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Measurements of electron temperature in x-ray heated ylasmas
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Experimental study is presented of an electron temperature in an intense soft-x-ray heated plas-
ma through extreme ultraviolet spectroscopy. Temperatures obtained from time integrated x-ray
line aud continuum emissions were found to be T, 53I (10' W/cm ) (eU) for Al plasma over
the range of intensities of 10'i to 6&10' W/cm2. The intensity scaling of temperature is com-
pared with an analytical model and is found to agree well with this model.

Recent experiments have shown that a shorter wave-

length laser converts its energy efficiently to x-ray ener-
gy. ' The energy transport has been found to be mostly
carried out by sub-keV x rays in high-Z matter irradiated
at interest (a few times 10' W/cm2) laser intensities. '

Thus, it becomes particularly important to understand the
x-ray interaction with a solid matter. In addition to such
basic physical processes, a study of x-ray heating of solid
matter is also practically important for various applica-
tions using intense x rays such as x-ray backlighting, x-ray
lithography, and x-ray laser with a photopumping scheme.
In such application, there are unavoidable problems in
that the x-ray-irradiated objects are heated by the x rays
of unnecessary photon energy components. There have
been a few experimental studies about intense x-ray in-
teraction with solid matter which were published in open
literature.

In this paper, we present measurements of an electron
temperature of x-ray-heated Al plasma for the first time. s

Soft x rays penetrate into a high-density region and heat
up a certain volume, resulting in the lowering of the tem-
perature of heated plasmas (e.g., 100 eV).4 By Al E-shell
diagnostics we cannot measure such a relatively low tem-
perature because it was shown that the line intensity ratios
formed from lines from H-like and He-like iona provided
plasma temperatures of more than about 300 eV. Even if
some temperatures were measured by the line, often too
weak, those temperatures could be erroneous since these
lines could result from local hot spots. Here, we obtained
temperatures of x-ray-heated plasmas through extreme
ultraviolet (XUV) spectroscopy which has measured L-
shell line emissions and continuum emissions from Al
plasma. The temperature scaling with x-ray intensity was
found over the range of intensities of 10'2 to 6x10'2
W/cm2. This scaling agrees well with a simple self-
regulating model taking account of the x-ray mean free
path.

The experiments have been conducted by using two
parallel-plate targets as shown in Fig. 1. 0.53-atm laser
light was first focused onto a Au plate (50-pm thickness)
through an aspheric lens of f/1. 6 in a pulse duration of
400 psec (full width at half maximum) with an incidence
angle of 54'. The laser intensity on the Au plate was
fixed at (1-2)X 10' W/cm in an eff'ective spot diameter
of 200 pm. An Al square plate (500x 700-pm side length
and 50-pm thickness) was used as a target irradiated by x

rays from Au plasma and was placed parallel to the Au
plate. The Al plate was positioned such that neither the
incident laser light nor the specularly reflected light was
allowed to heat it directly. An x-ray pinhole camera was
used to monitor if the incident laser light directly heated
Al plate. The gap distance between the parallel plates was
varied from 300-700 pm to control the x-ray intensity.

X-ray spectral measurements were performed using a
flat-field grazing incidence XUV spectrometer with a
grating of 1200 grooves/mm average pitch whose spectral
range was from 45 to 250 k The spectrometer has a
50-atm entrance pinhole and a spectral resolution of 0.3 A
for the incidence x-ray wavelength of 60 A. The spatial
resolution was about 50 atm. The spectrometer was
mounted at the right angle to the normal direction of the
parallel plates and spatially resolved perpendicular to the
target plane (see Fig. 1). The time-integrated XUV spec-
trometer was recorded on a Kodak-type 101 film. s A tem-
poral behavior of soft-x-ray emissions was monitored by
using two-channel Al photocathode biplanar x-ray diodes
(XRD) with a 2-pm-thick parylene and I-)tm Al filters
which provided spectral sensitivities in the photon energy
range of 0.1-0.3 and 0.6-1.0 keV, respectively. The
overall time response of the detector was 350 psec. The
XRD's were mounted at a right angle to the normal of the
parallel plates (see Fig. 1).

Time-integrated soft-x-ray spectra from Au plasmas
were measured separately by 10-channel XRD's at the
same laser condition as the one in this experiment but
without the lower Al plate. The conversion efficiency
defined as the ratio of a measured x-ray energy to the in-
cident laser energy was (25-30)% in 0.1 to 1.6 keV for the

-ray

1RI

FIG. 1. Experimental setup: Au and Al plates are used as an
x-ray emitter and a target irradiated by x rays. XPHC: x-ray
pinhole camera. XRD: a set of filtered x-ray diodes. GXUV:
flat-neld grazing incidence XUV spectrometer.
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cosine distribution of the emission. This value was also in
reasonable agreement with previous experimental re-
sults. "The x-ray intensity on the Al plate was controlled
by the distance between the x-ray emitter (Au) and Al
plate and was determined by the illumination geometry.
The x-ray spectra and intensity at Au plasmas were kept
fixed through this experiment in order to avoid any change
in the x-ray absorption processes.

Other energy fluxes such as (1) plasma ion particles,
(2) hot electrons from Au plasma, and/or (3) radiation
from the stagnated plasma between the parallel plates
may heat the Al plate. However, the firit two kinds of
components (1 and 2) were estimated to be four or more
orders of magnitude less than the radiative energy flux
from charge collector and x-ray p-i-n diode signals. 3

Moreover, effects of ion components will be reduced by
the plasma stagnation between the parallel plates. From
the spatially resolved XUV spectra, it was observed that
the Au plasma was not stagnated directly on the Al plate
but halfway to the Al plate. X-ray emissions from the
stagnated plasma were monitored by the XRD's and x-ray
intensity was small (typically & 20% of the x-ray intensi-

ty from laser-heated region). Only the radiative energy
flux from the laser-heated Au plate is a major heating flux
to the Al plate.

An example of XUV spectra on 50-100 A. from x-ray
heated Al plasmas obtained with two different x-ray in-
tensities is shown in Fig. 2. It should be noted that the
continuum spectral peak shifts to a higher-energy side
with increase of incident x-ray intensity. These observed
characteristics are caused by the change of the averaged
ionization state with the increased electron temperature
since the free-bound spectrum is a function of the ioniza-
tion state. For a Boltzmann distribution of free elec-
trons, we can estimate the average ionization state from

the spectral peak.
Bold bars in Fig. 3 show temperatures versus x-ray in-

tensity from the continuum spectra or average ionization
state. The correlation of the electron temperature and the
average ionization state by the hybrid-atom model
(HAM) (Ref. 10) were used in order to determine the
electron temperature. This model is a combination of the
collisional-radiative model and the averaged-ion model.
The correlation also depends on the ion density which was
estimated to be 0.1-1.0x10's cm from the intensity ra-
tio of the L-shell line emissions. In these L-shell emis-
sions, the transitions of Al + 2s 2p (3P)-2s 2p3d(3D)
and Al + 2s2p3(5S)-2s2p 3d(5P) (Ref. 11) were used.
The width of the temperature value in Fig. 3 is due to the
uncertainty of the ion density.

Triangles in Fig. 3 show electron temperatures obtained
from a temperature-sensitive L-shell ratio [Al' + 2s-
2s 3p(1P) and Al "+ 2p-3s]." The line intensity ratio de-
pends oui~ slightly (» +'20%) on the plasma density be-
tween 10 7 and 10 ' iona/cm3 whose magnitude is con-
sistent with experimental data. However, the opacity
effects to the L-shell line emissions in such a density re-
gion may not be neglected so that radiation transport
should be taken into account for determining the tempera-
ture. We assumed that an Al plasma with radius of
50-500 pm was produced along the viewing axis of XUV
spectrometer in order to consider the opacity effect. " The
vertical bars are due to the difference of plasma volume or
optical thickness. The result from the line ratio is in good
agreement (within 20%) with that from the ionization
state. It is readily seen in Fig. 3 that the electron temper-
ature increases with the x-ray intensit~. The scalin~ sug-
gested by our data is T, 53 xI,(10 2 W/cm 2)o 2 (eV),
where I, is incident x-ray intensity on Al plate.

If we assume a steady state for x-ray heated plasmas,
the electron temperature could be estimated by consider-
ing a self-similar isothermal expansion from the
Chapman-Jouguet (C-J) point. '2'3 In this model, the x-
ray intensity is
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FIG. 2. XUV spectra from x-ray-heated Al plasmas with
difterent I-ray tntcnsltlcs I». (a) I» ~ 1 x 10 W/cm . (h)
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FIG. 3. Temperature vs x-ray intensity for x-ray-heated Al
plasmas. Bold bars and triangles show the temperatures es-
timated from continuum spectra and line ratio. Dashed (case 1)
and solid (case 2) lines are temperature scalings from analytical
models. Case 2 includes the ionization loss into case 1.
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where U„,U;, and C, are the radiative loss (reemission in
the deflagration region), the ionization loss, and the sound

speed C, =j'ZT, /m;, respectively. m; and n; are the ion
mass and density. 4m;n;, C,3 is the heat flux necessary to
maintain a self-similar isothermal expansion in which case
the outward heat flux is m;n;, C, and the inward flux is
3ritinis Cs ~

3 12

At first approximation (case 1), we neglected the ion-
ization loss and the radiation loss as I„4m;n;,C, 3. The
inward energy flux of reemission U,

' is assumed to be less
than the energy flux necessary to form the deflagration as
U,

' & 3m~n;, C, . The structure and thickness of the abla-
tion region are approximated by a radiation mean free
path L,. It is a reasonable assumption that the electron
thermal conduction is neglected in the deflagration region,
comparing the mean free paths of thermal electron with
that of x-ray radiation. Moreover, L„and n;(x) are as-
sumed to have forms such as L,(x) f(T, )g(n;)

f(T, )/n;(x)2 and ni(x) n;, exp(-x/C, r), respective-
ly; also, the energy density of reemission in the
deflagration region is assumed to be negligibly small com-
pared to that of the incident radiation. The ion density at
the C-J point is given from diffusion approximation 4 for
the radiation flux as

n;, [ln( —', )/vex2f(T, )/C, r]' 2,

where r is the duration of the radiation pulse. ' In the ab-
sorption process of radiation, the plasma is assumed to be
in equilibrium condition (T, 'r„).But in the emission
process, the plasma may be out of the equilibrium condi-
tion, namely, the emissivity of reemission is much smaller
than that in the case of the blackbody condition. A
quasiequilibrium condition such as this might be reason-
ably assumed as long as x-ray pulse continues, since the
x-ray produced plasma at the C-J point will have a low
temperature and high density. Then a simple scaling of
the temperature is obtained from Eqs. (1) and (2) taking
account of the relation of L„aTP2T2/[ni Z(Z+I) ]
with a 4.4&10 cm deg i for bound-free radiation'
SS

T, ~1.36&10 '[1„'~~ (W/cm )][(r2AA' )]3~3'(eV),

(3)

where we assume the relation of Z —,
' (A' T, ) '~ '5 Here, .

A and A' are the atomic weight and the atomic number,
respectively. This scaling as shown in Fig. 3 for dashed
line is about 30% higher than the experimental results.
Such a result may stem from the neglect of the ionization
loss U; and/or radiation loss U, in Eq. (1).

Next (case 2), we considered the ionization loss and the

thermal energy is written from Eq. (1) as

3/2kr, (Z+1)
"

3/2kr, (Z+ I )+~„
-(0.6-0.7)I. , (4)

where X„is the ionization potentiaL
The scaling taking account of ionization loss is shown as

a sohd line in Fig. 3. This scaling is in good agreement
with the experimental result over the x-ray intensity of
10'2 to 4 X 10' W/cm . This comparison implies that the
incident radiation over such intensity will be quasi-
equihbrated with the plasma.

It should be also noted that the saturation of tempera-
ture is found at a x-ray intensity of more than 5x10'2
W/cm . There are some possible mechanisms for the sat-
uration. Considering the temperature at the ion density of
10's cm 3, the radiation loss is one of the important fac-
tors used to determine the electron temperature. Al plas-
ma has a peak of emissivity by L-shell emission at the
electron temperature of about 100 eV." Thus, the effect
of radiation losses through L-shell emission will be essen-
tial to the temperature scaling near 100 eV and the tem-
perature may be saturated around 100 eV. '

The ionization burnthrough in the x-ray absorption pro-
cess may also be one of the factors saturating the electron
temperature. ~'7 The photon energy of 100-300 eV of in-
cident radiation is a component which forms about 30% of
incident x-ray energy, and is mainly absorbed through the
Al L-absorbed edge. However, temperature rise shifts the
ionization front. Thus, incident radiation with the same
energy flux penetrates further into a higher density region
and heats a rather large volume, resulting in the tempera-
ture saturation. Details of saturation mechanisms are
beyond our scope and should be studied in the future.

In summary, we have measured the electron tempera-
ture of intense x-ray-heated Al plasma through XUV
spectroscopy. The temperature scaled with x-ray intensity
as T, 531„(10'3W/cm2)o29 (eV) over the range of in-
tensity of 10'2 to 4X 10'~. Temperature scaling is also ob-
tained with a simple self-regulating model taking account
of the x-ray mean free path. Good agreement is found
when we assume that the radiation is quasiequilibrated
with plasma considering the ionization loss. Saturation of
temperature at around T, -100 eV suggests a radiation
loss by L-shell emission and/or ionization burnthrough in
the absorbed region.
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