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Abstract

We investigate the nonlinear radiative thermal conductivity model, which is theoretically well substanti-
ated and based on a small number of assumptions. We consider the spatial and temporal evolutions
for a low-density polymer foam heated by radiation waves taking into account the dependence of the
absorption coefficients on the quantum energy. The form of the radiation wavefront (its slope and
speed of propagation) differs from the classical form by a low-temperature “tongue” penetrating deep
into the plasma. The plasma in this segment of the wavefront is heated up to a temperature of 1-
2 eV by photons in the hard part of the spectrum, with energies for which hv/kT > 4. We simulate
numerically the experiments at the PHELIX facility to heat a low-density cellulose triacetate (TAC,
C12H160g) taking into account the radiation transfer. The energy and the spectral flux of radiation
that passed through the TAC layer are satisfactorily consistent with the experimental results.

Keywords: laser plasma, radiation interaction with matter, radiation heat waves, radiation spectral
flux.

1. Introduction

Radiative thermal conductivity or radiation waves play an important role in the energy transfer
in laser plasmas, Z-pinches, thermonuclear fusion targets, and astrophysics. Propagation of nonlinear
radiation waves in matter has been well studied theoretically [1-4]. For a radiation wave to exist, the
size of the system should exceed several times the photon free path length typical for this medium, i.e.,
the medium should be optically nontransparent. In addition, the energy of heating an external source
should be consistent with the size of the heated system. In this case, hard photons heat the plasma layers,
whose thickness is close to the free path length, and the heated layers will themselves become radiation
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sources and heat even deeper layers of the target. Herewith, the radiation intensity should be close to
the equilibrium Planck intensity corresponding to the temperature in a given point, i.e., the condition of
local thermodynamic equilibrium (LTE) must be fulfilled.

The propagation of radiation waves is dealt with in a large number of experimental and theoretical
works. In [5-7] the propagation of radiation waves in solid material has been experimentally investigated.
In [8], it was first noted that a decrease in the density at the preserved mass of the target led to increase
in the energy transformed into the internal energy and then into radiation, and to the suppression of the
transition into kinetic energy. In [9], the use of low-density materials with high Z, including, as additions,
elements with high Z, was shown to increase radiation and contribute to a decrease of plasma losses for
hydrodynamic motion.

Technologies for production of polymer materials developed in recent years have enabled fabrication
of homogeneous targets from foam-like materials of preset low densities [10-12]. Additions of heavy
elements to foams enable the change in the optical path lengths within broad limits to provide one with
conditions required to form radiation waves. Namely, the path length should be smaller than the size
of the system, and the LTE condition should be fulfilled. Such systems are used to study the classical
regime of radiation waves. A comparison of experimental data with theoretical calculations can be used
to verify the optical constants of the plasma.

Experimental research on the propagation of the radiation wave through low-density material has
been carried out. In [13], the flux of X-ray radiation has been experimentally shown to increase with
decrease in the matter density. In the experiments, a foam TagOs with densities of 100 and 4 mg/cm? was
used. In [14], the time for passage of the radiation wave through a plane layer of agar—agar (C12H1309),
density 5, 10, and 20 mg/cm?, and SiOs aerogel, density 50 mg/cm?, has been measured. The transfer of
radiation waves through plane targets from low-density CgH1s plastic foams, as well as foams with copper
additions into the plastic (CgH12Cug 394) of density 50 mg/cm?, has been experimentally investigated [15].

In [16], radiation transfer has been considered in TagOs aerogel foam of density 40 mg/cm? and in SiOz
aerogel foam of density 50 mg/cm3. Experiments with foams at the PALS facility, Prague [17,18] and the
LIL facility, Bordeaux [19] have been carried out. Foam targets have also been investigated in other works
with respect to various applications. In particular, there are plans to investigate ion-beam slowdown in
plasma in experiments at the PHELIX facility [20,21]. In those experiments, plasma is created as the
result of indirect heating of low-density polystyrene foam of density p = 0.001 — 0.01 g/cm?® under the
action of a pulse of the X-ray radiation, into which the laser radiation is initially transformed. The action
of the external X-ray radiation source on the low-density foam forms a plasma with relatively spatially
homogeneous density and temperature profiles. Interaction of soft X-ray radiation with low-density
matter was considered in [21,22].

Since the matter is heated by radiation waves, we pay more attention to the description of the radiative
thermal conductivity wave as to the theoretical model close to a real physical experiment. In this paper, we
deal with the heating of a low-density matter by soft X-ray radiation in a concrete situation implemented
in the experiment. However, this work has a more general meaning, since it analyzes the possibility of
achieving conditions under which the transfer processes are performed by means of radiative thermal
conductivity. At relatively low energies of the laser and small sizes of the plasma, these experiments
create conditions for implementing the radiation-wave propagations, and the theoretical approach can be
compared with the experimental results. Thus, there is a unique possibility to investigate the radiative
thermal conductivity model, which is theoretically well substantiated and relies on a small number of
assumptions. Further research in this direction is of great interest, since the theoretical model opens up
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the possibility of verifying optical constants.

Experiments at the PHELIX facility [20,21] make use of an Nd laser with energy of ~250-300 J at
the first harmonic and ~150-180 J at the second harmonic, with pulse length of 1 ns. The laser radiation
enters a gold cylinder and heats the cylinder’s surface. Inside the cylinder’s surface, the gold heats up
and evaporates. The quanta originating in the laser-heated region leave it and are absorbed in the cold
layers of the cylinder’s inner surface. As the heating continues, the entire surface of the cylinder becomes
a source of soft X-ray radiation. The radiation leaves the cylinder through its open butt ends. Adjacent
to the cylinder’s base opposite to the laser is a plane layer of foamy cellulose triacetate (TAC, C1oH160g)
of density 2-10 mg/cm3.

At given laser energies, a flux of soft X-ray radiation with effective temperature corresponding to a
blackbody temperature Tp; = 20 — 40 €V is incident on the foam target. However, the flux of external
radiation exiting the gold cylinder and incident on the TAC plasma is not the Planck one corresponding
to a single temperature. Moreover, it changes with time. In this sense, it is not in equilibrium. At such
temperatures, there are ions with several degrees of ionization for each element in the TAC plasma. Even
for light ions, calculations of the ionization composition of plasma, spectral coeflicients of absorption,
and Rosseland and Planck mean photon-emission path lengths are a complex and labor-intensive task.
With increase in the charge of the plasma ions, the task becomes even more complicated. There are
many works on the calculation of optical constants, in particular, databases [23-25].

2. Energy Transfer by Radiation under Nonlinear Thermal
Conductivity Conditions

Consider the heating of a matter by means of photons. The energy transfer in the plasma by radia-
tion with the help of nonlinear thermal conductivity is performed at radiation energy densities close to
equilibrium. The thermal conductivity coefficient depends on temperature in a power-law way. In the
case of weak anisotropy of the radiation field, the radiation flux W,, at the spectral frequency v is related
to the radiation density U, as follows [2]:

W, = —1,cVU, /3, (1)

where ¢ is the speed of light, and I/, = 1/}, is the photon free path length, where induced emission at
the spectral frequency v is taken into account.

If the diffusion approximation is valid, the condition of local thermodynamic equilibrium is satisfied,
and U, ~ U,p, where U,,, = 8rhy3e™3 / (eh”/ r_ 1) is the equilibrium Planck function of the radiation
density at frequency v. The equilibrium radiation density integrated with respect to quantum energies is

o
U, = / Uypdv = 40T* /¢, where o is the Boltzmann constant. If local thermodynamic equilibrium for
0

the photon-energy spectral interval (a peculiarity of this problem) is satisfied, then, by integrating (1)
with respect to all spectral frequencies, we obtain an equation describing the energy transfer with the
help of radiative thermal conductivity [2]

IRossC 16 0T3Ressc OT
= —— —_——,——,——————ee 2
w 3 vu 3 ox’ (2)
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where [Ross = / I Uy dv [ / Uy du] is the Rosseland mean free path, and W = / W, dv is
0 dr o dT 0

the total radiation flux integrated with respect to frequencies.

We assume that the matter is heated with the help of a flux of radiative thermal conductivity and
has no time to get into motion, i.e., the propagation velocity of the radiation wave v,y is greater than
the speed of sound in the medium ¢, (vpy > ¢5). Then the energy-balance equation has the form

% — _1 oW + Q 1 + OWe
o p\ Ox P o p Oxr )’
where ¢ = B*T' is the internal energy per mass unit, p is the plasma pressure, p is the plasma density,

and W, is the electron thermal conductivity flux. Assuming that the radiative thermal conductivity is
the favored process, we obtain the following equation:

o= _ 10w )
ot poxr’

Table 1. Rosseland Path Lengths (in cm) Within the range of densities 1-3 mg/cm?® and
Calculated [24] for TAC temperatures 5-40 eV, the Rosseland path length

can be fitted using the formula

3 _ _ _
p,g/em® | T=20eV | T=30eV | T =40eV IRoss = 6 T™ /p®  [em)]. (4)
0.001 0.191 2.39 13.9

In view of the data of Table 1, we assume in (4)
0.002 | 0.0585 0.676 365 | 5=1071° m =31, and a = 1.8 (T is in [eV] and
0.003 0.0242 0.29 1.54 p in [g/cm?]). In the case under consideration, we

assume, at the boundary, a constant flow of heat W)
coming to the plane layer from the outside at z = 0. In the thermal-wave propagation domain, we
determine the mean temperature, in order of magnitude, using the equation

16 0T3¢ 6T™ T
Wy =— . (5)

3 P*  Trw

From the energy-conservation equation it follows that
B*T Wo

~ ) 6

T o (6)
In view of the two approximate equations, the radiation-wave propagation as a function of time is deter-
mined by the formula

e [16(%50} 1/(m+5) Wém+3)/(m+5)t(m+4)/(m+5) . (M)
Bpa (pB*)m+4

In Fig. 1, we present the temporal dependence of the coordinate for the radiation-wavefront pro-
pagation through the TAC plasma for different values of the initial plasma densities equal to 1, 2, and
3 mg/cm? calculated using formula (7). The flux incident on the plasma Wp| = oTj, corresponds to the
temperature Tp; = 25 eV and pulse duration 10 ns. In Fig. 1, we show the coordinate of the radiation
wavefront propagation through a TAC plasma of density 3 mg/cm?® for fluxes of heating radiation with
Planck temperatures of 15, 20, and 25 eV. In Figs. 1-2, we also show the numerically calculated coordinate
of the radiation-wave propagation through the TAC plasma. The radiation-wave-propagation velocity
proved to be lower than the values obtained using formula (7).
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Fig. 1. Radiation front position vs time. The ini- Fig. 2. Radiation front position vs time. The incident
tial densities of the plasma are 1 mg/cm?® (curves 1 flux corresponds to the incident radiation temperature of
and 1), 2 mg/cm3 (curves 2 and 2'), and 15 eV (curves 1 and 1’), 20 eV (curves 2 and 2'), and
3 mg/cm?® (curves 3 and 3'). Curves 1, 2, and 3 are 25 eV (curves 3 and 3'). Curves 1, 2, and 3 are calculated
calculated using formula (7). The results of numerical using formula (7). The results of numerical modeling are
simulation are shown by curves 1/, 2/, and 3'. shown by curves 1/, 2/, and 3'.

3. Results of Numerical Modeling

We proceed with numerical modeling of plasma formation in a plane layer of a polymer foam under
the action of an external thermal flux using the one-dimensional numerical code RADIAN [22,26] which,
along with two-temperature hydrodynamic equations, considers radiation transfer in a multigroup ap-
proximation. The range of spectral energies up to 400 eV was split into 130 groups. The propagation of
the external heating flux of radiation and the transfer of the plasma’s intrinsic radiation are taken into
account. This series of calculations makes use of optical absorption coefficients calculated according to
the techniques adopted from [23,24].

A series of calculations was done in which the varied parameters were the external radiation flux
incident on the plasma layer Tp; = 20 — 40 eV, duration of this external pulse 7p; = 5 — 10 ns, thickness
of the plasma layer A = 700 — 2000 pm, and the initial density of the plasma layer (pg = 1 — 3 mg/cm?).
Optical constants of the plasma were also varied. At the considered parameters of the plasma and heating
radiation, the speed of the radiation wave is greater than the speed of sound, and the plasma does not have
time to move off position. Nevertheless, despite the leading role of the radiative thermal conductivity, the
energy also gets to the medium in a hydrodynamic way, and formation of the compression and depression
waves occurs, which transfers the pulse forward. The speed of the radiation wave depends on the density
as ~ p-latm+d)/(m+5) — ,=11  WWith increase in density it decreases, and the role of hydrodynamic
processes increases. Thus, at a flux of the plasma-heating radiation with an effective Planck temperature
of 25 eV, for time 5 ns, the radiation wave in the plane case at a density of 3 mg/cm? will heat a 300 um
thick layer, at a density of 2 mg/cm?® will heat a 600 um thick layer (Fig. 1).

The evolution of the radiation-wave propagation is shown in Figs. 34 (the wave is incident on the
left-hand side). Figure 3 presents the density and temperature profiles formed in a plane layer of the TAC
plasma under the action of a Planck flux of radiation with a temperature of 25 eV and duration of 10 ns.
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Fig. 3. The density (left) and temperature (right) profiles formed in a plane layer of plasma at time changed from
1 to 11 ns with a step of 1 ns. A homogeneous plasma layer with initial density 3 mg/cm? and thickness 1000 ym
was irradiated by a thermal source with Planck radiation temperature 25 eV for 10 ns from the left boundary at
z=0.
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The thickness of the plasma layer is 1000 ym, and the initial density is 3 mg/cm?. On the left immobile
boundary at g = 0 pum, the heating flux is constant and equals Wp; = UTf,ll. With time the temperature
at the boundary rises and reaches a value of 25 eV, and the radiation wave covers an increasingly larger
mass of the plane-layer material. A density profile forms at the radiation wavefront. With decrease
in the initial density, the perturbation of the density profile under the action of the radiation wave
becomes smaller. Thus, at an initial density lower than py = 2 mg/cm?® and under similar conditions,
the deformation of the density profile is ~10%, and at pp = 3 mg/cm? it is ~70%.

The density p, electron-temperature T,, and radiation-temperature 7, profiles and fluxes of electron
Weleet and radiative Wiy,q thermal conductivities at time of 1 ns are given in Fig. 4. The electron
thermal conductivity flux is negligibly small compared to the radiative thermal conductivity flux. Upon
termination of the action of the external radiation source, the energy continues to be transferred by the
flux of radiative thermal conductivity from the heated region to the cold one. The temperature of the
heated region drops. For the speed of the radiation wave propagation under the action of the external
radiation to be experimentally registered, the size of the layer and duration of the external-source pulse
should be matched so that there is an unambiguous correspondence between the external source and the
radiation wave.

446



Volume 84, Number 5, September, 2013 Journal of Russian Laser Research

Of special interest is the zone of low temperature (result of our calculations gives a “tongue” with
temperature of 1-2 eV) with respect to the background temperature before the radiation wavefront
(Figs. 3 and 4). It is determined by the occurrence of a hard X-ray radiation in the external heating
spectral flux. The diffused profile of the radiation wavefront is also determined by the spectral composition
of heating radiation. Let us discuss which elements of the spectral radiation flux are responsible for the
heat-up dynamics of the plasma plane layer.

The behavior of the absorption coefficients determines the character of heating of the plasma layer
by an external source. Figures 5—7 present dependences of the absorption coefficients and radiation
fluxes on quantum energies in the plasma with the hydrodynamic profiles shown in Figs. 3 and 4. The
absorption coefficient depends on the quantum energy and has a complex structure due to the large
number of bound-bound and free-bound transitions (Fig. 5a). At a time of 5 ns, in the spectral interval
significant for the energy transfer (hv < 300 eV), the optical thickness of the plasma heated by the
radiation wave is Thy—50 ev = Xhy—s50 oy - A7 = 1.3 for quantum energies hv ~ 50 eV, Tp,—75 v = 34 for
hv ~ 75 eV, and 7,-150 v = 0.5 for quanta hv ~ 150 eV, which is due to the particular features in
the behavior of the absorption coefficient in the given range of temperatures and densities. Here, \' is
the absorption coefficient corrected for induced emission and taking into account free—free, free-bound,
and bound-bound transitions. The optical thickness of this region for the Rosseland path length is ~10.
Thus, hard X-ray radiation (in this case, > 100 eV) can penetrate into the plasma much more deeply
than the main flux of thermal radiation.

107 107
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Fig. 5. The TAC absorption coefficient (left) and the CH absorption coefficient (right) at temperature 20 eV and
density 3 mg/cm?®.

The density and temperature profiles are formed under the action of radiation waves propagating
in the plasma. Figure 6 presents the spatial cross-sections of spectra of the radiation fluxes in a plane
TAC plasma layer at time 5 ns. The flux of external radiation absorbed by the plasma is smaller than
the heating spectral Planck radiation incident on the plasma because, already at time 1 ns, a layer of
hot plasma is formed (Figs. 3 and 4). This layer is the source of intrinsic radiation. The thickness and
temperature of this layer increase with time. The heated TAC layer radiates energy both into the plasma
and towards the external source of radiation. As a consequence, an interesting result is observed — the
radiation flux absorbed by the plasma has the spectra presented in Fig. 6 (curve 2) and does not coincide
with the incident flux (solid bold curve 1). The gap in the spectral radiation flux at ~70-100 eV is due
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Fig. 6. Spectra of the radiation fluxes propagating

through the plasma plane layer at time 5 ns. Inci-
dent heating spectral Planck flux of radiation correspon-
ding to temperature 25 eV (curve 1), part of the ex-
ternal flux absorbed by the plasma (curve 2). Spectral
fluxes of radiation at the spatial cross sections at z =
300 pm (curve 3), 400 ym (curve 3), 500 pm (curve 3),
and 650 um (curve 3), i.e., those that passed the plasma
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Fig. 7. Spectra of the radiation fluxes propagating

through the plasma at the spatial cross-section x =
200 pm and times ¢t = 1, 3, and 5 ns. Incident hea-
ting spectral Planck flux of radiation corresponding to
temperature 25 eV is shown by solid curve. A ho-
mogenous layer of the TAC plasma with initial density
3 mg/cm?® and thickness 1000 pum was irradiated by a
thermal source with Planck radiation temperature 25 eV

layer of a given thickness. for 10 ns from the left-hand-side boundary, x = 0.
to the absorption lines in oxygen present in TAC (C12H;60g). With time the flux reradiated towards the
incident external radiation increases, and the flux absorbed by the plasma decreases.

Figure 7 shows the spectra of the radiation fluxes propagating through the plasma at the spatial
cross-section x = 200 um and times ¢t = 1, 3, and 5 ns. At time ¢t = 3 ns, the radiation wave reaches
the coordinate = 200 pum. At subsequent times (including 5 ns), the radiation flux transferred by the
radiation wave to the layer though this surface remains constant. With account for the temporal delay,
the same can be said about the radiation wave propagating through any spatial cross-section of a plasma
layer. A substantial feature of the hydrodynamic profile formation is the speed with which quanta of
various energies enter a matter. The quanta determine the size, thickness, and exact shape of the radiation
heat wavefront. It is seen in Fig. 3 that the temperature in the layer heated by an external radiation drops
to the background temperature not as a jump and has a gradual smooth low-temperature front. The
radiation wavefront penetrates to a great depth comparable with the full size of the heated plasma, and
in the region of the radiation wavefront the plasma is heated up to a relatively low temperature, in this
case ~1 eV. Different photons are responsible for the wavefront propagation at different times. The x —¢
temperature origination diagram for 10 and 1 eV is shown in Fig. 8. To temperature 1 eV, the plasma is
heated by a hard segment of the spectrum by photons with energies within the range of 100-300 eV, for
which hv/kT ~ 4 —10. The theory of radiation wave propagation predicts a low temperature before the
wavefront but, as hard X-ray radiation penetrates here, the temperature in this region rises to 1 eV. This
effect can be important in compression of thermonuclear-fusion targets, since an increase in temperature
before the shockwave front prevents compression of the material.

Thus, there exists a broad penetrating zone on the temperature profile before the radiation wavefront
(Figs. 3 and 4), which forms due to the occurrence of hard photons with spectral energies of hv > 100 eV
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Fig. 8. The coordinate of the temperature front at a Fig. 9. Spectra of the radiation fluxes propagating

level of 1 €V (curve 1) and 10 eV (curve 2) as a function through a plane layer of the CH plasma with initial

of time upon the action of an incident Planck flux of density 3 mg/cm® at time 5 ns. The incident heat-

radiation, corresponding to a temperature 25 eV on a ing spectral Planck flux of radiation corresponding to

plane layer of the TAC plasma. a temperature of 25 eV (curve 1), a part of an exter-
nal flux absorbed by the plasma (curve 2), and spectra
of the radiation fluxes at the spatial cross-sections z =
300 pm (curve 3), 400 pm (curve 4), 500 pm (curve 5),
and 650 pm (curve 6).

in the initial spectrum (Figs. 6 and 7).

In Figs 5, 6, and 9, we present an example of the effect of optical constants on the plasma hydrody-
namic characteristics. Consider the TAC and CH optical constants for temperatures up to 50 eV and
densities 1-3 mg/cm®. The TAC contains 44% oxygen by mass and 50% carbon. CH is 90% carbon. The
presence of oxygen in the TAC (C12H160s) leads, first, to an increase in the absorption coefficient in the
continuous spectrum, and second, to the emergence of absorption lines at quantum energies within the
range of ~70-100 eV due to transitions in the L-envelope of oxygen in the TAC. These lines emerge at
temperatures above ~10 eV. The nonequilibrium radiation heating the plasma has effective temperatures
20-40 eV, and this spectral range plays a significant role in the energy transfer. The results of numerical
modeling depend nonlinearly on the optical coefficients used. At temperatures higher than 10 eV and
density 2 mg/cm?, the Rosseland path length for CH is greater than for TAC. Thus, at 7 = 40 eV for
TAC I, = 3.65 cm, and for CH it is I, = 16.6 cm. This means that, upon the action of the same
heating source on the plasma, absorption in TAC occurs in a smaller volume than in CH. Herewith, the
temperature of the heated region in TAC is higher than that in CH.

In Fig. 9, we present the spectra of the radiation fluxes propagating through a plane layer of the CH
plasma with initial density 3 mg/cm?® at time 5 ns. The heating spectral Planck radiation flux incident
on the plasma is also consistent with the temperature of 25 eV (compare Fig. 6). The energy absorbed
by the CH plasma proves to be greater than that in the TAC case (curves 2 on Figs. 6 and 8) because
the TAC plasma reradiates the absorbed energy towards the incident flux more efficiently than the CH
plasma. At the same time, the external radiation flux penetrates into deeper layers of the CH plasma
than in the TAC.
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In Fig. 2, we present the coordinate of the radiation wavefront as a function of time for incident
radiation fluxes corresponding to the Planck temperatures 15, 20, and 25 eV and duration 10 ns for
various initial densities of the TAC layer of 1, 2, and 3 mg/cm3. The radiation wave propagation
speeds obtained as a result of numerical modeling are smaller than the speeds calculated by self-similar
solution (7) [2]. As we have shown above, this is due to the fact that the self-similar solution does not
take into account the reradiation of plasma towards the incident external source. In fact, the plasma is
heated by a smaller thermal flux than the incident one. In addition, the self-similar solution does not
take into account the motion of the plasma. The radiation wave propagates not along a cold matter but
along the TAC preheated by hard quanta of external radiation.

4. Comparison with the Experiments

In the experiments [20,21], a plane layer of low-density polystyrene foam (density 2 mg/cm? and
thickness 800-1000 pm) was heated by a soft X ray radiation with effective Planck temperature of 15—
40 eV. The experimental setup is described in [21]; here we only briefly communicate some experimental
results. The registered passed radiation was 10-25% of the heating radiation energy incident on a layer.

To simulate these experiments, a series of calculations was performed, in which we varied the external
radiation flux incident on the plasma layer Tp; = 15—40 eV, duration of the external pulse 7p; = 5—10 ns,
thickness of the plasma layer A = 700—2000 ym, and initial density of the plasma layer pg = 1—3 mg/cm?.
The calculations were made for polystyrene targets of various compositions: CH and C;2H;40g (TAC).

Table 2 presents some re- muple 2. Results of the Numerical Modeling.
sults of the numerical modeling

of those experiments. No | Tpy, eV | Wpy, 101 W/em? | Material of target Epass/ Erad
A plane layer of plasma is | 1 15 0.0516 TAC 0.001
heated by an external radiation 9 20 0163 TAC 0.01
flux Wp of temperature Tp;, du-
ration 7p; = 10 ns, plasma layer 3 25 0.402 TAC 0.08
thickness A = 800 pm, and ini- | 4 27 0.542 TAC 0.20
tial density of the plasma layer 5 30 0.83 TAC 0.36
po = 2 mg/cm?®. The composi- [ g 15 0.0516 CH 0.005
tion of the heated target is given
in column 4 of Table 2. The 7 20 0.163 CH 0.03
last column shows the ratio of 8 25 0.402 CH 0.21
the energy that passed through 9 27 0.542 CH 0.32
the layer to that incident on the | 1g 30 0.83 CH 0.47

layer.

Due to the particular features in the behavior of the absorption coefficient, with the same modeling
parameters the energy of radiation that passed through the CH is greater than in the TAC. In Fig. 10,
we show an example of comparing the experimental data for the passage of a spectral radiation flux
incident on a plane layer of the TAC plasma (thickness 800 um and density 2 mg/cm?) with the results
of numerical modeling [21]. The heating spectrum of X ray radiation is given in the same figure. The
energy and spectra of the radiation flux passing through a layer of the TAC is satisfactorily consistent
with the experimental results.
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5. Conclusions

We considered the propagation of radiation
waves in the plasma of a porous low-density ma-
terial upon the action of an external source of
X-ray radiation having the Planck spectrum with
Tp = 20 — 40 eV. As a result, a plasma layer with
relatively homogeneous spatial and temporal den-
sity and temperature profiles is formed. Numerical
modeling shows that the speed of the radiation-
wave propagation is lower than in classical the-
ory [1,2]. This is due to the fact that the radiation 10"
flux absorbed by the plasma is smaller than the in-
cident flux due to the losses for reradiation towards
the heating flux.

The structure of the wavefront (its curvature
and speed of propagation) depends on the optical Fig. 10. Plasma-heating X-ray radiation spec-
thickness and thickness of the plasma. The role trum (curve 1), spectrum of the raffliation.ﬂux passing
of hydrodynamic processes in the formation of the juhrough the TAC layer (curve 2) rengter.ed in the exper

Y ‘y ; p : . ; iment [21], and the results of the numerical modeling of
plasma rises with increase in the material density . experiment (curve 3).
because the speed of the radiation wave decreases
with increase in the material density. The spatial inhomogeneity decreases as the density decreases.
Figure 3 demonstrates the spatial inhomogeneity (corresponding to a higher density of 3 mg/cm?) reaching
70%, and at a density of 2 mg/cm? it reaches 10%.

The form of the wavefront differs from the classical form by the low-temperature front penetrating
deep into the plasma. An important role in this respect is played by hard quanta occurring in the incident
flux (hv > 100 eV), which penetrates to a greater depth as compared with the classical wavefront and
gives rise to a definite structure. This behavior is observed in Fig. 3.

The physical-mathematical model used for numerical modeling is adequate for the experimental con-
ditions. The integral and spectral characteristics of the outgoing plasma radiation obtained as a result
of numerical modeling are satisfactorily consistent with the experimental data.
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