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Experimental observation of transmission- and self-emission-type radiation transport
in x-ray-produced plasmas
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Radiation transport in x-ray-produced plasmas was experimentally studied. Thin foils of low-Z and

high-Z materials were heated by external x rays from one side, and x rays emanating from the opposite
side were observed. Careful measurements were made to distinguish between self-emitted x rays from
the heated plasma and a transmitted component of the heating x rays. The results clearly demonstrate
the existence of two types of radiation transport. The transmitted x rays play a major role in radiation
transport in the case of a low-Z material which is optically thin after burnthrough, and the self-emitted x
rays play a major role in the case of a high-Z material which is optically thick even after burnthrough.

PACS number(s): 52.25.Nr, 44.40.+a, 52.50.Jm

Due to the development of high-power lasers, it has be-
come possible to use a laser-produced plasma as an in-
tense x-ray source. Intense x-ray heating of solid targets
enables uniform acceleration of the target and production
of hot, dense plasmas in local thermodynamic equilibri-
um. Using these properties, plasma production by x-ray
heating became a useful experimental technique in the
research fields of laser fusion [1,2], hydrodynamic insta-
bility [3,4], equations of state [5], and atomic physics
[6-11]. However, detailed properties of the x-ray-
produced plasmas have not yet been well studied. Partic-
ularly, radiation transport is one of the most important
issues.

In theoretical investigation, radiation transport in x-
ray-produced plasmas is in general classified into two
types: one for optically thick plasmas [12,13], and the

other for optically thin plasmas [12,14]. In optically
thick plasmas, radiative energy is transported mainly by
self-emitted x rays from the heated plasma, which we call
the self-emitted x rays hereafter. We call this type of ra-
diation transport the self-emission type. On the other
hand, in optically thin plasmas, radiative energy is trans-
ported mainly by the transmitted component of the heat-
ing x rays, which we call the transmitted x rays hereafter.
We call this type of radiation transport the transmission
type. For detailed investigation of the radiation trans-
port, therefore, it is necessary to distinguish experimen-
tally between the self-emitted and transmitted x rays. In
previous experimental works on radiation transport in x-
ray-produced plasmas, however, the results were ana-
lyzed without experimental distinction between these two
components [15,16].

In this paper, we report a clear observation of these
two types of radiation transport based on experimental
distinction between the self-emitted and transmitted x-
ray components. Thin foils of low-Z and high-Z materi-
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als were heated by laser-plasma x rays from one side and
the x rays emanating from the other (rear} side were ob-
served. The experimental arrangement was carefully
designed to distinguish between the self-emitted and
transmitted x rays. The experimental results clearly
show that the radiation transport is the transmission type
in the low-Z plasma, while it is the self-emission type in
the high-Z plasma. Furthermore, observation of the tem-
poral evolutions of the spectral transmittance clarifies the
physical processes that take place in the two types of ra-
diation transport. Therefore this is an experimental vali-
dation of the theoretical treatment of the two types of ra-
diation transport described above.

The experimental arrangement is shown in Fig. 1. The
x-ray source was a gold plate which was irradiated by one
of the horizontal beams of frequency-tripled Gekko-XII
Nd:glass laser [17] with an energy of 500 J at 351 nm.
The laser beam irradiated the gold plate at an incidence
angle of 40' from the normal with an elliptical spot whose
minor axis was 0.4 mm. A thin foil of either a low-Z or a
high-Z material was glued on the x-ray-irradiated side of
an aperture plate, covering a 0.4-mm-diam diagnostic
hole which defined the observed area of the thin foil. The
low-Z material was 0.90-pm-thick CF, 3,7 (density: 1.99
g/cm ) coated on a 0.21-pm-thick CsHs (density: 1.12
g/cm ), which we call a CF foil hereafter. The CF foil
was heated by x rays from the CF& 3&7 side. The high-Z
material was a 0.21-pm-thick Au foil. X rays emanating
through the diagnostic hole were observed with a
transmission-grating spectrometer coupled with an x-ray
streak camera (TG-XSC) to which a time fiducial uv sig-
nal was supplied. Absolute spectral response of the pho-
tocathode of the TG-XSC was calibrated against an abso-
lutely calibrated Kodak 101 x-ray film [18]. The tem-
poral and spectral resolutions of the TG-XSC were ap-
proximately 130 ps and 10 A, respectively. We used two
types of targets: type A and type B, which are shown in
Figs. 1(a) and 1(b},respectively. In the case of the type-A
target, the x-ray source was viewed through the diagnos-
tic hole, and both the transmitted and self-emitted x rays
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FIG. 1. Schematic side views of the experimental arrange-
ment. (a) Type-A target. (b) Type-8 target. TG-XSC denotes a
transmission-grating spectrometer coupled with an x-ray streak
camera.

were observed. In the case of the type-B target, the x-ray
source was not viewed through the diagnostic hole, and
only the self-emitted x rays were observed.

A preliminary experiment was made for characteriza-
tion of the heating x rays. A gold plate not equipped
with the aperture plate shown in Fig. 1 was irradiated
with a laser beam in the same conditions as described
above. In addition to the TG-XSC, two transmission-
grating spectrometers coupled with Kodak 101 x-ray
films (TG-F's) were used for diagnostics. Each TG-F was
equipped with a pinhole grating resulting in a spatial
resolution of approximately 50 pm in one dimension. One
TG-F was placed at 22.5' from the target normal. More
than 80% of the total x rays were emitted from within
the laser spot on the target and there was no remarkable
spatial structure in the soft-x-ray image. Another TG-F
was placed tangential to the target in order to observe the
x-ray emission from the blowoff expanding plasma.
X-ray energy emitted to the tangential direction was less
than 10% of that to the direction of 22.5' from the target
normal. From these results, we can simply model the x-
ray source as a uniform surface emitter with the size of
the laser spot. The temporal evolution of the heating x
rays on the thin foil was estimated from the measurement
with the TG-XSC and geometrical calculation. Results
of the estimation for the time dependence of the total Aux
and the spectral flux at different times are shown in Figs.
2(a) and 2(b}, respectively; here the fluxes spatially aver-
aged over the observed area of the thin foil are shown.
The influence of the target structure on the source x rays
(the x-ray flux on the thin foil) was estimated to be less
than 1.3% by geometrical calculation where 100%
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FIG. 2. Heating x rays on the thin foil. (a) Temporal profile
of the heating x-ray flux, which was spectrally integrated from
10 to 95 A. (b) Time-resolved spectra of the heating x rays.
Horizontal error bars show typical spectral resolution.

diffusive (with cosine angular distribution) x-ray reemis-
sion of the target structure was assumed. Nonuniformity
of the heating x-ray flux in the observed area of the thin
foil was estimated to be %26%. Accuracy of the photo-
cathode calibration was 213%. Reproducibility of the
x-ray emission from the x-ray source was 65.6%. As
shown in Fig. 2(a), the heating x-ray flux at its peak time
(t =0.0 ns) was 8X10' W/cm, which corresponds to
the brightness temperature of 95 eV. However, it should
be noted that the heating-x-ray spectrum at t =0.0 ns
shown in Fig. 2(b) is significantly different from the
Planckian spectrum of 95 eV. Also it should be noted
that the thin foil is irradiated in this work by the heating
x rays from a well-defined direction. This is in contrast
with the case where a foil is placed at an opening of an x-
ray-confining cavity [15] where the foil is heated by x
rays from close to 2m directions.

The temporal profile of the observed x-ray intensity us-
ing a type-A target without a thin foil, which serves as a
reference, is shown by the thin curves in Figs. 3(a) and
3(b). The observed x-ray intensities using the type-A and
type-8 targets are shown by the thick curves for the CF
foil in Fig. 3(a) and for the Au foil in Fig. 3(b). The x-ray
intensities in Figs. 3(a) and 3(b) are spectrally integrated
(from 10 to 95 A}. We did the null test using a type-8
target without a thin foil, in order to take account of ex-
pansion of the x-ray-source gold plasma. The error bars
in Figs. 3(a) and 3(b) were determined on the basis of the
null test.

Temporal profiles of the self-emitted x rays, which
were observed using the type-B targets, show that foil
burnthrough finished near t =0.0 ns for both the CF and
Au foils. This means that rapid increase of the self-
emitted x-ray intensity, which reflects mainly the rapid



49 EXPERIMENTAL OBSERVATION OF TRANSMISSION- AND. . . R1817

~014
-'(

)013

11
Q

)010
P.

09i I

-1.0

~ ~ (
~ ~ ~ ~ l

~ ~ ~ ~ ( ~ ~ ~

Noise

Type B:CF foil

1 ~ a I a ~ s I ~ s a ~ Jl

-0.5 0.0 0.5 1.0

Time (ns)

1.2 ~

10m
Ql}
+

O.s I

0.6—
0

~ aaaa

ca 0.4—

Z 0.2.—

0.0 ~
-0.5 0.0

Time (ns)

s

0.5

8

C
4P

C
~~

]0 I ~ ~ ~
14

:'(b)
10

10

10

io"
, :1 )s
-1.0

: no foil

A:Au

1 I ~ a ~ ~ I a

-0.5 0.0

Type B:Au foil

0.5 1.0

rise in the temperature at the rear surface of the thin foil,
finished near t =0.0 ns [19]. The areal density of the CF
foil is 202.6 )Lig/cm, whereas the areal density of the Au
foil is 405.7 pg/cm, which is twice as large as that of the
CF foil. Therefore the burnthrough rate of the Au foil is
almost twice as large as that of the CF foil, because the
foil burnthrough occurs at almost the same time for both
the CF and Au foils.

For discussion of the radiation transport, we have to
consider not only intensities but also fluxes [20]. We
denote the observed spectrally integrated intensities for
the type-A target without a foil, type-A target with a foil,
and type-8 target with a foil, as Io, I„,and Itt, respec-
tively. The intensity of the self-emitted x rays Iz is writ-
ten by Iz =I&. Due to symmetric arrangement of the di-
agnostic holes between the type-A and type-B targets, the
intensity of the transmitted x rays Ir is given by
IT=I„Itt.Since the—directionality of the heating x
rays is well deflned, the flux of the transmitted x rays ST
is given by Sz =So(Iz /Io), where So is the heating x-ray
flux, and (Iz /Io) is the transmittance of the heated foil to
the heating x rays. The flux of the self-emitted x rays Sz
depends on the angular distribution of the self-emitted x
rays, which we did not directly measure in this experi-
ment. Assuming a uniform slab plasma in local thermo-
dynamic equilibrium, the angular distribution of the self-
emitted x rays is determined by the optical thickness of
the plasma [20]. When the plasma is optically thick, the
angular distribution becomes a cosine distribution and
Sz =+I'. On the other hand, when the plasma is optical-
ly thin, it becomes isotropic and Ss =2m(cos22. 5')Iz
(where 22.5' is the observation angle from the target nor-
mal). Figure 4 shows the temporal evolution of the flux
ratio ST/(Sr+St), which is the ratio between the
transmitted x-ray 6ux and the total x-ray Bux, evaluated

Time (ns)

FIG. 3. Temporal profiles of the observed x-ray intensities.
Humps labeled "Noise" are electrical noises of the x-ray streak
camera. (a) Results for the CF foil. (b) Results for the Au foil.

FIG. 4. Temporal evolution of the Aux ratio ST/(S&+S&).
Thick and thin curves correspond, respectively, to the evalua-
tions based on cosine and isotropic angular distributions of the
self-emitted x rays.
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FIG. 5. Spectral transmittances of the heated foils measured
at 22.5 from the target normal. Horizontal error bars show
typical spectral resolution.

for the cosine and isotropic angular distributions of the
self-emitted x rays. At the beginning of the x-ray heating
where the thin foil is cold and can be regarded as a pas-
sive filter, the flux ratio should be essentially unity. As
shown in Fig. 4, at an early stage of the x-ray heating, be-
fore t =—0.4 ns for example, the flux ratios are close to
unity for both the CF and Au foils, implying that most of
the thin foil remained rather cold. After the complete
burnthrough, after t =0.0 ns for example [21], there is a
remarkable difFerence between the CF and Au cases. In
the case of the CF foil where the flux ratio is close to uni-
ty, the flux of the transmitted x rays is the main part of
the total x-ray flux. On the other hand, in the case of the
Au foil where the flux ratio is much smaller than unity,
the flux of the self-emitted x rays is the main part of the
total x-ray flux. After the complete burnthrough, the
heated foil is a hot and expanded plasma, and therefore
simulates a blowof plasma in x-ray-driven plasma abla-
tion. It is concluded from this observation that the types
of the radiation transport in x-ray-produced low-Z (CF)
and high-Z (Au) plasmas are the transmission type and
the self-emission type, respectively.

Figure 5 shows the measured spectral transmittances
of the heated foils, for which the self-emitted x rays have
been subtracted. The spectral transmittances shown in
Fig. 5 are those at t = —0.4 ns which corresponds to an
early stage of the x-ray heating, and t =+0.1 ns which
corresponds to a final stage of the burnthrough. Heating
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of the low-Z (CF} plasma makes its transmittance in-
crease drastically. That is, the x-ray-heated low-Z plas-
ma becomes quasitransparent to the external heating x
rays. This is the direct experimental evidence for the ion-
ization burnthrough [22], which is the essential feature
for the transmission-type radiation transport. On the
contrary, heating of the high-Z (Au} plasma does not
drastically change its transmittance. That is, the x-ray-
heated high-Z plasma remains opaque to the external
heating x rays. Therefore the radiation transport in the
x-ray-produced high-Z plasma can be properly called the
self-emission type.

In conclusion, we reported an unambiguous experi-
mental observation of the two types of radiation trans-
port in x-ray-produced plasmas. In the ease of the low-Z
(CF} plasma, the radiation transport is the transmission
type, whereas it is the self-emission type in the case of the
high-Z (Au) plasma. Spectral transmittances of the low-

Z and high-Z plasmas have also been shown. Temporal
evolution of the spectral transmittance of the low-Z plas-
ma clearly showed the ionization burnthrough, whereas
that of the high-Z plasma did not. This work was
designed to clearly demonstrate the existence of the two
types of radiation transport. However, the type of radia-
tion transport is in general determined by the transparen-
cy of the plasma to the external heating x rays. In other
words, the type of radiation transport depends not only
on the material but also on the heating-x-ray conditions.
Even with a low-Z material, the radiation transport in
the x-ray-produced plasma could become closer to the
self-emission type for the cases of higher heating flux,
longer pulse duration, and more oblique incidence angle.

We sincerely acknowledge contributions by the techni-
cal staffs at ILE for plasma diagnostics, target fabrica-
tion, and laser operation for this work.
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