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Abstract

Two basic ways to amplification of spontaneous emission in the soft X-ray region are described. The first is based on the
electron-collisional recombination pumping scheme, which uses recombination of fully stripped ions into hydrogen-like
ions to create (in the case of sufficiently fast cooling) a population inversion on energy levels belonging to the Balmer-
alpha transition. We test this scheme on nitrogen, for which the lasing wavelength is 13.4 nm. The second way to
amplification of spontaneous emission is based on the electron-collisional excitation pumping scheme: this uses for
creation of population inversion a fast excitation of Ne- or Ni-like ions. However, for wavelength below 15 nm it is
necessary to use Ni-like ions of some metal vapors. Feeding metal vapors into a capillary is difficult, and if being fed
they deposit on the capillary wall and significantly reduce the capillary lifetime. That is why we prepare metal vapor
plasma in a capillary with liquid wall – by wire explosion in water. For slowdown of the plasma-channel expansion a
local-water-compression by linearly focused shock wave is being developed.

Keywords: Capillary discharges; Exploding wires in water; Focused shock waves in water; Soft X-ray lasers

INTRODUCTION

At present there is a strong interest in high energy density
physics and X-ray generation with reliable pulsed power
devices (Milani et al., 2007; Orlov et al., 2007; Wong
et al., 2007; Zou et al., 2006) and in a shortening of the wave-
length of discharge pumped soft X-ray lasers. There are four
possible ways (Kolacek, 2002), how to achieve population
inversion with pulse power devices—namely with the help
of recombination, of excitation by discharge itself, of com-
bined excitation by discharge, and pico-/femto-second
laser pulse, and finally with the help of charge exchange;
three of them seem to be feasible even in the case of
shorter wavelength.

The first way to population inversion is usually used in
evacuated small diameter capillaries, where the discharge is
initiated by a surface breakdown along the capillary wall.
Such a breakdown does not ensure well-defined initial
conditions (the number of from wall-evaporated particles
is uncontrolled), but plasma remains in good thermal
contact with capillary walls and amplification of sponta-
neous emission (usually during a cooling phase of the

discharge—following electron-collisional recombination
pumping scheme into hydrogen- or lithium-like ions) has
been reported (Boss et al., 1998; Eberl et al., 1997; Shin
et al., 1994; Steden & Kunze, 1990; Wagner et al., 1996a,
1996b). Later it was noticed (Kirsch et al., 2001) that
lasing conditions according to the recombination pumping
scheme were approached in ultrafast gas-filled micro-
capillary discharge device with stored energy as small as
0.5 J: the gas is ionized along the capillary axis by an electron
beam (due to hollow cathode effect) and a 1-ns discharge
heats the plasma to a temperature .80 eV. Recently, follow-
ing general considerations of Z-scaling (Z being atomic
number) of capillary gas-filling (Lee et al., 2002), an ampli-
fication on H-like N (Balmer-alpha-line, wavelength 13,4
nm—see Fig. 1) in N-filled capillary of larger diameter
(~3 mm) has been predicted (Vrba et al., 2005a, 2005b;
Vrba & Vrbova, 2006). Experimental tests of these calcu-
lations are in progress (Jancarek et al., 2006).

The second way to population inversion in capillary dis-
charge devices was found in gas filled capillaries with
massive pre-ionization and a fast current rise-time. In this
case, the amount of material ablated from the capillary
walls and, hence, the number of particles to be heated, is
limited by a rapid detachment of plasma from the walls (by
Z-pinch effect). Strong amplification (Rocca et al., 1993;
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Hildebrand et al., 1996) (due to electron-collisional exci-
tation pumping scheme, which prefers neon- or nickel-like
ions), lasing (Rocca et al., 1994; Ben-Kish et al., 2001;
Tomassetti et al., 2002; Hayashi et al., 2003) and achieve-
ment of saturation limit (Rocca et al., 1996a, 1996b;
Tomassetti et al., 2004; Ritucci et al., 2004) with neon-like
argon (46.9 nm) have been announced in a short time inter-
val. Later lasing on neon-like sulphur (60.8 nm) (Tomasel
et al., 1997; Rocca et al., 1997), and neon-like chlorine
(52.9 nm) (Frati et al., 2000) were demonstrated. However,
shortening of lasing wavelength has not yet been successful:
it requires to use Ne-, or better Ni-like ions of metal vapors
(see Fig. 2). While injection of metal vapor plasma into the
capillary is difficult (Rahman et al., 2003; Frati et al.,
2001), the delivery of Ag atoms into the capillary by ablation
of its Ag2S wall (Wang et al., 2005), or the delivery of Ti
atoms into the capillary by ablation of segmented Ti ring
structure within the capillary (Wyndham et al., 2006), or
by Ti-wire explosion (Shuker et al., 2006), might be feasible.
However, in all these cases, the metal vapor deposits on the
capillary wall and significantly reduces its lifetime.
Therefore, we suggest (similarly as Sasaki et al., 2006) creat-
ing a metal vapor plasma channel with liquid wall by wire
explosion in a liquid (water). A threat of fast channel expan-
sion will be mitigated by a local liquid compression (to the
GPa pressure range) by linearly focused cylindrical shock
wave.

The third way to population inversion is hybrid pumping
scheme, which combines generation and compression of
plasma by discharge, and build-up of population inversion
by a pico- or femto-second laser pulse. The wave-guiding
of high intensity laser pulses in straight and curved plasma

channels has been known for a few years (Ehrlich et al.,
1996; Hosokai et al., 1999; Kaganovich et al., 1999;
Bobrova et al., 2000; Goltsov et al., 2000), as well as the
idea of amplification of a soft X-ray laser beam in active
medium (Chilla & Rocca, 1996), but the feasibility of this
scheme was demonstrated quite recently (Janulewicz et al.,
2000, 2001; Nickles et al., 2001). This approach is studied
up to now both theoretically (Janulewicz et al., 2003) and
experimentally (Luther et al., 2005; Janulewicz et al.,
2005). We consider it promising; unfortunately, up to the
present, laser delivered the prevailing part of the energy.
That disqualifies smaller laboratories. We think it is worth
testing this scheme with a laser of energy/power just slightly
higher than that necessary for excitation of the upper laser
level.

The fourth way to population inversion in capillary
devices is the charge exchange pumping scheme (Kunze
et al., 1994). Because such a pumping is quite unusual—it
was independently tested using two colliding plasma
streams originating in two laser foci (0.75 mm apart) (Ruhl
et al., 1997) and modeled (Koshelev & Kunze, 1997).
Despite initial objections (Boboc et al., 2000—intensity
enhancement in the former experiments was interpreted in
terms of guiding effect rather than by amplified spontaneous
emission), the method of externally induced instabilities (the
number of which equals to number of circular trenches in
inner capillary wall (Ellwi et al., 2001a, 2001b; Kunze
et al., 2006)) fully confirms amplification of spontaneous

Fig. 1. (Color online) Wavelengths of hydrogen-like ions (Balmer-alpha
transition) for elements with different atomic numbers.

Fig. 2. (Color online) Lasing wavelengths for Ne- and Ni-like ions as a func-
tion of ionic charge.
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emission. Recently, the same effect was achieved by modu-
lated return conductor (Kunze et al., 2005). However, we
expect the general applicability of this scheme to scaling
down the lasing wavelength is very small.

From the above given survey, it is seen that with the exci-
tation pumping scheme the best results to date have been
obtained. These experiments have the highest energy in
pulse, peak power, and average power in repetitive regime,
they demonstrated lasing at more wavelengths, their X-ray
laser beam was examined (near and far field pattern, coher-
ence) and used for the first applications. However, because
the energy difference between lasing levels (upper and
lower) scales with ionic charge in case of the recombination
pumping more rapidly than in case of the excitation pumping
(compare Fig. 1 and Fig. 2), both these pumping schemes
remain in the focus of our interest.

X-RAY AMPLIFICATION CONDITIONS

Power

If Nu and Nl are upper and lower laser state population den-
sities and sstim and sabs are cross-sections for stimulated
emission and resonance absorption, then the small signal
gain coefficient is

g ¼ Nusstim � Nlsabs � Nusstim, (1)

where the cross section for stimulated emission (Elton, 1990)
is given by

sstim ¼
c2

8pn2

Aul

Dn
, (2)

c being the speed of light, n the line frequency, and Dn the
line width. Taking into account that Einstein coefficient for
spontaneous emission Aul scales along an isoelectronic
sequence as l22 then (Rocca, 1999)

g �
1

8pDn
Nu: (3)

For naturally broadened line Dn ~ Aul ~ l22 and hence,

gnatural � Nul
2: (4)

Maintenance of the upper laser level population density Nu

requires pump power density P

Pnatural ¼ NuAulhc=l � Nul
�3 � gnaturall

�5: (5)

For Doppler broadened line

Dn

n
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
kTi=mi
p

c
, (6)

k being Boltzmann constant, Ti ion temperature, and mi ion
mass. Combining Eqs. (3) and (6), the gain is in this case

gDoppler �
1
ffiffiffiffiffiffiffiffiffiffiffiffiffi
kTi=mi
p

c

n
Nu �

l
ffiffiffiffiffiffiffiffiffiffiffiffiffi
kTi=mi
p Nu (7)

and the “maintaining” pump power density is (using Eq. (7))

PDoppler ¼ NuAulhc=l � Nul
�3 � gDoppler

ffiffiffiffiffiffiffiffiffiffiffiffiffi
kTi=mi

p
l�4: (8)

Therefore, considering for illustration naturally broadened
line and supposing that mirrorless operation increases
power 100 times, then lasing at 50 nm requires 107 times
higher power density than at visible 500 nm, and each next
reduction of wavelength for one order of magnitude adds to
power density requirement next five orders of magnitude.

Refraction Losses

Another effect limiting the gain is refraction, which bends the
X-rays out of the amplifying volume, decreases the effective
gain, and might limit the maximum amplification length. It
also increases beam divergence and in some cases, it can
cause side lobes or annular beam profiles.

In the one-dimensional (1D) case, London (1988) ana-
lyzed refraction losses in a parabolic density profile. The
characteristic refraction length Lr (distance in the direction
of propagation z traversed by the X-rays before being bend
out) is

Lr ¼ Lx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nec=ne0

p
, (9)

where Lx is a transverse plasma dimension, nec is the critical
density fnec ¼ pme c2/(e2l2)g, and ne0 is the maximum elec-
tron density. Then effective gain coefficient

geff ¼ g� (1=Lr): (10)

The new “refraction gain-length” parameter defined as

Gr ¼ gLr(¼ geff Lr þ 1) (11)

then determines, whether exponential growth of laser power
with length is maintained until saturation intensity (Gr.1—in
this case geff Lr.0) or not (Gr,1). Chilla and Rocca (1996)
extended refraction analysis to two dimensions with cylindrical
symmetry finding that the reduction of the effective gain coeffi-
cient is doubled

geff ¼ g� (2=Lr): (12)

The refraction losses can be reduced in laser pumped exper-
iments by a special geometry of a target or by pre-pulse, in dis-
charge pumped experiments by longitudinal magnetic field
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(Tomasel et al., 1996) or by plasma waveguides (Korobkin
et al., 1996).

EXPERIMENTS AIMING AT RECOMBINATION
PUMPING SCHEME

Apparatus

A new apparatus capillary experiment-upgrade (CAPEX-U)
has been recently put in operation. It consists of oil-filled
Marx generator (12.5 nF/600 kV/2.25 kJ), spacer (oil-
filled), co-axial pulse forming line (Ø550 � Ø426 �
730 mm/12.7 nF/1.7 V), laser-triggered spark gap
(Nd:YAG laser Quantel Brilliant b, 850 mJ/6 ns, split into
four channels), and capillary (alumina in a polyurethane
mantel, Ø40 � Ø3 � 232 mm) — see in more detail
(Schmidt et al., 2006) and Figure 3.

Preliminary Results

The first type of experiments was performed with a small
diameter (Ø1 mm) capillary, where efficient cooling takes
place. The capillary was filled with nitrogen in static
regime (capillary and filling volume were separated from
the detection part by a fast shutter), then the shutter was
opened and a shot followed within ~1 ms. Unfortunately,
even at medium current amplitude (~40 kA) the pressure in
the capillary was so high that the fully ceramic capillary
(wall thickness 19.5 mm) longitudinally cracked and
exploded.

The second type of experiments was performed according
to Vrba’s and Vrbova’s (2006) predictions (inner capillary-
diameter ~3 mm): the apparatus was aligned, tested with
Ar-filling that Ne-like Ar laser works, carefully evacuated,

and at each discharge-current-amplitude from ~20
to ~80 kA the filling nitrogen pressure was changed to find
the optimum pinching (indicated by a short (~ 5–10 ns)
intense X-ray radiation peak detected by vacuum photodiode
with a gold photocathode—see Fig. 4). Despite the fact that
such a regime was in many cases found, no sharp spike
(as narrow as the apparatus function of our measuring
apparatus—1–2 ns) of X-ray radiation has been detected.

The spectroscopic measurements were performed with flat
field spectrograph equipped with double MCP detector
backed by scientific CCD camera. Their analysis (see
Fig. 5) based on best-fit of the simulated and the measured
spectra (Straus et al., 2004, 2007) yields the plasma tempera-
ture ~110 eV, at which abundance of He-like N (N5þ) is
present. According to our estimates approximately equal
number of He-like (N5þ) and H-like (N6þ) N-ions appears
at the temperature ~160 eV, while equal number of H-like
(N6þ) and fully stripped (N7þ) N-ions can be found at the
temperature ~200 eV. Therefore, we are still below suitable
conditions for lasing, but we can still about twice increase
the discharge current.

EXPERIMENTS AIMING AT EXCITATION
PUMPING SCHEME

Apparatus

For these experiments, the capillary is removed from the
CAPEX-U and substituted by the shock wave (SHOW)
device for wire explosion in water locally compressed by a
focused cylindrical shock wave (see Fig. 6). This SHOW
device consists of a separate capacitor bank 18 mF/50 kV
(accumulated energy 22.5 kJ), pressurized triggerable spark
gap, and water-filled experimental chamber that has

Fig. 3. CAPEX-U with a capillary.
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insulating (polymethylmetacrylate (PMMA) – plexiglas)
flanges and cylindrical stainless steel shell Ø400 �
200 mm serving as a ground electrode. Its inner surface is
covered by a porous ceramics (almandine) that (when
voltage is applied) creates strong electric field at the output
of the pores, and limits the current (reducing contact of met-
allic wall with conducting water). The second electrode is a
co-axial mesh or a foil (if water between electrodes has a
higher conductivity than the rest of experimental chamber)
transparent for acoustical wave. When voltage is applied
the corona-like multi-streamer discharge generates a strong
cylindrical acoustic wave that propagates toward the second
electrode and through it further to the chamber axis. Near
the axis it changes into a shock wave with strongly increasing
pressure amplitude.

Pressure Measurement in/near the SHOW Focus

The Schlieren method was used for measurement of shock
wave structure away from the SHOW focus. Unfortunately,
the shock wave induced inhomogeneity at the focus was so
large that the deflected beams went out of the schlieren
lens aperture.

Off-axis shadowgraphy (newly developed technique) over-
comes the above mentioned problem. The expanded laser
beam (second harmonic of Nd:YAG) was directed along
the axis of the separately standing SHOW device. The
imaging lens ( f ¼ 310 mm/Ø80 mm) shielded by horizontal
slit (57�20 mm) was placed in off-axis position to use for
imaging the rays with higher deflections than in the Schlieren
method (undeflected rays do not fall into lens-aperture at all
(see Fig. 7)). Such measurements (an example is shown in

Fig. 7, right) were repeated for a few off-axis positions and
for a few delays to find the deflection, at which the signal dis-
appears. From this deflection the maximum pressure in the
inhomogeneity was inferred to be ~30 MPa at 20 kV charging
voltage. A slight disagreement with pressure estimate made
according to Kolacek et al. (2005) (70 MPa) is attributed to
boundary layer effects that were neglected during the evalu-
ation. The probing-laser-delay after the discharge and the
radii of curvature of individual arcs on the shadowgrams gave
the position of individual shock-wave-phases in the given
time (see Fig. 8). From the graph the radius of shock wave
focus 2.8 mm, and focusing time 122–125 ms after the multi-
streamer discharge were determined.

A piezoelectric pressure sensor was cut from
silver-ink-metallized piezo-film sheet (MSI sensors), con-
tacted by a conducting glue, fixed on a plastic (PMMA)
rod of the diameter 10 mm and placed on the SHOW axis.
This piezoelectric sensor was connected to high-impedance
input of a near-by battery-powered oscilloscope. The
signals were smaller than expected (see Fig. 9, left), probably
because the sensor thickness (110 mm) was small in
comparison with characteristic dimension of the shock wave
(~ 3.5 mm). The truncated signal is because of sparking.

A fiber-optic pressure sensor is based on the idea of a
change in fiber transmission due to pressure-induced
change of ratio of cladding/core index of refraction. The
fiber (core: quartz, Ø210 mm, index of refraction ncore ¼

1,457, cladding: plastic, Ø250 mm, index of refraction
nclad ¼ 1,41–1,44) was selected to have as close ncore to
nclad as possible. The fiber was elastically mounted on the
axis of SHOW (to exclude fiber stretching due to
pressure-induced axial movement of flanges). The fiber

Fig. 4. (Color online) Time curves of the discharge current and the XUV radiation from the capillary filled with nitrogen.
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input was first illuminated through a chopper (for preliminary
adjustment), then by continuous light from a HeNe laser and
the transmitted light was detected by the photomultiplier
65PK415. It turned out that initial fiber transmission at the
shock wave compression phase falls and then (in the dilution
phase) it rises (see Fig. 9, left). Unfortunately, sensitivity of
this method to high pressures is very small (see Fig. 9, right).
This method will be calibrated in a hydraulic press (in a
quasi-static regime) as soon as it is available.

Wire Placed in Uncompressed Water and Exploded
by a Slow Driver

Cu wire of different diameters (Ø0.1–0.3 mm) was exploded in
a separately standing SHOW device. The explosion was per-
formed by a slow driver (half period 4 ms) consisting of one
or two condensers IK100-0.4/100 kV (400–800 nF charged
to 60 kV), and a mechanical switch (see Fig. 10, left). The

discharge current was “measured” by a Rogowski coil not opti-
mized for this time-scale. Time-integrated pictures of wire
explosion were taken in the visible range by a Canon EOS
350D Digital CCD camera. It turned out that plasma channel
created in water by wire explosion remains (even in the case
of this slow driver) all the time perfectly stable (see Fig. 10,
right). This was a good promise for further experiments.

Wire Placed in Uncompressed Water and Exploded
by a Fast Driver CAPEX-U

Recently the SHOW device was attached to the CAPEX-U
facility (replacing the former capillary), and the first
wire-explosions in non-compressed water were performed.
The driving energy for wire explosion was nearly the same
as in the former case of separately standing SHOW device
and “slow” driving circuit (the water-filled coaxial pulse-
forming line of the capacitance 12 nF was charged by

Fig. 5. Spectrum taken by flat field spectrograph, capillary filling nitrogen 2200 Pa, gate 30 ns begins 46.6 ns after the current onset,
current amplitude 56.3 kA.
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Marx generator to the voltage ~450 kV, hence, the driving
energy was ~1,22 kJ), but the characteristic time (current
rise-time) was much shorter (~100 ns), and the current ampli-
tude was as high as ~50 kA (see Fig. 11, left). The wire
explosions were also photographed in the visible range.
Contrary to explosions by the “slow” circuit, when the dis-
charge channel appeared excellently stable, in the case of
explosions by CAPEX-U (especially, if the high-voltage
electrode was negative) some “hotter and colder regions”
were visible. This sensitivity to polarity (different appearance
if the high voltage electrode is positive or negative—see
Fig. 11, right) may be attributed e.g., to transient hollow

cathode effect, which in case of “slow” driving circuit may
be hidden in quasi-stationary phase. In some cases (not
shown here) the classical hot-spots were observed - caused
probably by not straight enough primary wire (due to more
difficult fixing in this case). Unfortunately, these last
results are based on a few shots only, because preparation
of the experiment was very laborious. Only recently we
have developed some procedure that can speed up this
process.

Finally, an axial radiation emission from exploded wire
was investigated: the SHOW chamber was extended in
axial direction by pneumatically controlled vacuum valve

Fig. 6. CAPEX-U with the SHOW device.

Fig. 7. (Color online) Schematic diagram of the off-axis shadowgraphy. Right: shadowgram of the shock wave; double-arc on the left
depicts rising parts of the index of refraction (from undisturbed to the maximum, and from the minimum to undisturbed), single arc
on the right shows falling part of index of refraction (from its maximum to its minimum); charging voltage 30 kV, probing time
111.4 ms, radius of the circle of maximum compression 16.2 mm, radius of the circle of maximum dilution 20.1 mm.
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Fig. 8. (Color online) Position of the shock wave (charging voltage 30 kV).

Fig. 9. (Color online) Left: Signal of fibre optic pressure sensor (blue curve) and piezo-sensor (green curve), charging 30 kV. Right:
Transmission of fibre optic pressure sensor as a function of charging voltage; red curve corresponds to the first extreme (minimum),
blue curve corresponds to the second extreme (maximum) of the signal of the fibre optic sensor.

Fig. 10. (Color online) Left: Schematic diagram of the wire explosion with slow driver. Right: Time-integrated picture of wire explosion.
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and about 1 m long evacuated drifting tube. At the end of this
tube both the vacuum photodiode with gold photocathode
and the PIN diode for visible range were placed.
Simultaneously, the current flowing through the exploding
wire was detected by the Rogowski coil. Since a small
viewing aperture is opened - only for narrow beam of para-
xial rays, the initial corona glowing around the wire is not
visible (see Fig. 12). Only as soon as the wire is evaporated
and turned in a plasma channel (inclusive its relatively colder
ends) the radiation can pass through the aperture and be regis-
tered by the detectors. However, in this moment (near the
current maximum) it is already strongly heated and it radiates
exclusively in the soft X-ray region. Only a few tens of nano-
seconds later, when the plasma channel starts to cool-down
also the visible radiation appears and lasts longer than the
radiation in the soft X-ray region. This is to our knowledge
for the first time when soft X-ray radiation from the

discharge/exploding wire in water was measured. The
future XUV spectroscopy measurements will provide infor-
mation about approximate temperature and density of the
plasma channel and about feasibility of this geometry for
excitation or recombination pumping.

CONCLUSION

In the case of hydrogen-like nitrogen laser (which uses
recombination pumping scheme) there are two opened ques-
tions: (1) how much discharge current will be required for
excitation: ~80 kA as predicted by Vrba, or ~200 kA as pre-
dicted by the scaling laws (made on the bases of not fully jus-
tified prepositions: scaling leaves the rail of isoelectronic
sequence) outlined in section 2; (2) will expansion cooling
of previously pinched column be sufficiently fast to ensure
building of population inversion? The first time-resolved

Fig. 11. (Color online) Left: Discharge current through the Cu exploding wire of the diameter 0.18 (red), and 0.3 mm (blue line); for
comparison it is shown the discharge current through the exploding wire Ø0.3 mm driven by a “slow” circuit (dark green line). Right:
Plasma of exploding wire: above – high voltage electrode is positive, below – high voltage electrode is negative; the bright
“smeared” part in the central part of figures is due to circular not-polished trench in the PMMA flange (see left parts of the figures).

Fig. 12. (Color online) Signal of
vacuum XUV photodiode with gold
photocathode (blue solid line) and
signal of PIN diode for visible range
(green line); both detectors are placed
at the end of axial evacuated drifting
tube. Signal of Rogowski coil (red)
indicates the current through the
exploding wire. The Cu exploding
wire has Ø0.18 mm.
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spectroscopic measurements made at higher discharge
current should give an answer to these questions.

In the case of nickel-like metal vapor laser (excitation
pumping scheme) both previous questions ((1) question of
sufficiently high power input, and (2) question of sufficiently
fast compression that should guarantee detachment of the
plasma column from the liquid wall) persist, but a third is
added (3) if the wire (with solid-state density) results, after
its expansion, in a suitable plasma density/plasma density
profile. This work is in progress.
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