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Dynamics of a microcapillary discharge plasma using a soft x-ray laser backlighter
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We have used the new technique of soft x-ray laser shadowgraphy in combination with traditional plasma
emission spectroscopy and theoretical modeling to study the dynamics of a plasma column created by a
discharge through a 380mm diameter evacuated microcapillary. The transient microcapillary plasma was
imaged with high-spatial and temporal resolution using a tabletop discharge pumped 46.9-nm laser backlighter.
Model computations show that the sharp boundary observed between the absorbent and transparent regions of
the shadowgrams is defined by the spatial distribution of weakly ionized ions that are strongly photoionized by
the probe laser. The plasma was observed to rapidly evolve from an initially nonuniform distribution into a
column with good azimuthal symmetry and minimum density on axis@computed electron density on axisne

5(1 – 3)31019 cm23#. This concave electron density profile constitutes a plasma waveguide for laser radiation.
Heated solely by Joule dissipation from relatively small excitation currents~1.5 kA!, this dense plasma reaches
substantial electron temperatures ofTe515– 20 eV as a result of the absence of significant hydrodynamic
losses and reduced radiation losses caused by large spectral line opacities. The results illustrate the potential of
tabletop soft x-ray lasers as a new plasma diagnostic tool.

PACS number~s!: 52.80.2s, 52.65.2y, 52.40.Fd, 42.55.Vc
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I. INTRODUCTION

Discharges in gas-filled and evacuated capillary chan
have a long history of use in applications@1–21#, that in-
cludes the successful development of high-gain tabletop
x-ray lasers @10–14#. Recently, plasmas with concav
electron-density profiles created in microcapillary chann
by either discharge@15–21# or laser excitation@19,22,23#
have received attention as plasma waveguides for inte
laser radiation. Plasma waveguides are of significant inte
for the development of soft x-ray lasers and particle acc
erators@15–28#. Optical-field ionization and transient hea
ing of capillary plasmas with intense ultrashort pulse las
have resulted in the observation of soft x-ray amplificat
following plasma recombination@22,23# and collisional ex-
citation, respectively@18#.

The recent advent of saturated table-top soft x-ray las
@11,14,29–31# has opened the possibility of utilizing so
x-ray laser beams to probe a wide variety of high-dens
plasmas of large dimension. Their short wavelength, h
brightness, short pulse duration, and high degree of colli
tion makes soft x-ray lasers ideal sources to perform sh
owgraphy studies in dense plasmas@32–34#. We have re-
cently reported the use of a tabletop soft x-ray laser to ob
shadowgrams of a capillary discharge plasma@34#. In this
paper we discuss the experiment in detail, and analyze
results in combination with traditional plasma emission sp
troscopy and extensive theoretical modeling to gain und
standing of the dynamics of a plasma created by a disch
through a 380mm diameter evacuated polyacethal microca
illary. Many of the recent experiments and theoretical stud
in fast capillary discharges have been concerned with p

*Permanent address: Departamento de Fisica, FCEyN, Unive
of Buenos Aires, Buenos Aires, Argentina.
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mas that rapidly contract under the influence of theJ3B
ponderomotive or Lorentz force@6,9,11#. In spite of some
important specific distinctions caused by the close proxim
of the walls, it is valid to classify these discharges as a k
of Z pinch. In contrast, in the microcapillary plasma that
the subject of this paper the Lorentz force has negligi
effect due to a lower peak current~'1.5 kA instead of tens
of kA!. This, and the strong coupling between the plas
and the polyacethal wall, cause a different plasma heatin
contraction behavior that distinguishes this type of microc
illary discharges fromZ pinches and classifies it into a wal
sustained plasma. Such discharges in evacuated capill
can create a concave electron-density profile that has b
observed to provide optical guiding for tightly focused las
beams over distances much longer than the Rayleigh le
@15–17#.

The next section discusses the setup used in the sha
graphy measurements, and Sec. III presents the experim
results. Section IV includes the model calculations and
discussion of the dynamics of the microcapillary plasm
based on the experimental and theoretical results.

II. EXPERIMENTAL SETUP

The microcapillary plasma subject of this paper was g
erated by exciting a 380-mm-diameter, 8-mm-long evacuate
channel in polyacetal (CH2O)n with a current pulse of 1.5
kA-peak amplitude and 155-ns-half-period duration. Me
surements were also conducted for plasmas generated in
illary channels 500mm diameter. The plasma was generat
from material ablated from the capillary walls by the curre
pulse. Prior to excitation the pressure in the vacuum cham
containing the capillary discharge was lower than
31025 Torr. To record the shadowgrams the capillary d
charge plasma channel was illuminated on axis by a lo
divergence beam of 46.9-nm-wavelength radiation produ

ity
7209 ©2000 The American Physical Society
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by a tabletop Ne-like Ar capillary discharge laser. The ge
eration of 46.9-nm-laser pulses from tabletop capillary d
charge soft x-ray amplifiers has been discussed in prev
publications@10–14#. The laser used in this experiment em
pulses of 0.6 to 0.7 ns full width at half-maximum duratio
and energy up to 25mJ in a single strong laser line@13#. The
laser pulses were produced exciting with a fast current p
a 16.4-cm-long, 4-mm-diameter polyacetal capillary chan
filled with Ar gas at a pressure of 600 mTorr. The curre
pulses had a peak amplitude of approximately 37 kA an
first half-period of about 70 ns. Lasing in the 3p-3s J50
21 line of Ne-like Ar occurs approximately 39 ns after th
onset of the current, following the generation of an elonga
Ar plasma column by a rapid compression. The laser be
divergence is approximately 5 mrad.

The imaging setup used to record the shadowgram
schematically illustrated in Fig. 1. The microcapillary di
charge was placed at 60 cm from the exit aperture of the
x-ray laser. This distance was selected to comfortably ov
fill the capillary channel aperture with the soft x-ray las
beam, with the purpose of ensuring a relatively uniform il
mination of the plasma. The capillary discharge plasma w
imaged into a two-dimensional soft x-ray sensitive detec
using a 60 cm radius of curvature concave iridium-coa
mirror. This concave mirror was positioned at 31.3 cm fro
the exit of the capillary. A flat iridium-coated mirror wa
used between the curved mirror and the detector to relay
image. The reflectivity of the iridium mirrors used in th
experiment was estimated to be about 10% at 46.9 nm f
the ;1003 loss of laser intensity measured by inserting t
mirrors in the laser path. The detector consisted o
microchannel-plate followed by a phosphor screen, an im
intensifier, and a charged-coupled device array~CCD!. The
CCD consists of a 102431024 array of 24.8mm pixels. A
thin Al film was evaporated on the phosphor screen to av
the detection of visible plasma radiation. The microchan
plate was gated during about 5 ns to differentiate the la
radiation from the long lasting~.100 ns! short wavelength
radiation emitted by the microcapillary discharge. T
curved mirror imaged the capillary plasma on the detec
plane with a magnification of;243. The spatial resolution
of the entire imaging system was determined to be appr
mately 5mm in the object plane by imaging an array of 2
mm diameter holes placed at the exit plane of the capill
channel. This measurement also allowed for a direct exp
mental calibration of the magnification of the imagin
system.

III. EXPERIMENTAL RESULTS

Figure 2 shows a sequence of soft x-ray shadowgra

FIG. 1. Schematic representation of the setup used to ob
shadowgrams of a microcapillary plasma using a 46.9-nm-table
laser as backlighter.
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that describe the evolution of the plasma created in a 3
mm-diameter capillary channel by the discharge curr
pulse. The time delay between the initiation of the curre
pulse and each of the shadowgrams is indicated. The
image in the sequence was obtained by propagating the
x-ray laser pulse through the capillary before the initiation
the discharge current pulse, and therefore corresponds to
situation in which no plasma is present. A relatively unifor
illumination of the capillary channel is observed. The seco
~26 ns! and third images~39 ns! are illustrative of the initial
phase of the plasma evolution, corresponding to tim
shortly after the breakdown. Dense regions of ablated m
rial that strongly absorb the soft x-ray laser radiation a
observed to develop at a few locations on the wall perime
This indicates that during the initial phase of the discharg
significant fraction of the current flow is predominately l
calized in a few surface discharge channels. However, as
current increases and the plasma expands towards the e
ated center of the capillary, these initial nonuniformities d
crease, and the boundary between the absorbing and t
parent regions of the plasma is observed to acquire
remarkable symmetry. The shawdograms taken at times a
approximately 80 ns from the initiation of the current puls
show a very symmetric annular absorbing region that rap
expands towards the axis of the discharge. The rate of
pansion of the absorbing region towards the capillary a
can be inferred from the measured variation of its inner
ameter as a function of time. The velocity of the boundary
53104 and 13105 cm/s at 50 and 100 ns after the onset
the current pulse, respectively. As discussed below, this
locity is not the rate of expansion of the plasma, but rat
that of a region containing a large concentration of wea
ionized species that attenuate the laser beam by photoion
tion. At about 140 ns after the onset of the discharge, n
the end of the first half-cycle, the central region of t
plasma starts to significantly absorb the soft x-ray la
beam. Shadowgrams obtained for a 500-mm-diameter capil-
lary showed a qualitatively similar evolution of the plasm
described by a rapid transition from an initially asymmet
plasma into a highly symmetric plasma column with min
mum density on axis.

The same imaging setup used in the shadowgraphy
periment was also employed to record the evolution of
spatial distribution of the vacuum ultraviolet~VUV ! and soft
x-ray radiation self-emitted by the microcapillary plasm
Figure 3 shows a sequence of time resolved cross section
the intensity distribution of the self-emitted plasma radiati
obtained gating the MCP detector. Shortly after the onse
the discharge the emitted radiation is observed to be w
and mainly concentrated near the capillary walls, where
plasma is created by ablation and ionization of wall mate
by the discharge. Plasma emission also appears to eman
this time from the central part of the capillary. Neverthele
the emission observed as originating from the axial region
the earliest times in Fig. 3, can be, in part, an artifact cau
by radiation originating from outer regions of the plasma
different axial locations in the capillary that, unlike the ex
aperture of the capillary, are out of focus at the image pla
A simple ray-optics calculation can show that imaging o
cylindrically symmetric radiant volume of annular cross se
tion with our optical system results in intensity patterns th
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FIG. 2. ~Color! Sequence of on-axis shadowgrams describing the evolution of the microcapillary plasma. The time of each shad
with respect to the initiation of the current pulse, is indicated. The diameter of the microcapillary is 380mm and the length 8 mm. Lighte
regions represent less absorption of the soft x-ray laser beam.
3
ss
n

in
g
m

c-
was

a
the
. 4
ion
o

correspond well with those of the earlier times in Fig.
Nevertheless, as the discharge evolves the plasma emi
is observed to shift to the central region of the capillary a
greatly increase in intensity.

The spectral distribution of the plasma self-emission
the 50–120 nm region was recorded using a 1-m-focal len
normal-incidence vacuum spectrograph with a 600 line/m
.
ion
d

th

diffraction grating and a MCP intensified diode array dete
tor. For these measurements the capillary discharge
placed directly in front of the spectrograph. Spectra with
time resolution of about 10 ns were obtained by gating
intensifier. The sequence of VUV spectra displayed in Fig
shows emission from carbon ions with a degree of ionizat
ranging from CII to CIV and from oxygen ions ionized up t
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OVI. The observation of emission from CII ions, that have
an ionization energy of 24.4 eV, and from excited states
C III and CIV that have ionization energies that are low
than the 26.5 eV energy of the laser photons, suggests th
the colder regions of the plasma photoinization of wea
ionized atoms is responsible for an important part of
observed laser beam attenuation. The presence of OVI lines
indicates that the electron temperature in the hottest regio
the plasma reaches at least 15 eV.

IV. MODEL RESULTS AND DISCUSSION

The evolution of the microcapillary plasma was mode
with the one-dimensional hydrodynamic-atomic code R
DEX @35,36#. The physical model of the evacuated micr
capillary discharge of this paper is similar to that previou
used to analyze gas-filled capillary soft x-ray lasers a
laser-produced plasmas@9–11,35–37#, and while it does not
include the detailed computation of population inversions
has a similar degree of complexity. The model includes
drodynamics equations, Maxwell’s equations, and the ato
kinetics of the different atomic species present in the plas
For the modeling of the evacuated microcapillary plasma
numerical mesh has to be inhomogeneous and able to re

FIG. 3. Thick line: sequence of cross sections of time-resol
on-axis images of the VUV/soft x-ray self-emission of the micr
capillary plasma. Thin line: corresponding profiles of the transm
ted soft x-ray laser intensity obtained from the shadowgrams~the
intensity was normalized to facilitate comparison of the profile!.
The time of each profile, with respect to the initiation of the curre
pulse, is indicated. The earlier emission profiles, that were obta
after a sequence of about 100 shadowgram shots, are wider tha
initial 380-mm-capillary-bore diameter due to an increase in
bore diameter resulting from ablation by the discharge pulses.
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duce a very broad density spread covering six to eight ord
of magnitude from the initially solid material to the relative
low-density vapors that, after compression, become a de
plasma. Besides the small grid cell sizes and the strict C
rant time step criteria requirements associated with th
@38#, another restriction results from the short-time sca
mandated by the high-ionization rates,;(ne^ves&)21 corre-
sponding to the collisional ionization of the lower states
ionization Z for lighter elements, which increase as;Z23.
Detailed atomic kinetics were included for all the ionizatio
stages of each of the atomic components of polyacetal~O, C,
and H!. The radiation transport was treated self-consisten
including the transport of line radiation, which in optical
thin plasmas not completely ionized, usually dominates
continuum radiation loss rate by several orders of magnit
@39#.

Wall ablation is very important in defining the plasm
dynamics and is dominated by the absorption of plasma
diation, which can be computed accurately because the
sorption properties of the wall material are well known in t
spectral region below 100 nm in which the discharge em
the most@40#. However, there is incomplete thermophysic
data available to describe organic polymers. Therefore,
followed the approach developed in laser ablation mod
that uses Arrhenius kinetics to model the decomposition
the wall material@41,42#. The model, that includes equation
of state for the solid material and the plasma, makes us
the energies of vaporization and ionization to account for
transformation from solid to vapor to plasma.

The dynamics of the wall sustained plasma created in
evacuated microcapillary has an interesting and in some
spects counterintuitive behavior. While the shadowgrams
veal a dynamics that originates at the walls and takes sev
tens of nanoseconds to reach the center of the microcapil
the calculations show that the plasma reaches the axis o
capillary almost immediately, 2–5 ns after the beginning
the current pulse, when the rising current reaches value
the order of 100 A. This is because both the characteri
hydroexpansion time and the Alfven time are of the order
several nanoseconds for the rare initial plasma with a te
perature of;2 eV. Hence, the velocity of the absorptio
boundary observed in the shadowgrams of Fig. 2 should
be interpreted as the plasma mass speed. In fact, as disc
below, this velocity has no relationship with it. This illus
trates that the interpretation of the shadowgrams corresp
ing to the microcapillary discharge can be far from obviou
Also, it was found that in spite of the relatively small pea
current the plasma has a substantially high-electron temp
ture and degree of ionization.

The computed temporal evolution of the plasma para
eters in the axial region of the microcapillary is illustrated
Fig. 5. The results were obtained assuming an approxima
sinusoidal current pulse with a 1.5 kA peak amplitude a
155 ns first half-cycle duration shown in Fig. 5~a!, which
very closely resembles that utilized in the experiments. F
ure 5~b! shows the computed evolution of the electron te
perature in the axis of the capillary. Initially the temperatu
rises very rapidly, exceeding 20 eV during the first 10–20
of the current pulse. This initial temperature peak is a c
sequence of the very small electron density present at
moment (ne'131016cm23!, that results in the deposition o
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FIG. 4. Sequence of time-resolved spectra
the radiation self-emitted by the microcapillar
discharge in the 78–117 nm spectral region. T
time at which each spectrum was acquired w
respect to the onset of the current pulse is in
cated.
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a large fraction of the discharge input power into a relativ
small number of particles. This is assisted by the fact that
electric conductivity in a completely ionized plasma is pra
tically independent of the electron density, having only
weak dependence through the Coulomb logarithm@43#. The
computed temperature is in agreement with the observa
in the experiment of emission from OVI lines almost from
the beginning of the discharge~taking into account; 20 ns
temporal resolution of the spectra!. Steady-state ionization
equilibrium calculations using a collisional-radiative mod
show that the electron temperature must be in theTe
;15– 20 eV range for these ions to be present~Fig. 6!. How-
ever, conditions inside the capillary are far from local th
modynamic equilibrium, which is achieved only in th
heated boundary layer of the wall material. Instead, the i
ization balance in this discharge is quasisteady state and
lows the electron temperature with a characteristic time
lay. The complete RADEX hydro and transient kine
calculations reveal that, for a short period of time,Te is a
factor ; 1.5 larger than the steady-state value. The com
tations also show that after this short lasting initial maximu
the temperature drops as a result of the permanent inflow
mass, which causes the density to steadily increase up
31019cm23 @Fig. 5~d!#. Nevertheless, the mostly decayin
trend of the electron temperature shows a local maxim
near the peak of the current. A combination of multip
physical effects is responsible for such behavior of the e
tron temperature. First, the heating in the microcapillary
solely due to Joule dissipation. In this electric discharge
y
e
-

n

l

-

-
ol-
-

-

of
3

m

c-
s
e

absorbed electromagnetic energy is distributed alm
equally between the thermal energy of electron and ions,
potential energy associated with ionization. Heating due
the conversion of directed kinetic energy, which can be v
important in ordinaryZ pinches, makes here only a sma
contribution to the electron temperature that does not exc
1% during the entire discharge evolution.

Excluding the first;20 ns, line radiation losses are su
stantially suppressed by the falling temperature and by
very high absorption of the ion lines. The total radiatio
losses integrated over all frequencies reach;15% of the
discharge power at the time of maximum current, and;50%
at the end of the first half-cycle of the current pulse. T
strong absorption is due to the relatively large waveleng
of the transitions involved~300–800 Å!, and to the absence
of any significant ion radial velocity gradient. The very larg
line absorption coefficient (;105– 106 cm21! combined with
the large collisional quenching of the excited states of
predominant low-Z ions (}Z23) severely reduce the outflow
of line radiation. In contrast, the central region of the plas
column is optically thin for both photorecombination an
bremsstrahlung radiation. As a consequence, starting at;20
ns after the beginning of the current pulse photorecomb
tion represents the major loss mechanism, a situation wh
is typical of optically thick and recombining plasmas. D
electronic recombination is substantially suppressed du
density effects@44#. In addition, in our case radiation doe
not constitute a complete energy loss, because the qu
with an energy of' 10–45 eV are very strongly absorbed
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a very thin wall layer nearest to the plasma, and followi
ablation a significant part of this energy returns to t
plasma. The absorption coefficient of the atoms in the w
material reach the maximum value'131026 cm21 in the
wavelength region where the plasma emits the most. T
large coefficient causes the majority of the radiation to
absorbed in a layer of just several monolayers thick,;10–
100 Å of the wall material. This ablated layer is responsi
for providing the material that once ionized constitutes
plasma that fills the microcapillary. To quantitatively emph
size the importance of plasma radiation-induced wall ab
tion in determining the electron density and the plasma

FIG. 5. Computed temporal evolution of the plasma parame
for the current pulse shown in frame~a!. Frames~b!–~d! illustrate
the variation of the on-axis values of the electron temperature,
erage ion charge of all atomic species present, and electron de
respectively.
ll

is
e

e
e
-
-
-

namics, Figure 5~d! shows the computed on-axis plasm
density with and without radiation-induced evaporation
cluded. We observe that after an initial rapid increase
density, due to material evaporated by electron heat cond
tion, plasma radiation (}ne

2) dominates the evaporation, in
creasing the density by a factor of 2–3 by the end of the fi
half-cycle of the current pulse.

Another important effect that allows for the generation
the relatively high-electron temperature observed in t
plasma is the saturation of the electron heat conductivity
the boundary layer with high-temperature gradient that se
rates the central and the cold wall plasma regions. Heat c
ductivity saturation effects have been intensively discus
for more than two decades in the literature, mainly with
spect to laser-matter interactions@45–47#. As compared to
laser produced plasmas, which include ions of higher cha
Z and large electric and spontaneous magnetic fields that
cause several different kinds of instabilities and inhomo
neities, the main reason of the saturation of the heat flux
the microcapillary plasmas is easier to separate. First,
plasma density is a few orders of magnitude smaller than
laser-created plasmas. Hence, the required condition for c
sical diffusive heat flow~Fourier law! with Knudsen number

rs

v-
ity,

FIG. 6. Steady-state ionization balance for carbon~a! and oxy-
gen ions~b! as a function of electron temperature at a fixed elect
of 231019 cm23.
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le /lT,1022 @45,46#, is easily violated because the ratio
electron mean-free-path,le , to the temperature gradien
length, lT , in the thin boundary layer near the wall is n
sufficiently small. Up to the time of the current maximu
this ratio is 10 to 30 times larger than the typical value
quired for classical diffusion. Other effects, such as the m
netic field associated with the current flow are insufficien
strong to significantly influence the heat conductivity~the
resultingvete,0.1, whereve is the electron gyrotron fre
quency andte is the electron collision time@43#!. In our heat
conductivity calculations we used the classical expression
a saturated flux treated in terms of the electron thermal sp
ve and the so-called free-streaming factorf ;0.15, qsat
5 f neTeve @46#, and obtained good agreement with the p
rameters observed in the experiment. A decrease of this
tor to f ;0.05 still allowed agreement within the experime
tal error bars. An even larger heat flux, due to, for examp
acoustic turbulence, is unlikely because in the periphery
the plasmaZTe /Ti,122. Such a temperature ratio is n
high enough to allow for the growth of such instability d
spite the relatively large electron drift velocity as compar
to the sound speedcs @ j /ne'(5 – 10)cs# @47#. In all other
aspects the plasma kinetics remains classical, and the
sumption of one-dimensional hydrodynamics is quite
equate.

One of the most important properties of microcapillar
plasmas is their ability to create a concave electron-den
profile for applications such as laser-pulse waveguiding
weak field particle accelerators and x-ray laser developm
The computed density profiles, as a function of time,
shown in Fig. 7. The electron density increases significa
towards the walls, creating a plasma column with maxim
index of refraction on axis that constitutes a plasma wa
guide. The observed concave electron-density profile wit
minimum on axis is formed due to several reasons. As it w
mentioned above, in this small current discharge the m
neticJ3B force is always smaller than the thermal pressu

FIG. 7. Computed electron density profiles as a function of ti
measured from the beginning of the current pulse.
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and there is no significant kinetic motion associated w
magnetic forces. Electron and ion pressure gradients h
opposite signs and practically cancel each other at all lo
tions. As a result, the plasma is sustained by ion counterp
sure of the solid wall and is slowly contracted by the perm
nent inflow of evaporated material. Due to relatively lar
capillary lengthL and short pulse duration, the end effec
associated with the escape of the plasma into the vacuum
not play a substantial role, at least during the;150 ns dura-
tion of first half-cycle of the current cycle. This is becau
L@tcs , wherecs;53105 cm/s is the typical average spee
of sound. As shown in Fig. 7, the plasma density on a
continuously increases as a function of time and is compu
to reach values in excess of;331019cm23 @48#. The lower
density, and the smaller conductive and radiative cooling
axis, causes increased heating in that region. This in
works as a positive feedback, resulting in an increased e
trical conductivity, larger current density on axis, and i
creased Ohmic heating on axis. The result is the elec
temperature distribution shown in Fig. 8, which decreases
a function of radius towards the wall. Due to pressure b
ance the density forms a profile with the opposite shape

The lower electron temperature in the periphery of t
plasma defines an annular region with a high concentra
of C I, OI, and CII ions, all of which can be photoionized b
the 26.5 eV photons of the probe laser beam. A relativ
small increase in the concentration of these ions can cau
sharp increase in the attenuation of the soft x-ray laser pr
due to strong absorption caused by photoionization. Thi
the reason for the sharp boundary observed between
opaque and transparent regions in the shadowgrams of F
and in the computed transmission profiles of Fig. 9. Free-f
absorption is computed to make only a small contribution
less than;1% to the absorption of the probe beam. In t
central region of the plasma the soft x-ray laser transve
the plasma without significant absorption, resulting in t
observed flattop shadowgrams. As time evolves and the t
perature on the axis drops, recombination causes an incr
in the axial density of the weakly ionized atoms, which d
to photoionization, strongly attenuate the laser beam. C
putation of the spatial distributions of the concentration
the different ionic species indicates that the sharp absorp
edge in the shadowgrams is mostly defined by the conc
tration of CII ions, that exist at higher temperatures thanI
@see Figs. 6~a! and 6~b!# and that appear earlier in the axi
region of the capillary when the plasma cools. At the abo
mentioned electron densities a fractional abundance of
5% of these ions is sufficient to totally attenuate the pro
beam. This absorption starts in the colder and denser per
ery of the plasma column and propagates towards the a
causing the observed size of both the region transparen
the soft x-ray laser and self-emission region to decre
~Figs. 9 and 10!. For comparison, the measured evolution
the boundary between the absorbent and transparent re
of the plasma is illustrated by circles in Fig. 9. Finally, t
wards the end of the first half-cycle of the current, as
density on axis increases and the degree of ionization
creases due to recombination, the increased absorp
causes the nearly complete attenuation of the probe b
observed in the experiment. The radial plasma flow, wh
after the first;5 ns is always subsonic, is almost complete

e
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FIG. 8. ~Color! Computed spatiotemporal distribution of the electron temperature. Other parameters are the same as in Fig. 5
o
o
e
o

th

ay
es
of
hile
m-

. In
absent at this time. In contrast, the speed derived fr
the slope of the data points in Fig. 9 has a maximum
;105 cm/s at the end of first half-cycle of the current puls
Hence, the model shows that the velocity of the boundary
the absorbing region has no direct relationship with
plasma velocity.
m
f
.
f

e

The results of the calculation of the size of the soft x-r
emission source is shown in Fig. 10. Line radiation mak
the main contribution to the emission in the initial phase
the discharge, when the plasma is transparent and rare, w
photorecombination and dielectronic recombination are co
puted to be important in the latter part of the current pulse
e

f

e
s

FIG. 9. ~Color! Computed dis-
tribution of the soft x-ray laser
probe beam transmission at th
exit of the microcapillary as a
function of time. The values are
normalized to the color scale o
Fig. 8. The circles illustrate the
measured boundary between th
absorbing and transparent region
of the plasma.
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FIG. 10. ~Color! Computed
space and time evolution of th
soft x-ray/VUV radiation emitted
by the plasma. For direct compar
son with experiment the emissio
intensity was corrected by the
spectral response of the detecto
The maximum value is normal-
ized to the color scale of Fig. 8
The squares indicate the measur
radius of the emitting region.
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comparison, the contribution of bremsstrahlung radiation
only ;4%. The radiated intensity integrated over the e
area of the capillary reaches its maximum approximately
ns after the beginning of the current, when the density
axis is already high, while the power density radiated at
capillary axis has a maximum later in time, at the end of
discharge ~Fig. 10!. Contrary to the absorption profiles
which have a flattop over the whole time history, the em
sion profiles change shape as the discharge evolves. Th
perimental result of Fig. 3 and the computations results ill
trated in Fig. 10 show that early in the current pulse
emission profiles have distinctive maxima near the w
where due to the concave profile the density is high. Towa
the end of the first half-cycle of the current pulse, when
temperature of the peripheral region substantially drops
3–5 eV, the computed emission profile also acquires a
shape of larger size than the transparent region observe
the shadowgrams, in agreement with the experiment.

V. CONCLUSIONS

In summary, we have studied the dynamics of a plas
column created by discharge ablation of the walls in
evacuated microcapillary. Soft x-ray laser plasma shad
grams and VUV self-emission measurement techniques c
bined with numerical modeling provided a self-consiste
view of the dynamics of this plasma. The results show t
the microcapillary plasma is initially nonuniform, but that
rapidly evolves into a highly symmetric column with min
mum electron density and maximum temperature on-a
The high symmetry of these plasma columns with conc
electron profiles confirms the good properties of these
charges as plasma waveguides for laser radiation. Mo
is
t
0
n
e
e

-
ex-
-

e
l,
s

e
to
ll
in

a
n
-
-

t
t

s.
e
s-
el

computations successfully reproduced and explained the
servation data. It was found that the evolution of sharp s
x-ray absorption boundary observed in the experime
which starts at the walls and propagates towards the axi
dominated by photoionization of weakly ionized specie
The evaluation of the different processes that characterize
plasma dynamics enabled us to distinguish this type of
crocapillary from Z pinches, classifying it into a wall-
sustained plasma. The plasma heating is solely due to J
dissipation and the heating due to conversion of kinetic
ergy, which is important inZ pinches, here makes only
very small contribution. The reduction of radiation loss
caused by the large spectral line opacities, the saturatio
the electron heat flux to the walls, and the absence of sig
cant hydrodynamic losses from the capillary ends results
relatively large temperatures on axis~15–20 eV! and high-
ionization states up to OVI at relatively small excitation cur-
rents. The results also show that plasma shadowgraphy
tabletop soft x-ray lasers can, in combination with mod
computations, help to elucidate the dynamics of dense p
mas.
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