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Spectral linewidth of a Ne-like Ar capillary discharge soft-x-ray laser and its dependence
on amplification beyond gain saturation
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We report the measurement of the linewidth and temporal coherence of a A = 46.9 nm neon-like argon capillary
discharge soft-x-ray laser and its variation with plasma column length. A wave-front-division interferometer was
used to resolve the 3p 'So—3s 'P; laser line, resulting in measured relative linewidths of AL/A = (3—4) x 107>,
The measurements do not observe saturation rebroadening when this clearly dominantly Doppler-broadened
inhomogeneous line is amplified beyond the intensity corresponding to gain saturation. Model simulations
indicate this is the result of a comparatively small collisional broadening that sufficiently homogenizes the line
profile to practically eliminate inhomogeneous saturation rebroadening. Collisional redistribution is computed to
play only a very minor role in homogenizing the line profile.
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I. INTRODUCTION

Capillary discharge soft-x-ray lasers, first demonstrated
in 1994 [1], remain to date as the highest average power
tabletop source of coherent soft-x-ray radiation [2,3]. The
capillary discharge Ne-like Ar laser operating at A = 46.9 nm
is also the tabletop soft-x-ray laser most broadly utilized in
applications. It has been used in interferometric studies of
high-density plasmas [4], high-resolution microscopy [5,6],
holographic imaging [7], nanoscale patterning and machining
[8,9], material ablation [10,11], single-photon ionization mass
spectrometry studies of nanoclusters [12], the measurement
of optical constants of materials [13], and other applications.
This practical tabletop laser has been widely characterized.
The gain [1,14-16], output pulse energy [2,3,16,17], pulse
duration [1,2,16,17], beam divergence [1,2,15-17], and wave-
front characteristics [18] have been measured. The spatial
coherence of the beam has also been measured to increase as a
function of plasma column length [19], reaching essentially
full spatial coherence in capillary discharges 36 cm in
length [20]. However, the spectral linewidth and the temporal
coherence, which are important parameters in applications
such as interferometry and large area nanopatterning, remained
to be characterized.

Besides the practical interest in knowing the temporal
coherence of capillary discharge lasers for applications, the
measurement of the linewidth behavior as a function of plasma
column length is also of significant interest for fundamental
reasons [21,22]. This is so because this laser medium offers
the opportunity to study the gain saturation behavior of a
highly inhomogeneous line. In soft-x-ray laser amplifiers
created by laser irradiation of solid targets the amplified
laser lines have not been observed to significantly rebroaden
as their intensity increases beyond the saturation intensity
[21,22]. This observed lack of inhomogeneous saturation
rebroadening was attributed by Koch et al. to homogeneous
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lifetime broadening resulting from electron collisions with the
radiating ions, and to collisional redistribution effects that can
be expected to effectively homogenize the Doppler component
[21]. The latter is the result of velocity-changing collisions that
transfer populations among the different velocity groups of the
radiating ions such that a single velocity is no longer associated
with each radiator (collisional redistribution). The capillary
discharge plasma amplifiers differ from those laser-pumped
solid-target collisional soft-x-ray lasers in that the electron
density is typically up to two orders of magnitude lower, while
the ion temperature exceeds the electron temperature. The
Doppler broadening contribution clearly dominates the Voigt
line profile and the collisional component that homogenizes
the line profile is much less significant. This highly inhomoge-
neous line profile could be expected to lead to the observation
of saturation rebroadening of the line not observed in previous
studies of line amplification in soft-x-ray plasma amplifiers
[21,22]. The relatively low electron density and moderate
ion temperature that characterizes the capillary discharge
plasma amplifiers also gives origin to a small linewidth
that is further narrowed in the amplification process. This
results in a very narrow laser line that is difficult to measure
because its width is below the resolution of most existing
spectrometers at this wavelength. Several measurements of
the linewidth of different types of laser-pumped soft-x-ray
lasers have been reported [22-27]. These measurements
were conducted using either a custom-made spectrometer
of extremely high resolution [22], or different types of
interferometers [23-27].

In this paper we report measurements of the linewidth and
temporal coherence of a capillary discharge neon-like argon
soft-x-ray laser, and compare the results to model simulations.
The variation of the linewidth as a function of amplifier plasma
column length was measured for plasma lengths between 18
and 36 cm. The measurements were conducted using a wave-
front-division interferometer specifically designed to measure
the temporal coherence of soft-x-ray sources [27]. The line
profile was inferred from the measurements of the fringe
visibility as a function of path difference in the interferometer.
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FIG. 1. (Color online) Schematic representation of the experimental set up. The output of the table top soft x ray (SXR) capillary laser is
aligned with the axis of the bimirror interferometer using two multilayer mirrors that also contribute to filter off-band plasma radiation. The
wave-front-division interferometer produces two beams that interfere onto a CCD. The inset shows the doughnut shape of the far-field profile
of the laser beam recorded using a CCD. The size of the detector did not allow the recording of the entire beam.

This interferometer was previously used to investigate other
types of collisional soft-x-ray lasers, including a 32.8-nm
injection-seeded optical-field-ionization soft-x-ray laser in a
Xe gas medium [23] and injection-seeded and self-seeded
transient collisional soft-x-ray lasers in the 18.9-nm line of
Ni-like Mo in plasmas created by laser irradiation of solid
targets [26].

II. EXPERIMENTAL METHOD

The experimental setup used in the linewidth measurements
is shown in Fig. 1. The capillary discharge laser beam is
reflected by two 45° incidence-angle Sc-Si multilayer mirrors
that are used to steer the beam for alignment with the
interferometer axis. Due to its limited reflective bandwidth,
the set of multilayer mirrors serves as a band-pass filter
that eliminates the unwanted background caused by off-band
plasma emission. The wave-front-division interferometer is
based in a pair of dihedrons slightly tilted towards each other
and irradiated at 6° grazing incidence (Fig. 1) [27]. This
setup splits the incoming beam into two branches that are
made to interfere onto the surface of a back-thinned CCD
detector. The CCD is located at 50 cm from the bimirror
and is tilted at an angle of 35° relative to the propagation
axis to improve the spatial resolution. A precision translation
stage vertically displaces one of the bimirrors relative to the
other inducing a controlled optical path difference between the
two interfering beams. The change in optical path difference
introduces a controlled phase shift between the two beams
which in turn modifies the contrast of the interference fringes.

A more detailed description of the instrument can be found in
Ref. [27].

Figure 2(a) shows a typical capillary discharge laser
interferogram obtained with the optical path difference set
to zero. The overlap of the reflections from the bimirror
creates a rectangular interference region of ~1.5 x 14 mm?
dimension at the detector. The relative alignment of the two
beams determines the orientation and density of the fringes
observed. A cross section of the interferogram in Fig. 2(b)
shows a visibility of 80%, indicating a high degree of spatial
coherence. The measurements were conducted for discharges
in a 3.2-mm-diameter capillary channel filled with a pressure
of 440 mTorr of argon excited by a 21-kA peak amplitude
current pulse with a 10%—-90% rise time of 44 ns. This current
pulse amplitude, the maximum that can be obtained in this
setup for a 36-cm-long capillary, is smaller than that of some
of the previously reported capillary lasers [2,3] but matches
that of the most compact capillary discharge lasers [17]. It was
selected to allow us to maintain the current pulse amplitude,
and hence the plasma conditions, practically constant as the
capillary length was increased from 18 to 36 cm to study the
gain-saturation linewidth behavior. At the discharge conditions
of this experiment the far-field laser beam pattern was recorded
to be characterized by a doughnut shape (inset in Fig. 1) with
a peak-to-peak divergence of 3.8 mrad (FWHM divergence of
4.4 mrad), resulting from refraction of the amplified beam in
the radial density gradient of the cylindrical plasma column.
It is possible to use the refraction angle measured from the
far-field pattern to estimate the maximum electron density
[28,29], in this case ~1.8 x 10'8 cm—3.
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FIG. 2. (Color online) (a) Typical interferogram corresponding
to the zero-path-length difference in the interferometer. The interfer-
ogram corresponds to a capillary discharge plasma column 21 cm in
length. (b) Line representation of the interferogram computed from
the region within the box in (a).

The spatial coherence of the beam was measured to decrease
with decreasing plasma length of the neon-like Ar capillary
discharge laser [20]. At the location of our interferometer,
5 m from the capillary exit, the spatial coherence radius can be
estimated from these measurements to be of the order of 1 and
4 mm for the 18- and 36-cm-long capillaries, respectively. For
the measurements described in this paper, this means that the
maximum visibility at the zero path difference is not constant,
but monotonically decreases when the plasma length is varied
from 36 to 18 cm. Nevertheless it should be understood that
the dihedron reflector interferometer design assures that the
same two regions of the beam interfere as the path-length
difference is changed [27]. This makes the measured loss of
visibility independent of the variation of the spatial coherence
for different capillary lengths, and solely dependent on the
temporal coherence.

III. MEASUREMENTS, SIMULATIONS, AND DISCUSSION

Figure 3 shows the measured variation of the fringe visi-
bility as a function of optical path difference for a 36-cm-long
capillary discharge plasma column. Each value results from av-
eraging the visibility measured for five laser shots. The figure
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FIG. 3. (Color online) Visibilities as a function of optical path
difference for a capillary discharge plasma column 36 cm in length.
The insets are interferograms that illustrate the deterioration of the
fringe visibility with increased path difference due to finite temporal
coherence. The line is a Gaussian fit to the data.

also shows raw interferograms corresponding to different path
differences, along with a Gaussian fit to the data that yields a
temporal coherence length L. defined as the e ! visibility point
in the Gaussian profile of L, = 690 um. The corresponding
linewidth is of 16.6 mA, or AA/A =3.5 x 107°.

Figure 4(a) shows the measured variation of the laser output
intensity, and Fig. 4(b) shows the corresponding measured
variation of the laser line bandwidth as a function of capillary
plasma column length. This graph shows measurements that
span plasma columns lengths that are shorter and longer than
the saturation length, that are observed to occur at Ly ~ 24 cm.
Figures 4(a) and 4(b) also compare the data to the result
of a model simulation that computes the line propagation
along the amplifier axis taking into account gain saturation
and refraction losses. The model simulates the amplification
of the laser line by solving the frequency-dependent inten-
sity and population equations accounting for Doppler and
collisional broadening, gain saturation, beam refraction, and
collisional redistribution. The line transport is computed by
breaking the different ion velocities into subgroups, solving
the population equation including stimulated emission for
each velocity subgroup, and using the natural line shape
with collisional broadening to obtain the frequency-dependent
gain profile for each subgroup. The subgroups are summed
to obtain the total frequency-dependent line shape, which is
used to solve the frequency-dependent intensity equation. In
turn, the total frequency-dependent intensity is used to calcu-
late the stimulated emission rate for each population subgroup.
The resulting system of equations are coupled together into a
combined solution. Refraction losses are estimated according
to Ref. [29] from the doughnut-shaped far-field beam profile
shown in the inset in Fig. 1. Collisional redistribution of
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FIG. 4. (Color online) (a) Measured laser output intensity as a
function of capillary discharge plasma column length. Gain saturation
is observed to occur for a plasma column length of ~24 cm.
(b) Measured laser linewidth as a function of discharge plasma
column length. Five independent measurements of the linewidth were
averaged for each capillary length. The error bars were selected to
include all measurements. The lines are the results of simulations
for the plasma conditions discussed in the text, assuming ion
temperatures of 100, 87, and 70 eV from top to bottom, respectively.
The computations take into consideration collisional redistribution.
(c) The lines show the computed variation of the linewidth neglecting
(full line) and including (dashed lines) collisional redistribution.
The denser dashed line was computed using the ion-ion collision
time of Lee and More and the other using a collision time
determined by a molecular dynamics computation [32]. The plasma
parameters are those described in the text and the ion temperature
is 87 eV.
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the population subgroups is accounted for in a way similar
to that described by Koch et al. [21] by considering that
ion-ion collisions change the ion velocities in the direction
of the laser beam, and using the ion-ion collision time to
obtain the redistribution rate. This results in an additional term
that couples the equations governing the different population
subgroups.

The simulation results shown in Fig. 4 correspond to a
plasma with an electron density of 1.8 x 10'® cm™ derived
from the beam divergence measured from the far-field beam
refraction pattern, to ion temperatures of 70, 87, and 100 eV,
and to the electron temperatures that produce the best fit in
each case. The corresponding electron temperatures required
to obtain the best fit of the experimental data do not change
significantly, ranging from 87.4 to 92.6 eV. The value of the
electron temperature required to fit the data also depends on
the fraction of neon-like ions, that for the fit in Fig. 4 was
assumed to be 0.75. For different fractions of neon-like ions
ranging from 0.8 to 0.6 the electron temperature corresponding
to the best fit varies from 88.5 to 98.1 eV. For the plasma
conditions used to obtain the fits in Fig. 4 the Doppler and
Lorentzian contributions to the line profile are computed to
be 7.3 x 10" and 5.4 x 10'" Hz, respectively. Most of the
line narrowing due to amplification is computed to take place
at plasma column lengths shorter than 18 cm, the minimum
length at which the laser beam intensity was sufficiently
high to allow for reliable interferometry measurements. The
line does not significantly rebroaden after gain saturation is
reached, contrary to the case of a purely inhomogeneously
broadened line. The simulations predict only a small amount
of rebroadening, that mostly falls within the error bars of
the measurements. Instead the line maintains a value of
AL/A ~ 3.5 X 1072, Collisional redistribution, which was
previously considered by Koch et al. [21,22] and Pert [30] to
affect the amplification dynamics of laser-pumped collisional
soft-x-ray lasers created by irradiation of solid targets [21,22]
is computed to play only a very small role in the saturation
behavior of the capillary discharge laser. This is illustrated
in Fig. 4(c) that shows small differences between fits to the
data that include or neglect the effect of velocity-changing
ion-ion collisions. The fits were performed with collisional re-
distribution rates corresponding to either the ion-ion collision
time from Lee and Moore [31] (19 ps) or from a molecular
dynamics computation performed specifically for the argon
ions of interest (27 ps) [32]. The absence of observable
rebroadening after gain saturation, caused by homogenization
of the line profile by collisional broadening, takes place in spite
of the fact that capillary discharge lasers operate in a regime in
which Doppler broadening greatly dominates the line profile.
Since the capillary discharge plasmas have up to two orders
of magnitude lower plasma density than those corresponding
to laser-pumped collisional soft-x-ray lasers that use solid
targets [22,24-27], and a higher ion temperatures than that
characteristic of optical-field-ionization soft-x-ray lasers [33],
it is difficult to find among the current soft-x-ray lasers plasma
conditions in which the inhomogeneous component is more
dominant. This suggests that the observation of saturation
rebroadening in soft-x-ray plasma amplifiers would be an
unusual event.
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IV. CONCLUSIONS

In conclusion, we have conducted measurements of the
linewidth and temporal coherence of a capillary discharge
soft-x-ray laser, and have studied its variation as a function
of amplifier length. While the line profile in this discharge
amplifier is clearly dominated by Doppler broadening, the
relatively small collisional broadening component is still
sufficiently large to homogenize the line to the point at which
no rebroadening was measured to take place as the line
intensity continued to increase beyond gain saturation. The
narrow relative linewidth of this laser, AA/A = (3-4) x 1073,
corresponds to a coherence time of ~2 ps that is much shorter
than the pulse duration of 1.2-1.8 ns [2,3,17]. The degree of
temporal coherence of the capillary discharge 46.9-nm laser
is thus significantly lower than those previously measured
in two other types of collisional soft-x-ray lasers (SXRLs),
namely the 32.8-nm optical-field-ionization SXRL in a Xe
gas medium [23], and the 13.9-nm and 18.9-nm transient
collisional soft-x-ray lasers in Ag and Mo plasmas created
by laser irradiation of solid targets [25,26]. The difference
arises from the fact that while these laser-pumped systems are
transient gain systems in which the laser pulse duration of a
few picoseconds is relatively close to full temporal coherence,
the capillary discharge laser is essentially a quasi-cw laser
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in which the laser pulse duration is more than two orders
of magnitude longer than both the upper-laser-level lifetime
and the laser pulse of the transient lasers. Nevertheless, the
L. ~ 700 um (e~') temporal coherence length measured for
this capillary discharge SXRL is either similar or in some
cases even larger than that of other collisional soft-x-ray
lasers [24-26], which facilitates applications requiring high
temporal coherence, such as interferometry [4] and large-area
Talbot nanopatterning [34].
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