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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 valueg bfs been investigated. Thin

foils were uniformly heated by a 120-eMohlraum 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 sZatependence, but different temporal behav-
iors for different values oZ. The lower is the value af of the x-ray heated matter, the longer is the duration

of self-emission. Theoretical comparison with a hydrocoderamdpost-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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[. INTRODUCTION albedo, were in fairly good agreement with the simulations,
thus a scaling of the results up to fusion conditions became
X-ray emission of radiatively heated matter is an issue ofpossible[9].
considerable importance especially for inertial confinement An important problem is however the deviation from the
fusion (ICF). Homogeneous, thermal x-ray sources of severalocal thermal equilibrium(LTE). The shape of the experi-
hundred eV in temperatufd] can be created in laser plas- mentally measured spectra deviated from that of the simula-
mas of highZ materials by the effective conversion of high tions in some details. A small deviation between experiment

intensity laser radiation. Hohlraum targets allow us to gener@d theory was found between the intensity ratio of H- and

ate intense, near Planckian radiation with brightness temii€-like C ions[9]. The relative weight of H-like lines found

; : : the experiments is higher than expected from the simula-
peratures up to 300 ef2]. Heating of matter by this radia- " - ;
tion adds impact to ICF, where in the case of indirectlyt|ons, which were carried out based on a LTE model. Note

: ' . ‘that the hydrocod¢13] and the following post-processing
driven ICF([3] the CONVersion occurs inside a Hohlraum cap use LTE opacitie$9,14]. The deviation was therein attrib-
sule made of higlZ (gold) material.

A . . ._uted to non-LTE effects due to photoexcitation and photo-
Another application is connected with the heating of thlnionization. It was conclude®] that deviations from LTE for
foils for the purpose of opacity measurements. Thin foils argpe typical densities op=0.1-g/cn? (where most of the

heated by thermal x rays so that fairly homogeneous teMamission was emitted in the experimenghotoionization
perature and density are generated, which provides a posstjay increase the hydrogenlike level population with a factor
bility to measure x-ray opacitieg,5]. of 10%, whereas the heliumlike level populations will de-
Self-emission of x-ray heated matter is an important issuegregse.
In ICF the fusion capsule is heated by thermal x rays. While  Non-LTE effects are also important in opacity studies car-
the use of highz material seems to be suitable for x-ray ried out with thin foils, in which case only absorption is
converters, the fusion capsule is best coated with aZow- investigated. The simultaneous investigation of emission is a
material that has low emission rates, and thus most of theupplementary diagnostics which also gives information
energy is spent on the compression. Most recent workabout the state of the foil, i.e., about deviations from LTE, by
aimed at optimizing indirectly driven ICF by optimizing the checking that to what degree absorption and emission fulfill
conversion of laser radiation to x rays on the external wall ofichhoff's law.
the cavity, and by improving the absorption of the fusion The aim of the present work is to study the emission of
capsule by the choice of an optimized capsule abl@prA radiatively heated matter under conditions when non-LTE
possible source of the energy losses in the fusion capsule isffects are present. Deviations from LTE are expected when
reemission of the heating x ray3,8]. Although capsules the density of the heated material becomes small, while its
may reemit a considerable part60%) of the x-ray energy temperature is sufficiently high. The interaction with a
[7.,9], most of the x rays are absorbed again and then reemiPlanckian radiation field can bring the sample into the LTE
ted on the cavity wall10]. Therefore, its relative importance state, but only if the interaction takes place for a sufficiently
in a highQ cavity is not very high. Indeed, most works on long time[1,15]. In this case collisions will no longer be
Hohlraum capsules simply neglect[8,6], even if it is em-  dominant, as compared with photoionization and photoexci-
phasized 6] that some percent of improvement in the total tation. This was kept in mind when thin foils were chosen
efficiency might be of considerable importance. Reemissiowith heated densities about two orders of magnitude lower
of thick, low-Z foils was experimentally investigated in this than that mentioned above. It can be mentioned that most of
context[9,11,19 and the results, especially as concerns therevious works16] on photoionization and photopumping
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aimed to study line coincidences for x-ray laser pumping. In Labyrinth target
the present work the photoionization effect caused by a
nearly Planckian radiation is studied. A concerning problem TInTY ASTERIX IV
can also been addressed, i.e., whether a thermal x-ray sourc f iodine laser
can be used for pumping x-ray lasers, although it might be A=0.44pm
less efficien{17]. 200]

In previous experiment$11,12,9 thick samples were 400ps

heated by x rays from one side, and their emission was in-
vestigated from the same side but in the opposite directior
along the normal of the heated foil. The observed spectra ir
this case was a result of emission from an unhomogeneou gpservation of
density and temperature distribution. Therefore, the spectré  emission
were modeled by solving the radiation transport equation
after the density and temperature distributions were calcu
lated by a hydrocode. Although heating by x rays gives a
rather smooth density distribution and most of the emission
occurs at a given density and temperature, the investigatio
of x-ray emission from a uniform layer is easier to under-
stand. Another problem is that in the case of planar geometr
[11] the source radiation is not quite Planckian, whereas in
the case oHohlraumgeometry[12,9] one has only a limited
temporal window for the observation because of the closurg
of the diagnostic hole and of cavity filling with gold plasma.
In order to carry out experiments with clean conditions
we used in the present work a special typeHihlraum
capsulg 18,19 which was well characterized in shock-wave
experiments. The thickness of the emitter sample is chose
so that it is practically uniformly heated. The emitted radia-
tion is observed parallel to the fail, i.e., altogether the emis-
sion of a uniformly heated layer with a considerable optical
depth is investigated. In this geometry plasma filling of the 400HM
cavity is not an important issue: no gold plasma will come
into the line of the observation. Therefore, emission of the
radiatively heated matter can be observed over a long dura- FIG. 1. Target-arrangement for the experiméop) and a pho-
tion, and consequently the temporal dependence of its emigegraph of the targetbottom.

sion can be well studied. _ onto the target by afV2 lens. The experimental arrangement
The appropriate thickness of the material was chosen aftef yrawn in Fig. 1, and a photo of the target is also shown
numerical simulations. The target foil must be heated unizpere.

formly early, at the beginning of the heating x-ray pulse. I 1he Hohiraum capsule used was a so called labyrinth type
order to investigate self-emission of materials with different[18 20, where the primary laser pulse falls on a converter

values ofZ, the thickness of the foils were chosen to be ofqne and does not directly strike the inner wall of the target.
equal areal mass density for different materials, thus providypis resyits in a very homogeneous x-ray field, but with the
ing similar conditions for the different materials. The th|ck_- drawback that this target is sensitive to the correct alignment.
ness of the samples was chosen so t[‘fa(;‘ thﬁﬁChar?Cte”S%or alignment may cause the primary laser pulse to fall
density of the material was as low as t0g/cnr during  gjrectly onto the emitter foil, which was fixed onto a diag-

most part of the emission. Experiments were carried out fof,tic hole of 40gum diameter on the rear side of the target.

the lowestZ material, carbon, with different initial thick- |, the case of correct alignment, however, the shock-wave
NEsses. experimentg§18,20 showed that a very homogeneous shock

In Sec. Il we describe the experimental setup and theeakout occurs simultaneously in the whole area of the di-
shape of the targets and the emitter foils. Results of the temgqotic hole, thus confirming the uniform heating at the

porally and spectrally resolved emission spectra are analyzegf, e plane of the target foil. The velocity of the shock-
in_ Sec. lll. In Sec. IV the experimental data are comparec\th,ive was directly measured to be 2.20° cm/s in Al[20],
with the MuLTI hydrocode and theLy post-processor. from which the temperature of the heating x rays can be
easily determined to be 120 eV according to a simple scaling
Il. EXPERIMENTAL SETUP law [9]. It should be noted that shock-wave e_xperiments are
broadly used for temperature measurements in Hohlraum tar-
The experiments were carried out with the third harmon-gets[2], and the temperatures derived with this method is in
ics of the ASTERIX IV iodine lasefa 200-J, 400-ps light good agreement with the one obtainable from spectroscopy
pulse of 0.44xm wavelength The laser beam was focused [9].

sample
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The emitted radiation was observed with a 5000 lines/mm
transmission grating spectrograph within the 1-6-nm spec- Au
tral interval. The slit of the grating was parallel to the foil; 10 1
thus the size of the expanding emitter determined the spectral 4d-5f dat
resolution, which was found to be of 0.12 nm. As we shall I 4p-5s
discuss later in detail when comparing the data with simula-
tions, the foil expands to a thicknesseR00 um within the
first nanosecond, it is about 1@0n thick by the peak of the
pulse(naturally these data depend on the valueZpf As a
heated foil of 400em diameter expands uniformly due to 4-5
the uniform heating, we can well neglect the absorbing effect
of the unheated part because it will not expand and thus will
not screen the radiation from the heated range in the direc-
tion parallel to the foil. Special care was taken to screen the
radiation of the expanding plasma from the entrance hole
[14].

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

The emitter foils were made of pure carbon, Al, Ti, Ag,
and Au. The metals to be studied were evaporated onto
8-uglcnt-thick carbon layers. Targets made of different ma-
terials needed approximately the same total areal densities in
order to have similar conditions. The evaporated layers had
an areal density of 15.g/cn? on the 8 ug/cn?-thick carbon
layer, whereas the total thickness of pure carbon targets was
25 uglcnt. For the case of the lowe& material (carbon,
experiments were also carried out with different areal densi-
ties, i.e., 13 and 7@.g/cn?, in order to see their effect on the . . . .
total emission. 1 2 3 4 5 6 7

In a preliminary experimental series a different, more wavelength (nm)
simple type of cavity—a hollow gold cylinder of 1 mm

length and 1 mm dlameter—wa§ also used. Ir! this case .th63.6-ns duration. The Al lines identified af@ Al x1 2s-5p, (b) Al x
laser was focused onto the cylinder perpendicularly to 't3232p-235d and Alxi 2p-4d, (0) Al x 2p2-2p4d, (d) Al xi 2s-3p
axis, and the emitter foil was investigated in the Iongitudinal(e) Al x 25%-23p and A|XI'2p-3d and (f) Al X 2522p-252p3|c;

direction, as it was glued onto a longitudinal slit on the tar-;,4 aix 2p2-2p3d.

get. We mention here that experiments with this type of tar-

get were in reasonable agreement with those using labyrinte2 nm is due to the spectral edge of the Csl cathode which

targets. The labyrinth targets gave a more uniform illuminacould not be fully smoothed out by the deconvolution. The

tion with higher temperatures and cleaner conditions for theneasured intensity of the emission is not absolutely cali-

emitter, and they were also, better characterized previousliyrated, but is plotted in the same arbitrary units for the dif-

[19]; thus in the following we shall discuss only the experi- ferent materials in Fig. 2. The most intense emission is that

ment with these targets, as seen in Fig. 1. of the gold which element has the highest valueZofThe
The measured spectra were corrected for the wavelengidpectral structure is caused by tReshell transitions, as dis-

dependence of the cathode sensitivity and quantum yieldyssed in detail in several works dealing with opacities of
with the help of Henke tabld21]. The second order diffrac- nigh-z matter[22].

tion component of the grating was also taken into account in Ag and Ti also show strong emission. The total
the data acquisition process. In order to determine the tOtahtensity—according to the expectations—is higher for Ag,
emission, the spectra were integrated for a wavelength intef-e_ for the material of higheZ. One can see features of
val from 2 to 6 nm. This is the SpeCtral interval where theT| Xl 2-3 lines on the Ti Spectra Corresponding to a h|gh|y
plasma radiation in the Hohlraum target is of maximal inten-ionized material, similarly to Al. The intensity of the Ti
Sity. emission is comparable with that of Al. The most important
lines of the Al emission can well be identified. The emission
of aluminum is dominated by thie-shell lines of the highly
ionized Alx and Alxi. In the carbon spectrum the most in-
Figure 2 shows emitted spectra of Au, Ag, Ti, Al, and C.tense line is the Ly (1s-2p), while the Hea (1s?

The spectra are averaged over 600 ps at the time of maxi-1s2p) line is weak and cannot be separated from the back-
mum emission. Note that the eventual small spectral edge afround. Note that the low signal-to-noise ratio is caused by
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FIG. 2. Emitted spectra of Au, Ag, Ti, Al, and C averaged over

Ill. EXPERIMENTAL RESULTS
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FIG. 3. The time dependence of x-ray emission from Au, Al, . . . .
and C in a spectral range of 2—6 nm. 0'20 20 40 60 80
z

the weakness of the signal in this case, and probably not by ) o ) )
FIG. 4. Temporally integrated emission of different materials as

the emission of, e.g., gold, because the emission is mostlg N , :

featured by the strong Ly line until the late stage of emis- ompared to gold. The time integral was carried out until 1 ns after
. . . . the peak of maximal emission in an integrated spectral range of 2—6

sion, even at 2 ns after the time of maximal emission. At

shorter wavelengths we can see the®y4s-3p) line and a

recombination continuum. Carbon spectra will be discussed

in more detail in subsequent sections.

An interesting finding of our observations is the time de- Numerical simulations were carried out by using the
pendence of the emission of different materials. The timevwuLTi hydrocode[13]. MULTI is a one-dimensional code,
dependence of the emission of Au, Al, and C is shown inwhich describes the radiation transport by a multigroup dif-
Fig. 3 after spectral integration in the 2—6-nm range. Thefusion approximation. Radiative opacities for the simulations
emission of Au has a strong maximum, and then it decreasegere served by theNopr code[23]. The calculations were
rapidly. Its duration is comparable to the laser pulse durationcarried out with a squared sinusoidal Planckian pumping
However, the time dependence of Al has a slower decay ix-ray pulse o sir’(wt/27)] of 500-ps full width at half maxi-
the emission, i.e., the emission is still approximately abouimum (FWHM) duration. As we consider the heating of a
50% of the maximum value at 2 ns after the time of maximalcertain surface element of the Hohlraum target it must be
emission. This slow decay is even more pronounced for th&ept in mind that it is heated by the radiation of the other
lowestZ material, carbon. It can be mentioned that the decayurface elements, which might have different temperatures
of Ag and Ti is somewhat slower than that of Au, but not asbecause the target optimization aims to keep constant just the
slow as for Al and for C. temperature of the part to be investigated. Therefore, the

Figure 4 shows th& dependence of the total spectrally heating radiation is averaged over the whole surface visible
integrated radiation. The emission of Au was taken to beo the sample. If the internal surface of the Hohlraum target
unity, i.e., the emission relative to gold is given here. Theis uniformly heated and there is no direct laser spot, it is
time integration was carried out until 1.0 ns after the peak opossible to measure directly the x-ray source flux and the
Au emission(the jitter was less than 100 psThe relative  corresponding temperature at aiiyu) wall elementg24]. In
strong total emission of carbon is caused by its slow decaythe case of the present labyrinth target, the sample does not
its emission increases from 30% of Au emission until 0.5 ns‘see” direct laser spots; the surface elements visible to the
after the time of maximal emission to 45% until 1(as seen sample are not necessarily of the same temperature, and their
in Fig. 4), and to 65% until 1.5 ns. That this long-lasting distance from the sample can also differ. It is just the sample
emission originates from carbon is confirmed by that that inthat has a uniform temperature. Even in this case and similar
the observed spectra the most characteristic feature was aases, we can well rely on the simulations which derive the
ways the Lye radiation. time-dependent heating pulse from the agreement between

A similar increase of the emission with was observed the time dependence of the gold sample spectra for various
previously by Nishimurat al.[11] for elements of higheZ. pumping sourceg24]. As discussed previously in detail
Those experiments were carried out with emitters of largef9,12,14 when comparing simulations with experimental
density, aiming for conditions relevant for ICF. data obtained with the GEKKO XII and Asterix lasers, the

IV. DISCUSSION
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) . o FIG. 6. Time evolution of the averaged electron temperature,
FIG. 5. Time evolution of temperature and density distribution density, and emitted intensity for a 2bg/cn?-thick C layer, and
of a 25ug/cn? carbon foil as calculated by theuLti hydrody- for 15-ug/cm? Au on a 9ug/cn? C layer heated by 120-eV ther-
namic code. The foil is irradiated from the left hand side by isotro- 41 x rays calculated byuLTi. The dash-dotted line illustrates the
pic Planckian x rays at a temperature of 120 eV and a FWHM ofgpane of the heating x-ray pulse.
0.5 ns;t=0 ns corresponds to the peak of the heating pulse.

The maximum temperature remains lower than 80 eV be-
x-ray pulse may have asymmetry, and its total duration mayause, with increasing temperature, the foil becomes more
be somewhat+20%) longer than the laser pulse itself. A and more transparent to the heating x rays. The density of the
recent papef25] dealt with the pulse shape in detail, and heated matter drops down to 1Dg/cm 23 by the peak of the
claimed a pulse duration for the asymmetric x-ray pulse thaheating pulse.
is twice as long as the laser pulse. The experimentally ob- As a consequence of the uniformity it is reasonable to
tained gold emission in our case was fairly symmetric; theretreat the foil as a material with a singlaverageivalue of
fore we remained at a symmetric pumping pulse throughoudlensity and temperature. The hydrodynamical behavior was
this work. similar for the different materials, as e.g., even Au becomes

Figure 5 shows the temperature and density distributionsiniform soon as the heating pulse rises. The time evolutions
for a 25ug/cn? carbon foil at different time steps as given of the averaged electron temperature and density for gold
by MULTI. We can see that soon after switching on the heatand carbon are compared in Fig. 6. Evidently, the matter
ing pulse, i.e., well before its peak, both distributions begintemperature for both Au and C remains below the brightness
to become uniform, with the temperature increasing until theemperature of the heating radiation. Heating increases the
maximum of the heating pulse. The results of simulationgemperature of the foil, which tends to reach thermal equi-
with different target thicknesses show that the layer heatetlbrium at a material temperature equal to the brightness tem-
by the 120-eV thermal x-ray pulse becomes uniformlyperature of the radiation during a long enough time. In the
heated within the first 250 ps, i.e., during the rising of thepresent case the optical thickness of the material is low and
heating pulse, if the thickness is kept below a @fcn? the heating is not effective enough; thus the temperature of
thickness. They also show that the sizeQ0% of the total the foil will not reach the brightness temperature of the heat-
materia) of the expanding foil remains below 2@0m in the  ing radiation during the time of heating. Au has a higher
first nanosecond and below 4Q@0n in the second nanosec- value asZ, and consequently a higher opacity; that is why
ond. This means that in our perpendicular observation diredaigher matter temperature is obtained for Au than for C. It
tion the emitter remains nearly one dimensional, and the&an be clearly seen that a highmaterial(gold) cools down
small source size provides a fairly good resolution. faster which is attributed to the stronger radiation cooling in

We can see that the temperature increases within a quarteigh-Z matter. The emission of Au, as calculated &yor
ns up to nearly 70 eV, with a density less than 4@/cm 3. [23] shows a pulse duration roughly equal to the heating
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FIG. 8. Calculated populations of thes aind 2 levels of C*
for a 254ug/cn?-thick carbon foil with (solid line) and without
30 * * : : _: : : — > radiation pumping taking into accoufdashed ling

fime (ns) order to illustrate these effects, because the hydrocode itself
uses the LTE approximation. The effect of radiation is even

FIG. 7. A d ionizati -thi | . . . .
veraged ionization of 2fsg/cnt-thick carbonmuLTi stronger on the level populations, as illustrated in Fig. 8,

simulations with a 120-eV sfnheating pulse, post-processed by h h lati f the—
FLY. The models ofLy were the time-dependent model with radia- wi ere the .popu at|0n§ o t ?__2 and 1 levels are _ShF’W”.
tion pumping taken into accoursolid line), and with direct radia- with and without heating radiation. The effect of radiation is

tion pumping neglecteddashed ling that the population of the=2 level increases by approxi-
mately an order of magnitude, whereas that ofrtkel level

pulse, in agreement with the experiments. Carbon emissions depleted. The effect of photoionization is that part of the

however, decreases significantly more quickly than observe@®+ ions will be fully ionized, reducing the total number of

in the experiments, and its maximugnote that in order to line-radiating ions. However, this effect is smaller than the

show it in more detail it was multiplied by a factor of 5 in increase of then=2 level population increase; therefore,

Fig. 6) is also significantly lower than the one observed.strong emission is expected to be caused by radiation pump-

Consequently the time integrated emission was calculated tog.

be only about 10% of that of Au, in contrast to the observed Figure 9 illustrates the carbon spectra as calculated by

high value of Fig. 4. FLY with and without radiation pumping taken into account

Therefore, it seems necessary to carry out calculationst the time of maximum emission. Its main effect—as
with a non-LTE model. In order to study non-LTE effects expected—is an increase of the emission. As to the spectral
caused by the low density of the matter and by the externastructure of emission, we must note here that line radiation
radiation source, thecLy code [26] was used for post- only from the Ly« and Ly-8 lines can be distinguished; the
processing the hydrodynamic data givenNoyLTI. TheFLY Ly-vy line already merges into the continuum, in good agree-
code[26] can be used to analyze non-LTE effects. It solvesment with the experiments. The strong kyradiation can be
the time-dependent rate equations for element& @eing  attributed to the process of direct photoionization and photo-
between 2 and 26 in order to determine the populations oéxcitation. At these low densities the effect of collisions will
the different excitation and ionization states. An external rabe reduced, and direct interaction with the external thermal
diation source can also be included. radiation field must be taken into account.

The averaged ionizatiof of the 25ug/cn? carbon layer The temporal behavior of carbon emission is illustrated in
is illustrated in Fig. 7, as given kLY, comparing the results detail in Fig. 10, where a spectral integration is carried out
of the time-dependent rate equations with and without thdrom 200- to 600-eV photon energies both for the experi-
heating radiation taken into account. It is evident that themental and theoretical data calculated byrhe postproces-
ionization rate of carbon is strongly underestimated if thesor. We can see that the rise of the pulse and its shape around
thermal heating radiation of the material is neglected. It ishe maximal emission are well reproduced by the calcula-
just direct photoionization and photoexcitation which resulttions (better than that with the LTE model in Fig).@How-
in a higherZ. The direct interaction with the heating radia- ever, there is a considerable deviation between the calcula-
tion heats up the matter until it approaches thermal equilibtions and the observations at the decay of the pulse, where
rium. Note that our approach is only an approximation inthe calculations suggest a faster decay than the observed
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slow decay of x-ray emission. This disagreement cannot be

explained even if changing the atomic modekiry. It seems
as if the source radiation in the Hohlraum target had a longer

duration than the 500 ps Useo_' throughou_t the calculatlor%;ith a 120-eV sinusoidal heating pulse, post-processeelbyThe
However, a longer pulse duration contradicts the observe odels ofFLy were the time-dependent model with radiation pump-

shorter decay of gold emission. Thus, although the simula,g taken into accounsolid line), and with direct radiation pump-
tions (Fig. 6 agree with the emission time of carbon beinging neglecteddashed ling

longer than that of gold, they do not reproduce the observed

slow decay of carbon emission in detail. . .
Y dependentLy calculations, the calculatedivalue is as low

The results for Al foil proved to be a good example to . e
illustrate radiative pumping effects, which can be done byas 8 all the time, significantly lower than expected from the

S L L
comparing the obtained spectroscopical results with cal- observed spectra, where dominating radiation frofAdnd

lo+ . _ . . . . .
culations of the averaged ionizatiah Figure 11 compares ':tlate i'gr;ﬁ \;verreee?nbes:tr\csi?ﬁ -{k?: lec))(ngerli"’lrsgg,?s h:/%ﬁiéﬁmszhagxg d
the calculations with and without radiation pumping taken 9 P '

i " :
into account. If we neglect direct radiation in the time- that strong I|ne§ OTA'O are pregsen't until at Igast 0.5ps after
the peak of emission, whereas’Allines remain strong until

more than 1 ns after the time of the peak emission. Thus we
can see that the observed spectra, which is dominated until
this late time by A" and A", can only be explained by
the effect of direct photoionization taken into account.

One of the driving ideas for the present investigation was
the eventual use of thermal radiation for x-ray laser pump-
ing. It is well known that photoionization may lead to a
depletion of the ground state and to a photoionization laser
[27]. Its possibilities for a carbon Ly laser was discussed
for the case of monochromatic pumping by Goodwin and Fill
[17], where it was mentioned that monochromatic pumping
\@ calculated is more efficient than thermal pumping. However, if one has

Sa 8 an intense Planckian pumping source with a spectral maxi-

e mum near the ionization potential oPT, as is the case with
iy 8\@-€ 100-120-eV radiation, the expectations can be similar be-
0% : : : ; : : cause the shape of the Planckian spectrum drops rather fast
0 0.5 1 1.5 2 . . .
time (ns) for Iower_photon energies, i.e., mos} of it can .vyell be used
for pumping. Thus the photoionization probability of the

FIG. 10. Time dependence of the emission of a2Fent- =2 levels by this radiation is significantly lower than that of
thick carbon after spectral integration from 200 to 600 eV as giverthe n=1 levels according to Kramers’ 1aj28]. Our calcu-
by experimentsolid line, squaresand theory(dashed line, circlos  lations with theFLy code show—in agreement with the pre-

fime (ns)

FIG. 11. Averaged ionization of Al on QuuLTI simulations
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vious detailed worK17]—that in order to obtain inversion, radiation could be established. The observed high ionization
the material temperature must be kept as low as 10 eV beforgtate of carbon and aluminum can be attributed to non-LTE
“switching on” the pump radiation. Also, the required in- effects when it is heated by a Planckian radiation with a
tensity is significantly higher (0 W/cn?) than the intensity  brightness temperature significantly exceeding the material
corresponding to the 120-eV brightness temperature. Theréemperature of the heated optically thin foil. Probably direct
fore, the realization of this laser scheme with a Planckiarphotoionization and photoexcitation causes a higher ioniza-

pumping does not seem probable in the next future. tion of the lowZ matter. Thus even if the material is heated
by thermal radiation, it might be in a non-LTE state if there
V. CONCLUSION is not enough time for the material to reach the brightness

) ) o temperature of the heating radiation. It is also concluded that

Experiments were carried out to study the self-emission ofq the photoionization lasd27] on the carbon Ly line a
radiative!y heated thin f_oils. It was found—acc_ording t0 monochromatic pumping sour§&7] is still preferred.
expectations—that materials of higher values@mit more The thin carbon foil was nearly fully ionized by the high-
strongly than lowZ materials. LowZ materials however temperature radiation; therefore the non-LTE effects were
emit for a longer time; therefore, the difference betweerjjfficult to be observed. The photopumping effect were
time-integrated emission decreases with time. The experiherefore stronger in the case of Al. The observed long-
mental results were compared withuLTi simulations both  |asting high ionization state observed in aluminum draws
with sNoPandFLY post-processing. The observed emissionagtention to the importance of photoionization and photoex-
of the low-Z materials was stronger and of longer durationitation.
than given by the calculations. The reason for this deviation
could not well be explained.
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