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Capillary discharge-driven metal vapor plasma waveguides
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We report the generation of dense plasma waveguides containing a large concentration of silver ions by
means of a fast (~55 ns first half-cycle) microcapillary discharge. Concave plasma density profiles with axial
electron density >1X 10" cm™ were measured from discharge ablation of 330 or 440 um diameter Ag,S
capillaries with 3—5 kA peak amplitude current pulses. The dynamic of this plasma waveguide was studied
with interferometry, absorption measurements, and hydrodynamic model simulations. The results are relevant
to the development of efficient longitudinally pumped metal vapor soft x-ray lasers, in particular those em-
ploying transient excitation of Ni-like ions. An approach to the design of a gain saturated waveguided 13.9 nm

laser in Ni-like Ag is discussed.
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I. INTRODUCTION

The generation of dense plasma channels capable of ex-
tending the interaction length between intense laser pulses
and plasmas beyond the limits imposed by diffraction and
ionization-induced refraction is of significant interest for the
development of efficient soft x-ray lasers and plasma accel-
erators. Several schemes for the generation of plasma
waveguides based on either laser or discharge excitation
have been studied [1-9]. Some of these plasma waveguides
have been utilized in soft x-ray laser amplification experi-
ments [10-12]. Picosecond laser excitation of sulfur plasma
columns created by an ablative capillary discharge has been
demonstrated to produce lasing at 60.8 nm in Ne-like S [10].
Laser amplification by electron-ion recombination following
optical-field ionization with intense ultrashort laser pulses
has been reported at 13.5 nm within plasma channels created
by discharge or laser ablation of LiF microcapillaries [11],
and a collisionally excited optical-field ionization laser in
Pd-like Xe at 41.8 nm has been recently reported using a
plasma waveguide created in a gas-filled microcapillary ex-
cited by a relatively slow discharge current pulse [12]. The
generation of elongated waveguides in highly ionized Ar
plasmas created by a fast capillary discharge of the type used
to develop discharge-pumped collisional soft x-ray lasers has
also been reported [9].

All of the above soft x-ray laser amplification experiments
have made use of plasmas created from either gases or rela-
tively low Z vapors. The development of efficient collisional
soft x-ray lasers operating below 20 nm can be achieved by
the excitation of mid-to-high Z Ni-like ions that with the
exception of Xe are metals. Previous investigations of the
ablation and excitation of evacuated low-Z plastic microcap-
illaries by relatively low current pulses (1.5 kA) revealed the
formation of concave plasma density profiles with convex
index of refraction that were demonstrated to be useful for
guiding optical beams [4]. Herein we report the use of a fast
(~55 ns first half-cycle) microcapillary discharge of larger
peak current (3—6 kA) for the generation of dense plasma
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waveguides containing a large concentration of silver ions.
The plasma waveguides generated have electron densities
that are suitable for the absorption of optical radiation and
for the collisional excitation of soft x-ray laser transitions.
The results are relevant to the development of a longitudi-
nally pumped Ni-like Ag (13.9 nm) laser that takes advan-
tage of transient collisional excitation to produce high gain
coefficients [13,14]. The longitudinal excitation of such la-
sers is of significant interest as it can potentially result in
saturated amplifiers with reduced laser pump energy require-
ments and increased efficiency.

II. GENERATION AND CHARACTERIZATION
OF THE CAPILLARY PLASMA

The plasmas were generated by discharge ablation of the
walls of Ag,S capillaries 330 or 440 um in diameter and
2—4 mm in length. The capillary channels were constructed
by drilling a hole into rods of Ag,S created by pressing
99.998 percent pure Ag,S powder at a pressure of
31 tons cm~2. The discharge current pulses, illustrated in Fig.
1, had a peak amplitude of 3—5.5 kA and a half-period of
~55 ns. The current pulse was designed to be of short dura-
tion to help confine the plasma within the capillary channel,
minimizing end-effects that could significantly degrade the
guiding characteristics of the plasma column. To enhance the
uniformity of the plasma column and its shot-to-shot repro-
ducibility a preplasma was generated by filling the capillary
channels with 0.6 Torr of He and preionizing the gas with a
low current pulse.

The evolution of the plasma density distribution within
the microcapillary was measured by interferometry at
267 nm using the third harmonic from a Ti:sapphire laser
system producing ~1 mJ, ~50 fs laser pulses at 800 nm. A
conventional Mach-Zehnder interferometer was used for this
purpose. Figure 2(a) shows a reference interferogram ac-
quired prior to the initiation of the current pulse. Figure 2(b)
shows an on-axis interferogram corresponding to a 440 um
diameter 2 mm long Ag,S capillary excited by a 5.2 kA cur-
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FIG. 1. Discharge current pulse used to excite a 440 um diam-
eter, 2.2 mm long Ag,S microcapillary plasma.

rent pulse, obtained 59 ns after the initiation of the current
pulse. Figure 2(c) shows an overlay of an experimental in-
terferogram and a simulated interferogram obtained adjust-
ing an assumed electron density profile to best fit the experi-
mental data. The electron density profile resulting from the
fit is shown in Fig. 2(d). The discharge is observed to form a
plasma channel with a minimum density on axis and steep
walls, that is suitable for guiding laser light. The electron
density difference between the axis of the channel and the
vicinity of the walls is measured to be AN,~1.0
% 10" cm™. Figure 3 shows a sequence of interferograms
that map the temporal evolution of the electron density dis-
tribution within the 440 um diameter Ag,S capillary. It is
observed that at these discharge conditions the time span
during which the generation of concave electron density pro-
file is observed ranges from about 50 to 70 ns from the be-
ginning of the current pulse. For times longer than ~70 ns,
after the end of the first half-cycle of the current, the concave
density profile starts to degrade rapidly. It is of interest to
notice that late in time, after a few half-periods of the current
(e.g., 220 ns frame in Fig. 3), the curvature of the fringes
reverses direction, indicating the presence of a convex elec-
tron density profile with maximum density on axis. This pro-
file results from the fact that late in time, when the amplitude
of the current has decreased significantly, the capillary walls
are no longer a source of material, but a recombination site
that constitutes a sink for charged particles.

It should be noted that the absolute value of the electron
density on axis cannot be determined from the interfero-
grams due to the difficulty of reliably determining the posi-
tion of “zero density” fringes. This is due to the fact that
nowhere within the capillary channel is the electron density
zero, added to the fact that the position of the fringes in the
reference interferograms obtained in the absence of a plasma
[Fig. 2(a)] shifts from one laser shot to another introducing
an additional complication. The electron density on axis was
instead determined measuring the absorption of a 267 nm
wavelength laser probe beam of ~100 wm diameter propa-
gated along the capillary axis. Figure 4 shows the measured
beam transmissivity as a function of time with respect to the
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FIG. 2. (Color online) Interferogram of a 440 um diameter,
2 mm long Ag,S capillary discharge plasma excited by a 5.2 kA
current pulse of 55 ns first half-cycle duration. The wavelength of
the probe beam was 267 nm. (a) Reference interferogram (no
plasma present); (b) interferogram obtained 59 ns after the initiation
of the current pulse; (c) overlay of measured and best-fit simulated
interferogram; and (d) corresponding radial variation of the electron
density distribution. Notice that due to the absence of reliable ref-
erence fringes the interferograms yield the radial variation of the
electron density, but not the absolute value of the density. The on-
axis electron density value was instead determined from absorption
measurements.
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FIG. 3. (Color online) Sequence of interferograms corresponding to a 440 um diameter Ag,S capillary. The times are measured with

respect to the beginning of the current pulse.

origin of the current pulse for three different ranges of peak
current pulse amplitudes. The electron density was computed
from the absorption values using an electron temperature of
20-30 eV and a mean ionization of Z=7-8.9 both estimated
with the hydrodynamic model computations discussed be-
low. The plasma column was assumed to be axially uniform,
and end effects were neglected. Under these assumptions
axial electron densities of ~(2-3) X 10" cm™ were calcu-
lated from the measured absorptions for the majority of the
shots within the time interval corresponding to the forma-
tions of strongly guiding density profiles (~50-70 ns). Dis-
charges through smaller diameter capillaries were measured
to generate plasmas with higher electron density on axis and
steeper density walls. Interferograms from a 330 um diam-
eter capillary excited by a 3.3 kA current pulse 57 ns after
the initiation of the current pulse show AN.=1.3
X 10" cm™.

III. MODELING OF THE DYNAMICS OF THE PLASMA

The dynamics of the microcapillary plasma was modeled
using the hydrodynamic/atomic code RADEX [15]. The simu-
lations show that this type of discharge has many similarities
with respect to the plastic microcapillary discharge plasmas
we studied previously [4]. In both cases a low density
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FIG. 4. Temporal variation of the transmissivity of a 267 nm
beam through the axis of a 2.2 mm long 440 um diameter Ag,S
capillary plasma excited by a 55 ns half-period current pulse. Data
for three different ranges of peak currents is shown. The error bars
represent the uncertainty in determining the transmissivity of each
individual shot. The scatter in the data illustrates the shot-to-shot
variations. Variations in absorption were also observed from one
capillary to another.

10'-10'7 cm™ precursor plasma is formed, which collapses
with high speed (~107 cm/s) on axis reaching a high tem-
perature and high degree of ionization. The plasma ablated
from the capillary wall by the skin current rapidly moves
towards the axis, filling the entire volume of the microcapil-
lary. Because initially the mass of ablated material is low, the
still small value of the rising current is capable of rapidly
heating the plasma. As a result the plasma reaches a velocity
in excess of 1X 10° cm/s in the first several ns of the dis-
charge current pulse. Due to the fast process of plasma con-
vection and diffusion the electromagnetic field embedded in
the plasma flow quickly reaches the center of the capillary,
resulting in maximum Joule heating near the capillary axis.

Figures 5(a) and 5(b) show the computed spatial-temporal
variation of the electron temperature and the degree of ion-
ization of the plasma of a 440 um diameter Ag,S capillary
excited by a 55 ns first half-cycle duration current pulse with
a peak amplitude of 5.5 kA. The plasma quickly thermalizes
during the first several ns. The Ag,S material of the micro-
capillaries used in these experiments has a low sublimation/
activation energy threshold, similar to the plastics used in the
previous experiments. The best agreement with experiment
was obtained using an activation energy of the order of
0.2 to 0.3 eV. However, due to the higher temperature and
the larger Z of the increased discharge current experiments
discussed herein (up to ~50 eV and up to 3 to 4 times higher
maximum mean ionization Z,,,, ~ 13.5), photorecombination
and line radiation have a larger impact on wall ablation than
in the case of the plasmas from low-Z (CH,0), materials
with Z..~3-5. The interferometric measurement shows
that good guiding properties occur near the end of the first
half-sine cycle of the current pulse. At this time a large
amount of material has been ablated from the capillary wall
and the shock waves on the electron density profile have
relaxed, while the temperature and ion charge which peak
earlier in the current pulse still keep substantial values: Te
~20-30 eV and total average ion charge Z~7-8.9, with a
mean charge of the Ag ion of Z~ 8.3—8.7. During the second
half-cycle of the current pulse, in which the current reaches
only ~0.5 of the first half-cycle maximum value, the elec-
tron temperature does not increase beyond 15-20 eV, but is
still enough to provide the inflow of new cold material into
the capillary. It was computed that the electron density con-
tinues to grow beyond the value of ~2 X 10" cm™ reached
near the end of the first half-cycle of the current. During this
time the computed density profile (Fig. 6) has a clearly con-
cave shape that forms due to pressure balance because of the
obvious reason that the hotter plasma is generated near the
axis of the discharge. The electron pressure substantially ex-
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FIG. 5. (Color) (a) Computed evolution of the electron tempera-
ture in a 440 um diameter, 2 mm long Ag,S capillary discharge
plasma heated by a 5.2 kA current pulse of 55 ns first half-cycle
duration. (b) Corresponding computed variation of the mean degree
of ionization Z.

ceeds the magnetic and ion pressures at this time.

The RADEX calculations showed that despite the use of
third harmonic light the probe beam is substantially refracted
for microcapillary lengths >4 mm. Therefore the interferom-
etry and absorption measurements were obtained using
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FIG. 6. Sequence of computed electron density profiles corre-
sponding to a 440 um diameter Ag,S microcapillary driven by
5.5 KA current pulse of 55 ns first half-cycle duration. The labels
indicate the time respect to the beginning of the current pulse

2-2.2 mm long capillaries. The computed electron density
profiles of Fig. 6 reproduce well the electron distributions
measured with interferometry, and corroborates the guiding
characteristics of these discharges. Also the on-axis density
values are in relatively good agreement with the experimen-
tally measured absorption of the 267 nm probe beam, though
at later times (>60 ns) the modeled densities are somewhat
lower than experimental estimations based on transmission
data. For 330 wm diameter capillaries the electron density on
axis is computed to reach 4.4X 10" cm™3, with approxi-
mately the same electron temperature and degree of ioniza-

tion.
IV. GUIDING CHARACTERISTICS

Modeling of the guiding characteristics of these plasmas
was accomplished by first determining a radially dependent
phase delay based on the interferometrically measured elec-
tron density profiles, and subsequently propagating the beam
using a fast-Fourier transform algorithm. The measured elec-
tron density profile for a 440 wm diameter capillary shown
in Fig. 2 is computed to guide an 800 nm wavelength beam
with a matched mode size of wy=25 um, as illustrated in
Fig. 7.

Beam propagation experiments were conducted with laser
pulses generated from a mode-locked Ti:sapphire oscillator-
,stretched to ~120 ps and subsequently amplified to
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FIG. 7. (Color) Simulated propagation of a 800 nm wavelength laser beam through a plasma channel with the measured electron density
profile shown in Fig. 2(d). To more clearly show the guiding effect the attenuation of the beam due to absorption was neglected.
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FIG. 8. (Color online) Exit beam intensity distribution patterns
corresponding to a Ti:sapphire laser beam propagated through a
440 pum diameter, 4 mm long Ag,S capillary. The laser pulse had
an energy of 100 mJ and a pulse duration of 120 ps.

~100 mJ in a two-stage amplifier system. The pulses were
focused into a 2wy~ 60 wm spot at the entrance of the cap-
illary channel. The output plane of the capillary was imaged
onto a charge-coupled device camera. Figure 8 shows the
exit mode patterns corresponding to a 440 wm diameter,
4 mm long capillary, acquired 55 ns after the initiation of the
current pulse. Figure 8(a) shows an output mode pattern with
a well-defined peak of ~54 pm full width at half maximum
and a relatively low pedestal. However, we also observed
shot-to-shot variations in the exit beam intensity distribution,
with some shots showing a significantly more spread exit
beam distribution such as that in Fig. 8(b).

V. APPROACH TO A 13.9 nm Ni-LIKE Ag LASER

The waveguiding properties of microcapillary could be
beneficial for the development of compact x-ray lasers. The
lasing scheme could vary, but these metal vapor plasma
waveguides are directly applicable to x-ray lasers based on
the transient collisional excitation approach [13-15]. The
creation of the concave plasma density profile makes it pos-
sible to guide the heating laser pulse and create the plasma
parameters needed for x-ray laser amplification over dis-
tances exceeding many Rayleigh lengths. Initially, the capil-
lary discharge plasma is not sufficiently ionized for lasing at
13.9 nm in Ni-like Ag (Ag XX) by inversion of the 4d'S,
-4plPl transition. Additional plasma heating and ionization
must be therefore generated by externally injected laser light.
When the large laser power is deposited in neutral gases or
plasmas with a low degree of ionization and substantial den-
sity (and for shorter wavelength x-ray lasers it is important to
operate at large plasma densities to compensate for the rapid
decrease of the gain with wavelength) ionization-induced de-
focusing limits the length of the plasma. In our case, the
plasma is initially already substantially ionized, therefore the
ion charge has to increase not an order of magnitude but just
about a factor of 2. There exist several possible ways to
create the additional ionization and heating necessary to cre-
ate the population inversion required for lasing. Using short
laser pulses of high intensity produced by a chirped-pulse-
amplification laser it is possible to further ionize and heat the
plasma. This can be achieved either via optical field ioniza-
tion [16,17] applying femtosecond-scale laser pulses of cir-
cularly polarized radiation with an intensity of more than
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FIG. 9. (Color) Computed plasma parameters and gain in the
13.9 nm line of Ni-like Ag following the rapid heating of the cap-
illary plasma with a 10 ps duration A=1.06 um laser pulse with an
intensity of 1.5 X 10'> W/cm?. (a) Calculated evolutions of electron
temperature (eV), (b) electron density restricted to 1 X 10%° (cm™),
and (c) gain coefficient for the 13.9 nm line of Ag XX (cm™!). The
laser pulse is injected 75 ns from the beginning of the current pulse.
The microcapillary diameter is 330 um.

10" W/cm?, or by inverse-bremsstrahlung absorption with
more moderate fluxes (3—15) X 10" W/cm? of approxi-
mately the same energy and longer picosecond-scale pulse
durations. Below we discuss the later case, supported by
model computations performed with the code RADEX.

For these calculations we assumed the use of the smaller
bore capillaries with a diameter of 330 um, which produce a

026413-5



WANG et al.

larger plasma density that in turn results in an increased
pump laser absorption efficiency over a selected length of
1 cm of the medium. The short laser heating pulse of
5-30 ps duration must be deposited at 50—70 ns after the
initiation of the current pulse, time at which the capillary
discharge plasma column presents a concave guiding density
profile. The increased plasma heating leads to larger final
density and gain. We conducted simulations for a A
=1.06 um laser heating pulse of 10 ps duration with an in-
tensity of 1.5X 10" W/cm?. During the pump laser pulse
the temperature reaches ~1 keV [see Fig. 9(a)] which is suf-
ficient to ionize the plasma to Ag XX (potential of ionization
~890 eV) at the end of the pulse. The electron density jumps
from an initial value of 3.5X10'" cm™ to 8 X 10" cm™
Since the laser pulse is sufficiently short, the plasma ionizes
without a significant hydrodynamic expansion [see the den-
sity peak at 75 ns in Fig. 9(b)], keeping the concave profile
necessary to maintain the waveguiding properties. Subse-
quently the large plasma pressure and its gradient produce a
strong shock wave moving outward from the capillary axis,
which after 0.5—1 ns leads to a decrease of the axial density,
forming there a large cavity. For a 0.5-1 cm long plasma
column with a density of (6—8) % 10' cm™ and an electron
temperature of 800—1000 eV the absorption coefficient due
to inverse bremsstrahlung reaches 1 cm™' ensuring high ab-
sorption efficiency of ~50% together with a good plasma
homogeneity.

The gain in the 4d'Sy-4p'P, transition is predicted to
reach substantial values ~50—100 cm™' at the time corre-
sponding to the end of the heating pulse. The x-ray laser
amplification process at 13.9 nm will also benefit from the
minimization of refraction that results from the waveguiding
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properties of the amplification medium. With these gain co-
efficient values gain saturation would be achieved for plasma
column lengths of only a few millimeters, making it possible
to operate a 1 cm long amplifier in the highly saturated re-
gime as necessary for efficient laser energy extraction. The
gain is computed to have a duration of 10-20 ps [Fig. 9(c)],
and the soft x-ray laser output pulse energy can be expected
to be of the order of 10 uJ. According to the model compu-
tations these results could be achieved with a laser pump
energy of 300—500 m]J, that is smaller than that used to pro-
duce saturated lasing in Ni-like Ag by both transverse
[14,18] or grazing incidence pumping [19], due to the higher
absorption of the pump radiation.

VI. CONCLUSIONS

In summary, we have demonstrated the generation of
plasma waveguides containing a large density of Ag ions and
axial electron densities of (2—3)X 10'” cm™. This type of
capillary plasma waveguides containing mid-Z ions is of in-
terest for the development of axially excited collisional soft
x-ray lasers at wavelengths below 20 nm.
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