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The effect of induced transparency of thin Al foils radiatively heated by intense extreme ultraviolet (EVU)
radiation has been observed. The radiation of the plasma of Z-pinches appearing under the compression of
tungsten liners at the Angara-5-1 facility has been used as the radiation that heats the Al foil (peak illumina-
tion on the foil ~0.55 TW/cm2) and is transmitted through it. The photoabsorption has been studied in the
formed aluminum plasma at temperatures of ~10–30 eV in the density range of ~1–20 mg/cm3 in the wave-
length range of ~5–24 nm. Absorption lines of Al4+…7+ ions have been identified in the experimental spec-
trum. In addition, radiative gas-dynamic simulations of the foil heating and expansion have been performed
taking into account radiation transfer processes.
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INTRODUCTION

Radiative heat transfer [1] plays an important role
in a dense plasma with high energy density, including
the plasma in inertial confinment fusion, plasma of
high-power Z-pinches, and astrophysical plasmas.
Radiation transfer and effects of absorption in such
plasmas were studied in numerous works. The absorp-
tion coefficients in thin foils heated by X rays from the
laser plasma (see, e.g., [2–5]) and from the high-
power Z-pinch plasma [6, 7] were experimentally and
theoretically studied. Most of the experiments were
devoted to the detection of K absorption spectra in
foils of light elements. For many applications, it is
necessary to know the properties of radiative heat
transfer in plasmas with a temperature of 10–100 eV
involving photons with an energy of 50–400 eV (or
with wavelengths of 3–25 nm). The indicated range
corresponds to the extreme ultraviolet (EUV) and soft
X-ray radiation. In this case, an enormous number of
bound–bound and bound–free transitions should be
taken into account in the absorption models. For this
reason, the experimental studies in this electromag-
netic spectrum range, as well as the comparison of

their results with theoretical models, are of particular
importance.

The highest power pulse facilities in the world—
Saturn (8 MA) [6] and Z-Machine (20 MA) [7]—were
used to heat foils and to measure the absorption of
EUV radiation. In [6], the radiation of tungsten
pinches (~500 kJ, ~20 ns) was weakened, forming a
blackbody source with a temperature of 20 eV. This
source provided the radiation that heated the FeO0.41
sample, ensuring a density of 10–4 g/cm3 and a tem-
perature of 20 eV, and is transmitted through it. The
absorption spectrum was measured in the range of
13.8–19.1 nm. In [7], the Fe/Mg sample coated with a
plastic film was placed on the end of the pinch
(1.5 MJ, ~9 ns), which heated a region with a dimen-
sion of 0.5 mm up to 156 eV. The absorption spectrum
at a density of 7 × 1021 g/cm3 was measured in the
wavelength range of 0.7–1.6 nm.

The aim of this work is to experimentally study the
radiative heating of thin Al foils by EUV radiation
from the plasma of an intense Z-pinch based on a
multiwire W array (Angara-5-1 facility) with the
detection of radiation damped in the process of its pas-
sage through the heated foil. A new element in these
experiments is that foils were parallel to the axis of the
pinch at a distance of ~11 mm from it, which was† Deceased.
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noticeably larger than the diameter of the pinch (1–
1.5 mm), and were perpendicular to the radiation from
the pinch, covering a part of the anode–cathode gap
in height. This geometry ensures the peak illumination
of the foil up to 0.55 TW/cm2 in the wavelength range
of 3–25 nm. In this case, radiation is uniformly dis-
tributed over a quite large area of 6 × 8 mm2 and there
are no plasma fluxes from the pinch to the foil compli-
cating the experiment. Furthermore, heating, trans-
mission, and all measurements were performed in a
single shot of the facility (including the detection of
the spectra of the pinch and radiation passed through
the foil). The foil was in an external magnetic field of
~0.6 MG induced by the electric current f lowing
through the pinch. The achieved radiation f luxes on
the foil were sufficient for the reliable observation of
strong induced transparency of the foil in the range of
λ = 8–25 nm owing to its heating to temperatures of
~10–30 eV. Such an experimental procedure, as well
as the absence of plastic films coating the sample,
requires the measurements of the expansion of the
sample in the process of emission.

The results of the experiments, which include the
study of the spatial structure of absorption, dynamics
of the expansion, and spectroscopic studies of the
effects of induced transparency of the heated foil, are
compared to the simulations using the RALEF-2D
two-dimensional radiation gas-dynamic code [8, 9].
Resonance lines of Al ions with various stages of ion-
ization observed in the absorption spectrum of the hot
plasma of the foil are identified and calculated.

EXPERIMENT

To create the high-power Z-pinch plasma, we used
the Angara-5-1 facility with a current up to 4 MA [10].
The layout of experiments is shown in Fig. 1. Intense
EUV radiation, formed at the implosion of multiwire
tungsten arrays, heated thin Al films and was transmit-
ted through them. The thickness of foils was 0.75 μm
(surface density of 202.5 μg/cm2). We used two types
of Al foils: a so-called “hot,” heated foil placed at a
distance of R = 11 mm from the axis of the pinch, and
a “cold” Al foil placed at a large distance from the
source. The cold foil was used as a reference channel
detecting the Z-pinch radiation passed through a
usual Al EUV filter.

The Z-pinch radiation was analyzed using three
vacuum X-ray diodes with a time resolution of 1 ns.
The total energy of radiation was measured by a calo-
rimeter [11]. The spatial structure of radiation passed
through the hot and cold foils, as well as the own radi-
ation of the hot foil, was studied using three pinhole
cameras with 2-μm mylar and 0.75-μm Al filters and
without any filter. The two-dimensional images were
recorded by a ten frame X-ray detector (SXR-6)
(frame exposure time ~2 ns, and λ < 60 nm). The spa-

tial resolution for radiation in the wavelength range of
4–12 nm was ~200–400 μm.

The dynamics of the expansion of the hot foil at
different times was studied using laser shadow probing
by a pulse with a duration of 0.6 ns at a wavelength of
532 nm. Two identical foils were placed at an identical
distance of 11 mm from the axis of the pinch. The foils
were slightly bent for the observation of the shadow
pattern of only the middle part of the face and back
surfaces without edge effects. The chosen observation
directions along the face surface of the foil directed to
the source and along the back surface of the foil made
it possible to determine the velocity of the expansion
of the foil in the direction perpendicular to these sur-
faces.

Time-integrated EUV spectra of the Z-pinch radi-
ation, as well as the spectra of radiation passed through
the hot and cold foil, were recorded by the use of a
grazing incidence spectrograph GIS-1 [12]. A W/Re-
coated 600 grooves/mm diffraction grating with a
radius of curvature r = 1 m was used in the spectro-
graph. The grazing angle of incident radiation was 4°.
Spectra were recorded by a UF-4 photographic film.
The spectrograph was placed at a distance X ~ 1.54 m
from the axis of the discharge and recorded spectra in
the wavelength range λ = 2–30 nm with the maximum
resolution λ/δλ ~ 100. A spatial slit placed in front of
the spectrograph allowed recording all three spectra
simultaneously on the same photographic film.

The preliminary calibration of the diffraction grat-
ing showed that the second- and third-order ref lec-
tions for wavelengths λ = 8–10 nm did not exceed 10%
of the first order reflection in intensity. The UF-4
photographic film was absolutely calibrated (the cor-
responding data were presented in [13]).

EXPERIMENTAL RESULTS
The time profile of the power was studied using fil-

tered vacuum X-ray photodiodes [14]. The total

Fig. 1. Layout of experiments on the study of radiative
heating of thin Al foils: (Z) source of radiation (Z-pinch);
(W) multiwire tungsten array; (1) hot foils; (2) cold foil; (3)
spatial slit of the GIS spectrograph; arrows show the obser-
vation directions to (4) vacuum X-ray diodes; (5) calorim-
eter; (6) pinhole camera with SHR-6; (7) laser shadow
probing; (8) grazing incidence spectrograph GIS-1.
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energy of radiation (~100 kJ) was also measured using
a thermocouple calorimeter [11]. The dimensions of
the source (∅1.5 × 16 mm), the central and hot dense
region of the pinch, were determined with X-ray pin-
hole cameras. The analysis of these data showed that
the radiation of the pinch had two components. The
first, softer and longer component had a FWHM of
about 20–30 ns. This radiation began 5–10 ns before
the appearance of a sharp peak of harder radiation
with a FWHM of 5–7 ns. The two radiation peaks
overlapped and had comparable energies. The energy
density and radiation f lux density on the face side of
the hot foil reached 10 kJ/cm2 and 0.55 TW/cm2,
respectively.

The spatial structure of radiation passed through
the hot and cold foils, as well as the own radiation of
the hot foil, was studied using pinhole cameras. The
image of the central dense area of the pinch is seen on
the pinhole patterns. The presence of the image of the

pinch in the spectral range of 7–14 nm indicates that
radiation in this direction is indeed the Z-pinch
plasma radiation passed through the hot foil. The
analysis of these images showed that the main contri-
bution to radiation detected by the spectrograph
GIS-1 is caused by the radiation of the pinch damped
owing to its passage through the foil.

The space–time intensity structure of radiation
passed through the foil is shown in Fig. 2, where ten
frames obtained by SXR-6 X-ray with pinhole cam-
eras with an exposure time of 2 ns are given. A part of
the image of the pinch in each frame is covered by the
foil under study (the “hot” foil located at a distance of
1.1 cm from the pinch) and another part is covered by
the same foil, but located at a distance of 15 cm from
the pinch (the “cold” foil). The SXR-6 camera has a
gold photocathode and a 1-μm-thick protective poly-
propylene film. The SXR-6 camera has two sensitivity
ranges, 4–12 and 0.1–3 nm, in the spectrum range of

Fig. 2. (a) Images of the pinch through the (upper part of each frame) “hot” Al foil and (lower part of each frame) “cold” foil.
The gap between the images is due to the fixture element of the foil. (b) Time dependence of the power of radiation of the pinch.
Arrows indicate the positions of the frames.
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interest. Only radiation of the second range passes
through the cold foil. As is seen in Fig. 2, the image of
the central, hottest, part of the pinch appears in the
third frame and a colder peripheral plasma in the
upper part of the pinch is seen from the sixth to tenth
frames. This behavior is observed because the trans-
parency of the hot plasma increases beginning with the
fifth or sixth frame and the range of 4–12 nm also con-
tributes to the image. The existence of the image of the
peripheral plasma observed through the foil indicates
that the intensity of the own radiation of the foil in the
range of sensitivity of SXR-6 is low.

The dynamics of the expansion of the face (to the
pinch) and back surfaces of the hot foil at different
times was studied by laser shadow probing along the
directions parallel to the surfaces of the foil. Our pre-
liminary estimates showed that the observed quite
sharp edge of the “shadow” of the expanded plasma of
the foil was due to the effects of refraction and absorp-
tion in the subcritical plasma, which resulted in escap-
ing of a ray of light beyond the aperture of the objec-
tive, rather than to its reflection on the critical surface.
The measured velocities of the edges of the images
were 90–100 km/s on the face surface and 40–
60 km/s on the back surface.

Time-integrated spectra of the Z-pinch plasma
radiation and the same radiation passed through the
hot and cold foils were analyzed using the GIS-1 spec-
trograph. The 6 × 8-mm foil heated by the pinch radi-
ation was placed at a distance of R = 11 mm from the
axis of the source of radiation and the cold foil was
placed directly in front of the photographic film. The
geometry of the experiment and the spatial resolution

of the spectrograph allowed recording spectra under
study simultaneously the same photographic film (see
Fig. 1). The optical density on the photographic film
was transformed to the intensity scale taking into
account the characteristic curve of the UF-4 photo-
graphic film [13]. The wavelength scale was deter-
mined by the dispersion curve of the GIS-1 spectro-
graph.

According to the spectra of radiation passed
through the cold foil, the foil begins to transmit radia-
tion with wavelengths λ > 17 nm. This wavelength cor-
responds to the L absorption edge of neutral Al. No
radiation passed through the cold foil was detected in
a shorter wavelength range (λ ~ 5–17 nm). This obser-
vation qualitatively corresponds to the calculated
transmittance: ~12–32% of the 0.75-μm-thick cold
foil on the long-wavelength side of the L edge and
<10–8 at a wavelength of λ ~ 8 nm [16].

The character of the spectra of radiation passed
through the hot foil is different: radiation in a shorter
wavelength range from the L edge of neutral Al with
wavelengths λ ~ 6–17 nm was observed (see Figs. 3 and
4). The presence of absorption lines indicates that this
spectrum is indeed the spectrum of radiation of the
plasma of the Z-pinch passed through the hot foil
rather than the spectrum of the own radiation of the
hot foil. A similar conclusion was made above when
analyzing images from the pinhole cameras. Figure 4b
also shows the experimentally determined transmit-

Fig. 3. (Color online) Structures of the radiation spectrum
of the plasma of the Z-pinch (absorption spectrum) passed
through the hot foil (in units of optical density on a photo-
graphic film) and the calculated spectrum (absorption
coefficient in arbitrary units, normalization to the stron-
gest 2p–3d transition in the Al5+ ion) for the temperature
Te = 22 eV.

Fig. 4. (Color online) (a) Spectrum of the pinch passed
through the “hot” film. (b) Calculated and experimental
transmittances of the hot Al foil versus the wavelength.
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tance of the hot foil. Translucence is clearly seen in the
wavelength range of 6–17 nm and this is the main
qualitative result of this work. It is noteworthy that the
intensity of the radiation passed through the hot foil,
as well as the spectrum of the radiation incident on the
foil, is a linear function of the coefficient of ref lection
of the diffraction grating. The ratio of these intensities,
which is the transmittance of the foil, is independent
of the coefficient of reflection of the grating.

The highest experimental accuracy (±25%) of the
determination of the transmittance of the hot foil was
reached in the spectral range λ ~ 8–13 nm corre-
sponding to the maximum detected intensity of the
radiation passed through the foil (Fig. 4а). The exper-
imental transmittance in the long-wavelength range
λ ≥ 13 nm is probably underestimated. This can be due
both to a low detected intensity of the radiation passed
through the foil and to the contribution from higher
reflection orders of reflection of the grating to the
intensity of radiation incident on the foil by which the
intensity of the passed radiation is divided.

SIMULATION OF DETECTED 
ABSORPTION LINES

To describe the linear part of the absorption spec-
trum, we performed additional simulations including
the investigations of the charge distribution of ions,
determination of wavelengths and oscillator strengths
of the transitions in Al ions, and simulation of spectra
of Al at various temperatures Te and densities Ne of
electrons and with various spectral resolutions with
the use of the FLEXIBLE ATOMIC CODE [17],
FLYCHK [18], and INDAHAUS codes.

The calculations for Ne = 2 × 1020 cm–3 and Te =
15–30 eV show that the absorption spectrum includes
contributions from Al ions with the charges from 4+ to
7+. The best agreement between the structures of the
experimental and theoretical spectra in the wavelength
range λ = 5–14 nm is observed for the calculated spec-
trum with Te = 22 eV (Fig. 3). The absorption lines
were identified as the 3–2, 4–2, and 5–2 transitions in
the Al4+, Al5+, Al6+, and Al7+ ions with the relative
concentrations 10, 45, 41, and 4%, respectively. Thus,
the radiative heating of the Al foil results in the forma-
tion of the plasma with the temperature Te ~ 20 eV
mostly with the Al5+ and Al6+ ions. The transmittance
of such a foil increases in the short-wavelength range
from the L absorption edge. The effect of induced
transparency of the hot foil is experimentally
observed: its transmittance on the short-wavelength
side from the Al L edge increases from 10–8 to 0.3–0.6.

SIMULATION OF THE EXPANSION 
OF THE RADIATIVELY HEATED FOIL

The heating and expansion of the Al foil irradiated
by soft X rays from the pinch were simulated using the

RALEF2D two-dimensional radiation gas-dynamic
code [8, 9], where the equations of hydrodynamics
with heat conduction and spectral transfer of thermal
radiation were solved. The intensity of radiation at
each space–time point is considered as a function of
directions in 3D physical space and the energy of pho-
tons. The radiation-induced heating–cooling of mat-
ter are self-consistent in the code with the spectral,
angular, and spatial radiation transport. Radiation
transport is considered within the steady-state trans-
port equation with a Planck source function and with
spectral mean free paths of radiation, which are spec-
ified in tables preliminarily obtained using the
THERMOS code [19]. This code implements the
quantum statistical model of the hot matter proposed
in [19] and provides not only optical but also thermo-
dynamic parameters for the RALEF2D code. The
RALEF2D code was used in previous simulations of
radiative properties of the pinch and laser plasma (see,
e.g., [15]).

In this simulation, the cold Al foil with an initial
thickness of 0.75 μm was irradiated by the radiation
flux normally incident on its surface. The initiating
radiation consisted of two components with different
spectra and time profiles. The colder longer compo-
nent smoothly decreasing with time had a Planck
spectrum with a temperature of 45 eV. The power
profile on the irradiated side was specified in the
form 7tns/[1 + (tns/12.5 ns)3] MW/cm2. The faster
harder component of the pulse had a Planck spec-
trum with a temperature of 70 eV and the time profile
of the power was specified by the expression
0.38tnsexp(–tns/1.88 ns) TW/cm2. The second, harder,
pulse was delayed by 7 ns with respect to the softer
pulse. The total energy in the pulse was 2.3 kJ/cm2 and
was almost equally divided between both components
of the pulse. The peak power density incident on the
foil was 0.3 TW/cm2. The used Planck temperatures
were close to the temperatures of the blackbody radia-
tion corresponding to the power and dimensions of the
source. We do not state that the real spectrum of the
Z-pinch had a blackbody shape, but believe that its
spectral characteristics in the simulation qualitatively
correspond to those in the experiment.

The calculations show that the foil under irradia-
tion is heated, ionized, and expands rapidly. The outer
layers of the foil facing the pinch are rapidly heated to
temperatures of about 20–30 eV. Although the radia-
tion of the pinch heats matter on the other side, heat
conduction and radiation transfer in the expanded foil
make a larger contribution to this heating. Matter on
the back side of the foil is noticeably heated (to tem-
peratures of about 10 eV) already after reaching the
peak power of radiation heating the foil. The average
charge of ions on the back side of the foil at the time of
the peak power is +3. In about 3 ns, when the power of
heating radiation decreases approximately by 40%, the
average charge of ions on the back side increases to
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+6.3 (at a plasma temperature of about 19 eV). The last
property indicates that a noticeable amount of Al ions
with charges +4 to +7 can be present on the back side
of the foil immediately after the peak power. This cor-
responds to the above theoretical analysis of the exper-
imentally detected absorption lines and indirectly
indicates that our simulation of heating and expansion
of the foil is adequate.

The other results of the simulation that can be
directly compared to the experiment are as follows.
The time-integrated spectrum of radiation of the
pinch passed through the foil was simulated. The
time-integrated spectrum of incident radiation is
known from the initial parameters of the problem. The
ratio of these two spectra gives the effective integral
transparency of the foil. It is shown in Fig. 4. As in the
experiment, very strong induced transparency of the
Al foil is observed in the wavelength range of 5–24 nm.
The contribution of the own radiation of the foil is
small in this range of the spectrum.

The experimental and theoretical transmittances
are in good agreement (within ±25%) in the spectral
range corresponding to the maximum detected inten-
sity of the absorption spectrum (λ = 8–13 nm) (see
Fig. 4). The theoretical transmittance in the long-
wavelength range of the spectrum (λ ≥ 13 nm) is larger
than the experimental value by a factor of about 1.5–2.

The effective velocity of expansion of the foil can
be determined from the positions of foil regions with
the density of Al that is half of the maximum density at
each time. This velocity can be determined from laser
shadow images obtained along the directions almost
parallel to the surface of the foil. We expect that such
an approach can qualitatively reflect a complex pro-
cess of the formation of “shadow” in the experiment.
The effective average rate of expansion of the foil in
the time interval from the peak power of heating radi-
ation to a time of 20 ns after this peak, which was thus
calculated, is about 80 km/s on the face side and about
70 km/s on the back side. These velocities are in qual-
itative agreement with the above results of the trans-
verse laser shadow probing of the foil.

CONCLUSIONS

The absorption of EUV radiation in the wavelength
range of 5–24 nm in the Al plasma has been measured
in the new geometry of the experiment which made it
possible to prepare a sample with a temperature up to
25 eV and a density of 1–20 mg/cm3 at the facility with
a much lower power than that in [6]. The tungsten
Z-pinch created at the Angara-5-1 facility allowed
reaching a uniform illumination of the surface of the
foil with a power density of 0.55 TW/cm2 without any
additional action on it by plasma fluxes from the
pinch. The same radiation was used as test radiation to
study the wavelength dependence of the attenuation of
radiation. Owing to the detection of the spectra of

(i) radiation of the pinch, (ii) radiation of the pinch-
passed through the Al plasma heated by this radiation,
and (iii) radiation of the pinch passed through the cold
foil in one shot, the effect of induced transparency of
thin Al films heated by intense EVU radiation was reli-
ably demonstrated. It has been shown in particular
that the transmittance in the heated Al plasma in the
wavelength range of 6–17 nm is many orders of mag-
nitude larger than that in the cold Al film.

The laser probing of the face and back sides of the
heated foil has provided the comparison of the
detected expansion of the foil with the simulation. The
calculation of the absorption spectrum in the homo-
geneous Al plasma has allowed the interpretation of
the detected absorption lines. The computer simula-
tion of the heating and expansion of the Al foil with
self-consistent spectral transfer of both characteristic
radiation of the foil and heating radiation has been
performed. The time-integrated transmission spec-
trum is in agreement with the experimental spectrum
with an accuracy of about 30%. This accuracy is
apparently no worse than the accuracy of the repro-
duction of the time-dependent spectrum of radiation
of the pinch in this simulation. This in particular con-
firms the theoretical model [19] of the spectral depen-
dence of the coefficient of absorption in such a plasma
used in the simulations. It has been shown that the
experimental results are in good agreement with the
interpretation of the detected absorption lines and
with the computer simulations of the heating and
expansion of the Al foil with the self-consistent radia-
tion transfer.

The reported results indicate that this experimental
procedure can be used to study absorption in a hot
dense plasma of other elements.
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