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High-power-density capillary discharge plasma columns for shorter wavelength discharge-pumpe
soft-x-ray lasers
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We report the generation of plasma columns in gas-filled capillary channels using discharge excitation
powers that exceed those of previous studies by one to two orders of magnitude. Current pulses up to 200 kA
and 10–90 % rise time of;10 ns~current increase rate;1.531013 A/s! were utilized to excite plasmas in 3.3
and 4 mm diameter channels. Time resolved soft-x-ray spectra and pinhole images of the plasma were ob-
tained. The experimental data and its comparison with model computations suggest that dense argon plasma
columns 300mm in diameter with electron temperatures.250 eV have been obtained. These characteristics
make these plasmas of interest for extending discharge-pumped lasers to shorter wavelengths.
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I. INTRODUCTION

There is significant interest in the development of pra
cal soft-x-ray lasers for applications@1#. Excitation ap-
proaches include the use of high power lasers and fast
illary discharges@1–10#. Fast capillary discharges have be
demonstrated to efficiently generate highly uniform plas
columns of small diameter@11,13#, in which large soft-x-ray
amplification has been obtained by collisional excitation
Ne-like ions at wavelengths ranging from 46.9 to 60.8 n
@2,6,9#. In the particular case of Ar discharges the gain-len
product for the 3p 1S0-3s 1P1 transition of Ne-like Ar at
46.9 nm has exceeded saturation@7#, allowing for the gen-
eration of laser output pulse energies approaching 1 mJ
average powers up to 3.5 mW@10#. Large amplification was
also demonstrated in Ne-like Cl at 52.9 nm@9# and in Ne-
like S at 60.8 nm@6#. These lasers required the generation
plasma columns with electron densities of the order o
31018cm23 and electron temperatures in the range of 60–
eV @2,6,7#. Such conditions were achieved utilizing fast cu
rent pulses with peak amplitude between 23 and 40
@2,6,7,9#. There is interest in the possible extension of t
laser pumping scheme to shorter wavelengths. However,
requires the generation of significantly hotter and den
plasma columns@12,13#, which in turn demands a substanti
scaling of the excitation power density.

Herein we report the generation and study of capilla
discharge plasma columns created utilizing discharge pow
between one and two orders of magnitude larger than th
used in previous experiments with gas-filled capillaries. T
plasma columns were generated utilizing current pulses w
10–90 % rise time of about 10 ns and peak amplitude of
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to 200 kA. Utilizing this discharge, Ar plasma columns we
generated in capillaries with diameters of 3.3 mm and 4 m
made of either alumina (Al2O3) or polyacethal (CH2O)n
filled with 1.3 T of Ar gas. As discussed below, the di
charges in ceramic capillaries produced plasmas with
slightly higher degree of ionization. Since plasma colum
with maximum degree of ionization are of most interest
the development of shorter wavelength discharge-pumped
sers, the majority of the data presented in this paper co
sponds to ceramic capillaries. The plasmas were diagno
using time resolved soft-x-ray spectroscopy and pinh
camera images. The dynamic of the plasma was also stu
with numerical simulations. The plasma columns obtain
are significantly hotter and denser than those reported in
previous gas-filled capillary experiments@2–6,12,13#. The
next sections of the paper discuss the generation of the h
power-density capillary discharge plasma columns and
plasma diagnostic measurements, followed by an interpr
tion of the results based on model simulations.

II. EXPERIMENTS

Fast current pulses were generated through the capi
load utilizing a new type of pulsed power generator co
posed of three pulse compression stages. The first two st
consist of a conventional Marx generator and coaxial wa
capacitor that has the purpose of rapidly charging the th
and final pulse compression stage. The eight-stage Marx
erator is capable of operating at voltages up to 800 kV. T
second compression stage, which consists of a 26 nF coa
water capacitor, is charged in about 1ms. In turn this water
capacitor is discharged through a self-breakdown spark
pressurized with SF6 gas to charge the third and final stage
about 75 ns. This rapid charging avoids breakdown of
water-dielectric, and minimizes the charge leakage to gro
©2002 The American Physical Society04-1
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through the finite resistant of the water used as dielectri
the transmission line of the final compression stages.
third stage, illustrated in Fig. 1~a!, is of different design and
consists of two radial water dielectric transmission lines c
nected in a Blumlein configuration. The fast current pu
that excites the capillary plasma is produced by discharg
the Blumlein transmission line through an array of sev
synchronized triggered spark-gap switches distributed al
the outer diameter of the water transmission line. This cir
lar array of gas pressurized spark gaps approximates a
single multichannel spark gap, allowing for a very rap
switching of the Blumlein. The capillary load is placed in th
axis of the Blumlein, which together with the spark gap arr
defines a very low inductance loop that allows for the g
eration of very fast current rise times, exceeding

FIG. 1. ~a! Schematic representation of the third pulse compr
sion stage, consisting of a radial Blumlein transmission l
switched by an array of seven synchronized spark-gap switches~b!
Current pulse.
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31013A/s. The ground electrode is designed to have a c
tral hole that allows for the observation of the axially emitt
plasma radiation. Figure 1~b! illustrates a current pulse hav
ing a peak current of 200 kA and a 10–90 % rise time
;10 ns. The current pulse was measured with a Rogow
coil having a response risetime of less than 1 ns. These p
characteristics significantly exceed those of previous exp
ments with gas-filled capillary discharges@2,12,13#. Immedi-
ately preceding the fast discharge pulse the capillary ch
nels were preionized with a current pulse of 20–40 A and
ms duration. Typically several tens of shots were made w
each capillary. The gas was injected utilizing a pulsed va
and was evacuated through a differential pumping sys
that made use of two turbomolecular pumps.

The radial evolution of the plasma columns was stud
by means of an on-axis pinhole camera. A 90mm pinhole
was utilized to image the plasma over the detection pl
with a magnification of 3.53. The gated detection system
consisting of a microchannel plate~MCP! intensified charge
coupled device~CCD! array detector, had a time resolutio
of ;4 ns. Wavelength discrimination was achieved utilizi
one of two different sets of filters in front of the pinho
camera. Figure 2 shows a sequence of time resolved pin
images of the soft-x-ray emitting region of the plasma
wavelengths mainly below 3 nm. The images correspond
4 mm diameter ceramic capillary excited by current pulses
about 190 kA peak current. Wavelength discrimination w
obtained using a stack composed of a 1mm thick carbon
filter and a 0.2mm thick aluminum filter. The carbon filte
alone transmits photons below 3 nm, and also in a wind
between about 4.5 and 10 nm. The addition of the Al fil
decreases the transmissivity in this window by a factor t
increases from about 63 at 4.5 nm to about 6003 at 10 nm
as compared with the carbon filter alone, significantly e
hancing the relative contribution to the images of photo
with wavelengths below 3 nm. The sequence of imag
shows the formation of a strong shock that originates n
the capillary walls and evolves to form a compressed plas
column at the center of the capillary. The earliest ima
obtained at 20 ns from the beginning of the current pul
shows a cylindrical shell with an outer diameter of;800mm
caused by the current distribution determined by electrom
netic field diffusion from the wall toward the axis. The su
sequent images show the rapid continuous compressio
the plasma column, which reaches a minimum diamete
about 300mm at ;25 ns after the beginning of the curre
pulse. Subsequently the plasma column expands, and th
tensity of the radiation emitted within this spectral ran
decreases rapidly. At times after 31 ns the intensity dr
below the detection limit. It should be noticed that the asy
metry observed in the wings of the profiles corresponding
the larger diameter images is caused by an imperfect al
ment of the pinhole rather than by an asymmetry in
plasma column. Figure 3 shows a series of pinhole ima
for discharge conditions similar to those of Fig. 2, but o
tained utilizing only the 1mm thick carbon filter. The re-
moval of the aluminum filter changes the range of detec
wavelengths significantly enhancing the contribution fro

-
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HIGH-POWER-DENSITY CAPILLARY DISCHARGE . . . PHYSICAL REVIEW E 65 026404
FIG. 2. ~Color! Sequence of time resolved pinhole camera i
ages obtained with discharge current pulses of;190 kA with a
10–90 % rise time of 11 ns through a 4 mmdiameter ceramic cap
illary. The images were taken using a 1mm thick C filter plus a 0.2
mm thick Al filter. The image corresponds mainly to photons w
wavelength below 3 nm.
02640
photons in the 4.5–10 nm spectral region. In this case
pinch at about 25 ns is largely concealed by the overlap w
stronger emission at longer wavelengths, that at this t
occurs in a much larger plasma region. However, Fig
clearly shows the occurrence of a latter pinch that takes p
around 36 ns from the beginning of the current pulse. T
weaker second pinch was not observed with the stack of
two filters and therefore corresponds to a colder plasma.

-

FIG. 3. ~Color! Sequence of time resolved pinhole camera i
ages of the plasma for the same discharge conditions of Fig. 2 ta
using only a 1mm thick C filter. The filter transmits photons below
3 nm and also in the range between 4.5 and 10 nm.
4-3
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ure 4 shows a different measurement of the time evolution
the radiation obtained with an MCP intensified vacuum p
todiode and a filter stack composed of a 1mm thick C filter
and a 0.2mm thick Al filter. This measurement shows that
the 4 mm diameter capillaries the maximum emission occ
;27 ns after the initiation of the current pulse.

Time resolved spectroscopy was carried out through
lected intervals in the spectral range between 3 and 30 n
study the evolution of the degree of ionization of the plasm
The radiation axially emitted by the plasma was analyz
using a 1 mgrazing incidence spectrograph having a 12
l/mm gold coated grating placed at 85.8°. A cylindrical m
ror placed at a grazing incidence angle of 2° was used
collect the radiation and focus it into the entrance slit of
spectrograph. The time resolved spectra were recorded
lizing a gated MCP/CCD detector with a temporal resolut
of ;5 ns. The spectral range between 18 and 23 nm, wh
contains spectral lines belonging to all the ionization sta
between ArXI through ArXV, was found to be the most sui
able to study the time evolution of the plasma. Figures 5~a!
and 5~b! show typical spectra corresponding to a time n
the occurrence of maximum ionization for polyacethal a
ceramic capillaries, respectively. They correspond to plas
columns generated using current pulses with 197 kA p
amplitude and a 10–90 % rise time of 11 ns. The domina
in the ceramic capillaries of the ArXV line at 22.11 nm~iden-
tified with an arrow in the spectra!, and the larger intensity
ratio between adjacent 18.795 nm ArXIV and 18.882 nm
Ar XI lines visible at the left of the spectra in Fig. 5~b!, are
indicative of a larger degree of ionization.

The series of time resolved spectra in Figs. 6 and 7 p
vides information of the temporal variation of the degree
ionization of the plasma for discharges in 4 mm and 3.3 m
diameter ceramic capillaries, respectively. The peak am

FIG. 4. Correspondence between the evolution current pulse
soft-x-ray emission measured with an MCP intensified vacuum p
todiode. The data was obtained using a 1mm thick C filter plus a
0.2 mm thick Al filter. The image corresponds mainly to photo
with wavelength below 3 nm.
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tude and rise time of the current pulses were maintai
approximately constant for these two series at 19065 kA
and 11.561.5 ns ~10–90 %!, respectively. The variation o
the intensity of the ArXV line relative to the ArXIV lines and
the changing ratio of intensities between the two adjac
lines of ArXIV and ArXI at the left of the spectra give agai
an indication of the variation of the degree of ionizatio
This line intensity ratio peaks around the time correspond
to the first pinch, identified in the pinhole images in th
vicinity of 25 ns. Figure 7 shows that the ArXV line is almost
absent at 18.4 ns after the beginning current pulse and be
to dominate approximately at 21.6 ns after the initiation
the current pulse.

The high intensity of the ArXV line in the ceramic capil-
laries suggests that lines corresponding to ArXVI ions might
also be present. Line emission was indeed observed at
eral wavelengths corresponding to ArXVI lines in the 3–30
nm range. However, the presence of these lines could no
confirmed due to their overlap with first or second order lin
from Ar ions of lesser charge. Nevertheless, the theoret
calculations discussed below predict the existence of ArXVI

ions under the operating conditions of this capillary d
charge. These simulations, performed with the codeRADEX

@10–13#, show that in the case of steady-state ionizat
equilibrium calculated for the average value of the elect
density over the time of collapse, the ArXV ions reach maxi-
mum abundance at a temperature of;160–180 eV. In such
ionization equilibrium conditions, slightly larger temper
turesTe;180– 200 eV are required for the relative inten
ties of ArXIV and ArXV lines to be similar to those observe
in the experiment. However, the ionization equilibrium va
ues usually represent only an estimate of the lower limit
the real temperature. In the dynamic situation of the exp
ment, in which the limited hot plasma lifetime is shorter th
the ionization time for the high-Z species present in th
plasma, the temperature necessary for the creation of s
spectra is notably larger. Transient ionization and hydro
namic calculations done withRADEX, indicate the maximum
electron temperature required to generate such spectra
be larger than 250 eV. This suggests the possibility of us
fast high current capillary discharges for generating hig
temperature plasmas approaching the keV range.

III. MODEL SIMULATIONS

The evolution of the plasma column was modeled w
the one-dimensional radiative hydrodynamic-atomic co
RADEX @13–15#. The model includes two temperature hydr
dynamics equations, Maxwell’s equations, and multicom
nent atomic kinetics and radiation transport. The physi
model remains in most respects similar to the one which w
applied to the study of capillary discharge soft-x-ray las
@7,12–14# and microcapillary plasmas@15# in recent years,
but includes the atomic kinetics of the highly ionized spec
needed to reproduce the experimentally observable cha
teristics of this much higher power capillary discharge.
also contains a description of wall ablation for either po
acethal or ceramics capillaries, which includes the use of
equations of state for the solid material and the plasma,

nd
o-
4-4
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HIGH-POWER-DENSITY CAPILLARY DISCHARGE . . . PHYSICAL REVIEW E 65 026404
FIG. 5. ~Color! Time resolved spectra corresponding to~a! polyacethal capillary, and~b! ceramic capillary obtained at the time o
maximum ionization. The peak current was 197 kA with a rise time of 11 ns.
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the phenomena of vaporization and ionization to reprod
the phase transformation from solid to vapor and finally
plasma@16,17#.

To obtain a consistent picture of the dynamics of the c
illary plasma we performed numerous comparisons betw
the simulations, the experimental spectra, and pinhole
ages for a large variety of experimental conditions. In
RADEX radiation hydrodynamics the transport of the photo
inside the atomic line profiles was modeled in the Biberm
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Holstein approximation@18# which takes advantage of th
1D symmetry of the capillary plasma. More than 30 000 lin
were included, of which nearly 3000 are observed in
spectral region between 15 and 23 nm. Two-dimensio
edge effects associated with the escape of the plasma
the capillary are not important in such short-pulse hig
current device, and are negligible for many applications s
as soft-x-ray lasers. However, the axial velocity spread at
end of the column somewhat influences the opacity of opt
4-5
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FIG. 6. ~Color! Sequence of
time resolved spectra correspon
ing to a 19065 kA discharges
through a 4 mmdiameter ceramic
capillary. The 10–90 % curren
rise time was 11.561.5 ns.
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thick lines emitted from the exit region of the capillary fa
ing the spectrometer. Hence, the synthesized spectra c
sponding to these conditions cannot be expected to prec
match the measured spectra. Nevertheless, since the
effect of the radiation on the hydrodynamic and atomic
netics is dominated by the radiation transport in the rad
direction, the computed spectra not only show all the lin
identified in the experiments, but also reasonably match t
intensities.

Note that a similar range of capillary diameters, gas pr
sures and composition was previously investigated
smaller current discharges@7,12#. It was found in the calcu-
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lations that the major difference between the high curr
and the lower current cases is the much larger shock-indu
plasma temperature change, as it is natural to expect from
much larger amplitude and shorter duration of the curr
pulse. In this case the plasma speed just before the coll
reaches 23107 cm/s as compared to 63106 cm/s in the case
of the 40 kA discharges used in the first Ne-like Ar soft-x-r
laser experiments@2,7,12#. The depth of the layer in front o
the hot dense shock is of the order of 100–200mm and is
defined by the heat conductivity in the low density gas, a
in a lesser extent by the process of electromagnetic fi
diffusion. The process of heat conduction substantially fac
4-6
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FIG. 7. ~Color! Sequence of
time resolved spectra correspon
ing to a 19065 kA discharges
through a 3.3 mm diameter ce
ramic capillary. The 10–90 % cur
rent rise time was 11.561.5 ns.
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tates the achievement of the high electron temperature re
ing in the high degree of ionization observed in the expe
ment, by introducing additional entropy in the compress
core before the shockwave collapses on axis. Also when
heat wave and the electromagnetic wave arrive on axis,
maximum of the current density and joule dissipation swi
to the center of the capillary as in the Ne-like Ar soft-x-r
laser case. Quickly after that, within 1–2 ns, the front of t
shock wave arrives to form the hot dense plasma colu
Mass continues to be supplied, and after several more ns
plasma starts to cool due to expansion, radiation losses
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current decay. At the time of maximum compression the
terface between the Ar plasma and the evaporated wall
terial is computed to be positioned relatively far from t
compressed central region,;250–400mm. The total current
flowing inside the compressed plasma column is a sm
fraction of the order of 10–15 % of the total current. As
was noted in Ref.@19#, this situation probably helps to sup
press the current instabilities. Hence, it is reasonable to s
gest that the combination of several factors including
smaller current and pinch radius, together with very go
initial plasma symmetry and relatively short time duration
4-7
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the entire compression process, substantially facilitate
suppression of the MHD and current instabilities which co
monly plague most high current discharge experime
However, further 2D and 3D numerical modeling is requir
to determine the main reason of the relatively good stab
of these discharges.

The shock wave originates in the vicinity of the capilla
surface as the result of the strong ponderomotiveJ3B force
and heating in the skin layer, and then propagates with
speed defined by electromagnetic field diffusion, the Alfv
time, and hydrodynamics time. The plasma compression
axis and the dissipative electron viscous heating@20# are
computed to induce for a brief period of time a maximu
electron temperature as high as 450–500 eV. However
shown in Fig. 8, this temperature rapidly relaxes to 200–2
eV in 1–2 ns due to strong ionization and line radiation
electron densities of (1 – 2)31020cm23, which are 3–4
times higher than those obtained in the case of the 40
capillary discharges. The electron density reaches its m
mum value 3–5 ns after the time of maximum temperatu
which corresponds to the minimum observable source s
The nonstationary degree of ionization also reaches its m
mum average ion charge ofZs;15.4 at this time, and 3–4 n
later the plasma starts to recombine. Figure 9 shows the c
puted radial profile of the electron temperature and densit
the time of maximum compression for the 3.3 mm diame
ceramic capillary with the same discharge conditions as
Fig. 8. The calculated electron temperature and density
axis are 295 eV and 1.231020cm23, respectively.

The compressed plasma diameter is computed to rea
minimum diameter of 250–300mm at ;19 ns and;25 ns
after the initiation of the current pulse in the 3.3 mm and

FIG. 8. ~Color! Computed spatiotemporal evolution of the ele
tron temperature in a 4 mmdiameter ceramic capillary filled with
1.3 T of Ar excited by a 195 kA current pulse. The color sca
shows electron temperatures in eV.
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mm diameter capillaries, respectively. This size of the so
x-ray emitting is in agreement with the observed extent
the soft-x-ray emitting region of the plasma at the time
maximum compression. The simulations also show tha
concave electron density profile is formed in the axial reg
by the reflected shock;1.5 ns after the column collapse
This prediction is corroborated by the observation of a
pression at the axis of the soft-x-ray emission profiles in
pinhole image acquired a few ns after the maximum co
pression~see the 28 ns and 31 ns frames in Fig. 2!. Such kind
of electron density profile might be advantageous for so
applications, for example waveguiding of soft-x-ray las
beams. Note that, as in previous soft-x-ray laser experime
in the current experimental setup the time of the plasma
umn collapse is well matched to the current pulse durati
Hence the energy stored in the driving circuit is well utilize
resulting in efficient plasma generation.

The amount of mass ablated from the capillary wall a
involved into the plasma compression process is smaller
the ceramic capillaries than for those made of polyacet
This is due to several factors, among which are the lar
activation energy and thermal conductivity of alumina re
tive to that of easily thermally decomposed plastic. Howev
the hydrodynamics of plastic and ceramics wall capillar
were not found to be greatly different. The moment of arriv
of the shock wave to the center is similar, 17 and 17.5
respectively, since it is mostly defined by the ponderomot
force and thermal pressure exerted on the plasma in the
tial ;10 ns of the discharge, when the evaporated part of
total mass is very small. In both cases, quickly after
initial stage of the discharge, an additional acceleration of
shock front due to electromagnetic field diffusion takes pla
in the argon part of the plasma column. This accelerat
further minimizes the differences in compression time. T
electron temperature is slightly larger in the case of the
ramics capillary, resulting in the more intense ArXV line
emission observed in the experiments. This is mainly

FIG. 9. Computed electron temperature and electron den
profiles near the time of maximum compression for a discha
through an argon filled ceramic capillary of 3.3 mm diameter. T
rest of the discharge conditions are equal to those of Fig. 8.
4-8
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HIGH-POWER-DENSITY CAPILLARY DISCHARGE . . . PHYSICAL REVIEW E 65 026404
result of higher plasma heating arising from the nearly t
times larger plasma resistivity in the case of the higheZ
ceramic capillary plasma@21#. The differences in resistivity
do not have a major effect on the overall discharge curr
because it is mainly defined by the larger impedance of
generator.

IV. CONCLUSIONS

In summary, we have generated plasma columns of ab
300mm diameter and electron temperatures.250 eV utiliz-
ing fast discharge pulses with a current rise time of;1.5
31013A/s and peak currents up to 200 kA. Model compu
tions predict plasma column diameter and spectra simila
those observed in the experiments, and suggest the ele
densities reach values.131020cm23. These plasma condi
tions fulfill the requirements necessary for a variety of p
sible applications, in particular for attempting the demons
tion of discharge-pumped lasers at significantly sho
wavelengths. Of main interest are laser transitions in Ni-l
ions, sequence which scales to shorter wavelengths m
rapidly than the Ne-like sequence used in the previous c
illary discharge soft-x-ray laser demonstrations. For the h
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electron temperatures and densities that the above re
show are achievable with these type of high current capill
discharges, the atomic elements suitable for lasing in
Ni-like sequence range fromZ542 ~Mo! to 50 ~Sn!. The
wavelengths of the 4d 1S0-4p 1P1 transition of these ele-
ments cover the region between 18.9 and 11.9 nm. For
ample, for the 13.2 nm line of Ni-like CdXXI the gain is
calculated to be;1–2 cm21, and potentially.3 cm21 for
optimum discharge parameters. Larger gain coefficients
estimated for Ni-like AgXX ~13.9 nm! and PdXIX ~14.65
nm!.
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