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41.8-nm Xé* laser driven in a plasma waveguide
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An experimental demonstration of an optical field ionization short-wavelength laser driven in a gas-filled
capillary-discharge waveguide is described in detail. Guiding of high-intensity laser pulses has previously been
demonstrated with this type of waveguide for capillary discharges in hydrogen. For the present experiments
xenon gas was mixed with the hydrogen, and strong lasing ond?&l4d%p transition in Xé* at 41.8 nm
was observed. Under optimum conditions the short-wavelength laser output achieved with the waveguide was
found to be greater than that from a Xe gas cell. Measurements of the transmission of the pump laser pulses
through the waveguide show that the short-wavelength laser signal was greatest under conditions for which the
pump laser pulses were well guided. Simulations of the propagation of the pump laser radiation are presented
for a range of initial plasma conditions, and these indicate that the laser-plasma interaction length achieved was
greatly increased compared to that which can be achieved in a gas cell.
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[. INTRODUCTION beam are likely to be poor. A direct way to increase the
interaction length would be to employ a larger focal spot, but
this would greatly increase the pump laser pulse energy re-
?Euired. A more favorable approach is to guide the pump laser

In order to create a population inversion on an extreme
ultraviolet (xuv) or soft-x-ray laser transition, a large pump
power density must be supplied to overcome the high rate of ;se over long lengths.

spontaneous decay of the upper laser level. Ever since the geyerg techniques for guiding high-intensity laser radia-
first demonstrationgl, 2] of lasing at short wavelengths, con- (o have been investigated, including guiding in hollow cap-

siderable effort has been devoted to reducing the size anfaries [8,9], relativistic channeling10], and several types
increasing the repetition rate of the visible pump lasers emg¢ plasma waveguidgl1-15. However, few of these have
ployed. Recently progress towards these goals has begyen ysed to increase the gain length of short-wavelength
made by using picosecond or femtosecond pump laser pulSggsers plasma channels formed by discharge or laser ablation

of only moderate energy3-6|. Short-pulse lasers of this ot 5 | jF capillary have been used to demonstfa® recom-
type are compact and able to operate at high repetition rategination lasing on th@=2— 1 transition at 13.5 nm in Bf.

making them attractive pump sources for short-wavelengthy, ihat work lasing was achieved with 248 nm pump radia-
lasers. An alternative technique, in which fast electrical dis“tion for 5-mm-long laser-ablated capillaries and with
charges are used to provide the pump power, has been Sufgs3 nm pumping for 14-mm-long discharge-ablated capil-
cessfully employed[7] to pump xuv lasers operating at |gries. Janulewiczt al. have investigatedl7] collisionally

46 nm or longer, but it has proved difficult to scale to shorterg, iteq short-wavelength lasers driven within a plasma chan-

wavelengths. L .. nel formed by a Z-pinch discharge. Those authors employed
Traveling-wave EXCItatIOI’].IS often necessary wh_en drivingg ps pump pulses from a Nd:glass laser to achieve transient
short-wavelength lasers owing to the brief duration of theyain on the ®-3s transition at 60.8 nm in &. However, in

gain. For this geometry the pump laser energy required ig,5¢ work the spot radius of the pump laser was very large,
m_|n|m|_zed by employm_g Ion_gltudlnal pumping. However, approximately 17Qum, so that the capillary lengt80 mm
with th'.s gonflgura_ltlon diffraction and refrac_t|_on of the pump was significantly less than the Rayleigh range of the pump
beam limit the gain length to only a few mllllllmeters, and aSheam. While these early results show the promise of driving
a consequence the small-signal gain coefficient must be very, 4\ avelength lasers within a plasma channel, evidence
h|gh_|f lasing is to be achieved. Furthemore, the energy Xtor generation of gain over the full length of the waveguide
traction and transverse coherence of the short—wavelengﬁtﬂas not yet been presented
In this paper we present in detail the results of the first
experimental demonstration of a short-wavelength laser

*Electronic address: simon.hooker@physics.ox.ac.uk driven within a gas-filled capillary-discharge waveguide.
"Electronic address: sebban@ensta.fr This is also the first time that a collisionally excited optical
*Electronic address: brigitte.cros@pgp.u-psud.fr field ionization laser has been driven in any waveguide. The
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results of this experiment have previously been describeck 107 W cmi?, over lengths of up to 50 mm through
[18] in brief, but this present report contains additional ex-H,-filled capillary-discharge waveguides.
perimental data, results of numerical simulations, and further In order to demonstrate short-wavelength lasing in a
discussion. waveguide of this type, the Hgas fill must be doped with
The paper is organized as follows. In Secs. Il and Il wethe lasant gas. Of course, if the concentration of the lasant
briefly describe the gas-filled capillary-discharge waveguidegas is too high, the optical field ionization—which is re-
and the mechanisms by which it operates, and outline thquired to generate and pump the lasant ion—uwill contribute a
short-wavelength laser scheme investigated in the present phaigh electron density near the axis, destroying the plasma
per. In Sec. IV the experimental layout and methods emehannel and preventing a long interaction length from being
ployed are described in detail, the results being described iachieved.
Sec. V. Numerical simulations of the propagation of the
pump laser pulse through the waveguide, under the condi-
tions found experimentally to optimize the Rdaser signal,
are presented in Sec. VI. F|na"y the results are discussed in For pump laser intensities of orderlf(yv Cm_z the elec-

I1l. SHORT-WAVELENGTH LASER SCHEME

Sec. VIl and conclusions drawn in Sec. VIII. tric field of the radiation is comparable to the intra-atomic
field experienced by bound electrons in atoms and ions. As a
1I. GAS-FILLED CAPILLARY-DISCHARGE WAVEGUIDE consequence the bound electrons are rapldly ionized OWing

to gross distortion of the intra-atomic potential, a process

The present work utilizes a gas-filled capillary-dischargeknown as optical field ionizatiotOFI). The rate of OFI ex-
waveguide[19]. In this type of waveguide an electrical dis- hibits a thresholdlike behavior with the laser intensity, the
charge is struck along the inside of a gas-filled capillary tothreshold intensity corresponding to that which just removes
form a plasma waveguide. Magnetohydrodyna¥HD)  the barrier formed by the sum of the intra-atomic and laser
simulations[20] by Bobrovaet al. showed that capillary dis- potentials[24]. The threshold nature of OFI makes it an at-
charges in H form a fully ionized plasma channel with a tractive mechanism for generating plasmas suitable as gain
density that increases approximately quadratically with ramedia for short-wavelength lasers since the ion stage gener-
dial distance from the axis. The channel is formed by radiabted may be controlled by adjusting the laser intensity. Fur-
heat conduction to the capillary walls, which causes theher, the energy of the electrons after the passage of the laser
plasma temperature to be greatest, and hence the density gaise can be controlled through the polarization of the laser
be lowest, near the capillary axis. radiation: linear polarization generates relatively cold elec-

In an ideal plasma waveguide the plasma has a paraboligons, suitable for pumping recombination lasers; circular po-
profile of the formN(r) =Ng(0) + AN(r /t¢)?, whereNg(r) is  larization produces hot electrons which can pump population
the electron density at a distancerom the capillary axis inversions by electron collisiong5].
andAN, is the increase in electron densityratr, from the For this proof-of-principle experiment it was decided to
axial valueNg(0). An intense laser pulse passing through ainvestigate the collisionally excited OFI laser scheme ifi*Xe
plasma experiences a refractive index which is dominated bproposed26], and later demonstratg®], by Lemoff et al.
the contribution of free electrons in the plasma and is giverin the past few years Sebbat al. have characterized the
by n:V/l—NeeZ/(meeOwZ), wherew is the angular frequency operation of this laser in detail and reported saturation of the
of the laser radiation and relativistic effects have been nelaser transitiof27-29. In both these previous experiments
glected. It follows that in a parabolic plasma channel thefemtosecond laser pulses were focused into a differentially
refractive index is peaked on axis and acts to counter diffraceumped gas cell containing pure Xe, and the gain length
tion and ionization-induced defocusing of a laser pulse. If ncachieved was less than 8.5 mm, owing to diffractive and re-
further ionization of the plasma occurs and ponderomotivdractive defocusing of the pump beam.
and relativistic effects are negligible, a Gaussian beam will The Xé" laser operates as follows. Gaseous Xe is ionized
propagatd21] along a parabolic channel with a constant spotto Xe®* by OFI with high-intensity, circularly polarized ra-
radiusWy,, providedWy, =[r3,/ (7t ANg)]¥/4 wherer, is the  diation from a Ti:sapphire laser. The threshold pump laser
classical electron radius. If the spot radius is not matched téntensity for forming Xé&" is approximately 5
Wy, then the laser spot radius oscillates as the pulse travebs 10' W cm™2 Achieving the correct laser intensity on tar-
along the capillary. This mismatch may be characterized bget is vital to forming the required ion stage for the laser
the parameteN=W,,/W.. In this case the spot radius varies system. For example, the threshold intensity to overionize to
between the spot radius at injection into the capilldry)  form Xe®*is 2x 10 W cm?, only about 4 times the inten-
and NZVVFVVﬁn/Wi, with a length period given by,lwfﬂ/)\ sity necessary to form X& The use of circularly polarized
=nZsw, WhereZgy, is the Rayleigh range corresponding to aradiation ensures that the field-ionized electrons retain high
laser spot of spot radiug/,. This intensity oscillation will ~energies after passage of the pump laser pulse, thereby al-

not be particularly severe for a small spot radius mismatchlowing rapid collisional excitation of the upper laser level.
A simplified diagram of the atomic structure of Xeis

shown in Fig. 1. This shows the dominant collisional pump-

ing and deexcitation routes, and some important electromag-
In earlier work we demonstratd@2,23 low-loss guiding  netic transitions. The laser transition ig°8d *S;-4d%p P,

of laser pulses with a peak input intensity of up to 1.2at 41.81 nm.

Guiding high-intensity laser pulses
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1289 eV 4 sf 1P, a lens(L2) of focal length 300 mm and imaged onto a 12-bit
lot6ev 40020m {243V asals charge-coupled-devicgCCD) camera by a 28 microscope
10326V 1146V 49045 1p) objective. The overall magnification of this imaging system

9796V Ad®5d 1P, was 3.5. The resolution was limited by the aperture of the
297eV | y41.81nm vacuum chamber window and W1 such that L1 was effec-
7506V 4P35p Py tively /25.
16.53nm |104.6 eV Radiation transmitted by W1 was reduced in intensity by
reflection from the surfaces of W4 and W5 and loosely fo-
006V 441015, cused by lens L4 onto the surface of a large area pyroelectric

energy meter to provide a measurement of the transmitted
FIG. 1. Partial energy level diagram of Xeshowing the laser pulse energy. The energy of the laser pulses entering the
line at 41.81 nm. The dashed lines show the dominant collision apillary was determined by a photodiotteot shown, lo-
e_'xcitat_ion and deexcitation ro'utes'for the upper laser level. Theateqd prior to the paraboloid. The signal from the photodiode
figure is adapted from those given in woi%26] by Lemoffetal.  \y45 calibrated to the absolute energy on target. The energy
transmission of the waveguide was then determined by com-
paring the measured input and transmitted energies with

The experiments described in this paper were conducte@Ose record(_ad when the capillary was replaced by an evacu-
ated beam pipe.

at the Laboratoire d'Optique Appliqué@OA), part of the The CCD camera recorded beam profiles of the pump

Ecole Normale Supérieure de Techniques Avanoges- - . .
STA). The pump laser employed in the present experimentLaser radiation transmitted by the' capllla}ry. These were con-
verted to transverse fluence profiles using the measured en-

was a 3-J Ti:sapphire lasg30] with a central wavelength of . st -

820 nm. The laser system employs only multipass amplifiersgrgt.y of t?et;ran_smltt_ed rad|et1t|0n a;d the mea?_urli—:-d _ma_gngl-

rather than regenerative amplifiers, in order to minimize ation ot the 1maging systéem. since a partially 1onize
lasma target is expected to distort the temporal profile of the

prepulses to the main laser pulse. For the present expe fansmitted laser pul fluence. rather than intensitv. br
ments the pulse duration was measured to be 37 fs full widt ansmitied 1aser pulses, fiuence, rather tha ensity, pro-
lles are presented.

at half maximum(FWHM) (assuming a Gaussian temporal The pump laser fluence profile at the input of the capillary

profile), and the energy available on target was up to 300 m‘]\ivas measured by adjusting the imaging system to image the

entrance plane of the capillary and replacing the capillary by
A. Experimental layout an evacuated beam pipe. The energy transmis§omwas
The experimental arrangement employed is shown in Figgalculated from the measured values for the transmitted and

2. Radiation from the Ti:sapphire laser was circularly polar-NPUt laser pulse energies. The fluence transmis$jowas
ized by a quarter-wave plate and focused into the entrance &elculated similarly from the peak of the transmitted fluence
the capillary waveguide by an off-axis parabolojdot profile and the peak of the input fluence profile scaled by the
showr) used atf/25. The radiation transmitted by the capil- Measured input energy of each laser shot. _
lary was reduced in intensity by reflections from three 1he mean energy of the laser pulses input to the capillary
wedged optical flatéW1-W3) and then rendered parallel by during the experiments wd240+20 mJ, and the beam fo-

a lens(L1) of focal length 1 m. The beam was refocused byCUS was measured to have a peak fluence of 9.8
X 10° J cnmi?, corresponding to a peak input intensity of

IV. APPARATUS

Xe/H, -E Waveguide

= To vacuum pump

-\
-

\ ::: ND filters
G ==L

Q Energy D ccD

meter
camera

X-ray
spectrograph

FIG. 2. Schematic diagram of the experimental
employed.

2.5x 10 W cm™2. Fitting a Gaussian intensity profile of the

Ti:Sapphire 20 WP ’ )
laser beam form I(r)=1(0)e yields a spot radiusV of approxi-
' Bellows mately 34um, corresponding to a Rayleigh range of 4.4 mm

for a diffraction-limited Gaussian beam. In practice the Ray-
leigh range will have been shorter than this owing to aberra-
tions on the beam.

The spectrum of the xuv radiation leaving the capillary
was recorded by moving W1 so as to allow the radiation to
enter an x-ray spectrograph, the pump laser radiation being
blocked by a 0.3awm-thick Al filter. The x-ray spectrograph
[29] utilized a 2000-lines/mm transmission grating to dis-
perse the spectrum from the zero order up=tt0 nm onto a
16-bit x-ray CCD camera.

B. Waveguide design

The capillary waveguide design employed in the present
experiments was similar to that described previoJg§].
The electrical discharge path ran between earth electrodes

layoutlocated at the ends of the capillary and a central high-voltage

electrode.
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FIG. 3. 30-mm-long capillary design. The capillary is shown in
plan and end view. The dotted lines indicate internal structure and
the dashed lines are guides to the eye.
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The electric circuit which generated the discharge pulse 0 ' R
was similar to that describg@2] previously. A 4.5-nF stor-

()
age capacitor was charged to 20—30 kV and switched across 1
the capillary using a thyratron switch. The circuit inductance
was increased from that employed in previous w[22g] to
slow the discharge and reduce the peak current. The current ’
pulse produced was measured with a Rogowski coil and was o 10 20 30 40 50 60 70

found to be a damped, approximately sinusoidal profile, with
a quarter period of 500 ns and a peak value of 105 A per arm
(temporal behavior as shown in Fig). The time at which FIG. 4. xuv spectra, integrated over ten pump laser shots, at the
the laser pulse was injected into the capillary was determinegptimum gas conditions foga) the gas cell, angb) a 30-mm-long

by detecting with a photodiode the radiation leaking througheapillary. In (c) the raw CCD image of the spectrum recorded the
a mirror located a known distance before the capillary. Theyaveguide is presented.

injection time delayt is defined from the initiation of the

measured discharge current pulse. pump laser injection delaly Lasing was first observed using

Alumina (Al,0,) capillaries of length 30 mm and internal & 1:7 Xe:H atom ratio gas mixture, was strongest for a mix-
diameter 21Qum, of the design shown in Fig. 3, were em- [Ure of 1:3, and was also observed for a mixture of 1:1.3. For

ployed. In order to introduce gas into the capillary, slots oft® Pest gas mixture, the optimum total gas pressure was

length 0.8 mm and approximately g&n wide were ma- found to be 120 mbar.

chined with their centers located 4.4 mm from the ends oftenF'%lﬁrr]e féssgfmslstsefgfgrdgg cxeljl;/ci?w?acit;?nlntze()g?éi\(: c())fv er
the capillary. To increase the gas flow rate, four slots wer pump P g 9

. . . %ure Xe andb) a 30-mm-long gas-filled capillary-discharge
qmled, with azimuthal symmetry, near both ends of the .Cap'vvaveguide with a 1:3 Xe:H atom gas mixture, a gas pressure
illary. Four central, 0.6-mm-long slots, were also machined

with azimuthal symmetry, to allow the discharge current toOlc 120 mbar, and a delayof 1000 ns. For both targets these
flow Y Y 9 conditions are those which optimized the®Xdaser signal.

Figure 4c) shows the raw CCD image obtained with the

(Naveguide. This image has been deliberately saturated so

[23] Wh.'Ch was connected to j[he surrounding vacuum SySter[hat some features other than the zero order and laser line are
by flexible bellows. The entire system was mounted on a

five-axi tical st to enable alianment of the axis of th visible. For example, the aluminuinedge at 17.1 nm from
€-axis optical stage to enable alighment ottne axis ot g o s mission by the filter is visible in first and second order.
capillary to the input laser beam.

Premade mixtures of Xe and,Hjas were flowed into the In some CCD images the aluminumedge was seen up (o
. 29 : third order and was used for calibration of the spectrometer.
capillary, the flow rate of the gas mix being measured by

; . > . ote that the sharp lines either side of the zeroth-order peak
gap flow meter calibrated in separate experiments against tf}ﬁ 0 nm and the x-ray laser peak arose from diffraction by
pressure at the center of the cap_lllary. . . the support mesh of the transmission grating.

In_ order to f_amhtate a comparison with previous derT'O”' The only spectral line which was observed in the spec-
strations of lasing on this transition, xuv lasing in a Xe-filled

- I ; trum from the gas cell or capillary was that from the®Xe
gas cell similar to that used by Seb | was also inves- laser line. The data show that strong lasing occurred at

tigated. For tho;t_e experiments the waveguide was remove 8 nm for both the gas cell and waveguide, the signal from
and the cell positioned so that the vacuum focus of the pum&é waveguide being approximately 4 times ’Iarger

laser was located 2.5 mm after the entrance pinhole. In this For the optimum gas mixture of 1:3 Xe:H atoms.theg*)(e
configuration the pump laser radiation entered and exited thf’é\ser output was found to be greatest for a total gés pressure

gas cell through two pinholes of 200—5@n diameter, of approximately 120 mbar, corresponding to a Xe partial

?:Cpaallragi?ﬁ?r/] Aérn;r\?'e;rhgisrﬁiI\;?I;J:f‘hfgsréhfisggepogg]eagd_|aSBrressure of approximately 50 mbar. The short-wavelength la-
P y ] P ser output was quite sensitive to the gas pressure: the full

timum by Sebbaret al. width at half maximum of the variation of the laser signal

Wavelength (nm)

V. RESULTS with the Xe partial pressure being approximately 20 mbar.
) The shot-to-shot variation of the Xelaser signal was
A. Short-wavelength lasing also investigated by recording spectra, integrated over three

Lasing on the 41.8-nm transition of Xewas investigated pump laser shots, for five consecutive groups of shots. For
for a wide range of Xe/H mixtures, total gas pressure, andhese sets of three-shot spectra thé*Xaser signal varied
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FIG. 5. The time dependence of the xuv laser sigsglares
and that of Tg (circle during the discharge pulse. The short-
wavelength laser signal is normalized to the peak value. The 10+

30-mm-long capillary was filled with the optimum gas mixture and 9
pressure for short-wavelength lasing. The temporal profile of the s
discharge current pulse is also shown. 5-
by only 4%, indicating that short-wavelength lasing occurred ol taa s
0lctapneBatee
on each pump laser shot. i 500 1000 1800 2000

Delay ¢ {ns)
B. Guiding

In order to understand the correlation between the experi- FIG. 6. Pump laser transmission through a 30-mm-long capil-
mental conditions which optimized the output of the®Xe lary. expressed &k andTp, as a function of injection delay The
laser and the behavior of the plasma channel as a Waveguio‘?}p'_”ary conta_lned a 1:3 Xe:H atom gas mixture. The total pressure
the temporal behavior of the pump laser pulse transmissiolfthin the capillary was 90 mbar for the open symbols, 120 mbar
was recorded for Xe/H mixtures and pure gs fills. for the gray _symbols, a_nd 180 mbar for the b_Iack symbols. The

Figure 5 shows, for the optimum Relaser gas mixture temporal profile of the discharge current pulse is also shown.
and pressure, the dependence of the peak transmitted pump
laser fluenceTr on the injection delay of the pump laser
pulses. The quantityg is plotted here, rather than the pulse charge pulse, followed by a rapid increase at a delay close to
energy transmissiong, since it is more closely related to the 900 ns. The highesk: values of around 55% were obtained
OFl rate. Itis seen that the fluence transmission was approxfer delayst of approximately 1000 ns. Thereaft€g fell to
mately 0.2% for laser pulses injected before the initiation 0f20% for delayst of around 2000 nsTg is seen to behave
the discharge currenT increased slowly to around 2% for similarly to Tg, but as in Fig. 5 the increase ifir was
delays of approximately 900 ns. Thereafferincreased rap-  sharper than that of¢ due to the associated spatial con-
idly by a factor of approximately 6 and peaked at 13% forstraint of the laser pulse for delayslose to 1000 ns. Care-
delays close to 1000 ns. At later tim@ fell slowly. The ] inspection shows that the best guiding occurred for a total
pulse energy transmissidiie) behaved similarly, reaching & pressure of 120 mbar, equal to the total pressure that opti-
peak of approximately 55% for delays close to 1000 ns. Thg,i>eq the short-wavelength laser output.
rapid rise inTg was proportiqnally greatgr than that W . _The rise inTg and T observed for Xe-H mixtures was
because there was an associated reduction in the spot rad%%Ch slower than previously found for capillary discharges

of the guided pump laser pulse. in pure hydrogeri23]. Measurements with the present appa-

Figure 5 also shows, again for the optimum gas mixture ) ! : S
the variation of the X& laser signal with the delaybetween rqtus confirmed this: for o!@gharges through capillaries filled
ith pure hydrogen at an initial pressure of 110 mibamwas

th t of the disch t and the injecti f th
© onset of the discharge curen. al © nyscHon o ound to reach 70% for delays of only 100 ns.

pump laser pulse. It is seen that the®Xdéaser signal was . )
very sensitive to the delay at which the pump laser pulse was F19uré 7 shows transverse fluence profiles of the pump
ser radiation at the optimum Xe-H gas mixture and pres-

injected. For all the experiments performed, lasing was onl)la : k
observed for a range of delays approximately 200 ns wideSUre for producing xuv lasing. Plots are shown for the en-
centered at a delay of approximately 1000 ns. This correlatei§ance and exit plane of a 30-mm-long capillary for various
well with the delayt for which the highest values di- were ~ delayst. It is seen that for delays<0 ns the transmitted
observed. fluence was very low. Even for a delayas long as 823 ns
Figure 6 shows the measured pulse transmis3joand  the transmitted fluence was still below 2% of the peak input
Te for a 1:3 Xe:H atom mixture and various total gas pres-fluence due to the energy transmission being low and the
sures. It is seen that for all the Xe-H mixturés and T energy which was transmitted being spread over a large area.
increased relatively slowly during the first part of the dis- At a delayt of 1014 ns the peak transmitted fluence was
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the energy transmission was only a little lower than that re-
corded for delays close to 1000 ns.

VI. NUMERICAL SIMULATIONS

In order to model the behavior of the pump laser pulses
inside the waveguide, and hence determine the extent of the
gain region formed by the pumping, it is necessary to know
the properties of the plasma established by the capillary dis-
charge. Unfortunately this is a complex matter, and a detailed
calculation is beyond the scope of the present paper. It is
possible, however, to establish reasonable ranges for the
main parameters of interest.

The plasma temperature may be estimated from the MHD
simulations [20] of Bobrova et al. That work concerns
plasma waveguides formed by striking a single-ended
discharge through capillaries of internal diameter 300
and initially filled with 67 mbar of pure K gas. The
electrical discharge current was taken to have a damped sinu-
soidal profile with a peak of 250 A and a half period of
200 ns. These conditions correspond to those used in mea-
surementg31] of the electron density profile of the plasma
channel. For those conditions it was calculated that the
plasma temperature reached a maximum of 7 eV in the re-
gion of the capillary axis at the peak of the discharge current
pulse.

Those MHD simulations show that fo= 80 ns a quasi-
thermal equilibrium was established in which the Ohmic
heating of the plasma was balanced by heat conduction to the
capillary wall by free electrons. For these quasithermal equi-
librium conditions the plasma temperature on axis was found
to be given by

1014 ns | [KA]

2/5
T(0) [eV] = 5.7(m) , (1

wherel is the discharge current arig), the capillary radius.
From this equation we calculate a plasma temperature of
5.7 eV for 210um-diam capillaries filled with pure Hgas

and a peak discharge current of 105 A.

Of course, the presence of the Xe in the discharge will
affect the temperature which is reached. In particular, the
electrical and thermal conductivities of the plasma are ex-
pected to be reduced as approximately IWwhereZ is the

FIG. 7. Transverse fluence profiles of the pump laser radiationmean ion charg¢32]. Hence the presence of the Xe ions is
The figure shows, for various delagsthe radiation at the entrance likely to cause greater heating of the plasma while also re-
and exit plane of a 30-mm-long capillary initially filled with a 1:3 ducing the conductivity to the capillary walls, leading to a
Xe:H atom gas mixture at a total pressure of 120 mbar. For all plotdiigher plasma temperature. We estimate, therefore, that the
the spatial scale is ium and the vertical scale is in units of temperature of the plasma established by the discharge in the
kJ cni?. Note the different vertical scale for the input profile. Xe-H gas mixtures employed in the short-wavelength lasing

experiments described here is likely to be in the range
highest at 14% of the peak input fluence: the energy tran$s—12 eV.
mission had been increased and the laser radiation con- Under these conditions of temperature and density the
strained to a spot radius o£70 um—significantly larger plasma will not be in local thermodynamic equilibrium
than the expected matched spot size of the plasma chann€l,TE). As such the Saha equation cannot be used to calculate
indicating that significant defocusing occurred through ion-the mean ionization of the plasma species, although it can
ization of the Xe in the plasma channel. The decreased peadstablish an upper limit on the ionization. We employed a
fluence observed at 1384 ns arises primarily from a further numerical simulation codg33] designed specifically to
increase in the spot radius of the transmitted laser radiationrmodel Ar-H mixtures in non-LTE conditions. By comparing

1384 ns
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9 =g substitutionz* n;;,— n,, wheren, is the initial electron den-
8 Yo (Saha sity of the Xe-H mixture. For example, for a mean initial Xe
7 e ionization of X&* in a mixture of 1:3 Xe:H atoms, at an
o B y. « e « e . . .
) AT (Saha) initial total pressure of 120 mbar, the initial ion density is
g o 4.8 10'® cm 3 and the mean ionization is +2, giving a cal-
5 4 Ar (nonlLTE) culated matched spot radius of g4n.
- 2 ) A numerical simulation cod¢34] was used to calculate
k H (Saha) the distribution and ionization of Xe ions after the passage of
1
0] &t 1 the pump laser pulse through both the gas cell and the wave-
012345678 910111213141516 guide. Figure 9 shows the calculated Xe ionization following
T (eV) the passage of the driving laser pulse throggha gas cell

. , _ and(b)—f) a plasma channel for the experimental conditions
FIG. 8. Solution of the Saha equation, as a function of plasma; i 4 and for various degrees of preionization of the Xe.
temperature, for the degree of ionization of @riangley, Xe The laser pulse propagates in the positiveirection from

(squarey and H (circles for Ar-H and Xe-H mixtures. The 9as o caniliary or gas cell entrance, which is taken to be located
mixture is that employed in the short-wavelength lasing experi-

ments. The graph also shows the results for the equivalent Ar-l—@éoergums';;r: SJ:H? lztsptehaekﬂzgﬁ;?;egfpgzglyv Wczar:_szurged to
i Icul i -LTE simulati . . . . !

mixture calculated using a non simulation code spot radius of 34um, and full width at half maximum dura-

) ) ) . tion of 37 fs. The focus of the laser was positioned so that in

the results from this code with solutions to the Saha equatiog,c,um it would have been located 2.5 mm into the gas cell

for Ar-H and Xe-H mixtures, we may estimate the Xe ion- anq at the capillary entrance, respectively, corresponding to
ization reached in the plasma. Figure 8 shows the mean ioRne experimental conditions employed. It is seen that for both

ization of H and Xe calculated from the Saha equation as e gas cell and waveguide the Xe is overionized in several

function of plasma temperature for a 1:3 Xe:H ion plasmaeegions near the axis and that therefore the longest lengths of

H i H 8 —3 . . L
mixture at a total ion density of 4:810'° cm™®, correspond-  xe8+ oceyr in an annular region. For the gas cell it is calcu-

ing to 120 mbar at room temperature. The graph also showg;ieq that X&* would be generated over a length of only
the solutions to the Saha equation for a comparable mixturg 7 mm. This may be compared to the optimum gas cell

of Ar-H together with the results of the non-LTE simulation length of 4 mm found by Sebbaet al.in experiments using
code. _ _ _ , the same focusing geometry, but with the vacuum focus lo-
Comparison of the solution to the Saha equation with th§ateq 1 mm into the gas cell, rather than the 2.5 mm em-
results of the non-LTE code suggests that for Ar-H mixturess|gyed here.
the Saha equation overestimates the Ar ionization by be- |, contrast the results for the waveguide show that for the
tween 1+ and 2+. Assuming that the Saha calculations for Xgange of pre-ionization of Xe expected, significant lengths of
overestimate the Xe ionization by a similar amount and withy o8+ \would be formed. The length of the annular region of
a similar temperature dependence, we estimate that for thggs+ generated is seen to increase with the degree of Xe
range of plasma temperatures established above Xe woulge_ionization, ranging from approximately 10 mm for3Xe
have been ionized to between Xeand X€*. Clearly there {5 gver 60 mm for X&", and reflecting the improved propa-
remain significant uncertainties in the temperature and COMjation of the driving laser pulse. The reasons for this are
stitution of the plasma channel formed by the discharge ifyofold. First, there is less additional ionization produced by
capillaries f|IIe.d with mixtures of xenon and hydrogen, andine |aser pulse to disrupt the guiding profile. Second, the
further numerical work would be desirable. However, thepigher initial electron density produced by the discharge re-
range of parameters established allow us to make somg,ces the matched spot size because a steeper channel is
progress in modeling the propagation of the pump pulsegoduced. This steeper channel is better able to counteract

through the plasma. _ _ refractive defocusing arising from OFI of the Xe ions.
Bobrovaet al. calculated 20] that for Hy-filled capillary-

discharge waveguides, the matched spot ratlis of the

plasma channel is given by VII. DISCUSSION
VR [wm] We now discuss the implications of our results in more
Wiy [um] =~ 1.48X 105(2*”0[7])1,4, (2)  detail. The results show clearly that strong lasing was ob-
|

served on the @5d-4d°5p transition in Xé* at 41.8 nm.
where z* is the mean ionization of the plasma ang the  The strength of the short-wavelength laser signal was found
initial ion density. We have measur¢8ll] the matched spot to depend very critically on the delay between the onset of
radius for a single-armed Hilled capillary-discharge wave- the discharge pulse and the injection of the pump pulse, and
guide to be 37.5um for Ry=150um and z*n;,=3.3 also to depend strongly on the pressure and constitution of
X 10'8 cm3. We therefore take the constant of proportional-the gas mixture. Furthermore, the conditions for which lasing
ity in Eq. (2) to be 1.31x 10, rather than the value of 1.48 was strongest correspond closely to those found to optimize
X 10° calculated theoretically by Bobrowt al. guiding of the pump laser pulses through Xe-H mixtures. As
We may estimataV,, for Xe-H mixtures by neglecting such we conclude that lasing in Xedepended not only on
any effect of the presence of Xe and simply making thethe plasma conditions established by the discharge, but also
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FIG. 9. The results of numerical simulations to calculate the Xe ionization after the passage of the pump laser puls@jtagagicell
and (b)—<(f) the waveguide with various degrees of Xe pre-ionization. The gas cell is assumed to contain neutral Xe gas at a pressure of
20 mbar. The capillary is taken to be filled with 120 mbar of a 1:3 Xe:H atom gas mixture. For the capillary waveguide the degree of
pre-ionization of the Xe by the discharge current and the matched spot radius are given for each graph.

on good guiding of the pump pulses through the capillary. Although the Xé&* laser signal was correlated with guid-
The guiding observed in the present experiment with Xe-4ing of the pump laser, it did not follow the pump laser pulse
H-filled capillary discharge waveguides is significantly dif- transmission in detail since the ¥elaser signal reached a
ferent from that which we have previously observed withpeak close to that in the transmission, but then fell rapidly
H-filled capillaries. In particulaffg and T were found to  even thoughTz andTe remained relatively high. This behav-
rise much more slowly for Xe-H-filled capillaries than those ior may be due to the discharge overionizing the Xe, which
filled with pure hydrogen. The partial pressure of Xe re-would reduce or even prevent gain on theé®Xkaser transi-
quired to observe lasing is relatively high, such that optication, or ejection of plasma from the capillary, which could
field ionization of the Xe will lead to strong defocusing of reduce the gain through a lowering of the plasma density.
the propagating laser pulse. Consequently, it is necessary f@ither of these mechanisms could prevent short-wavelength
the discharge to ionize the Xe to some degree before signiflasing from occurring while allowing good transmission of
cant transmission of the pump laser pulse can occur. Thiéhe pump laser radiation.
observed slow rise iffg and Tg is likely to correspond to a We also note that the observed rapid increasgiandTg
gradual improvement in the laser pulse transmission as theccurred close to the zero in discharge current. In previous
discharge heats and ionizes the Xe. work with H,-filled capillary-discharge waveguides of the
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design employed herdg was found to decrease slightly for widths of the laser transition due to the higher ion tempera-
delays close to a zero in the discharge curf@g}. Correla-  ture and the increased electron density in the plasma, reduced
tions between the transmission of the waveguide, shortpumping of the upper laser level since there will be fewer hot
wavelength laser output, and zeros in the discharge curreF| electrons following preionization of the Xe by the dis-
may be caused by nonuniformities in the plasma near theharge, and possible cooling of the OFI electrons by colli-
central electrode when the discharge current flows, but thesgons with the relatively cold electrons formed by the dis-
points of detail require further investigation. They do not, charge. A detailed calculation of the kinetics of the®Xe
however, contradict the main conclusion that good guiding ofaser operating under the conditions found in the waveguide
the pump laser pulse was required for lasing irf’X® be plasma channel is beyond the scope of the present paper.
observed. However, the facts that lasing was observed with the

The data presented in Fig. 7 show that with the Optimumcapillary-discharge waveguide and the signal was at least as

Xe-H gas mixture for X& lasing, the spot radius of the :
transmitted laser pulse at the delay for best guiding was a strong as that from the gas cell imply that for the present

proximately 70um, significantly bigger than either that of experiments the Increase in gain Iength more than compen-
the input pulse o the expected matched spot radius of th ated any decrease in small-signal gain. Further, we note that

plasma channel. At a radius equal to that of the capillaryN€ Presence of a dense pool of cold electrons in the plasma
wall, a lowest-order Gaussian beam with a spot radius ofv@veguide could significantly enhance the small-signal gain
70 um has an intensity equal to 1% of that on axis. As Such,coefﬂmenp of recomb|nat|0r_1 lasers driven within gas-filled
guiding of the pump laser pulses may have been affected, teaPillary-discharge waveguid¢ss).

some extent, by interactions with the capillary wall. How- VIIl. CONCLUSIONS

ever, the strong dependence on the delaf/the energy and

spatial profile of the transmitted laser pulses indicates that In summary, we have presented in detail the results and
the guiding was dominated by the plasma channel; if the rol@nalysis of an experiment to demonstrate lasing on an ex-
of the plasma channel was small compared to that of refledreme ultraviolet transition driven in a gas-filled capillary-
tions from the capillary wall, the energy and spatial profile ofdischarge waveguide. Analysis shows that lasing was
the transmitted pulse would be essentially independert of strongly correlated with good guiding of the pump pulse, and
once the discharge had sufficiently ionized the Xe to allownumerical simulations indicate that gain is likely to have
guiding. We note that in the simulations presented here, rdbeen achieved over a significant fraction of the 30 mm
diation reaching the capillary wall was absorbed and henckength of the capillary. The success of this proof-of-principle
reflections from the wall were eliminated. The inclusion of experiment suggests that this and other short-wavelength la-
reflection of pump laser radiation at the capillary wall would sers could be driven within waveguides of this type, leading
refocus energy towards the capillary axis and tend to into increased energy output and reduced beam divergence.
crease the length of X&produced under otherwise identical
conditions.

Although the simulations show that the length over which  The authors acknowledge invaluable technical assistance
Xe®* is formed is increased by the use of a Xe-H-filled from the laser support staff at Laboratoire d’Optique
capillary-discharge waveguide, the kinetics of the short-Appliguée-ENSTA. A.B., A.J.G., and C.M.Mc.K. are grate-
wavelength laser transition will be different from those in aful to the EPSRC for financial support. T.M. is supported by
gas cell[19]. In particular the small-signal gain coefficient is the European Commission and S.M.H. by the Royal Society.
likely to be reduced by a combination of reduction of the This work was supported by the European Union via the
population inversion owing to increased collisional deexcita-Access to Large Scale Facilities Program, Contract No.
tion of the upper laser level, increased Doppler and StarldPRI-1999-CT-00086.
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