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Demonstration of a Collisionally Excited Optical-Field-Ionization XUV Laser Driven
in a Plasma Waveguide
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We describe the first demonstration of a collisionally excited optical-field-ionization laser driven
within a waveguide. Lasing on the 4d°5d-4d°5p transition at 41.8 nm in Xe®" was observed to be
closely correlated to conditions under which the pump laser pulses were guided well by a gas-filled
capillary discharge waveguide. Simulations of the propagation of the pump laser radiation show that
gain was achieved over essentially the whole 30 mm length of the waveguide.
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Ever since the first demonstrations [1,2] of lasing in the
x-ray spectral region, considerable effort has been de-
voted to reducing the size and increasing the repetition
rate of the pump lasers. Progress towards this goal has
been achieved by using picosecond or femtosecond pump
laser pulses [3—6]. For short pump laser pulses, traveling-
wave excitation is usually necessary, which, in order to
minimize the pump energy, is best realized by pumping
longitudinally. However, with this configuration, diffrac-
tion and refraction of the pump beam limit the gain
length to a few millimeters, and consequently lasing
can be achieved only on transitions with high small-
signal gain, and the energy extraction and transverse
coherence of the short-wavelength beam will be poor. In
order to overcome these limitations it is necessary to
guide the pump laser pulse over long lengths.

Several techniques for guiding high-intensity laser
radiation have been investigated, including guiding in
hollow capillaries [7,8], relativistic channeling [9], and
several types of plasma waveguide [10-12], although only
a few of these have been used to increase the gain length
of short-wavelength lasers. Recombination lasing has
been demonstrated on the n =2— 1 transition at
13.5 nm in Li’*, driven within plasma channels up to
14 mm long formed by discharge or laser ablation of a LiF
capillary [13]. Janulewicz et al. have investigated tran-
sient collisionally excited short-wavelength lasers driven
within a plasma channel formed by a z-pinch discharge
[14]. While these early results show the promise of driv-
ing short-wavelength lasers within a plasma channel,
evidence for the generation of gain over the full length
of the waveguide has not yet been presented in detail.

The present work utilizes a gas-filled capillary dis-
charge waveguide. For H,-filled capillaries this approach
has been shown to form an approximately fully ionized,
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parabolic plasma channel [15]. A plasma channel of this
form is able to guide a Gaussian beam with a constant
spot radius, provided that the spot radius is correctly
matched to the curvature of the plasma. In earlier work
we demonstrated guiding of laser pulses with a peak
input intensity of 1.2 X 10'7 W cm™2 over lengths of up
to 50 mm with low loss [16,17].

In this Letter we present the first demonstration of a
short-wavelength laser driven within a gas-filled capil-
lary discharge waveguide. This is also the first time that a
collisionally excited optical-field-ionization (OFI) laser
has been driven in any waveguide. We present spectra
demonstrating short-wavelength lasing, measurements
of the transmission of the pump laser pulse through the
waveguide, and simulations that show that the lasant ion
stage is generated over essentially the whole length of the
plasma channel.

For this first demonstration it was decided to investi-
gate lasing on the 4d°5d-4d°5p transition at 41.8 nm in
Xe®*. For this laser system, OFI of Xe gas with circularly
polarized pump radiation generates Xe®* ions and hot
electrons that pump the laser transition by electron colli-
sions. Lasing was first observed [5] on this transition by
Lemoff et al in a Xe gas cell, and recently saturation of
this transition was reported [18] by Sebban et al using a
similar approach. In both of these experiments defocusing
of the pump beam limited the gain length to less than
8.5 mm.

The experiments described in this Letter were con-
ducted at the Laboratoire d’Optique Appliquée-ENSTA
(LOA), using the arrangement shown schematically in
Fig. 1. Fundamental radiation from a Ti:sapphire laser,
with a pulse duration of 37 fs FWHM, was circularly
polarized by a quarter-wave plate and focused to the
entrance of the waveguide by an off-axis parabolic mirror
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FIG. 1. Diagram of the experimental layout used in the
present experiments.

(not shown) used at f/25. The radiation transmitted by
the capillary was reduced in intensity by reflections from
three wedged optical flats (W1-W3), rendered parallel by
lens L1 and imaged onto a 12-bit CCD cameraby L2 and a
microscope objective. The limiting aperture of the imag-
ing system was such that L1 was effectively f/25.
Radiation transmitted by W1 was reduced in intensity
by reflection from W4 and loosely focused by L4 onto an
energy meter. The energy of the laser pulses entering the
capillary was determined by a calibrated photodiode (not
shown). The energy transmission of the waveguide was
then determined by comparing the measured energy
transmission with that recorded when the capillary was
replaced by an evacuated pipe.

The mean energy of the laser pulses input to the capil-
lary was (240 = 20) mJ, and the beam focus was found to
have a peak fluence of 9.8 kJ cm™2, corresponding to a
peak input intensity of 2.5 X 10'7 Wcem™2. A fit to the
measured intensity profile of the form I(r) =
1(0) exp[—2(r/w)?] yields a spot radius w of approxi-
mately 34 um. This value may be compared to w =
20 wm expected for f/25 focusing, suggesting that the
beam was 1.7 times diffraction limited with a Rayleigh
range of 2.6 mm.

The extreme ultraviolet (XUV) spectrum of radiation
leaving the capillary was recorded by moving W1 out of
the beam path, the pump laser radiation being blocked by
a 0.3 um thick Al filter The XUV spectrograph [18]
utilized a transmission grating to disperse the spectrum

205001-2

from the zero order up to 70 nm onto a 16-bit x-ray CCD
camera.

The gas-filled capillary discharge waveguide was simi-
lar to the “two-armed” design described in detail pre-
viously [17], but with a storage capacitance of 4.5 nF and
an increased circuit inductance. The discharge current
had a damped, approximately sinusoidal profile, with a
quarter period of 500 ns and a peak of 105 A per arm.

Guiding in a capillary discharge waveguide filled with
pure Xe is not possible since OFI of the Xe would destroy
the plasma channel. Instead, Xe must be doped into the
fully ionized plasma channel formed by a capillary dis-
charge in hydrogen. This was achieved by flowing pre-
made mixtures of Xe and H, gas into the capillary
through slots machined near each end, the flow being
measured by a gap flow meter. The capillaries were of
length 30 mm and internal diameter 210 pum.

To allow comparison with the earlier work of Lemoff
et al. and Sebban et al., we also investigated XUV lasing
in a Xe gas cell. In this configuration the pump laser
radiation entered and exited the gas cell through two
pinholes of 200-500 um diameter, separated by 4 mm.
The vacuum focus of the pump laser was located 2.5 mm
after the entrance pinhole.

We optimized the XUV laser signal obtained from
the waveguide by varying the gas mixture, the gas pres-
sure, and the delay ¢ between the onset of the discharge
pulse and the arrival of the pump laser. Figure 2(a) shows
the spectrum recorded with the gas cell containing pure
Xe at the optimum pressure of 20 mbar. Figure 2(b) shows
the spectrum recorded with a 30 mm long gas-filled
capillary discharge waveguide for the optimum con-
ditions: 1:3 Xe:H atom gas mixture at an initial pressure
of 120 mbar, and ¢ = 1000 ns. Both spectra were inte-
grated over ten pump pulses, under nominally identical
conditions. It is seen that for both the gas cell and the
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FIG. 2. The measured XUV spectrum integrated over ten
pump laser shots for (a) a 4 mm long gas cell containing
20 mbar of pure Xe and (b) a 30 mm long Xe/H-filled capillary
discharge waveguide filled with 120 mbar of a 1:3 Xe:H atom
gas mixture.
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waveguide strong lasing occurred at 41.8 nm, the XUV
laser signal dominating the 70 nm bandwidth of the
recorded spectra to the extent that no other spectral lines
are visible. The signal recorded with the waveguide was
approximately 4 times larger than achieved with the gas
cell. We note that the sharp lines on either side of the zero
order and XUV laser peaks arise from diffraction by a
mesh supporting the grating.

Figure 3 shows, for the gas mixture of Fig. 2(b), the
peak fluence transmission Tr of the pump laser pulses
through the capillary and the normalized Xe8" laser
signal as a function of ¢. It is seen that 7' increases slowly
to approximately 2% for t up to 900 ns. Thereafter Tr
increases rapidly by a factor of ~6, owing to an increased
energy and decreased spot radius of the transmitted pulse,
reaching a peak of approximately 13% for ¢ close to
1000 ns. At later times T falls slowly. The pulse energy
transmission Ty behaved similarly, reaching a peak of
~55% for t close to 1000 ns. Note that for all data points
Tr is smaller than Ty since the spot radius of the trans-
mitted beam is larger than that of the input beam. As
shown by the data presented in Fig. 3, the XUV laser
signal was very sensitive to the delay 7. For all the ex-
periments performed, lasing was observed only for a
range of delays approximately 200 ns wide, centered at
t = 1000 ns.

We now discuss the experimental results and their
implications. The measured fluence and energy transmis-
sion were observed initially to increase relatively slowly
with the delay ¢ followed by a much more rapid rise
between ¢ =900 ns and ¢ = 1000 ns. For capillaries
filled with pure H,, however, the energy transmission
was found to rise much earlier, reaching 75% for delays
of only 250—-300 ns, consistent with our earlier work [17].
The reason for this difference in behavior is that OFI of
Xe ions to Xe®" produces extra electrons on the axis of
the plasma channel and defocuses the pump laser beam.
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FIG. 3. The measured fluence transmission, T (circles) as a
function of delay 7 for a 30 mm long capillary and the
experimental conditions of Fig. 2(b). The Xed* laser signal
(squares) is shown for the same conditions, together with the
measured temporal profile of the discharge current (solid line).
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The strength of this refractive defocusing will be reduced
as the initial Xe ion stage generated by the discharge is
increased. For capillaries filled with pure hydrogen, the
hydrogen is fully ionized early in the discharge pulse.
However, for Xe/H-filled capillaries it is later in the
discharge pulse before the Xe is sufficiently preionized
for good guiding.

XUV lasing was observed only for a narrow range of
delays close to the observed rapid rise in pulse trans-
mission, indicating that the conditions of the plasma
channel were crucial for lasing to occur. However, the
lasing did not follow the fluence transmission in detail
since the Xe laser signal fell rapidly after + = 1000 ns
even though T remained high. This behavior may be due
to the discharge overionizing the Xe to the extent that the
OFI pumping is substantially reduced, as discussed be-
low, or reduction of plasma density owing to the ejection
of plasma from the capillary. We also note that the rapid
rise in pulse transmission and XUV lasing both occurred
very close to the zero in discharge current. These points of
detail will be investigated further in future work.

We now consider the propagation of the driving laser
pulses within the waveguide. A simple model [15] of the
capillary discharge under quasi-steady-state conditions
predicts that for the conditions of this experiment capil-
laries filled with pure hydrogen would reach a plasma
temperature of ~6 eV. For Xe/H mixtures the higher
mean ion charge will reduce the thermal conductivity
and hence increase the plasma temperature. We estimate
that the plasma temperature would have been between 6
and 12 eV, corresponding to full ionization of the hydro-
gen and ionization of Xe to between Xe’* and Xe’™.
Figure 4 shows, for the conditions of Fig. 2, the calculated
[19] Xe ion stage following the passage of the driving
laser pulse through (a) a gas cell and (b) a plasma chan-
nel. The plasma channel was assumed to be preion-
ized by the discharge to Xe’*, and parabolic with a
matched spot radius of 25 wm, as deduced from a scaling
relation for the channel curvature [15]. The simula-
tions show that for both the gas cell and the wave-
guide Xe is ionized above Xe®* in several places close
to the axis, such that the longest lengths of Xe3* are
formed in an annular region. For the waveguide the
gain region is calculated to extend over almost the entire
30 mm length, compared to the 4 mm achieved in the gas
cell. Additional simulations show that the gain length
achieved in the waveguide increases with the degree of
initial preionization, reflecting the improved propagation
of the driving laser pulse.

The simulations presented in Fig. 4 show that use of a
gas-filled capillary discharge waveguide allows the lasant
ion stage to be generated over much longer lengths than in
a gas cell. However, it should also be acknowledged that
the conditions within a plasma waveguide are signifi-
cantly different than in a gas cell: for the waveguide the
discharge partially preionizes and heats the Xe as well
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FIG. 4. The calculated Xe ion stage as a function of propa-
gation distance z for the experimental conditions of Fig. 2 for
(a) a gas cell filled with 20 mbar of Xe and (b) a 30 mm long
plasma channel preionized to Xe’" with a matched spot radius
of 25 pm.

as forming a high density of relatively cold electrons.
This difference in plasma conditions could lead to a
decrease in the small-signal gain coefficient of the Xe
laser transition, as discussed previously [20]. In particu-
lar, partial preionization of the Xe by the discharge will
reduce the number of electrons able to pump the upper
laser level, and reduce the gain cross section by increasing
the transition linewidth. The higher electron density may
also reduce the population inversion density through in-
creased deexcitation of the laser levels. A full understand-
ing of the differences in the Xe®" laser kinetics when
pumped in a gas cell and a capillary discharge waveguide
requires detailed numerical modeling and is beyond the
scope of the present paper. However, it is clear from the
spectra presented in Fig. 2 that the single-pass gain
achieved with the waveguide was more than sufficient
for lasing to occur, and that the output was greater than
that obtained with a gas cell. Further, the increase in gain
length achieved with the waveguide is expected to de-
crease the divergence of the short-wavelength laser sig-
nificantly, corresponding to a large increase in brightness.
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In summary we have demonstrated lasing on the
4d°5d 4d°5p transition in Xe®" using a gas-filled capil-
lary discharge waveguide, this being the first time that a
collisionally excited OFI laser has been driven within a
waveguide. The success of this proof-of-principle experi-
ment suggests that many other short-wavelength lasers
could be driven within gas-filled capillary discharge
waveguides, with increased energy extraction and re-
duced beam divergence.
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