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1. Introduction

Capillary-discharge excited lasers have a relatively long
history (in terms of today's technological advances), with
such systems having been around for nearly 30 years.
Initially (and often still today), research teams have used
the scheme proposed by J. J. Rocca et al. [1] and then
implemented in practice [2]. Although there are studies
that aim a shorter (<15 nm) wavelength range than the
system presented by Rocca [3], all devices that are stable
and widely used in practice operate at 46.9 nm (or longer).
At this wavelength range, important practical applications
in both medicine and materials science are possible, but
they are still mainly used in research. Popular research
applications using soft X-rays are e.g. X-ray microscopy
[4], X-ray lithography [5], or thermal ablation in polymers
(PMMA) [6]. For capillary excitation, there are two main

excitation schemes.

The first is recombination through electron impact
pumping scheme, which uses the recombination of fully
stripped hydrogen-like ions. Then, with sufficiently fast
cooling, the population inversion of the energy levels
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associated with the Balmer-alpha transition can be
achieved. Another way of amplifying spontaneous
emission is based on electron impact ionisation pumping:
this uses rapid excitation of Ne- or Ni-like ions to generate
population inversions. In practice, this latter excitation
scheme is the most commonly used by research groups,
where high purity Ar gas is used as the active medium. In
such systems, when properly excited, the laser emission
occurs at the 46.9 nm wavelength transition of neon-like
Ar+8 ions. For excitation, voltages of the order of 0.2 - 1
MYV are applied (10 - 100 KA peak current), mostly using
high voltage Marx generators. Such devices are large and
expensive, so reducing (ideally minimising) the excitation
voltage is essential to design small and relatively cheap
systems that are practical to use.

2. Objectives

Over the past nearly 30 years, research groups have
mostly used and improved the Rocca Marx generator-
based C-C transfer mode system [7], [8], [9], [10], [11].
However, there are also some forward-looking researches,

such as. further reduction of the wavelength, significant
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extension of the active medium length (with resonators or
even longer capillaries) and miniaturisation [12], [13],
[14]. The main obstacle of the latter is the still very high
(0.2 - 1 MV) voltage excitation systems. Considering the
current research opportunities, my main goal was to

investigate and develop new excitation techniques.

My objective was to experimentally investigate an
alternative possibility for the excitation of low current
capillary discharge X-ray lasers and the realisation of
bench-scale systems. For this purpose, | used an LC
inversion power supply with a pulse transformer built in
Szeged (originally for other purposes). My goal was to
achieve laser operation with an excitation current of < 10
kA amplitude using a non-Marx-generator excitation

system.

Marx generators are specifically designed to generate fast-
ramping current pulses, but their use in capillary discharge
X-ray lasers is more common in the C-C transition mode.
In this arrangement, in practice, large peaking capacitors
are used. By omitting the peaking capacitor, a significant
size reduction could be achieved and the use of longer



capillaries would be simplified. My goal was to investigate
the possibility of Z-pinch discharges created in extreme
(~1 m) long capillaries to achieve laser operation (with

direct Marx-generator excitation).

Together with the SZTE, we have developed an LC
inversion power supply (specifically designed for
capillary discharge X-ray lasers) to generate high current
(16 - 18 kA) discharges at extremely low excitation
voltages of 40 - 50 kV. My goal was to design an
experimental setup in which it is possible to achieve laser
operation at 46.9 nm at low (< 50 kV) voltages without a

Marx generator.

3. Methods

| used three different excitation systems to investigate my
objectives. To generate low current Z-pinch discharges, |
used an LC inversion power supply with a pulse
transformer. The power supply is capable of generating
current pulses with an amplitude of ~9 kA and a half-

period of 150 ns at maximum excitation voltage (100 kV).



Direct Marx-generator excitation was used to investigate
capillaries with a length of 95 cm, which is considered to
be an extreme length in the field. In this setup, the capillary
was connected to the output of the Marx generator without
an intermediate storage (so-called peaking capacitor). In
the experiments, | first used the Marx generator with 6
steps, later increasing the number of steps to 8. Thus the
peak current achievable is in the order of 20 - 25 kA at the

maximum excitation voltage of ~320 kV.

For the investigation of low (<50 kV) voltage capillary
discharge X-ray lasers, an LC inversion power supply was
developed in collaboration with SZTE to generate current
pulses with amplitudes of 16 - 18 kA. For this purpose, the
previously used power supply with pulse transformer was
further developed, where the main aspect was to maximise
the peak current available. A spark gap and a pulse
forming circuit were also incorporated in the improved

power supply.



4. Results

We have successfully created capillary Z-pinch discharges
with the LC inversion pulse transformer power supply
developed by the SZTE High Intensity Laser Laboratory.
In parallel to this research, we have also investigated the
possibility of generating Z-pinch plasmas in extreme (~1
m) long capillaries, in line with our objective. My task in
these studies was to build the laser tube and to perform the
measurements. In both studies, we have demonstrated new
types of excitation methods where strong spontaneous
emission has been produced. For the improved (pulse
transformerless) LC inversion power supply, | modified
the previously used laser tube design. | determined the
ideal experimental parameters required for laser operation.
Different inductance reduction techniques were used, of
which the coaxial design was successful in producing laser
operation. Laser operation was observed with an Al2Os
capillary of 22 cm length and 3.2 mm inner diameter at an
excitation voltage of 23 - 27 kV and a preferred Ar gas
pressure of 0.19 - 0.23 mbar. | measured the pulse energy

(maximum ~4 pJ), pulse time (~1.6 ns), divergence (~1.9



mrad). | determined the beam profile, which was Gaussian
in all cases, and also measured the spectrum, where the

46.9 nm wavelength line was dominant.

Experimentally, I have shown that it is possible to pump
capillary-discharge soft-edge lasers efficiently with
excitation systems below 50 kV peak voltage, so that these
systems can be brought into the voltage range of nitrogen
and excimer lasers. The fully coaxial design can be used
to generate current pulses with fast (~15 ns) rise-up
amplitudes of 16 - 18 kA, capable of laser operation at the
46.9 nm wavelength transition of Ar*® jons. The fast rise-
up is a consequence of the transient quenching of the
intrinsic inductance of the system. By testing the system,
which has been proven for capillaries with a length of 22
cm and an inner diameter of 3.2 mm, on a capillary with a
length of 35 cm and an inner diameter of 3.2 mm, laser
operation was also demonstrated without a significant
decrease in current rise-up (~1.5-2-10%2 A/s). This further
demonstrates that with a significant increase in capillary
length (and thus in the intrinsic inductance of the system),

inductance quenching always occurs transiently due to the



fully coaxial design. This raises the possibility of using
even longer (0.5 - 1 m) capillaries. The characteristics of
the current pulses generated by our own system with a
fully coaxial design, i.e. >50% drop in current after a fast
~15 ns rise-up of 10-15 ns compared to the peak current,

may also be suitable for recombination excitation.

5. New scientific results

1. Experimentally, I have shown that low current (<
9 kA) pulse transformer LC inversion power supplies can
be used to generate capillary Z-pinch discharges, where
strong spontaneous emission was achieved in 22 cm long

capillaries with an inner diameter of 3.2 mm [E3], [P1].

2. Experimentally, 1 have shown that capillaries of
extreme (~1 m) length can be used to excite capillary-
discharge X-ray lasers directly from a Marx generator
without C-C transitions. Direct evidence of this is the

strong spontaneous emission detected [E1], [E2].

3. | have experimentally shown that it is possible to
create soft X-ray lasers with capillary discharges below 50

kV peak voltage, which can be classified in the operating
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voltage range of conventional nitrogen and excimer lasers
[S1].

4. | have experimentally demonstrated that laser
operation at 46.9 nm is feasible with a Z-pinch plasma
created in capillaries 22 c¢cm long and 3.2 mm inner
diameter using our low voltage (< 50 kV) excitation
system. The resulting beam has a Gaussian profile and a

pulse energy of 4 uJ [S1].

5. Experimentally, | have demonstrated that with low
voltage (< 50 kV) LC inversion power supplies, excitation
currents of 16-18 kA amplitude with fast ~15 ns rise-up in
longer (1 > 22 cm) capillaries can only be generated if the
capillary is coaxially shielded at both ends with a well-
grounded, conductive sheath. This solution could open a
new path towards further size reduction (even

semiconductor-based switching techniques) [S2], [S3].
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