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1. Introduction  

Coherent soft X-ray sources with wavelengths in the range λ ≈ 0.1–50 nm are 

required in many areas of science and technology. Synchrotrons, free-electron lasers, 

laser-induced plasmas and high-harmonic generators are examples of effective soft 

X-ray sources [1], [2], [3], but such sources are usually very expensive and complex. 

Hence many small laboratories, universities and institutes are interested in more 

practical, simpler, compact (table-top) and inexpensive sources of soft X-rays. One of 

the most practical soft X-ray lasers is currently considered to be the Ar8+ laser excited 

by a capillary discharge z-pinch [4], [5], [6], [7], [8], [9], [10], [11], [12]. 

Z-pinch discharges, which previously have been investigated mainly as drivers for 

thermonuclear fusion, are used in Ar8+ lasers for generation and excitation of the hot 

(temperature Te ~ 0.1 keV) and dense (Ne > 1018 cm–3) argon plasma as the active laser 

medium. In this laser pumping scheme a hot and highly ionized plasma active medium 

with a diameter of about 50 µm is produced by high-current electric pulses with short 

rise times (a few tens of nanoseconds) flowing axially through a capillary channel filled 

with low pressure argon. The plasma temperature and density increase through fast 

radial compression of the plasma column by the magnetic field created by the current 

itself. The lasing takes place in the 46.9 nm line of 2p53p (J = 0) – 2p53s (J = 1) 

transition of neon-like argon (Ar8+) through collisional excitation of the ion by hot 

electrons. Recently, considerable effort has been devoted to reducing the laser size from 

laboratory to table top. In the laboratory-size laser, a capillary z-pinch with a peak 

current I ~ 40 kA is produced by a water capacitor with C ~ 5 nF that is charged to a 

high voltage of up to about 150 kV by a pulsed Marx generator. The output pulse energy 

of such a laser is up to about 1 mJ. Table-top lasers have been developed by using 

low-inductance coaxial discharge configurations that decrease the voltage and current 

necessary for the laser excitation [4]. In order to achieve this, a water or ceramic 

capacitor is charged to a relatively low voltage (150–300 kV) by a Marx-generator or a 

simple single-stage power unit providing the peak current (12–20 kA) required for 

saturated laser operation. Laser amplification in the most compact and effective Ar8+ 

laser was obtained in a 2 cm long aluminium oxide ceramic capillary with inside 



diameter 3.2 mm filled with pre-ionized argon at a pressure of about 0.9 mbar. Laser 

pulses with energy around 1 µJ were generated at repetition rates of up to 12 Hz. The 

laser beam profile typically had an annular shape with an angular divergence of about 

7 mrad [5]. 

The present thesis concentrates on research and development of a practical, 

table-top Ar8+ laser excited by relatively low current (< 22 kA) and voltage (< 200 kV) 

capillary z-pinch discharges. In accordance with previous studies, the main motivation 

in the research and development of table-top Ar8+ lasers is the reduction of the overall 

size from laboratory to table top. Other important motivations include the peculiarities 

of the physics of capillary Ar8+ lasers in the different operation regimes. Laboratory size 

lasers excited by capillary z-pinches with a peak current of around 40 kA using a high 

voltage of about 600 kV can produce laser pulses with high energy, up to ~ 1 mJ, but 

with low beam quality. The beam profiles are typically annular with divergences of 

around 7 mrad and low transverse coherence. Most laser applications require a 

transversely coherent beam with a Gaussian intensity distribution and angular 

divergence less than about 1 mrad. Laser beams with such parameters can be obtained 

by using small apertures, but the energy of the laser pulse will be low. The energy of 

such a coherent, low-divergence beam would be ~10 µJ. A laser beam with such 

parameters could be obtained directly by using a relatively low voltage (150-200 kV) 

and peak current (14-22 kA). 

In my work a transversally coherent beam with a Gaussian intensity distribution, 

angular divergence less than about 1mrad and energy ~ 10 µJ was generated using a 

long (45 cm) capillary; Ar8+ lasers are usually excited by z-pinch discharges in short 

(≈ 20 cm) capillaries. The longer plasma column provides a gain-length product Gl of 

about 16, as required for saturated laser operation, at a relatively low gain of 

G ≈ 0.3 cm-1. Such a low gain can be produced at relatively low plasma temperature and 

density using a low voltage and current. For comparison, Ar8+ lasers excited by capillary 

z-pinches in short (21 cm) capillaries by using a peak current of 22 kA and a voltage of 

100 kV are saturated at high gains, G ≈ 0.7 cm–1. Such gains require high plasma 

temperature and density, meaning high voltage and current. The refraction of amplified 

radiation by radial electron density gradients in the high density column of radius 



Rpl ≈ 0.15mm results in the high divergence (≈ 7 mrad) and annular profile of the laser 

beam. The advantage of the low-density long plasma column is the potential decrease 

of beam divergence and increased transverse coherence. Indeed, the use of a long 

(L ≈ 0.5m) plasma column of radius Rpl ≈ 0.25 mm with low electron density and radial 

gradients would provide almost refraction-free laser operation in the super-fluorescent 

mirror-less mode, where the beam angular divergence  (φ ~ Rpl/L ≈ 0.5mrad) is 

determined by the radius Rpl and length L of the plasma column rather than by the 

refraction of amplified rays. 

It is generally accepted that the operation of Ar8+ lasers requires the use of an 

external low-current circuit to provide pre-ionization of the argon gas before the main 

excitation current of about 20 kA. The crucial role of the pre-ionization current, of 

≈ 20 A and duration ≈ 5 µs generated by the external circuit, has been demonstrated 

previously [13]. The present thesis demonstrates Ar8+ laser operation without using any 

external low-current pre-ionization circuit. Instead, the pre-ionization of the argon gas 

was provided by automatic pre-ionization via the so-called gliding discharge on the 

internal surface of the capillary driven by the main excitation circuit. Such a technique 

considerably simplifies the laser device; we can use relatively low voltage (200 kV) of 

the main excitation pulse. The reduction of the voltage and current of the main excitation 

pulse also reduced the ablation of the electrodes and capillary walls increasing their 

lifetimes. 

 

2. Aims and Methods 

 

The main aim of the experiments was to reduce the size of Ar8+ lasers from 

laboratory size to table top. The experiments concentrated on research and development 

of practical table-top Ar8+ lasers excited by relatively low current (< 22 kA) and voltage 

(< 200 kV) capillary z-pinch discharges. The technical realization of the laser was based 

on the use of a long (l ≈ 0.5m) capillary. The MHD codes showed that the long plasma 

column would provide the gain-length product Gl ≈ 16, as required for saturated laser 

operation, at a relatively low gain, G ≈ 0.3cm–1. Such a low gain could be produced at 

relatively low plasma temperature and density, with correspondingly low voltage and 



current. The advantage of a low density, long plasma column is the possibility to 

decrease the laser beam divergence thereby increasing the transverse coherence of the 

beam. 

Another experimental aim was to demonstrate laser operation without using any 

external low current pre-ionization circuit. The role of the circuit that generated the 

pre-ionization current with amplitude about 20 A and duration about 3.4 s has been 

stated to be crucial in previous studies [13]. For the circuit-less operation, the argon gas 

was automatically pre-ionized by a so-called gliding discharge on the internal surface of 

the capillary driven by the main excitation circuit. Such a technique considerably 

simplifies the laser device. 

 

3. Experimental Arrangement and Diagnostics 

 

In our experiments the laser active medium was generated by discharging a 5.9 nF 

water dielectric capacitor, initially charged to high voltage by a custom built six stage 

Marx voltage (U ≈ 200 kV) through a low inductance circuit which contained a water 

insulated spark gap and the capillary channel. The energy stored by the discharge 

capacitor was about 0.2 kJ. The lasing was obtained in an aluminium oxide ceramic 

capillary of length 0.45 m. The excitation current pulse, monitored by a custom built 

Rogowsky coil, had a peak value of 14–22 kA and half cycle duration of about 

165-175 ns. In laser schemes using an external low current pre-ionization circuit the 

main discharge pulse is preceded by a 3.4 s long current pulse with amplitude of about 

20 A, which pre-ionizes the argon and assures uniform initial conditions for the z-pinch 

plasma compression. The lasing is obtained using 3.1 mm diameter Al2O3 capillary 

channels, filled with continuously flowing argon gas at a pressure in the region of 0.2–

0.4 mbar. 

The electrical discharges in Al2O3 capillaries are characterized by low wall 

material ablation, which is important for uniform compression and efficient heating of 

the plasma in the capillary z-pinch. The spectra were recorded on a Jobin–Yvon 

spectrometer with a phosphor film. The system was also used to analyze the spatial 

intensity distribution of the laser beam. The output energy and time characteristics of 



the laser pulse were measured by a vacuum photodiode (XRD) and a calibrated 

photodiode (SXUV-100Al). To attenuate the laser intensity radiation several aluminium 

foils with calibrated thicknesses were used. A 350 MHz digital oscilloscope monitored 

the signal from the photodiode. The far-field intensity distributions of the laser pulses 

were recorded by a two dimensional imaging detector consisting of a phosphor film 

coupled to a CCD camera. In the saturation detection regime the phosphor detector was 

screened by aluminium foils. 

 

4. New scientific achievements (Thesis points) 

 

1. I modeled the electrical pumping with concentraded parameters for the capillary 

discharge Ar8+ soft X-ray laser, containing Marx generator and the fast discharge 

transmission line. I determined the values of each electrical components (resistors, 

capacitors and inductances) that make up the model of the pumping scheme for the 

built laser. By using this model, I determined the maximum peak current for a 

given voltage setting (free of electric breakdowns) in the pumping scheme to 

achieve the lowest rise time for the current pulse related to the capacitance of the 

capillary discharge loop, the inductance nessesary for C-C charge transfer, and a 

method to adjust the spark gap in the fast discharge loop [S1]. 

 

2. I developed an enclosed coaxial discharge loop and the output of a 45 cm long 

capillary, a small form factor, capillary discharge Ar8+ soft X-ray laser system. 

This build implementation constitutes simplicity compared to the previously 

constructed systems. In this completed construct, I determined the argon gas 

pressure-region, where lasing is achieved. For the developed system, I determined 

the change of the pulse energy and the divergence of the laser as a function of the 

capillary peak and the initial gas pressure [S1], [S3]. 

 

  



3. I defined the parameter settings that result in Gaussian-like, 10 J output pulse 

energy and 0.8 mrad divergence laser beam without outer ring shaped beam. 

Although publications reporting higher pulse energy values are available in the 

literature they refer to ring shaped beams with 4-7 mrad divergence, or they 

describe the coexistence of a central Gaussian-like beam with 0.5-1 mrad 

divergence and a surrounding ring [S1], [S3]. 

 

4. I determined the specific parameters for obtaining maximum energy and spatial 

coherence. The inital argon gas pressure for maximal cumulated output pulse 

energy and for the lowest possible beam divergence is not the same. For maximum 

pulse energy the necessary gas pressure is 0.1-0.3 mbar higher than the pressure 

where the beam profile is favorable [S1]. 

 

5. I confirmed experimentally that the capillary discharge Ar8+ soft X-ray laser 

system can be made without an external preionization unit. My experiments 

confirm the concept that, owing to the effect of the coaxial line designed and 

realized by me, a transverse electric field is formed in the capillary that creates a 

„gliding discharge” and contributes to the stabilization of the plasma column, to 

the Z-pinch formation. [S2], [S3]. 

 

6. In order to synchronize the 1.8 ns wide pulse of the capillary discharge Ar8+ soft 

X-ray laser, the underwater spark gap was triggered by an external optical laser. 

This resulted in less temporal uncertainty of the laser pulses and the shot-after-shot 

stability in energy was improved significantly. I have shown that in this system, 

compared to the external electrical starting pulse, the temporal uncertainty of the 

output pulse is less than 10 ns [S4]. 
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