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Use of unresolved transition arrays for plasma diagnostics
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The use of unresolved transition arrays for the determination of plasma temperature is described.
A compact low-resolution spectrometer, based on this technique, which yields both temporally and
spatially resolved data, has been constructed. It may be developed easily into a real-time device.

I. INTRODUCTION
I

Experimental spectroscopy data of multiply-charged
ions are used in order to study the basic processes which
occur in hot plasm as. Various methods have been
developed' for the determination of the plasma composi-
tion and the fractional abundance of the various ionic

species, as well as the plasma temperature and density.
All these methods are based on the interpretation of H-
like and He-like spectra emitted by ions of low and medi-
um Z elements. They require high-resolution measure-
ments of the ratios between the intensities of various satel-
lites and intercombination lines and those of the resonance
lines. Since most of the above-mentioned spectra are em-

TABLE I. Spatially resolved lanthanum intensities of (I)' grouped into various bands.
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'Intensity at x micrometers is the total plurne intensity at a distance of x micrometers away from the
target and outward.
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itted in the x-ray region, they are recorded by crystal dif-
fraction spectrometers of various designs. In all these
spectrometers the necessary high resolution is obtained by
increasing the distance between the source and the dif-
fracting crystal. This increase in resolution is obtained at
the expense of the photon flux. Low flux makes measure-
ments with high space and time resolution impossible.

In this paper we propose the use of complex high-Z ele-
ment spectra for the purpose of plasma diagnostics.

These spectra consist of large numbers of unresolved lines
belonging to the same unresolved transition arrays (so-
called UTA). In the present method only the various ar-
rays have to be resolved and hence the required resolution
is low. Low spectral resolution can be obtained using
small geometrical dimensions. These features make high
photon fluxes possible and consequently the measurement
can be carried out with high spatial or temporal resolu-
tion, or with both spatial and temporal resolution.
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FKjt. 1. X-ray spectra of laser-produced plasma from a lanthanum target.
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FIG. 2. Schematic representation of the shadow technique for obtaining spatial resolution.

II. THEORETICAL BACKGROUND

The x-ray spectrum of a hot-Z element plasma is
characterized by wide bands of transitions, where each
band belongs to a different isoelectronic sequence. A reli-
able theory is required in order to be able to use these
bands for plasma diagnostics. As can be seen from Fig. I,
the spectra include isolated peaks. Most of these peaks
correspond to transition arrays that consist of numerous
closely packed lines. Thus it is clear that detailed line cal-

culations cannot be a satisfactory way of identifying these
spectra. To do this, a model describing the unresolved
transition array (UTA) as a whole was developed. In this
model, the arrays were described as intensity-weighted
distributions of transition energies, and simple analytical
expressions for the mean and the variance of the weighted
distribution were developed. However, in many cases of
highly ionized heavy atoms, the spin-orbit splitting of one
(or several) electrons is the dominant feature of the con-
figuration, so that the transition array actually splits into
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FICr. 3. Spatially resolved x-ray spectrum of a laser-produced praseodymium plasma.
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nearly pure jj well-separated subarrays. For these cases
the UTA model was extended to give the first and the
second moments (mean energy and variance) of each of
the spin-orbit split subarrays. We shall refer to this as the
spin-orbit-split array (SOSA) model.

The SOSA model has recently been applied to the iden-
tification of 3d-4f transitions in the x-ray spectra of high-
ly ionized (Ge-like —Co-like) Tm —Re (Ref. 3) and 3d-5f,
6f transitions in tungsten and gold in laser-produced
plasma, showing excellent agreement with experiment.
Thus, it can be seen that the UTA model provides a useful
tool for plasma diagnostics.

III. EXPERIMENTAL AND RESULTS

Figure 1 shows two laser-produced lanthanum spectra
obtained at the Soreq Nuclear Research Center Nd-glass
laser facility. The laser energy varied between 3 and 70 J,
while the laser Cxaussian pulse shape of 3.5 nsec full width
at half maximum (FWHM) was kept constant. The beam
was focused by a lens onto plane targets. The x-rays were
dispersed by a potassium ammonium phosphate (KAP)
crystal and recorded on RAR 2495 film. The recorded
spectrum was processed by a computerized microdensi-
tometer. The energies were calibrated using known refer-
ence spectra, and the intensities were obtained from the
known film response. In order to be able to properly in-
terpret spectra such as shown in Fig. 1, the same spectra
were also recorded with spatial resolution. Although this
technique has been published previously we shall outline
its main features in order to better understand the plasma
diagnostics described here.

Figure 2 is a schematic description of the partial sha-
dow method. The small ellipse touching the target
represents the plasma profile. The circle represents a wire
which casts a shadow on the film. Both plasma and wire
are highly exaggerated in the figure. Obviously, before
reaching the film, the x rays hit a dispersive crystal (not
shown in the figure). The crystal, however, disperses, ac-
cording to wavelength, only in one direction while in the
perpendicular direction there is no wavelength depen-
dence, and this is the direction in which the shadow is
cast. The region on the film extending from the solid line
and outward (from A' and up in the figure) is irradiated
by all of the plasma. The region on the film between the
solid and broken lines (A'8') is irradiated by most of the
plasma, except the dense and cool region close to the tar-
get ( AB). When we approach D' (the edge of the full sha-
dow), the film is affected by smaller and smaller regions
of the plasma ( CD), until finally the region close to D' is
irradiated only by the hot, low-density corona. When the
distances between the target and the wire, and between the
wire and the film are known accurately, the plasma region
affecting a certain point on the film can be calculated.
Figure 3 is a print of a spatially resolved x-ray spectrum
of praseodymium, which shows clearly the full and partial
shadows in the various UTA's. Figure 4 shows four
laser-produced x-ray spectra of lanthanum as emitted in
various parts of the plasma: from the denser part of the
plasma at 30 pm from the target, to the outer part of the
corona at 300 pm.
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FIG. 5. Plot of the intensity ratio of the Fe-like UTA to the
Co-like UTA as a function of the laser irradiance.
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FIG. 4. X-ray spectra of laser-produced lanthanum plasma.

Each spectrum is obtained from that part of the plasma which
starts at a distance of F pm from the target and extends out-
ward. Distance F for each spectrum is marked on the left of it.
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We define two intensities. The total band intensity in-
cludes the whole area between the graph and the wave-
length axis, while the corrected intensity is the same area
from which the semicontinuum is subtracted (the dotted
area). Table I summarizes the total and corrected intensi-
ties as a function of the distance from the target for the
various UTA's of Fig. 4. The percentages are the ratios
between the intensities due to the part of the plasma
~ 150 pm from the target, and those due to the part of

the plasma ~ 30 pm from the target.
As described previously, the spectrum recorded 150 pm

away from the target originates mainly in the hot corona.
The high percentages in the last column of the table, as
compared with those in the fourth, show clearly that the
corrected intensity describes the intensity of the UTA
contributed by the outer corona of the plasma. Therefore,
the band structure mainly 'represents the emission from
the corona. Thus the space integrated spectrum may be
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FIG. 6. X-ray spectra of laser-produced plasma of lanthanum (Z =57) and samarium (Z =62). Laser energy and intensity were

kept constant.



35 USE OF UNRESOLVED TRANSITION ARRAYS FOR PLASMA. . . 285

l2

Pr

4f~3d
Co- Ni- like

spectrometer was constructed by us with overall dimen-
sions of 5 X 3 X 1 cm . One can see from the figure that
the various bands are easily distinguishable.

IV. SUMMARY AND CONCLUSIONS
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FIG. 7. X-ray spectrum of laser-produced praseodymium
plasma as recorded by the compact spectrometer.
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used for the determination of laser plasma parameters. In
the spectrum of lanthanum produced by a laser pulse of 3
J (Fig 1), . the Mn-like UTA can hardly be observed,
whereas in the spectrum produced by a 70 J pulse, UTA's
as far as Ti-like are clearly distinguished. Figure 5 shows
a plot of the intensity ratio of two neighboring UTA's as a
function of the laser intensity. Since the temperature of
the laser-produced plasma is a function of the laser inten-
sity, ' the plot of Fig. 5 can be used for temperature
determination after proper calibration.

The sensitivity of the method is demonstrated by the
following results. Figure 6 shows spectra of lanthanum
and samarium produced by two laser pulses of identical
energy and specific power. The effective charges (Z) of
the two elements differ by only 10% and since the ioniza-
tion potential is proportional to Z, we may assume simi-
lar electron densities. Since the relative population of the
various UTA s is a function of electron density, ionization
potential, and electron temperature, the main factor which
determines differences in the populations of these two ele-
ments is the electron temperature. The great difference
between the two spectra shows clearly the sensitivity of
the UTA method to changes in electron temperature.

Figure 7 shows a 3d 4f UTA spectrum of-praseodymi-
um obtained at a laser energy of 5 J with a convex KAP
crystal which is included in a small spectrometer. This

We have shown here that UTA spectroscopy of high-Z
elements yields valuable information regarding hot plasma
parameters. Using the SOSA model, the band calculation
and identification of the ionization stages is very reliable,
making UTA spectroscopy an efficient tool for plasma di-
agnostics. Furthermore, unlike line spectroscopy which
requires a high resolution of A./EA, -1000 or better, UTA
spectroscopy needs only to discriminate between the vari-
ous bands, and hence low resolution of A, /EA, -50 is suffi-
cient. Because of the low resolution required, the spectra
can be recorded in a compact spectrometer which can be
placed close to the plasma. Such a spectrometer has been
constructed with small dimensions as described above and
has been found to meet the above-mentioned require-
ments.

The compact spectrometer has several advantages. The
small size of the recording film enables one to replace it
directly with a two-dimensional diode array, thus obtain-
ing the information on a real-time basis. Furthermore,
compactness is of great advantage for tokomak plasma di-
agnostics where the spectrometer can be placed close to
the first wall and not far away, as is the case with most
spectrometers. This arrangement will enable one to obtain
time-dependent information with high statistical accura-
cy.

In conclusion, a method for the reduction of plasma pa-
rameters, using low-resolution spectroscopy of UTA's, has
been described which has the following advantages: (1)
the spectrometer itself can be made small and of low reso-
lution; (2) high spatial and time resolution is obtainable;
(3) due to the simplicity of the physical principles in-
volved, data reduction is simplified; (4) last but not least,
the device is of low cost.
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