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Abstract

The soft X-ray emission of the medium-energy plasma focus device IPF-2/20 operated
in pure neon was studied with spectral resolution. The spectra of H- and He-like Ne ions were
recorded by means of a de Broglie spectrograph for initial filling pressures in the range 1.3-5-7
torr. Both the soft X-ray emission characteristics and the plasma parameters are strongly
dependent on the working gas pressure. The intensity of the He-like neon ions lines increases
when the working gas pressure is raised, while for the H-like ions it has a maximum for about
5 torr filling. The electron density has values of the order of 1020 cm'3. The electron
temperature ranges between 300 and 350 eV. Both the plasma density and the plasma
temperature decrease when the initial gas pressure is increased.

Introduction

The spectral characteristics of the soft X-rays emitted by plasma focus discharges in
pure Ne have been studied having in view both plasma diagnostics and atomic physics [1], and
applications of the plasma focus as X-ray source [2].

The use of a plasma focus as soft X-ray source for a given application requires simple
means of monitoring the X-ray emission spectrum. On the other hand, to optimise the
operation of a plasma source, spectroscopic diagnostic is necessary for establishing
relationships between the emission parameters and the functional parameters of the device. The
plasma focus proved to be appropriate as X-ray source for microlithography, when operated in
neon, since the H- and He-like Ne ions emission lines cover the spectral range 0.9 up to 1.4
nm, and the H-like ions radiative recombination continuum is very intense below 1 nm.

In this paper, a convex curved crystal spectrograph is used to record the highly-
stripped Ne ions spectra produced by discharges in the IPF-2/20 plasma focus device. The aim
of the investigation is to characterise the emission of the soft X-ray plasma source.

Experimental set-up

The measurements were performed on the medium-energy plasma focus device IPF-
2/20 [3], In these experiments the energy stored in the capacitor bank was 10 kJ for 16 kV
charging voltage. The maximum value of the current reaches 400 kA and the current rise time
is 3.5 us. Pure Ne was employed as working gas, in a pressure range from 1.3 to 7 torr.

The spectroscopic measurements were performed by means of a de Broglie
configuration [4] spectrograph [5] which is the most appropriate to record a wide spectral
range while keeping high resolving power and sensitivity. For the spectral range mentioned, a
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mica crystal {002} with the lattice spacing d « 0.99 nm was chosen The geometric parameters
of the device were calculated using a ray-tracing code [6] to optimally satisfy the spectral and
geometrical requirements of the experiments. For a 600 mm source-to-crystal distance, the
following values resulted: the crystal curvature radius rc = 70 mm, the curvature radius of the
film rf = 120 mm, and the size of the entrance aperture in the diffraction plane da * 20 mm. The
spectrograph was placed to view the source in radial direction (Fig. 1). For these values, the
useful spectral range of the spectrograph is approximately 0.1 -=- 1.6 nm. The functional
parameters of the device, corresponding to these geometric parameters were: the inverse linear
dispersion dX / dl « 0.008 nm / mm, and the resolving power X I AX «= 500 -̂  1000 for a source
of 1 mm size in the diffraction plane. The resolving power is strongly limited by the source size
since the spectrograph produces line broadening proportional with this parameter On the other
hand, this effect can be used to estimate the source size from the line widths, when this is the
major broadening mechanism. The entrance aperture of the spectrograph was covered with an
Al foil 9 um thick. The spectra were recorded on Kodak DEF (Direct Exposure Film) [7].
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Fig. 1. The convex curved crystal spectrograph (de Broglie geometry). The connection to the
plasma focus discharge chamber is indicated

The sensitivity of the spectrograph is high enough to allow for single-shot spectra
recording in the conditions of the intense X-ray emission of the plasma focus. In certain cases,
the spectra arising from more shots were recorded on the same film to increase the signal-to-
noise ratio. The integration over more shots allows one also to study the reproducibility of the
emission from the point of view of both the spectral intensity, and the source position and size.
All records presented are time-integrated over 5 plasma focus discharges performed in the
same initial conditions. As mentioned, the main limitation of the de Broglie spectrograph
resolving power is due to the dimension of the X-ray source. Although the plasma focus device
operated reproducibly, the small variations in the source position from one shot to another led
to additional broadening of the spectral lines.

The X-ray emission rate in the spectral range 0.03 to 0.4 nm was measured with a
surface barrier detector positioned at 90° with respect to the plasma focus axis. The discharge
current was monitored by means of a Rogowski belt mounted in the collector of the device.
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Experimental results

The plasma focus device functioned well and reproducible for each value of the
pressure from the point of view of both sheath and pinch formation, and soft X-ray emission.
However, the filling pressure strongly influences the discharge dynamics, as shown both by the
discharge current and the X-ray emission rate signals. The timing of the pinch phase is
significantly delayed with respect to the peak value of the current as the pressure is increased.
The surface barrier detector signals show that the X-rays are emitted in more bursts of about
100 ns duration. The total duration of the emission decreases from approximately 900 ns for
13 torr to about 300 ns for 7 torr discharges. The amplitude of the signals decreases by a
factor of two when increasing the pressure.
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Fig. 2. The dependence of the highly-ionised Ne spectra on the initial filling pressure

Typical spectra of the highly-stripped Ne ions are presented in Fig. 2. Besides the
changes in the discharge dynamics, the appearance of the spectra depends on the pressure due
to the absorption in the working gas on the ray paths from the source to the detector. This
effect is stronger at longer wavelengths.
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The main features evidenced in the soft X-ray emission spectra (Fig. 2) of the Ne pinch
plasma are, for all working pressures, several members of the principal series of the H- and He-
like Ne ions and the recombination continuum. A blend of satellites to the resonance line of the
H-like Ne ions and the intercombination line of the He-like ions can be, generally, observed in
the spectra The lines were identified using the ray-tracing code [6] and by comparison with
published data [1, 8]. The resonance lines are affected by self-absorption due to plasma optical
thickness for all initial Ne pressures. The line intensity for the He-like neon ions increases when
the working gas pressure is raised, while for the H-like ions it has a maximum for 5.3 torr
filling The intensity of the intercombination line relative to the He-like ions resonance line
increases with the pressure. The radiative recombination continuum spectrum is well featured
in the case of 5.3 torr neon discharges.

An analysis of the spectra allows one to determine the parameters of the emitting pinch.
Due to the space- and time- integration, the resulting values are averaged over the source size,
emission duration, and emission fluctuations from discharge to discharge.

An estimation of the plasma density on the basis of the Inglis-Teller relationship [9]
gives values of the order of 1020 cm'3. When the working gas pressure increases the electron
density decreases, as suggested by the increase of the quantum number of the last visible
member in the principal series, by the increase of the intensity ratio of the intercombination to
the resonance lines of the He-like Ne ions, and by the decrease in the effect of self-absorption.

The fact that the intensities of the H-like Ne ions lines are comparable or stronger than
those of the He-like Ne ions lines indicates a relatively higher population of the H-like
ionisation stage, pointing to electron temperatures higher then 300 -=- 350 eV [9] The shift of
the maximum of the continuum emission towards longer wavelengths and the increase of the
intensity ratio of the He-like to H-like Ne ions resonance lines indicate that the plasma
temperature decreases too when the initial Ne pressure is increased.

The observed trends of the plasma density and temperature can be correlated with the
decreasing signals of the surface barrier detector and can be justified by the fact that the delay
between the current maximum and pinch formation moments increases when the heavy gas
pressure increases.

Conclusions

The IPF-2/20 plasma focus device operated in pure neon emits intense H- and He-like
ions line and continuum spectra The plasma parameters were estimated from the spectral
records When increasing the working gas pressure, the spectral elements change in relative
intensity, and both the plasma density and temperature show a lowering tendency. These
observations are correlated with the delayed pinch formation, characteristic for higher filling
pressures.

[ 1 ] Peacock, N.J., Spear, R.J., and Hobby, M.G., J. Phys. B: Atom. Molec. Phys., 2 (1969) 798
[2| NefT, W., Eberle, J., Holz, R., Lebert, R., and Richter, F., Proc. SPIE, 1140 (1989) 13
[3] Ccbanu, A., et.al., Plasma Phys. Contr. Nuclear Fusion Res., IAEA, Vienna, Vol.11, (1981) 197
[4] Birks, L.S., Rev. Sci. Instrum., 41 (1970) 1129
(5) Presura, R., Paraschiv, I., Zoita, V., to appear in Rom. Rep. Phys. (1996)
[6] Presura, R., Proc. IX-th Conf. Plasma Physics and Applications, Bucharest, (1996) - in preparation
|7] Henke, B.L., Uejio, J.Y., Stone, G.F., Dittmore, C.H., Fujiwara, F.G., J.Opt.Soc.Am.B, 3 (1986) 1540
[8] Kelly, R.L., J. Phys. Chem. Ref. Data 16, suppl. 1, (1987) 1
[9] Griem, H.R., Plasma Spectroscopy, McGraw-Hi 11, New York (1964)

- 5 9 8 -


