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Discharge-Driven 46.9-nm Amplifier with
Gain-Length Approaching Saturation

J. J. Rocca, Senior Member, M. C. Marconi, J. L. A. Chilla, D. P. Clark, F. G. Tomasel, and V. N. Shlyaptsev

Abstract—Gain length products up to g/ =~ 14 for the J = 0-1
line of Ne-like Ar at 46.9 nm have been achieved in 15-cm-
long plasma columns generated by a fast capillary discharge.
Amplification in plasma columns up to 20 cm in length was
investigated. The laser line intensity is observed to increase
exponentially for plasma lengths of up to 15 cm, above which
it is observed to saturate. The saturation behavior is discussed.

I. INTRODUCTION

HE FIRST demonstrations of large soft X-ray amplifi-

cation in laser created plasmas, achieved utilizing two
different excitation mechanisms, collisional excitation and
recombination, yielded similar gain length products in the
range of 6-7 [1], [2]. Since then, significant progress has
been made in increasing the intensity of laser pumped soft
X-ray amplifiers [3]-[11]. In cases in which limiting effects,
such as refraction, can be overcome, the amplified spontaneous
emission intensity increases exponentially as a function of
plasma column length until saturation of the gain is reached.
Several experiments with laser-pumped collisionally excited
lasers have succeeded in demonstrating saturated or near-
saturated operation [3]-[10]. In collisionally excited lasers
in Ne-like ions gain saturation, which is dependent on the
geometry of the amplifier, has been typically achieved at gl
values between 14 and 20. Gain saturation was observed to
occur at gl = 14 in Ne-like Ge [5], [6] and Ne-like Zn [8]
and at gl =~ 15-17 in Ne-like Se [4].

We recently reported the first demonstration of large soft
X-ray amplification in a plasma column generated by an
electrical discharge [12]. This new excitation scheme has
potential for increasing the simplicity and wall-plug efficiency
of ultrashort-wavelength lasers. In the initial experiments
a gain-length product of 7.2 was obtained at 46.9 nm by
collisionally exciting the J = 0-1 line of Ne-like Ar in
a 12-cm-long capillary discharge plasma. Herein we report
operation of a discharge-pumped 46.9 nm amplifier at gain-
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length products of up to gl ~ 14, corresponding to a laser
intensity more than two orders of magnitude greater than
previously reported [12]. The increased gain-length product,
which approaches the values necessary for gain saturation of
the laser line, is the result of an increased gain coefficient
resulting from more favorable discharge conditions, and a
larger plasma column length. The experiments were conducted
producing discharges up to 20 cm in length through 4-mm-
diameter polyacetal capillaries. The fast discharge current
pulse rapidly compresses and heats the plasma to form a
narrow column [13], which in the experiments discussed herein
reaches aspect ratios exceeding 600:1. Toward the final stage
of the compression the plasma reaches nearly ideal conditions
for soft X-ray amplification by collisional excitation in Ne-like
and Ni-like ions [13].

II. AMPLIFICATION MEASUREMENTS

The pulse generator and capillary discharge set-up used
to conduct the experiments were described in a previous
publication [14]. It consists of a 3-nF liquid dielectric ca-
pacitor that is pulsed charged by a Marx generator and
is rapidly discharged through the capillary channel by a
spark gap pressurized with SF¢. To conduct the experiments
discussed herein, the original discharge set-up was modified
to allow for the use of capillary loads up to 20 cm in
length. The axial spectrum emanating from the hollowed
ground discharge electrode was recorded with a 2.2-m grazing
incidence spectrograph having a 1200 lines/mm gold-coated
grating placed at 85.8°. The radiation from the capillary
plasma was directed onto the spectrometer slit by utilizing
a mirror placed at grazing incidence. A gated micro-channel-
plate intensified-charge-coupled device array detector was used
to detect the soft X-ray radiation. A flat-top 30-ns gate pulse
centered at a time near the peak of the current pulse was
applied to the detector to record the laser radiation. Variable
attenuation of the laser intensity up to 4 x 10° was obtained
by combining aluminum filters of various thicknesses. The
filter transmissivities were calibrated utilizing the emission
from the 46.07 nm and 46.24 nm lines of Nell produced by a
CW low-pressure capillary discharge lamp.

All the measurements discussed herein were conducted
in capillaries filled with pure argon. The variation of the
46.9 nm Ne-like Ar laser intensity as a function of plasma
column length was measured for capillary channels of various
lengths ranging from 3 to 20 cm. The amplitude and period
of the current were maintained approximately constant for all
capillary discharge lengths at 39 £+ 1.5 kA and 75 £ 3 ns,
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Fig. 1. Integrated line intensity of the 46.9-nm line of ArIX as a function of
plasma column length. The capillary diameter is 4 mm and the argon pressure
is ~&2720 mtorr. The maximum gl value reached is 14.1 or 13.4, depending on
two slightly different measurements of the attenuation of the filters used. The
corresponding gain coefficient for lengths <15 cm determined by the Linford
formula [15] are 0.94 cm™! and 0.89 cm™1, respectively.

respectively. This was achieved by adjusting the discharge
voltage for each capillary length and by adding inductance
to the discharge circuit of the shorter capillaries to match that
of the 20-cm-long channels. Fig. 1 shows the variation of the
integrated line intensity of the 46.9-nm laser line as a function
of capillary length for discharges at an argon pressure of about
720 mtorr. An increase of the plasma column length from
5 to 15 cm was measured to increase the intensity of the laser
line by nearly four orders of magnitude. A fit of the data with
the Linford formula [15] shows that the exponential increase of
the intensity observed for plasma column lengths up to 15 cm
corresponds to a gain coefficient of 0.94 cm™! or 0.89 cm™!,
depending on the use of two slightly different filter calibra-
tions resulting from measurements conducted either before
or immediately after the set of laser intensity measurements
respectively. It should be noticed that the measured gain
coefficient is the effective gain, geg, having a reduced value
[16] with respect to the maximum gain coefficient go = cAN
which would occur in the absence of refraction. At a plasma
length of about 15 cm, when g/ reaches a value between 13
and 14, the intensity increase is observed to saturate. The
maximum g/ value reached is 14.1 or 13.4 depending on the
calibration of the filter attenuation used.

Fig. 2 shows a set of laser line intensity measurements as a
function of capillary length corresponding to discharges at an
argon pressure of about 620 mtorr, excited by the same current
pulse. The exponential increase was measured to correspond
to a slightly larger effective gain coefficient of 1.09 cm™?, and
the saturation behavior is observed at a shorter plasma length,
around 12 cm. While in this case of higher gain coefficient
the roll-over of the intensity occurs at a shorter plasma length,
as can be expected from gain saturation, the maximum g/ is
lower however, reaching 12.8.

The variation of the intensity of the 46.9 nm amplified
spontaneous emission (ASE) with plasma length was com-
puted using expressions developed by Casperson [17] for an
inhomogeneously broadened line. Assuming a column having
a gain region of 300 pym diameter and a laser upper level
radiative-to-effective lifetime ratio of 20, determined from

105}

104 L

1081

100 F

Intensity (a.u.)

|
5 10 15 20

-y

Capiliary length (cm)

Fig. 2. Integrated line intensity of the 46.9-nm line of ArIX as a function
of plasma column length for an argon pressure of ~620 mtorr. The gain
coefficient determined by a fit of the data for lengths <10 cm to the Linford
formula is 1.09 cm™—?.

our atomic calculations, the calculation indicates that gain
saturation should be reached at g/ ~ 18-19. It should be noted
that this calculation does not include refraction effects. The
presence of refraction produces a concentration of the most
intense rays that, for some geometries, can be shown to reduce
the value of g.gl product at saturation [18]. It is possible,
however, that an effect other than gain saturation is limiting the
maximum amplification length. The role of possible limiting
effects is discussed below.

III. BEAM PROFILE AND REFRACTIVE EFFECTS

Refractive effects due to density gradients that can steer
the laser beam out from the gain region could, if sufficiently
strong, cause a roll-over of the amplification [16]. To gain
understanding of the role of refraction in the observed ampli-
fication behavior, we conducted measurements of the angular
intensity distribution of the laser-beam pattern. The beam
pattern of an amplifier with cylindrical geometry can display a
central lobe, corresponding to rays that propagate near the axis
of the plasma column, surrounded by a concentric ring due to
rays that are refracted off the gain region, as schematically
illustrated in Fig. 3. When observed through a spectrograph,
the corresponding image presents two side lobes if refraction
is important. The toroidal mirror previously used between the
plasma and the spectrometer [12] mixes spatial and angular
information and for these measurements was substituted by
either a planar or a cylindrical mirror with a 13-cm radius
of curvature in the direction parallel to the slit. The small
source size combined with the relatively long distance between
the plasma and the detector (approximately 2 m), allows
for an accurate determination of the angular distribution of
the radiation intensity. However, with the planar mirror the
maximum observed angle along the direction of the slit was
limited to a maximum of about 7 mrad by the length of the slit
and the aperture of the aluminum filters utilized to attenuate the
laser intensity. To be able to record laser radiation that might
be emitted at larger angles, the beam was collimated to form an
approximately parallel beam by placing the cylindrical mirror
at mid-distance between the plasma and the spectrometer. In
this case, in which the beam collimation after the grazing
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Fig. 3. Schematic representation of the effect of refraction in a plasma of
cylindrical geometry. The inset shows the different spatial profiles of electron
density (solid line) and gain (dashed lines) discussed in the text.

incidence curved mirror depends strongly on the angle of
incidence, the calibration in angle was obtained by performing
several laser shots in the presence of a fiducial array of slits.

Within the discharge parameter range for large amplification
the beam pattern is often observed to present two off-axis
lobes that, as discussed below, are a consequence of refraction.
Fig. 4(a) shows the beam patterns at the detector plane of the
spectrograph for capillary length of 7.5, 15, and 20 cm at the
discharge conditions of Fig. 2. The data correspond to a series
of shots in which the side lobes are most prominent. Other
series of shots in different capillaries have also shown beam
profiles with less prominent side lobes, such as that shown in
Fig. 4(b). As shown by London [16], the angular separation of
the side-lobes is determined only by the value of the electron
density. The angular separation of the two off-axis side lobes
in the measured beam patterns of Fig. 4(a) is 5.7 mrad for
the 10- and 15-cm-long plasma columns. This divergence
corresponds to an electron density for the gain region of
4 x 10'® cm~3. This density is in good agreement with that
predicted for the gain region by hydrodynamic/atomic physics
calculations.

The possible role of refraction in limiting the amplification
before gain saturation is achieved requires careful analysis as
it is highly dependent on the geometry of the plasma and on
the shape of the density and gain profiles. London [16] has
analyzed the X-ray laser beam propagation in an exploding foil
amplifier geometry with a one dimensional parabolic density
profile. That analysis shows that the length dependence of the
laser intensity corresponds to one of two cases determined
by whether the refraction gain length G, = goL. is smaller
or larger than 1. Here go is the gain on axis and L, is the
characteristic distance traveled by a ray within the lasing
medium. When refraction limits the amplification (G, < 1),
the laser intensity as a function of plasma length rolls over
and reaches a constant value before gain saturation is reached.

For the capillary discharge amplifier the essentials of that
analysis are still valid, but it must be modified to take into
account the two orthogonal components of the density gradient
and to allow for the possibility a of nonparabolic density
profile. The major difference introduced by the cylindrical
geometry is that exponential growth is maintained if G, > 2.
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Fig. 4. (a) Beam patterns from 46.9-nm laser beams produced by capillary
discharge plasma columns 7.5, 15, and 20 cm in length. Different combination
of Al filters were used in each case to attenuate the laser beam and avoid
saturation of the detector. The capillary diameter is 4 mm and the argon

pressure is ~620 mtorr. The peak discharge current is 39 kA. (b) 46.9-nm
laser beam pattern with less-prominent side lobes.

It can also be shown that for arbitrary density profiles, the
role of refraction in limiting amplification is determined by
the curvature of the index of refraction profile in the vicinity
of the maximum density, and that the refraction gain length
can be defined as G, = g(rmax)//3%1/0r? where g(rmax)
and 8%y /8r? are, respectively, the gain and second derivative
of the index of refraction at the radial position of maximum
density [18]. The high sensitivity of the role of refraction on
the shape of gain and density profiles is evident from the
definition of G,. If density and gain profiles in the capillary
plasma are assumed to a good approximation to be parabolic
[Fig. 3(a)], refraction cannot be responsible for the observed
saturation. In this case, the condition G, < 2 for the measured
value of gg > 1 cm™! would require L, < 2 cm, which is
incompatible with the observed exponential growth of the laser
intensity for lengths of up to 15 cm. However, it is possible
according to hydrodynamic/atomic physics calculations for the
plasma column to have a narrowly peaked density profile
[Fig. 3(b), large 82,u/8r2], resulting in a small G, yielding
both a dependence of laser power on plasma column length
and beam profiles with dominant side lobes compatible with
those observed in the experiments. The observed features could
also result from a different configuration having small G, a
parabolic density profile with annular gain [Fig. 3(c), small
g(Tmax)]. This case is, however, less likely in our experiment,
as measurements indicate that maximum amplification occurs
very near the axis of the discharge [13].
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Another possible cause of the observed roll-over of the ex-
ponential growth is the variation of the the gain in each given
radial position, which can limit the effective amplification
length. Spatially integrated streak camera measurements of the
laser pulse emitted by a 12-cm-long plasma column show that
the laser pulse duration is ~1 ns, which should allow in the
absence of gain saturation amplification in plasma columns up
to 30 cm in length. However, due to the high radial velocity
of the soft X-ray emitting region of the plasma during the
final stage of the compression, approximately 2 x 107 cm/s
[13], the gain duration at each radial position might be shorter,
thereby limiting the maximum effective amplification length.
Further studies are necessary to clearly identify the cause of the
observed saturation. In any case, further increase of the gain-
length product might be achieved in double-pass amplification
with the use of a spherical mirror to re-direct the beam back
over its path toward the central region of the plasma column.

IV. SUMMARY

In summary, gain-length products up to 14 and gain
coefficients larger than 1 cm~! have been obtained in the
J = 0-1 line of Ne-like Ar in a capillary discharge plasma.
The maximum gl product was obtained in 15-cm-long plasma
columns, the length above which the intensity is observed to
saturate. This is, to our knowledge, the largest amplification
reported from a table-top XUV amplifier and the first time
a discharge-pumped amplifier is operated with a gain-length
product approaching saturation.
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