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Vacuum ultraviolet argon excimer production by use of an ultrashort-pulse high-intensity laser

Masanori Kaku,* Takeshi Higashiguchi, Shoichi Kubodera,† and Wataru Sasaki
Department of Electrical and Electronic Engineering and Photon Science Center, Miyazaki University,

Gakuen Kibanadai Nishi 1-1, Miyazaki 889-2192, Japan
~Received 16 March 2003; published 7 August 2003!

We report on the observation of Ar2* emission at 126 nm by use of a hollow fiber to guide the high-intensity
laser propagation in high-pressure Ar. A small-signal gain coefficient of 0.05 cm21 was measured at 126 nm by
this method. The increase of the Ar2* emission intensity was measured to be exp(2.5), with an increase of the
fiber length up to 50 cm. Kinetic analysis revealed that the Ar2* production processes were initiated by the
electrons produced by the high-intensity laser through an optical-field-induced ionization~OFI! process. A
rapid conductive cooling of the OFI electrons is favorable to initiate the Ar2* formation kinetics more effi-
ciently. This high-density cold plasma production method should be applicable for other vacuum ultraviolet
rare-gas excimer lasers.
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I. INTRODUCTION

Practical short wavelength lasers in the vacuum ultrav
let ~VUV ! and soft x-ray spectral regions have been des
in various scientific fields. As a result of successful contro
an optical-field-induced ionization~OFI! plasma produced
by a high-intensity laser@1,2# and of a capillary discharge
plasma driven by a compact discharge device@3#, short
wavelength lasers in the soft x-ray region have become m
practical and compact than ever. Development of such c
pact soft x-ray lasers will stimulate other robust excitati
methods@4,5#. Short wavelength lasers in the VUV spectr
region are also in high demand, which are now used eve
industrial application fields. Compact VUV lasers as well
tabletop soft x-ray lasers would be applicable for pho
chemistry, biological science, and new types of mater
processing, since these lasers produce high-energy pho
with high photon flux. There are, however, very few sh
wavelength lasers available that are robust enough for ap
cations. Currently available practical VUV lasers are ArF a
F2 lasers at 193 and 157 nm, respectively, both of which
operated by a compact discharge device with a high rep
tion rate.

In addition to these VUV lasers, there are rare-gas e
mer lasers, which are known to be one of the few high-pow
VUV lasers@6,7#. Their center wavelengths are 126, 147, a
172 nm for Ar2* , Kr2* , and Xe2* , respectively. From the
practical point of view, these wavelengths are long enoug
utilize transmission optics such as MgF2 or LiF. Recently, a
practical compact Kr2* laser was first demonstrated by u
of discharge excitation by our group@8#. Among these rare-
gas excimers, the Ar2* laser produces radiation with th
highest photon energy of 9.8 eV. We have developed a h
peak power (;MW) Ar2* laser by use of an electron bea
excitation method@9#. The electron beam excitation metho
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however, requires a rather large facility with a low repetiti
rate, resulting in limited application fields. An alternativ
excitation method has thus long been desired. Although s
eral excitation methods to realize practical Ar2* laser have
been investigated, to our knowledge no evidence of the la
oscillation has been reported@10,11#.

We have proposed an excitation method to demonstra
practical Ar2* laser using a high-intensity ultrashort puls
laser@12#. Electrons produced by a high-intensity laser w
be utilized to initiate the Ar2* production kinetics. Produc
tion of the initial electrons through an OFI process can
controlled by appropriate choice of the high-intensity las
pulse parameters@2,13#. The controlled characteristics of th
laser-produced electrons should be adequate for the A2*
production kinetics, which may be similarly found in a
electron-beam-generated plasma. In addition, we used an
tical hollow fiber that was placed in a static Ar gas to gui
the focused high-intensity laser pulse. By use of the g
filled hollow fiber, an interaction length could be extend
up to 50 cm, and nonlinear optical effects in free space s
as self-focusing could be controlled@14,15#. It should be
noted that discharge-pumped soft x-ray lasers have alre
utilized a similar gas-filled capillary to produce an extend
pinched plasma column@3,5#.

The OFI rare-gas plasma may actually have more app
priate characteristics than those found in electron-be
generated or discharge-generated plasmas, where tem
and spatial stability of a rare-gas plasma is severely limit
The calculated initial average electron energies of the OF
plasma at the intensity of 1015 W cm22 are 80 and 5 eV,
respectively, for circularly and linearly polarized las
pulses. We, however, have found that the difference of
initial electron energy of the OFI plasma should not be
flected on the behavior of the Ar2* production kinetics. A
large excitation length~50 cm! can be provided by use of
hollow optical fiber installed in a pressurized Ar cell. T
compensate for the low excitation energy (;mJ) of the ul-
trashort laser pulse compared with the electron-beam ene
the excitation volume should be limited for the lase
produced plasma. The use of a thin hollow optical fiber w

y,
jp
©2003 The American Physical Society03-1



f

KAKU et al. PHYSICAL REVIEW A 68, 023803 ~2003!
FIG. 1. Schematic diagram o
the experimental apparatus.
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a diameter of 250mm is thus necessary to produce the d
posited energy density of 0.2 J cm23 under our experimenta
conditions. Based on the laser energy that is dissipated in
fiber, a maximum electron density of 1017 cm23 is evaluated.
Judging from the electron energy and density evaluated,
electrons produced by a high-intensity laser should have s
able characteristics to initiate the excimer formation kineti

In this paper, we report on the demonstration of the A2*
production by use of an ultrashort pulse high-intensity la
as an excitation source. Ar2* emission produced by the high
intensity laser was centered at 126 nm with the spec
bandwidth of 10 nm~full width at half maximum, FWHM!.
Kinetic analysis revealed that the electrons produced by
high-intensity laser through an OFI process initiated the
cimer production process. The pulse width of the Ar2* emis-
sion was 18 ns~FWHM!, which was accurately reproduce
by our kinetic simulation. The Ar2* emission intensity was
found to be independent of the initial electron energy p
duced by the OFI process. The electron energy was rap
decreased by conductive cooling in a picosecond time sc
which was adequate for the Ar2* production. As a result, we
have observed a small signal gain of 0.05 cm21 at 126 nm.
The increase of the Ar2* emission intensity was measured
be exp(2.5) with the fiber length of 50 cm. This excitati
method, therefore, has the potential to yield a tabletop A2*
laser at 10 Hz and maybe other rare-gas excimer system
high repetition rate.

II. EXPERIMENTAL SETUP

Figure 1 shows a schematic diagram of the experime
apparatus. The apparatus consists of three elements: a
intensity laser to produce an OFI plasma, a high-pressur
gas cell (;10 atm) where a hollow fiber is installed, and
VUV detection system. A Ti:sapphire laser at 780 nm p
duced the maximum output energy of 1.5 mJ with a pu
width of 150 fs at a repetition rate of 10 Hz. The laser pu
was focused inside the pressurized Ar gas cell by use
planoconvex lens with a focal length of 30 cm. The focus
laser intensity was measured to be 1015 W cm22 at the focus.
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According to the Ammosov-Delone-Krainov theory@16#, this
laser intensity was high enough to selectively produce sin
ionized Ar ions that would relax to Ar* , a precursor of the
Ar2* excimer@6#. This laser intensity was necessary to yie
the excimer emission. Optical hollow fibers with a diame
of 250 mm were installed in a high-pressure Ar cell. Diffe
ent lengths of 15, 30, and 50 cm were chosen to guide
focused high-intensity laser pulse. The distance between
lens and the fiber entrance was kept same for all the fiber
keep the focused laser intensity constant. Time-integra
emission spectra from a fiber were detected by a VUV m
crochannel plate coupled to a VUV spectrometer. Typi
spectral resolution was better than 0.5 nm. Emissions fr
an Ar plasma were observed on the high-intensity laser a
For some measurements, a band-pass filter for the 126
radiation was used to minimize the intense stray light cau
by the excitation laser radiation. Since the solid angles
served by the detection system were different for VUV em
sions coming out of the three fibers, solid angle correct
was carefully performed by measurement of the beam pat
of the visible laser radiation at the fiber exit. We assum
that the beam pattern of the VUV emission was also sub
to that of the excitation laser because of the high aspect r
of the hollow fiber. The temporal behavior of the Ar2* emis-
sion at 126 nm was measured by use of a fast VUV pho
multiplier tube connected to a 2-GHz sampling digital osc
loscope. All equipment was connected to a perso
computer for data acquisition and processing.

III. ARGON EXCIMER PRODUCTION
BY A HIGH-INTENSITY LASER

Figure 2 shows a typical time-integrated emission sp
trum of an Ar plasma produced by a high-intensity las
irradiation. The linearly polarized laser beam was focus
into 10-atm Ar at the laser intensity of 1015 W cm22. A hol-
low fiber was not used for this measurement. We obser
Ar2* fluorescence emission centered at 126 nm, with a sp
tral bandwidth of 10 nm~FWHM!. This bandwidth has a
typical value of spontaneous emission of the Ar2* , and
3-2



ita
e

-
fte
th
c

iz
d
a

A
ro
ta

ec
er

80
d

arge
r
o
the
a-

ow
g
eri-

l
d

ted

n of
axi-

mer
ive
g
the
f

ron
ted

-
res-
t

ee-

c-
n
an

tive

VACUUM ULTRAVIOLET ARGON EXCIMER PRODUCTION . . . PHYSICAL REVIEW A68, 023803 ~2003!
shows a value similar to those observed in different exc
tion methods@17#. The fifth-order harmonic emission of th
Ti:sapphire laser was also observed at 156 nm. It should
noted that the Ar2* spontaneous emission intensity is com
parable to that of the coherent fifth harmonic emission a
solid angle correction. Spectral features overlapping on
126-nm continuum were due to absorption of impurities su
as nitrogen and oxygen.

Figure 3 shows the intensities of the Ar2* and the fifth
harmonic emissions as a function of the degree of polar
tion of the high-intensity laser beam. A circularly polarize
laser beam corresponds to the angles at 0° and 90°,
linearly polarized laser beam is at 45°. The Ar2* emission
intensity was independent of the degree of polarization.
the nonlinear optics predicts, the fifth harmonic intensity p
duced the maximum and minimum when the fundamen
laser beam was linearly and circularly polarized, resp
tively. The electron energy of the OFI plasma should be v

FIG. 2. Emission spectrum of Ar2* and fifth harmonic radiation
produced by high-intensity laser-produced electrons.

FIG. 3. Ar2* and fifth harmonic emission intensities as a fun
tion of the degree of the laser beam polarization. Circularly a
linearly polarized beams correspond to the angles of 0° or 90°
of 45°, respectively.
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sensitive to the polarization of the laser beam@13#. The cal-
culated average electron energies of the Ar plasma were
and 5 eV, respectively, for circularly and linearly polarize
laser pulses under our experimental conditions. Such a l
energy difference should have been reflected in the A2*
production kinetics. The Ar2* emission, however, shows n
dependence on the laser beam polarization, indicating
rapid electron cooling in the Ar plasma after the plasm
initiating laser pulse. In a collisionless regime, the heat fl
was simply limited by the maximum flux. A fast coolin
behavior of the OFI plasma has thus been evaluated num
cally based on the energy transport of electrons@18,19#. The
electron energy of the OFI plasma is represented as Eq.~1!,

kTe5~kTe!0expF2
2

3

f ~ve!0t

Dx G , ~1!

wheref is the flux limit, (ve)0 is the initial electron therma
velocity, (kTe)0 is the calculated initial electron energy, an
Dx is the radius of a plasma column.

Figure 4 represents the temporal behavior of the estima
electron energies by use of Eq.~1!. Initial electron energies
of 5, 40, and 80 eV were assumed with the plasma colum
30 mm, which was the same as the laser spot size. The m
mum flux limit of 0.6 was used@18#. Even if the initial
electron energies seem to be too high for the argon exci
production, they decrease to a few eV by the conduct
cooling within 50 ps for all cases. This conductive coolin
proceeds much faster than any of the other kinetics for
Ar2* production, which occurs typically on the order o
nanosecond time scale. The difference of the initial elect
energy of the OFI plasma, therefore, should not be reflec
on the behavior of the Ar2* emission intensity.

The Ar2* emission intensity at 126 nm quadratically in
creased with the Ar pressure as shown in Fig. 5. This p
sure dependence of the Ar2* emission intensity indicates tha
the excimer production kinetics is governed by the thr

d
d

FIG. 4. Decrease of calculated electron energies by conduc
cooling of electrons.
3-3
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KAKU et al. PHYSICAL REVIEW A 68, 023803 ~2003!
body association process such as Ar* 12Ar→Ar2* 1Ar.
This production process becomes efficient under our h
pressure Ar conditions. It should be noted that Ar dim
played an important role in the direct production of Ar2* in
our previous observations@12,20#, where dimers were pre
pared by a supersonic Ar gas jet. This dimerization w
however, negligible in the present static high-pressure
condition.

Figure 6 shows the temporal behavior of the Ar2* emis-
sion at 126 nm. The open circles represent the experime
results. The duration of the Ar2* emission was 18 ns
~FWHM!. This emission time could be long enough for o
to construct an optical cavity for possible laser operation
small hump at around 50 ns is believed to be an experime
artifact. The solid curve represents the calculated temp
behavior of the Ar2* emission by use of our kinetics cod

FIG. 5. Pressure dependence of Ar2* emission intensity.

FIG. 6. Temporal behavior of Ar2* emission. The open circle
represent the experimental results. The calculated temporal be
ior of the Ar2* emission is shown by the solid curve.
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Initial electron energy and density were assumed to be 5
and 1017 cm23, respectively. The electron cooling proce
given by Eq.~1! was included in the calculation. The agre
ment verifies that the electrons produced by the hi
intensity laser through an OFI process initiated the excim
formation kinetics with the assumed initial conditions. No
that no excimer emission was observed when a s
breakdown plasma was produced by a nanosec
Q-switched Nd:YAG~YAG, yttrium aluminum garnet! laser
@12,21#. Inverse bremsstrahlung process and the follow
electron avalanche in a nanosecond laser-produced pla
produced highly uncontrolled plasma conditions, which w
in contrast to those observed using a high-intensity la
Coupling of nanosecond laser energy into a plasma in a
is known to be very high, leading to a high-density, hig
temperature plasma, almost behaving like a black body
diator @21,22#. Although such a high-temperature plasm
cools down by fast expansion into an ambient gas, the d
sity to maintain a gain will also decrease very rapidly, resu
ing in very limited plasma conditions for the optimum argo
recombination scheme.

IV. GAIN OBSERVATION AT 126 nm
BY USE OF A HOLLOW FIBER

We have used optical hollow fibers to propagate a focu
laser pulse, leading to the further extension of the interac
length. Figure 7 shows the plasma-initiating laser ene
transmission as a function of the hollow fiber length
vacuum. The input laser energy was fixed at 1.2 mJ for
fiber lengths. Output laser energies through hollow fib
were measured by use of a power meter. The transmis
linearly decreased with the fiber length by linear propagat
loss, which was mainly attributed to the mode mismatch
tween the focused laser beam and the fiber. This propaga
loss could thus have been reduced by mode matching of
loosely focused beam into a hollow fiber. The focused la
intensity, however, was not high enough to yield the excim
emission for the loosely focused beam, since the laser ou
energy was limited in the present condition. Based on
laser energy that is dissipated in the Ar-filled hollow fibe
the deposited energy density of 0.2 J cm23 was evaluated. A
maximum electron density of 1017 cm23 was also estimated

av-

FIG. 7. Fiber length dependence of the transmission of the
citation laser energy in vacuum.
3-4
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under the condition where only neutral Ar atoms were se
tively ionized to singly ionized Ar1 ions.

Together with the transmission characteristics of the hi
intensity laser pulse in a hollow fiber, the focused laser be
patterns were measured as shown in Fig. 8. The input b
pattern was approximated as a Gaussian@Fig. 8~a!#. After the
50-cm fiber propagation, the beam patterns yielded sim
Gaussian shapes both in vacuum and in 10-atm Ar, as sh
in Figs. 8~b! and 8~c!, respectively, indicating negligible non
linear beam breaking phenomena in a hollow fiber. Num
cally estimated pulse broadening of the excitation laser p
was also negligible under our experimental conditions. T
excitation laser intensity was thus kept constant during pu
propagation inside a fiber.

Figure 9 represents the nonlinear increase of the A2*
emission intensity as a function of the fiber length. Thr

FIG. 8. Comparison of the beam profiles at the entrance an
the exit of a hollow fiber. The incident laser beam profile is sho
in ~a!. Output beam profiles are~b! and~c!. Beam profiles of~a! and
~b! are taken in vacuum. Profile~c! is observed after 50-cm propa
gation in 10-atm Ar.

FIG. 9. Excimer emission intensity as a function of the fib
length. A small-signal gain coefficient of 0.05 cm21 is evaluated.
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fibers with lengths of 15, 30, and 50 cm were used. The
pressure was 4 atm. The laser intensity was 1015 W cm22, so
the laser beam was focused more tightly than the diamete
the hollow fiber. This tight focusing was necessary to yie
the excimer emission as described above. Based on
fiber-length dependence of the emission intensity, a sm
signal gain of 0.05 cm21 was evaluated at the estimate
deposition energy density of 0.2 J cm23 @23#. Note that this
is, to our knowledge, the first observation of a reasona
gain coefficient at 126 nm other than the electron-bea
pumped Ar2* laser. This gain value was approximately
third of that of the electron-beam-pumped Ar2* laser @9#,
which may reflect the difference of the deposited energy d
sity. The resulting emission intensity increase was exp(2
with the fiber length of 50 cm. We, however, observed
indication of the spectral narrowing of this emission, ev
when the fiber length was changed. Experimentally, it see
to be justified since the amplification factor~or gL product!
of the 126-nm emission is on the order of 10. This value m
be too small to induce the spectral narrowing in the pres
rare-gas excimer system. The spectral narrowing of the s
lar excimer emission was observed only when the amplifi
tion factor of more than one hundred was realized with
appropriate optical cavity@8#. Our kinetics code also predict
that there should be very little spectral narrowing in th
cavityless amplification scheme with an amplification fac
of around ten.

The further increase of the fiber length and the constr
tion of an optical cavity would lead to stimulated emission
126 nm. This high-density cold plasma production by a hig
intensity laser, therefore, becomes a promising method
pumping other VUV gas lasers where optimum plasma c
ditions in discharge or electron-beam-generated plasmas
technically difficult to be achieved.

V. SUMMARY

We have demonstrated the Ar2* excimer production by
use of an ultrashort-pulse high-intensity laser. The Ar2*
emission was centered at 126 nm with the spectral bandw
of 10 nm ~FWHM!. Kinetic analysis revealed that the exc
mer production process was initiated by the electrons p
duced by the high-intensity laser through an OFI proce
The pulse duration of the VUV fluorescence emission was
ns~FWHM!, which was accurately reproduced by our kine
simulation. The Ar2* emission intensity was independent
the initial electron energy, indicating the rapid electron co
ductive cooling in a picosecond time scale. We have
served a small-signal gain of the Ar2* emission by use of a
hollow fiber to guide the high-intensity laser propagation
high-pressure Ar. A small-signal gain coefficient was me
sured to be 0.05 cm21 at 126 nm. The increase of the Ar2*
emission intensity was measured to be exp(2.5) with the
ber length of 50 cm. The high-density cold plasma produc
by a high-intensity laser was thus adequate for the Ar2* pro-
duction and maybe for other VUV gas laser media.
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