Al, and C averaged ov
0.6-ns duration. The Al lines identified are~a! Al XI 2s-5p, ~b! Al X

2s2p-2s5d and AlXI 2p-4d, ~c! Al X 2p2-2p4d, ~d! Al XI 2s-3p,
~e! Al X 2s2-2s3p and AlXI 2p-3d, and ~f! Al IX 2s22p-2s2p3p
and AlX 2p2-2p3d.
0-3
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the weakness of the signal in this case, and probably no
the emission of, e.g., gold, because the emission is mo
featured by the strong Ly-a line until the late stage of emis
sion, even at 2 ns after the time of maximal emission.
shorter wavelengths we can see the Ly-b (1s-3p) line and a
recombination continuum. Carbon spectra will be discus
in more detail in subsequent sections.

An interesting finding of our observations is the time d
pendence of the emission of different materials. The ti
dependence of the emission of Au, Al, and C is shown
Fig. 3 after spectral integration in the 2–6-nm range. T
emission of Au has a strong maximum, and then it decrea
rapidly. Its duration is comparable to the laser pulse durat
However, the time dependence of Al has a slower deca
the emission, i.e., the emission is still approximately ab
50% of the maximum value at 2 ns after the time of maxim
emission. This slow decay is even more pronounced for
lowestZ material, carbon. It can be mentioned that the de
of Ag and Ti is somewhat slower than that of Au, but not
slow as for Al and for C.

Figure 4 shows theZ dependence of the total spectral
integrated radiation. The emission of Au was taken to
unity, i.e., the emission relative to gold is given here. T
time integration was carried out until 1.0 ns after the peak
Au emission~the jitter was less than 100 ps!. The relative
strong total emission of carbon is caused by its slow dec
its emission increases from 30% of Au emission until 0.5
after the time of maximal emission to 45% until 1 ns~as seen
in Fig. 4!, and to 65% until 1.5 ns. That this long-lastin
emission originates from carbon is confirmed by that tha
the observed spectra the most characteristic feature wa
ways the Ly-a radiation.

A similar increase of the emission withZ was observed
previously by Nishimuraet al. @11# for elements of higherZ.
Those experiments were carried out with emitters of lar
density, aiming for conditions relevant for ICF.

FIG. 3. The time dependence of x-ray emission from Au,
and C in a spectral range of 2–6 nm.
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IV. DISCUSSION

Numerical simulations were carried out by using t
MULTI hydrocode@13#. MULTI is a one-dimensional code
which describes the radiation transport by a multigroup d
fusion approximation. Radiative opacities for the simulatio
were served by theSNOP code @23#. The calculations were
carried out with a squared sinusoidal Planckian pump
x-ray pulse@}sin2(pt/2t)# of 500-ps full width at half maxi-
mum ~FWHM! duration. As we consider the heating of
certain surface element of the Hohlraum target it must
kept in mind that it is heated by the radiation of the oth
surface elements, which might have different temperatu
because the target optimization aims to keep constant jus
temperature of the part to be investigated. Therefore,
heating radiation is averaged over the whole surface vis
to the sample. If the internal surface of the Hohlraum tar
is uniformly heated and there is no direct laser spot, it
possible to measure directly the x-ray source flux and
corresponding temperature at any~Au! wall elements@24#. In
the case of the present labyrinth target, the sample does
‘‘see’’ direct laser spots; the surface elements visible to
sample are not necessarily of the same temperature, and
distance from the sample can also differ. It is just the sam
that has a uniform temperature. Even in this case and sim
cases, we can well rely on the simulations which derive
time-dependent heating pulse from the agreement betw
the time dependence of the gold sample spectra for var
pumping sources@24#. As discussed previously in deta
@9,12,14# when comparing simulations with experiment
data obtained with the GEKKO XII and Asterix lasers, th

,

FIG. 4. Temporally integrated emission of different materials
compared to gold. The time integral was carried out until 1 ns a
the peak of maximal emission in an integrated spectral range of
nm.
0-4
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x-ray pulse may have asymmetry, and its total duration m
be somewhat ('20%) longer than the laser pulse itself.
recent paper@25# dealt with the pulse shape in detail, an
claimed a pulse duration for the asymmetric x-ray pulse t
is twice as long as the laser pulse. The experimentally
tained gold emission in our case was fairly symmetric; the
fore we remained at a symmetric pumping pulse through
this work.

Figure 5 shows the temperature and density distributi
for a 25-mg/cm2 carbon foil at different time steps as give
by MULTI . We can see that soon after switching on the he
ing pulse, i.e., well before its peak, both distributions be
to become uniform, with the temperature increasing until
maximum of the heating pulse. The results of simulatio
with different target thicknesses show that the layer hea
by the 120-eV thermal x-ray pulse becomes uniform
heated within the first 250 ps, i.e., during the rising of t
heating pulse, if the thickness is kept below a 80-mg/cm2

thickness. They also show that the size ('80% of the total
material! of the expanding foil remains below 200mm in the
first nanosecond and below 400mm in the second nanosec
ond. This means that in our perpendicular observation di
tion the emitter remains nearly one dimensional, and
small source size provides a fairly good resolution.

We can see that the temperature increases within a qu
ns up to nearly 70 eV, with a density less than 1022 g/cm23.

FIG. 5. Time evolution of temperature and density distributi
of a 25-mg/cm2 carbon foil as calculated by theMULTI hydrody-
namic code. The foil is irradiated from the left hand side by isot
pic Planckian x rays at a temperature of 120 eV and a FWHM
0.5 ns;t50 ns corresponds to the peak of the heating pulse.
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The maximum temperature remains lower than 80 eV
cause, with increasing temperature, the foil becomes m
and more transparent to the heating x rays. The density o
heated matter drops down to 1023 g/cm23 by the peak of the
heating pulse.

As a consequence of the uniformity it is reasonable
treat the foil as a material with a single~averaged! value of
density and temperature. The hydrodynamical behavior
similar for the different materials, as e.g., even Au becom
uniform soon as the heating pulse rises. The time evoluti
of the averaged electron temperature and density for g
and carbon are compared in Fig. 6. Evidently, the ma
temperature for both Au and C remains below the brightn
temperature of the heating radiation. Heating increases
temperature of the foil, which tends to reach thermal eq
librium at a material temperature equal to the brightness t
perature of the radiation during a long enough time. In
present case the optical thickness of the material is low
the heating is not effective enough; thus the temperature
the foil will not reach the brightness temperature of the he
ing radiation during the time of heating. Au has a high
value asZ, and consequently a higher opacity; that is w
higher matter temperature is obtained for Au than for C
can be clearly seen that a high-Z material~gold! cools down
faster which is attributed to the stronger radiation cooling
high-Z matter. The emission of Au, as calculated bySNOP

@23# shows a pulse duration roughly equal to the heat

-
f

FIG. 6. Time evolution of the averaged electron temperatu
density, and emitted intensity for a 25-mg/cm2-thick C layer, and
for 15-mg/cm2 Au on a 9-mg/cm2 C layer heated by 120-eV ther
mal x rays calculated byMULTI . The dash-dotted line illustrates th
shape of the heating x-ray pulse.
0-5
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FÖLDES, EIDMANN, VERES, BAKOS, AND WITTE PHYSICAL REVIEW E64 016410
pulse, in agreement with the experiments. Carbon emiss
however, decreases significantly more quickly than obser
in the experiments, and its maximum~note that in order to
show it in more detail it was multiplied by a factor of 5 i
Fig. 6! is also significantly lower than the one observe
Consequently the time integrated emission was calculate
be only about 10% of that of Au, in contrast to the observ
high value of Fig. 4.

Therefore, it seems necessary to carry out calculati
with a non-LTE model. In order to study non-LTE effec
caused by the low density of the matter and by the exte
radiation source, theFLY code @26# was used for post-
processing the hydrodynamic data given byMULTI . The FLY

code@26# can be used to analyze non-LTE effects. It solv
the time-dependent rate equations for elements ofZ being
between 2 and 26 in order to determine the populations
the different excitation and ionization states. An external
diation source can also be included.

The averaged ionizationZ of the 25-mg/cm2 carbon layer
is illustrated in Fig. 7, as given byFLY, comparing the results
of the time-dependent rate equations with and without
heating radiation taken into account. It is evident that
ionization rate of carbon is strongly underestimated if
thermal heating radiation of the material is neglected. I
just direct photoionization and photoexcitation which res
in a higherZ. The direct interaction with the heating radi
tion heats up the matter until it approaches thermal equ
rium. Note that our approach is only an approximation

FIG. 7. Averaged ionization of 25-mg/cm2-thick carbon.MULTI

simulations with a 120-eV sin2 heating pulse, post-processed b
FLY. The models ofFLY were the time-dependent model with radi
tion pumping taken into account~solid line!, and with direct radia-
tion pumping neglected~dashed line!.
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order to illustrate these effects, because the hydrocode i
uses the LTE approximation. The effect of radiation is ev
stronger on the level populations, as illustrated in Fig.
where the populations of then52 and 1 levels are shown
with and without heating radiation. The effect of radiation
that the population of then52 level increases by approxi
mately an order of magnitude, whereas that of then51 level
is depleted. The effect of photoionization is that part of t
C51 ions will be fully ionized, reducing the total number o
line-radiating ions. However, this effect is smaller than t
increase of then52 level population increase; therefor
strong emission is expected to be caused by radiation pu
ing.

Figure 9 illustrates the carbon spectra as calculated
FLY with and without radiation pumping taken into accou
at the time of maximum emission. Its main effect—
expected—is an increase of the emission. As to the spe
structure of emission, we must note here that line radiat
only from the Ly-a and Ly-b lines can be distinguished; th
Ly-g line already merges into the continuum, in good agr
ment with the experiments. The strong Ly-a radiation can be
attributed to the process of direct photoionization and pho
excitation. At these low densities the effect of collisions w
be reduced, and direct interaction with the external therm
radiation field must be taken into account.

The temporal behavior of carbon emission is illustrated
detail in Fig. 10, where a spectral integration is carried
from 200- to 600-eV photon energies both for the expe
mental and theoretical data calculated by theFLY postproces-
sor. We can see that the rise of the pulse and its shape ar
the maximal emission are well reproduced by the calcu
tions ~better than that with the LTE model in Fig. 6!. How-
ever, there is a considerable deviation between the calc
tions and the observations at the decay of the pulse, wh
the calculations suggest a faster decay than the obse

FIG. 8. Calculated populations of the 1s and 2p levels of C51

for a 25-mg/cm2-thick carbon foil with ~solid line! and without
radiation pumping taking into account~dashed line!.
0-6
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slow decay of x-ray emission. This disagreement canno
explained even if changing the atomic model inFLY. It seems
as if the source radiation in the Hohlraum target had a lon
duration than the 500 ps used throughout the calculat
However, a longer pulse duration contradicts the obser
shorter decay of gold emission. Thus, although the sim
tions ~Fig. 6! agree with the emission time of carbon bei
longer than that of gold, they do not reproduce the obser
slow decay of carbon emission in detail.

The results for Al foil proved to be a good example
illustrate radiative pumping effects, which can be done
comparing the obtained spectroscopical results withFLY cal-
culations of the averaged ionizationZ. Figure 11 compares
the calculations with and without radiation pumping tak
into account. If we neglect direct radiation in the tim

FIG. 9. Calculated carbon spectrum with~solid line! and with-
out direct radiation pumping taken into account~dashed line!.

FIG. 10. Time dependence of the emission of a 25-mg/cm2-
thick carbon after spectral integration from 200 to 600 eV as gi
by experiment~solid line, squares! and theory~dashed line, circles!.
01641
e

er
n.
d
-

d

y

dependentFLY calculations, the calculatedZ value is as low
as 8 all the time, significantly lower than expected from t
observed spectra, where dominating radiation from Al91 and
Al101 ions were observed. The long-lasting high ionizati
state is in agreement with the experiments, which show
that strong lines of Al101 are present until at least 0.5 ps aft
the peak of emission, whereas Al91 lines remain strong until
more than 1 ns after the time of the peak emission. Thus
can see that the observed spectra, which is dominated
this late time by Al91 and Al101, can only be explained by
the effect of direct photoionization taken into account.

One of the driving ideas for the present investigation w
the eventual use of thermal radiation for x-ray laser pum
ing. It is well known that photoionization may lead to
depletion of the ground state and to a photoionization la
@27#. Its possibilities for a carbon Ly-a laser was discusse
for the case of monochromatic pumping by Goodwin and F
@17#, where it was mentioned that monochromatic pump
is more efficient than thermal pumping. However, if one h
an intense Planckian pumping source with a spectral m
mum near the ionization potential of C51, as is the case with
100–120-eV radiation, the expectations can be similar
cause the shape of the Planckian spectrum drops rather
for lower photon energies, i.e., most of it can well be us
for pumping. Thus the photoionization probability of then
52 levels by this radiation is significantly lower than that
the n51 levels according to Kramers’ law@28#. Our calcu-
lations with theFLY code show—in agreement with the pr

n

FIG. 11. Averaged ionization of Al on C.MULTI simulations
with a 120-eV sinusoidal heating pulse, post-processed byFLY. The
models ofFLY were the time-dependent model with radiation pum
ing taken into account~solid line!, and with direct radiation pump-
ing neglected~dashed line!.
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vious detailed work@17#—that in order to obtain inversion
the material temperature must be kept as low as 10 eV be
‘‘switching on’’ the pump radiation. Also, the required in
tensity is significantly higher (1015 W/cm2) than the intensity
corresponding to the 120-eV brightness temperature. Th
fore, the realization of this laser scheme with a Planck
pumping does not seem probable in the next future.

V. CONCLUSION

Experiments were carried out to study the self-emission
radiatively heated thin foils. It was found—according
expectations—that materials of higher values ofZ emit more
strongly than low-Z materials. Low-Z materials however
emit for a longer time; therefore, the difference betwe
time-integrated emission decreases with time. The exp
mental results were compared withMULTI simulations both
with SNOP and FLY post-processing. The observed emiss
of the low-Z materials was stronger and of longer durati
than given by the calculations. The reason for this deviat
could not well be explained.

The experiments were carried out on low-density foils
order to study the radiative pumping. The density was so
that it became transparent for the heating radiation, i.e
became optically thin. Consequently the temperature
mained significantly lower than that of the temperature of
heating radiation; therefore no equilibrium with the heati
.
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radiation could be established. The observed high ioniza
state of carbon and aluminum can be attributed to non-L
effects when it is heated by a Planckian radiation with
brightness temperature significantly exceeding the mate
temperature of the heated optically thin foil. Probably dire
photoionization and photoexcitation causes a higher ion
tion of the low-Z matter. Thus even if the material is heate
by thermal radiation, it might be in a non-LTE state if the
is not enough time for the material to reach the brightn
temperature of the heating radiation. It is also concluded
for the photoionization laser@27# on the carbon Ly-a line a
monochromatic pumping source@17# is still preferred.

The thin carbon foil was nearly fully ionized by the high
temperature radiation; therefore the non-LTE effects w
difficult to be observed. The photopumping effect we
therefore stronger in the case of Al. The observed lo
lasting high ionization state observed in aluminum dra
attention to the importance of photoionization and photo
citation.
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