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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 38pm 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 fosnputed electron density on axig
=(1-3)x10*cm %]. This concave electron density profile constitutes a plasma waveguide for laser radiation.
Heated solely by Joule dissipation from relatively small excitation curt@nskA), this dense plasma reaches
substantial electron temperatures Tof=15—-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 numbeps): 52.80-s, 52.65-y, 52.40.Fd, 42.55.Vc

[. INTRODUCTION mas that rapidly contract under the influence of theB
ponderomotive or Lorentz forcg6,9,11. In spite of some

Discharges in gas-filled and evacuated capillary channelgnportant specific distinctions caused by the close proximity
have a long history of use in applicatiofs—21], that in-  of the walls, it is valid to classify these discharges as a kind
cludes the successful development of high-gain tabletop softf Z pinch. In contrast, in the microcapillary plasma that is
x-ray lasers [10—14. Recently, plasmas with concave the subject of this paper the Lorentz force has negligible
electron-density profiles created in microcapillary channel$ffect due to a lower peak currefit1.5 kA instead of tens
by either dischargé15-21 or laser excitation19,22,23  ©of kA). This, and the strong coupling between the plasma
have received attention as plasma waveguides for intengtd the polyacethal wall, cause a different plasma heating, a
laser radiation. Plasma waveguides are of significant intere§ontraction behavior that distinguishes this type of microcap-
for the development of soft x-ray lasers and particle accellllary discharges fronZ pinches and classifies it into a wall-
erators[15—2§. Optical-field ionization and transient heat- sustained plasma. Such discharges in evacuated capillaries
ing of capillary plasmas with intense ultrashort pulse laser§an create a concave electron-density profile that has been
have resulted in the observation of soft x-ray amplificationoPserved to provide optical guiding for tightly focused laser
following plasma recombinatiof22,23 and collisional ex- beams over distances much longer than the Rayleigh length
citation, respectively18]. [15-17.

The recent advent of saturated table-top soft x-ray lasers The next section discusses the setup used in the shadow-
[11,14,29-3] has opened the possibility of utilizing soft graphy measurements, and Sec. Ill presents the experimental
x-ray laser beams to probe a wide variety of high—densit;feSUHS- Section IV includes the model calculations and a
plasmas of large dimension. Their short wavelength, higifliscussion of the dynamics of the microcapillary plasma
brightness, short pulse duration, and high degree of collimabased on the experimental and theoretical results.
tion makes soft x-ray lasers ideal sources to perform shad-

owgraphy studies in dense plasma&2-34. We have re- Il. EXPERIMENTAL SETUP
cently reported the use of a tabletop soft x-ray laser to obtain '
shadowgrams of a capillary discharge plasi@4]. In this The microcapillary plasma subject of this paper was gen-

paper we discuss the experiment in detail, and analyze therated by exciting a 38@im-diameter, 8-mm-long evacuated
results in combination with traditional plasma emission specehannel in polyacetal (C}D), with a current pulse of 1.5
troscopy and extensive theoretical modeling to gain underkA-peak amplitude and 155-ns-half-period duration. Mea-
standing of the dynamics of a plasma created by a dischargaurements were also conducted for plasmas generated in cap-
through a 38Qum diameter evacuated polyacethal microcap-illary channels 50Qum diameter. The plasma was generated
illary. Many of the recent experiments and theoretical studiesrom material ablated from the capillary walls by the current
in fast capillary discharges have been concerned with plagulse. Prior to excitation the pressure in the vacuum chamber
containing the capillary discharge was lower than 1
X 10 °Torr. To record the shadowgrams the capillary dis-
*Permanent address: Departamento de Fisica, FCEyN, Universitgharge plasma channel was illuminated on axis by a low-
of Buenos Aires, Buenos Aires, Argentina. divergence beam of 46.9-nm-wavelength radiation produced
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MCP-CCD that describe the evolution of the plasma created in a 380-
Detector um-diameter capillary channel by the discharge current
R = pulse. The time delay between the initiation of the current
pulse and each of the shadowgrams is indicated. The first
Capillary discharge e ~—f image in the sequence was obta_ined by propaga_ltin_g t_he soft
a —— - -
soft X-ray laser C’m R =60 cm x-ray laser pulse through the capillary before the initiation of

the discharge current pulse, and therefore corresponds to the
situation in which no plasma is present. A relatively uniform
flumination of the capillary channel is observed. The second
E’26 ng and third image$39 n9 are illustrative of the initial
phase of the plasma evolution, corresponding to times
by a tabletop Ne-like Ar capillary discharge laser. The genshortly after the breakdown. Dense regions of ablated mate-
eration of 46.9-nm-laser pulses from tabletop capillary dis+ial that strongly absorb the soft x-ray laser radiation are
charge soft x-ray amplifiers has been discussed in previousbserved to develop at a few locations on the wall perimeter.
publicationgd10—-14. The laser used in this experiment emits This indicates that during the initial phase of the discharge a
pulses of 0.6 to 0.7 ns full width at half-maximum duration significant fraction of the current flow is predominately lo-
and energy up to 2iJ in a single strong laser lif@3]. The  calized in a few surface discharge channels. However, as the
laser pulses were produced exciting with a fast current pulsgyrrent increases and the plasma expands towards the evacu-
a 16.4-cm-long, 4-mm-diameter polyacetal capillary channebted center of the capillary, these initial nonuniformities de-
filled with Ar gas at a pressure of 600 mTorr. The currentgrease, and the boundary between the absorbing and trans-
pulses had a peak amplitude of approximately 37 kA and 5rent regions of the plasma is observed to acquire a
first half-period of about 70 ns. Lasing in the@3s J=0  omarkable symmetry. The shawdograms taken at times after
—1 line of Ne-like Ar occurs approximately 39 ns after the 55 oyimately 80 ns from the initiation of the current pulse,
onset of the current, following the generation of an elongate how a very symmetric annular absorbing region that rapidly

Ar plasma column by a rapid compression. The laser bearExpands towards the axis of the discharge. The rate of ex-

div$Lgence ‘?' approximatel(;j/ 5 mrad. d the shad pansion of the absorbing region towards the capillary axis
e imaging setup used to record the shadowgrams Iz, pe inferred from the measured variation of its inner di-
schematically illustrated in Fig. 1. The _mlcrocaplllary dis- ; heter as a function of time. The velocity of the boundary is
charge was placed at 60 cm from the exit aperture of the so % 10" and 1x 1P cm/s at 50 and 100 ns after the onset of
x-ray Iaser.. This distance was selecjced to comfortably OVeTthe current pulse, respectively. As discussed below, this ve-
fill the cgpnlary channel aperture with thg soft x-ray la.serlocity is not the rate of expansion of the plasma, but rather
bgam_, with the purpose of ensuring a rglatlvely uniform illu-ya¢"of 5 region containing a large concentration of weakly
mination of the plasma. The capillary discharge plasma wag, i, species that attenuate the laser beam by photoioniza-

im_aged into a two-qlimensional soft x-ray sen§i_tiye detecto ion. At about 140 ns after the onset of the discharge, near
using a 60 cm radius of curvature concave iridium-coated, o and of the first half-cycle, the central region of the

mirror. This concave mirror was positioned at 31.3 cm fromplasma starts to significantly absorb the soft x-ray laser

the exit of the capillary. A flat iridium-coated mirror was |, Shadowgrams obtained for a 5@-diameter capil-
used between the curved mirror and the detector to relay thl%ry showed a qualitatively similar evolution of the plasma,

Image. The reflectl\_/lty of the iridium mlrroors used in this yoseriped by a rapid transition from an initially asymmetric
experiment was est|mate_d to be about 10% at _46'9 nm frorBIasma into a highly symmetric plasma column with mini-
the ~100x loss of laser intensity measured by inserting the |, density on axis

mirrors in the laser path. The detector consisted of a 1o same imaging setup used in the shadowgraphy ex-
microchannel-plate followed by a phosphor screen, an irnagﬁeriment was also employed to record the evolution of the

intensifier, and a charged-coupled device atf@gD). The (w1 distributi ;

. . patial distribution of the vacuum ultraviol&fUV) and soft
(E].CD T?FS'StS of a 10241824 a;]ray r?f Zi&‘m pixels. A . x-ray radiation self-emitted by the microcapillary plasma.
thin Al film was evaporated on the phosphor screen to aVo'c[Eigure 3 shows a sequence of time resolved cross sections of

the detection of visible plasma radiation. The microchanneyy,q jntensity distribution of the self-emitted plasma radiation
plate was gated during about 5 ns to differentiate the lasegyaineq gating the MCP detector. Shortly after the onset of
radiation from the long lasting>100 ng short wavelength

S . 4 . ) the discharge the emitted radiation is observed to be weak
radiation .em|tted by the microcapillary discharge. Thegn, mainly concentrated near the capillary walls, where the
. P ) : blasma is created by ablation and ionization of wall material
plane W'th a .magr.uf|cat|on of-24X. The spat|al resolution by the discharge. Plasma emission also appears to emanate at
of the entire imaging system was determined to be approXigyis time from the central part of the capillary. Nevertheless,
mately 5um in the object plane by imaging an array of 25 y,o emission observed as originating from the axial region at
pm d|amete_r holes placed at the exit plane of the Cap'lla%e earliest times in Fig. 3, can be, in part, an artifact caused
channel. This measurement also allowed for a direct experly, 4 qiation originating from outer regions of the plasma at
mental calibration of the magnification of the imaging gitterent axial locations in the capillary that, unlike the exit
system. aperture of the capillary, are out of focus at the image plane.
A simple ray-optics calculation can show that imaging of a
cylindrically symmetric radiant volume of annular cross sec-
Figure 2 shows a sequence of soft x-ray shadowgramton with our optical system results in intensity patterns that

Vacuum capillary discharge
FIG. 1. Schematic representation of the setup used to obtai
shadowgrams of a microcapillary plasma using a 46.9-nm-tableto
laser as backlighter.

Ill. EXPERIMENTAL RESULTS
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FIG. 2. (Color) Sequence of on-axis shadowgrams describing the evolution of the microcapillary plasma. The time of each shadowgram,
with respect to the initiation of the current pulse, is indicated. The diameter of the microcapillary jg3&@d the length 8 mm. Lighter
regions represent less absorption of the soft x-ray laser beam.

correspond well with those of the earlier times in Fig. 3.diffraction grating and a MCP intensified diode array detec-
Nevertheless, as the discharge evolves the plasma emissitor. For these measurements the capillary discharge was
is observed to shift to the central region of the capillary andplaced directly in front of the spectrograph. Spectra with a
greatly increase in intensity. time resolution of about 10 ns were obtained by gating the
The spectral distribution of the plasma self-emission inintensifier. The sequence of VUV spectra displayed in Fig. 4
the 50—120 nm region was recorded using a 1-m-focal lengtehows emission from carbon ions with a degree of ionization
normal-incidence vacuum spectrograph with a 600 line/mnranging from Qi to Civ and from oxygen ions ionized up to
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20

250 1oame duce a very broad density spread covering six to eight orders

sl 1ol of magnit.ude from the initially solid material to the relatively
low-density vapors that, after compression, become a dense
1of J1e0r ; plasma. Besides the small grid cell sizes and the strict Cou-
100} ] rant time step criteria requirements associated with them

[38], another restriction results from the short-time scales
mandated by the high-ionization rates(ny(v.c)) ~* corre-
sponding to the collisional ionization of the lower states of
ionization Z for lighter elements, which increase asZ 2.
Detailed atomic kinetics were included for all the ionization
stages of each of the atomic components of polya¢&taC,

and H. The radiation transport was treated self-consistently,
including the transport of line radiation, which in optically
thin plasmas not completely ionized, usually dominates the
continuum radiation loss rate by several orders of magnitude
[39].

Wall ablation is very important in defining the plasma
dynamics and is dominated by the absorption of plasma ra-
diation, which can be computed accurately because the ab-
sorption properties of the wall material are well known in the
spectral region below 100 nm in which the discharge emits
the most40]. However, there is incomplete thermophysical
data available to describe organic polymers. Therefore, we
followed the approach developed in laser ablation models
that uses Arrhenius kinetics to model the decomposition of
the wall materia[41,42. The model, that includes equations
S ) ] of state for the solid material and the plasma, makes use of

FIG. 3. Thick line: sequence of cross sections of time-resolvedy e anergies of vaporization and ionization to account for the
on-axis images of the VUV/soft x-ray self-emission of the micro- transformation from solid to vapor to plasma.
capillary plasma. Th_in Iine_: corres_ponding profiles of the transmit- The dynamics of the wall sustained plasma created in the
ted soft x-ray laser intensity obtained from the shadowgrétimes evacuated microcapillary has an interesting and in some re-
intensity was normalized to facilitate comparison of the profiles I - -

spects counterintuitive behavior. While the shadowgrams re-

The time of each profile, with respect to the initiation of the current lad cs that originat tth I d tak |
pulse, is indicated. The earlier emission profiles, that were obtainey®2' @ dynamics that originates at the walls and takes severa

after a sequence of about 100 shadowgram shots, are wider than tHaenS of nanqseconds to reach the center of the microcgpillary,
initial 380-um-capillary-bore diameter due to an increase in thethe calculations show that the plasma reaches the axis of the

bore diameter resulting from ablation by the discharge pulses. ~ capillary almost immediately, 2—-5 ns after the beginning of
the current pulse, when the rising current reaches values of
OvI. The observation of emission fromiCions, that have the order of 100 A. This is because both the characteristic
an ionization energy of 24.4 eV, and from excited states ohydroexpansion time and the Alfven time are of the order of
Cum and Civ that have ionization energies that are lower several nanoseconds for the rare initial plasma with a tem-
than the 26.5 eV energy of the laser photons, suggests that Rgrature of~2 eV. Hence, the velocity of the absorption
the colder regions of the plasma photoinization of weaklyboundary observed in the shadowgrams of Fig. 2 should not
ionized atoms is responsible for an important part of theb€ interpreted as the plasma mass speed. In fact, as discussed
observed laser beam attenuation. The presencewfli®es below, this velocity has no relationship with it. This illus-
indicates that the electron temperature in the hottest region dfates that the interpretation of the shadowgrams correspond-
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the plasma reaches at least 15 eV. ing to the microcapillary discharge can be far from obvious.
Also, it was found that in spite of the relatively small peak
IV. MODEL RESULTS AND DISCUSSION current the plasma has a substantially high-electron tempera-

ture and degree of ionization.

The evolution of the microcapillary plasma was modeled The computed temporal evolution of the plasma param-
with the one-dimensional hydrodynamic-atomic code RA-eters in the axial region of the microcapillary is illustrated in
DEX [35,36. The physical model of the evacuated micro- Fig. 5. The results were obtained assuming an approximately
capillary discharge of this paper is similar to that previouslysinusoidal current pulse with a 1.5 kA peak amplitude and
used to analyze gas-filled capillary soft x-ray lasers andl55 ns first half-cycle duration shown in Fig(ah which
laser-produced plasm&8-11,35-37, and while it does not very closely resembles that utilized in the experiments. Fig-
include the detailed computation of population inversions, iture 5b) shows the computed evolution of the electron tem-
has a similar degree of complexity. The model includes hyperature in the axis of the capillary. Initially the temperature
drodynamics equations, Maxwell's equations, and the atomicises very rapidly, exceeding 20 eV during the first 10-20 ns
kinetics of the different atomic species present in the plasmaof the current pulse. This initial temperature peak is a con-
For the modeling of the evacuated microcapillary plasma theequence of the very small electron density present at that
numerical mesh has to be inhomogeneous and able to reprmoment fi,~1 X 10 cm™3), that results in the deposition of
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a large fraction of the discharge input power into a relativelyabsorbed electromagnetic energy is distributed almost
small number of particles. This is assisted by the fact that thequally between the thermal energy of electron and ions, and
electric conductivity in a completely ionized plasma is prac-potential energy associated with ionization. Heating due to
tically independent of the electron density, having only athe conversion of directed kinetic energy, which can be very
weak dependence through the Coulomb logarifd®]. The  important in ordinaryZ pinches, makes here only a small
computed temperature is in agreement with the observatiocontribution to the electron temperature that does not exceed
in the experiment of emission from @ lines almost from 1% during the entire discharge evolution.

the beginning of the dischard&king into account- 20 ns Excluding the first~20 ns, line radiation losses are sub-
temporal resolution of the spectréSteady-state ionization stantially suppressed by the falling temperature and by the
equilibrium calculations using a collisional-radiative modelvery high absorption of the ion lines. The total radiation
show that the electron temperature must be in fhe losses integrated over all frequencies reaeh5% of the
~15-20eV range for these ions to be pregé&iny. 6). How-  discharge power at the time of maximum current, ariD%
ever, conditions inside the capillary are far from local ther-at the end of the first half-cycle of the current pulse. The
modynamic equilibrium, which is achieved only in the strong absorption is due to the relatively large wavelengths
heated boundary layer of the wall material. Instead, the ionef the transitions involved300—800 A, and to the absence
ization balance in this discharge is quasisteady state and fobf any significant ion radial velocity gradient. The very large
lows the electron temperature with a characteristic time deline absorption coefficient{ 10°— 1% cm™1) combined with

lay. The complete RADEX hydro and transient kinetic the large collisional quenching of the excited states of the
calculations reveal that, for a short period of tinfe,is a  predominant lowZ ions (<Z~3) severely reduce the outflow
factor ~ 1.5 larger than the steady-state value. The compuef line radiation. In contrast, the central region of the plasma
tations also show that after this short lasting initial maximumcolumn is optically thin for both photorecombination and
the temperature drops as a result of the permanent inflow dfremsstrahlung radiation. As a consequence, startinglét
mass, which causes the density to steadily increase up to 135 after the beginning of the current pulse photorecombina-
x 10*cm™3 [Fig. 5d)]. Nevertheless, the mostly decaying tion represents the major loss mechanism, a situation which
trend of the electron temperature shows a local maximunis typical of optically thick and recombining plasmas. Di-
near the peak of the current. A combination of multiple electronic recombination is substantially suppressed due to
physical effects is responsible for such behavior of the elecdensity effectd44]. In addition, in our case radiation does
tron temperature. First, the heating in the microcapillary isnot constitute a complete energy loss, because the quanta
solely due to Joule dissipation. In this electric discharge thavith an energy of= 10—45 eV are very strongly absorbed in
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g namics, Figure &) shows the computed on-axis plasma
o density with and without radiation-induced evaporation in-
w 00 50 100 150 200 cluded. We observe that after an initial rapid increase in
. density, due to material evaporated by electron heat conduc-
Time, ns tion, plasma radiations{n2) dominates the evaporation, in-

FIG. 5. Computed temporal evolution of the plasma parametergreasing the density by a factor of 2—3 by the end of the first
for the current pulse shown in frante). Frames(b)—(d) illustrate  half-cycle of the current pulse.
the variation of the on-axis values of the electron temperature, av- Another important effect that allows for the generation of
erage ic_)n charge of all atomic species present, and electron densia relatively high-electron temperature observed in this
respectively. plasma is the saturation of the electron heat conductivity in

the boundary layer with high-temperature gradient that sepa-

a very thin wall layer nearest to the plasma, and followingrates the central and the cold wall plasma regions. Heat con-
ablation a significant part of this energy returns to theductivity saturation effects have been intensively discussed
plasma. The absorption coefficient of the atoms in the walfor more than two decades in the literature, mainly with re-
material reach the maximum value1x10 ®cm ™! in the  spect to laser-matter interactiofd5—-47. As compared to
wavelength region where the plasma emits the most. Thifaser produced plasmas, which include ions of higher charge
large coefficient causes the majority of the radiation to beZ and large electric and spontaneous magnetic fields that can
absorbed in a layer of just several monolayers thiekQ—  cause several different kinds of instabilities and inhomoge-
100 A of the wall material. This ablated layer is responsibleneities, the main reason of the saturation of the heat flux in
for providing the material that once ionized constitutes thethe microcapillary plasmas is easier to separate. First, the
plasma that fills the microcapillary. To quantitatively empha-plasma density is a few orders of magnitude smaller than in
size the importance of plasma radiation-induced wall ablalaser-created plasmas. Hence, the required condition for clas-
tion in determining the electron density and the plasma dysical diffusive heat flow(Fourier law with Knudsen number
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T i T " ¥ " and there is no significant kinetic motion associated with
— 5 {\ magnetic forces. Electron and ion pressure gradients have
“? A\ opposite signs and practically cancel each other at all loca-
£ 1 \ tions. As a result, the plasma is sustained by ion counterpres-
20 P sure of the solid wall and is slowly contracted by Fhe perma-
o nent inflow of evaporated material. Due to relatively large
- 11875 ' capillary lengthL and short pulse duration, the end effects
x 155 associated with the escape of the plasma into the vacuum do
= 3T= \ not play a substantial role, at least during th&50 ns dura-
.-? ] ::5 tion of first half-cycle of the current cycle. This is because
2 105' L> 7cg, Wherecs~5x 10° cm/s is the typical average speed
o 27 of sound. As shown in Fig. 7, the plasma density on axis
Q 1228 continuously increases as a function of time and is computed
S 80 to reach values in excess 6f3x 10"%cm 2 [48]. The lower
-3 14 675 density, and the smaller conductive and radiative cooling on
@ 55 axis, causes increased heating in that region. This in turn
7] 1428 works as a positive feedback, resulting in an increased elec-
o "”T, . . ‘ " ; ; trical conductivity, larger current density on axis, and in-
0 50 100 150 creased Ohmic heating on axis. The result is the electron

. temperature distribution shown in Fig. 8, which decreases as
Radius, um a function of radius towards the wall. Due to pressure bal-
FIG. 7. Computed electron density profiles as a function of timeance the density forms a profile with the opposite shape.
measured from the beginning of the current pulse. The lower electron temperature in the periphery of the
plasma defines an annular region with a high concentration
Ne/N7<107? [45,46], is easily violated because the ratio of of C1, O1, and Ci ions, all of which can be photoionized by
electron mean-free-pathy., to the temperature gradient the 26.5 eV photons of the probe laser beam. A relatively
length, A+, in the thin boundary layer near the wall is not small increase in the concentration of these ions can cause a
sufficiently small. Up to the time of the current maximum sharp increase in the attenuation of the soft x-ray laser probe
this ratio is 10 to 30 times larger than the typical value re-due to strong absorption caused by photoionization. This is
quired for classical diffusion. Other effects, such as the magthe reason for the sharp boundary observed between the
netic field associated with the current flow are insufficientlyopaque and transparent regions in the shadowgrams of Fig. 2
strong to significantly influence the heat conductivithe  and in the computed transmission profiles of Fig. 9. Free-free
resulting w7,<0.1, wherew, is the electron gyrotron fre- absorption is computed to make only a small contribution of
quency andr, is the electron collision timp43]). In our heat  |ess than~1% to the absorption of the probe beam. In the
conductivity calculations we used the classical expression fogentral region of the plasma the soft x-ray laser transverses
a saturated flux treated in terms of the electron thermal speatle plasma without significant absorption, resulting in the
ve and the so-called free-streaming factbr-0.15, qsx  observed flattop shadowgrams. As time evolves and the tem-
=fn.Teve [46], and obtained good agreement with the pa-perature on the axis drops, recombination causes an increase
rameters observed in the experiment. A decrease of this fain the axial density of the weakly ionized atoms, which due
tor to f~0.05 still allowed agreement within the experimen-to photoionization, strongly attenuate the laser beam. Com-
tal error bars. An even larger heat flux, due to, for exampleputation of the spatial distributions of the concentration of
acoustic turbulence, is unlikely because in the periphery ofhe different ionic species indicates that the sharp absorption
the plasmaZT,/T;<1—2. Such a temperature ratio is not edge in the shadowgrams is mostly defined by the concen-
high enough to allow for the growth of such instability de- tration of Cii ions, that exist at higher temperatures than O
spite the relatively large electron drift velocity as comparedsee Figs. &) and Gb)] and that appear earlier in the axial
to the sound speed; [j/ng~(5-10)] [47]. In all other region of the capillary when the plasma cools. At the above-
aspects the plasma kinetics remains classical, and the astentioned electron densities a fractional abundance of just
sumption of one-dimensional hydrodynamics is quite ad5% of these ions is sufficient to totally attenuate the probe
equate. beam. This absorption starts in the colder and denser periph-
One of the most important properties of microcapillariesery of the plasma column and propagates towards the axis,
plasmas is their ability to create a concave electron-densitgausing the observed size of both the region transparent to
profile for applications such as laser-pulse waveguiding fothe soft x-ray laser and self-emission region to decrease
weak field particle accelerators and x-ray laser developmentFigs. 9 and 1D For comparison, the measured evolution of
The computed density profiles, as a function of time, arehe boundary between the absorbent and transparent region
shown in Fig. 7. The electron density increases significantlyof the plasma is illustrated by circles in Fig. 9. Finally, to-
towards the walls, creating a plasma column with maximumwards the end of the first half-cycle of the current, as the
index of refraction on axis that constitutes a plasma waveedensity on axis increases and the degree of ionization de-
guide. The observed concave electron-density profile with @reases due to recombination, the increased absorption
minimum on axis is formed due to several reasons. As it wasauses the nearly complete attenuation of the probe beam
mentioned above, in this small current discharge the magebserved in the experiment. The radial plasma flow, which
neticJX B force is always smaller than the thermal pressureafter the first~5 ns is always subsonic, is almost completely
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FIG. 8. (Color) Computed spatiotemporal distribution of the electron temperature. Other parameters are the same as in Fig. 5.

absent at this time. In contrast, the speed derived from The results of the calculation of the size of the soft x-ray
the slope of the data points in Fig. 9 has a maximum ofemission source is shown in Fig. 10. Line radiation makes
~10° cm/s at the end of first half-cycle of the current pulse.the main contribution to the emission in the initial phase of
Hence, the model shows that the velocity of the boundary othe discharge, when the plasma is transparent and rare, while
the absorbing region has no direct relationship with thephotorecombination and dielectronic recombination are com-
plasma velocity. puted to be important in the latter part of the current pulse. In

200

150

FIG. 9. (Color) Computed dis-
tribution of the soft x-ray laser
probe beam transmission at the
exit of the microcapillary as a
function of time. The values are
normalized to the color scale of
Fig. 8. The circles illustrate the
measured boundary between the
absorbing and transparent regions
of the plasma.
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FIG. 10. (Color) Computed
space and time evolution of the
soft x-ray/VUV radiation emitted
by the plasma. For direct compari-
son with experiment the emission
intensity was corrected by the
spectral response of the detector.
The maximum value is normal-
ized to the color scale of Fig. 8.
The squares indicate the measured
radius of the emitting region.
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comparison, the contribution of bremsstrahlung radiation icomputations successfully reproduced and explained the ob-
only ~4%. The radiated intensity integrated over the exitservation data. It was found that the evolution of sharp soft
area of the capillary reaches its maximum approximately 11&-ray absorption boundary observed in the experiments,
ns after the beginning of the current, when the density orwhich starts at the walls and propagates towards the axis, is
axis is already high, while the power density radiated at thelominated by photoionization of weakly ionized species.
capillary axis has a maximum later in time, at the end of theThe evaluation of the different processes that characterize the
discharge (Fig. 10. Contrary to the absorption profiles, plasma dynamics enabled us to distinguish this type of mi-
which have a flattop over the whole time history, the emis-crocapillary from Z pinches, classifying it into a wall-
sion profiles change shape as the discharge evolves. The esustained plasma. The plasma heating is solely due to Joule
perimental result of Fig. 3 and the computations results illusdissipation and the heating due to conversion of kinetic en-
trated in Fig. 10 show that early in the current pulse theergy, which is important inZ pinches, here makes only a
emission profiles have distinctive maxima near the wallyvery small contribution. The reduction of radiation losses
where due to the concave profile the density is high. Towardsaused by the large spectral line opacities, the saturation of
the end of the first half-cycle of the current pulse, when thethe electron heat flux to the walls, and the absence of signifi-
temperature of the peripheral region substantially drops t@ant hydrodynamic losses from the capillary ends results in
3-5 eV, the computed emission profile also acquires a bellelatively large temperatures on axis5—20 eV} and high-
shape of larger size than the transparent region observed ionization states up to @ at relatively small excitation cur-
the shadowgrams, in agreement with the experiment. rents. The results also show that plasma shadowgraphy with
tabletop soft x-ray lasers can, in combination with model
computations, help to elucidate the dynamics of dense plas-
V. CONCLUSIONS mas.
In summary, we have studied the dynamics of a plasma
column created by discharge ablation of the walls in an
evacuated microcapillary. Soft x-ray laser plasma shadow-
grams and VUV self-emission measurement techniques com- This work was supported by the U.S. Department of En-
bined with numerical modeling provided a self-consistentergy under Grant No. DE-FG03-98DP00208 and the Na-
view of the dynamics of this plasma. The results show thational Science Foundation under Grant No. ECS-9713297.
the microcapillary plasma is initially nonuniform, but that it Part of this work was performed under the auspices of the
rapidly evolves into a highly symmetric column with mini- U.S. Department of Energy by the University of California
mum electron density and maximum temperature on-axisLawrence Livermore National Laboratory under Contract
The high symmetry of these plasma columns with concavéNo. W-7405-Eng-48. M.C.M. acknowledges the support of
electron profiles confirms the good properties of these disCONICET. We also gratefully acknowledge support from
charges as plasma waveguides for laser radiation. Modeéhe W. M. Keck Foundation.
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