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We report a significant increase of the output of a 41.8-nm Xe8+ laser achieved by means of multimode
guiding of high-intensity femtosecond laser pulses in a gas-filled dielectric capillary tube. The optimized lasing
signal from a 15-mm-long capillary was nearly an order of magnitude higher than that from a gas cell of the
same length. Simulations of the propagation of the pump laser pulse in the capillary confirmed that this
enhancement is due to reflections from the capillary wall, which increase the length of the Xe8+ plasma column
generated. The influence of gas pressure and focusing position on the lasing is also presented.
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In the past few years, there has been considerable interest
in using small-scale, high-power, femtosecond lasers operat-
ing at high repetition rates to generate by optical field ion-
ization (OFI) plasmas suitable as gain media for both recom-
bination [1,2] and collisionally excited [3,4] lasers at
extreme ultraviolet(xuv) wavelengthss,50 nmd. For both
classes of xuv lasers, the lifetime of the population inversion
is very short and so the pumping must be in the form of a
traveling wave. This can be achieved most easily by longi-
tudinal pumping. The most serious issue of the longitudinal
pumping geometry is the formation of a sufficient length of
plasma for amplification of the x-ray photons to occur, since
the Rayleigh length naturally limits the length of the ampli-
fying medium to at best a few millimeters. The problem is
further exacerbated by ionization-induced refraction of the
pulse: the transverse electron density gradients created by the
leading edge of the pulse lead to a rapid reduction in the
peak intensity, thereby preventing formation of the required
ion species. This issue is more crucial for collisional schemes
since the formation of hot pumping electrons through the
OFI process requires a longer wavelength and the absolute
difference of the refractive index from unity of a low-density
plasma increases approximately quadratically with wave-
length. For example, the use of 820 nm radiation, as opposed
to the 248 nm pump radiation often used for recombination
schemes, increases this difference by approximately an order
of magnitude.

In order to extend the gain length that can be achieved by
longitudinal pumping, it is necessary to guide the pump
pulse over many Rayleigh lengths. Several techniques for
guiding laser pulses with peak intensities relevant to OFI
laser schemes, 1016–1018 W cm−2, have been investigated.
These include guiding in hollow capillaries[5,6], relativistic
channeling [7], and several types of plasma waveguide
[8–10]. Recently, we have demonstrated lasing at 41.8 nm in
Xe8+ using a gas-filled capillary discharge waveguide[11].
When used purely as a waveguide, a current pulse of several
hundred amperes and duration of approximately 1µs is dis-
charged through a capillary filled with hydrogen gas[12,13].
The capillary discharge forms a plasma channel[14] able to

guide high-intensity s.1017 W cm−2d laser pulses over
lengths of several centimeters[12,15]. In order to drive a
short-wavelength laser within the plasma channel it is neces-
sary to dope the hydrogen gas with the lasant gas. The
41.8-nm laser signal observed with a 30-mm-long capillary
discharge waveguide filled with 120 mbar of a 1:3 Xe:H
atom gas mixture was,4 times larger than that achieved
with a 4-mm-long gas cell containing 20 mbar of pure Xe
[11]. The presence of hydrogen is expected[13] to decrease
the small-signal gain coefficient of the Xe8+ laser transition
through partial preionization of the Xe by the discharge, re-
duction of the gain cross section resulting from the increased
transition linewidth, and an increased rate of deexcitation of
the laser levels. As a consequence, while the gain length of
collisionally excited OFI lasers can be greatly increased by
driving them within a gas-filled capillary discharge wave-
guide, the single-pass gain may not be increased by the same
factor.

In this paper we report the demonstration of a significant
increase of the gain length of a collisionally excited OFI
laser by using a capillary filled with pure lasant gas. No
discharge is employed. Our data show that under optimum
conditions the output of the Xe8+ laser from a gas-filled cap-
illary is nearly an order of magnitude stronger than that
achieved with a gas cell. The experimental results are com-
pared to simulations of the propagation of the pump laser
pulse through the capillary, which indicate that this enhance-
ment is due to reflection of the pump laser from the capillary
walls. The resulting multimode guiding of high-intensity
femtosecond laser pulses through the gas-filled capillary has
made it possible to substantially increase the length and vol-
ume of the 8-times-ionized plasma column for xuv amplifi-
cation.

The experiment was performed at LOA using a 10-Hz
multiterawatt Ti:sapphire laser system[16] delivering 34-fs
pulses(full width at half maximum) with an energy on target
of up to 1 J. The circularly polarized laser beam was focused
onto the capillary or gas cell entrance by a spherical mirror
of focal length 2 m used in an off-axis configuration. The
aberrations arising from the use of a spherical mirror were
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corrected with a bimorph deformable mirror[17]. The mea-
sured transverse intensity distribution was close to a Gauss-
ian distribution in the focal plane, with a central spot corre-
sponding to a waistW0 (the radius at which the intensity falls
to 1/e2 of the axial intensity) of 28±2 mm containing,40%
of the energy in the plane. The laser beam was measured to
be 1.6 times diffraction limited, the measured Rayleigh
length was 3 mm, and the resulting maximum intensity on
target wass1±0.2d31018 W cm−2 in vacuum. All results
presented in the present paper were obtained with this peak
input laser intensity. The 34-fs driving laser pulse was pre-
ceded by a 1-ns-long amplified spontaneous emission(ASE)
pedestal with a measured energy of approximately 2310−8

of that of the main pulse. The intensity of the ASE pedestal
was therefore about 12 orders of magnitude weaker in inten-
sity than the main pulse, and hence ablation and ionization of
the capillary wall by the pedestal can be ignored. The experi-
mental setup was similar to that described in Ref.[11]. The
infrared radiation leaving the capillary or cell was reduced in
intensity by reflections from two optically flat wedges, ren-
dered parallel by a lens, and imaged onto a 12-bit charge-
coupled device(CCD) camera by another lens and a micro-
scope objective. The beam transmitted by the second wedge
was focused onto a pyroelectric energy meter to determine
the energy transmitted by the capillary or cell. The energy of
the laser pulses entering the capillary was measured using a
calibrated photodiode, and the transmitted energy was deter-
mined by comparing the measured input and output energies
with those recorded when the capillary was replaced by a
large diameter evacuated pipe. The on-axis xuv radiation was
recorded by moving the first wedge out of the beam path,
thereby allowing the radiation to enter the transmission grat-
ing spectrometer. The spectrometer comprised a grazing-
incidence gold-coated spherical mirror, transmission grating
with 2000 lines/mm, and a back-illuminated xuv CCD cam-
era. Stray light from the driving laser was blocked by two
0.3-µm-thick aluminum filters.

The capillaries used were 15 mm long, with an internal
diameter of 300±10mm. Since the channels were laser ma-
chined, the walls of the capillaries were not optically smooth,
but contained nonuniformities with typical dimensions of 5
µm. Xe gas was flowed into the capillary through channels
approximately 500µm wide and 250µm deep located 1.5
mm from each end. By injecting the gas in this way, the
pressure in the main body of the capillary between the gas
slots was uniform.

In order to compare the output lasing signal from the cap-
illary with that obtained in previous work[18], we also in-
vestigated lasing in Xe cells of 4, 10, and 15 mm lengths.
The entrance and exit windows of the cells were made of
thin glass plates through which pinholes(,0.5 mm in diam-
eter) were drilled by the pump laser at the beginning of each
experimental session. The xuv laser signals obtained from
the waveguide and gas cells were optimized by varying the
gas pressure and the position of the vacuum focus of the
pump laser. Under optimum pumping conditions the 41.8-nm
Xe8+ 5d-5p lasing transition completely dominated the on-
axis spectrum for both the cell and capillary waveguide. Fig-
ure 1 compares optimized output signals from the cell at 17
Torr (squares) and the capillary at 17(solid triangles) and 30

Torr (open triangles), respectively, as a function of target
length. The position of the vacuum focus was 5(6) mm
inside the cell(capillary). The data in Fig. 1 were obtained
with different filter sets which were cross calibrated using
data obtained under nominally identical conditions. The solid
curves present results of simulations which will be discussed
later. The data clearly show that the capillary greatly in-
creases the lasing signal compared to that achieved with a
gas cell. The strongest signal was observed with the 15-mm-
long capillary at 30 Torr, being approximately 7 times higher
than the largest signal achieved with the cell of the same
length and as much as 43 times higher than that with the
4-mm cell.

Figure 2 reports the measured pressure variation of the
Xe8+ laser signal for a 15-mm-long capillary(triangles) and a
15-mm-long cell(squares); the dashed and dotted lines are a
guide to the eye. The position of the vacuum focus was at the
center(entrance) of the cell(capillary). It is seen that in both
cases the xuv laser signal exhibits a distinct optimum pres-

FIG. 1. Measured and simulated(solid lines) Xe8+ laser signal
from the capillary at 17(solid triangle) and 30 Torr(open triangle),
respectively, and the cell at 17 Torr(squares) as a function of the
cell or capillary length.

FIG. 2. Pressure dependence of the 41.8-nm lasing line for the
15-mm-long capillary (triangles) and the 15-mm-long cell
(squares); the dashed and dotted lines are a guide to the eye.
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sure: 30±5 Torr for the capillary compared to 17±2 Torr for
the cell. Apart from a significantly higher optimum pressure,
the other main feature of the capillary lasing is that it oc-
curred over a much broader range of pressures than for the
gas cell: 10–70 Torr for the capillary compared to 10–30 Torr
for the cells. There was no significant difference in the pres-
sure dependence of the Xe8+ laser signal from the 4-, 10-,
and 15-mm cells, the present results being consistent with
earlier results for 4-mm-long cells[18].

The laser signal was also dependent on the position of the
vacuum focus of the pump laser relative to the entrance of
the target. Figure 3 shows the measured variation of the Xe8+

laser signal as a function of the position of the vacuum focus
for a 15-mm-long capillary at 30 Torr(triangles) and a 15-
mm-long cell at 17 Torr(squares). For the 15-mm-long cell
the optimum position of the vacuum focus was found to be
5±1 mm inside the cell, though the dependence was weak
(the signal for focal positions of 1.5 and 7.5 mm are,85%
of the maximum signal at 5 mm). By contrast, in the case of
the 15-mm-long capillary the signal was found to be quite
sensitive to the focal position with a distinct optimum at 6
mm. Further, when the laser focus was set at 8 mm the cap-
illary was destroyed in a relatively low number of pump
laser shots. In the case of the 4-mm-long cell we did not find
any clear optimum and the output signal was rather insensi-
tive to the focusing position, in contrast to earlier work with
a 1-m-focal-length optic[18]. This difference arises from the
fact that use of a longer focal length optic extends the Ray-
leigh range, and hence the spot size and divergence of the
beam at the entrance to the target are less sensitive to the
position of the vacuum focus.

A numerical simulation code was used to model the
propagation of high-intensity laser pulses through Xe gas
undergoing optical field ionization, for both the capillary and
cell targets. The code simulates the time-dependent propaga-
tion of the driving pulse in a three-dimensional(3D) cylin-
drically symmetric geometry and has been developed from
the code described in Ref.[19]. The laser pulse is assumed
initially to have Gaussian spatial and temporal profiles. The

paraxial wave equation is solved in cylindrical geometry to
describe its propagation through the initially neutral gas, and
the gas ionization is taken into account self-consistently. The
pulse may be arbitrarily polarized and the effects of
ionization-induced refraction as well as relativistic self-
focusing are included. Hydrodynamic effects within the
plasma are assumed to be insignificant on the femtosecond
time scales of propagation and as such are not taken into
account.

For the calculations presented here the circularly polar-
ized pump laser pulse was assumed to have a Gaussian tem-
poral profile with a full width at half maximum(FWHM)
duration of 34 fs and a peak input intensity of 1
31018 W cm−2. The incoming laser field was taken as a sum
of several(typically nine) Gaussian propagating modes as
the best fit of the experimentally measured fluence profile in
several planes before and after the best focal plane in
vacuum. In the case of propagation inside the capillary, a
boundary layer with a dielectric constant larger than 1 was
introduced to simulate the capillary wall. Its value was ad-
justed so as to reproduce the measured value of the transmit-
ted pump energy which is about 40% at a pressure of 25 Torr.
By scaling these data we inferred an energy transmission of
,80% at 17 Torr. A pressure of 17 Torr was selected for the
simulations for both the capillary and gas cell since the
small-signal gain coefficient and saturation intensity have
been measured for this Xe pressure[18]. As seen in Fig. 2,
for the capillary the Xe8+ laser output is relatively insensitive
to the Xe pressure.

Figure 4(a) shows the calculated distribution of Xe ion
stages following the passage of the pump laser pulse through
a 15-mm-long cell under the conditions found experimen-
tally to produce the largest Xe8+ laser signal—i.e., a pressure
of 17 Torr and a focusing position of 6 mm inside the cell. It
is seen that Xe9+ and higher ion stages are created in a small
region around the axis for distancesz of up to ,2 mm from
the entrance. The lasant ion stage Xe8+ is generated in an
annular region up toz=8 mm and outside the degree of ion-
ization decreases. Simulations performed for focusing posi-
tions less than 6 mm exhibited similar distributions of Xe ion
stages to the one in Fig. 4(a), but the length and volume of
Xe8+ was progressively smaller, in agreement with the ex-
perimentally observed slow decrease of the output laser sig-
nal (Fig. 3). No further enlargement of the Xe8+ region was
found for focusing positions beyond 6 mm.

Figure 4(b) shows the calculated distribution of Xe ion
stages inside the capillary under the same conditions as in
Fig. 4(a). It is seen that Xe8+ is produced along the whole
length of the capillary in an annular region with higher ion
stages being generated in an approximately cylindrical re-
gion of radius,20 mm along most of the capillary axis. By
comparing Figs. 4(a) and 4(b) it is clear that the volume of
the Xe8+ region is increased substantially for the capillary.
The size of the Xe8+ region was found to be much more
sensitive to the focusing than in the case of the cell, in agree-
ment with the measured data for the capillary presented in
Fig. 3. For the focusing position of 6 mm inside the capillary
the region of Xe8+ created was the largest, with much less
Xe7+ than when focusing at the entrance.

To quantitatively evaluate the performance of the studied

FIG. 3. Measured dependence of the lasing signal on the posi-
tion of the vacuum focus of the pump laser for the capillary(tri-
angles) at 30 Torr and the cell(squares) at 17 Torr compared with
simulations(solid lines).
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xuv laser, we undertook simplified modeling of the radiation
transfer in the active medium. The model treats amplification
of axial emission in an active medium which accounts for the
refraction of the xuv laser beam. It is assumed that both the
small-signal gainsG0d and the emissivitysJ0d are constant
along the amplifier axisz. The output intensityI(z) can be
expressed as[18]

] I

] z
= gI + J0, s1d

where

gszd =
G0

1 + Iszd/Isat
s2d

is the large-gain coefficient andIsat is the saturation intensity.
The trajectory of an xuv beam in a medium with an electron
density gradient¹ne(r ) is described by the ray equation

d

ds
Sn

d

ds
rWD = ¹W nsrWd, s3d

wheren is the plasma refraction index andds=Îx2+y2+z2.
Equation(3) is treated in the paraxial approximation which is
justified by the very small radius of the lasing medium com-
pared to its total length and the saturation length. The set of
equations(1)–(3) is solved numerically to determine the out-
put intensityI(z,r ,u) using the plasma density profiles de-
rived from the propagation code. The parametersG0, J0, and
Isat entering Eqs.(1) and (2) should be considered to be av-
eraged over all the dynamical phenomena. For the calcula-
tions presented here the values ofG0 andJ0/ Isat were deter-
mined so that the solutions of Eqs.(1)–(3) reproduce closely
the experimental gain curve in Ref.[18]. Within the fully
dynamical model of[20], we have checked that for the few
ps duration of the local gain[21], our simple model well
reproduces the results of a one-dimensional dynamical model
of the xuv amplification over distances larger than 1 mm
using constant values forG0 and J0/ Isat. In particular, for
plasma lengths larger than 4 mm the influence of dynamical
effects are greatly reduced because system is well inside the
saturation regime as confirmed by both simulations and ex-
perimental results. It was found that the contribution of xuv
propagation in the negative direction plays a negligible role,
and so only the photons traveling in the positive direction are
considered in Eqs.(1)–(3). Despite the relative simplicity of
the model remarkably good agreement between the calcu-
lated and measured values of the Xe8+ laser output signal
was found.

In Fig. 1 results of simulations for the capillary and the
cell are shown(solid lines), the normalization constant being
the same for both simulations(that which gives the measured
xuv laser signal from the capillary at 17 Torr). It is seen that
the curve calculated for the cell agrees well with the experi-
mental points for the 4- and 10-mm cells, and the two curves
coincide for short lengths, as they should. The main discrep-
ancy with the experimental results is that the simulated sig-
nal for the cell does not change afterz=8 mm since it is
calculated that Xe8+ is not generated for values ofz greater
than this, while the measured signal for the 15-mm cell is
about 2 times larger than that for the 10-mm cell. This effect
cannot be explained by the present modeling. Figure 3 com-
pares the measured and calculated dependences of the xuv
laser signal from the cell and capillary on the position of the
vacuum focus of the pump laser. For both types of target the
calculations show a distinct optimum for focal positions ap-
proximately 6 mm inside the target. Further, the much stron-
ger influence of the focal position for the capillary is well
reproduced by the modeling. The discrepancy between the
simulated curve and experimental data in the case of the cell
is mainly due to the difference already observed in Fig. 1
between 10 and 15 mm.

It should be emphasized that the guiding of the pump
radiation observed in the present work is quite different from
the monomode guiding observed previously for evacuated
and gas-filled capillaries[6,22]. In order to achieve mono-
mode guiding the spot size of the pump laser pulse at the
capillary entrance must be carefully matched to the diameter

FIG. 4. Calculated distribution of Xe charge states following the
passage of the pump laser pulse for a 15-mm-long(a) cell and(b)
capillary. For both calculations the position of the vacuum focus
was 6 mm inside the target and the pressure was 17 Torr.
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of the capillary. Abrams[23] has shown that optimum cou-
pling into the lowest-order mode of the capillary occurs for a
Gaussian beam when the input waist size is 0.6435 times the
capillary radius. In the present work the laser spot radius at
the capillary entrance was,0.2 times the capillary radius, so
multimode guiding is expected to occur. As the wall of the
capillary was not optically smooth, losses are expected to be
higher than for a smooth inner surface. Furthermore, guiding
is likely to be highly multimode when the gas ionization by
the laser pulse results in a partially ionized medium and large
transverse density gradients, as will have occurred in the
present experiments. Nevertheless, the resultant guiding of
pump pulses allows the length and volume of the Xe8+ gain
region to be extended significantly, with a consequently large
increase of the xuv laser output. The calculations presented
here show that this enhancement was achieved by reflections
of the pump laser radiation from the capillary wall and that
this resulted in a substantial increase of the length and vol-
ume of the lasant ion stage and an increase in the xuv signal
by more than one order of magnitude. In conjunction with
evidence from previous experiments[18] and from agree-
ment with the simulations, we deduce that the emission is
well above the saturation value.

The gas-filled capillary also has several practical advan-
tages over the cell. The capillary provides a differential
pumping geometry in a straightforward way, and the gas
pressure drops between the gas injection points and the ends
of the capillary, rather than across an aperture, so for the
same diameter hole the gas flow into the chamber is lower
for the capillary than for a pinhole. The sapphire capillaries

employed in the present experiments were robust and had a
long lifetime. For example, one capillary was used for over
1000 laser shots and only suffered damage when the laser
was focused 8 mm inside the capillary. Capillary targets of
this type are likely to be very useful in the search for lasing
on other OFI laser transition and will complement other
guiding techniques that can be employed to drive xuv lasers
[11].

In summary, we have demonstrated significant improve-
ment of the OFI Xe8+ laser performance by employing mul-
timode guiding of femtosecond laser pulses with an intensity
of ,1018 W cm−2 through a gas-filled capillary. The opti-
mized xuv laser signal from the capillary was nearly an order
of magnitude stronger than that from a gas cell of the same
length. Simulations of the propagation of the pump laser
pulse through the capillary confirmed that this enhancement
is due to reflections from the capillary wall, which resulted in
a substantial increase of the length and volume of the Xe8+

plasma column, and so large improvement of the xuv beam
quality can be expected. Direct measurement of the far-field
pattern and related beam properties of the capillary-driven
Xe8+ laser will be the subject of future investigations.
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