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Abstract. Measurements of tuning ranges for narrow-bandwidth (49~ 0.3 cm ™ 1) radiation
amplified in KrF and ArF laser amplifiers are reported. Generation of high-order anti-
Stokes Raman lines in H, down to 116 nm is described as well as measurements of the
corresponding tuning ranges. Generation of rotational side-bands opens the possibility to
tune most of the vacuum-ultraviolet (vuv) lines over intervals in excess of 1400 cm ™.
Absolute values of the power measured for the various vuv lines are communicated.

PACS: 42.65, C, 42.60.B

Discharge-pumped noble gas halide lasers represent
interesting sources for the initiation of nonlinear
optical processes because of their high output power.
The beam quality, often unsatisfactory with standard
single stage lasers, can be considerably improved by
unstable resonators or — especially in the case of the
ArF laser — by oscillator-amplifier combinations. This
allows the application of such lasers to the generation
of short wavelength radiation by stimulated Raman
scattering (SRS). If the power density is sufficient, very
high-order anti-Stokes (AS) Raman lines can be gen-
erated. The basic theoretical concepts are given in
several articles [1-3].

Especially short wavelengths down to the far vuv
can be generated in H, as the nonlinear medium [4].
The favourable Raman cross-section [ 5] together with
the large Raman shift per step of 4155.247 cm ™! [6]
and the weak dependence of the refractive index on
wavelength [7] as well as good transmission down to
110.8 nm [8] are responsible for this advantageous
behaviour.

The ArF and KrF noble-gas halide laser media are
of special interest in this context since the wavelength
of the emission of KrF at 248 nm and ArF at 193 nm is
already close to the vuv. In addition, the transition
schemes of these molecules indicate a fluorescence
band broad enough to allow tuning of the laser
wavelength in a spectral range of a few manometers.

Tunable vuv radiation is of interest in many fields
of research. Besides applications in atomic and mole-
cular physics, there is a demand for this kind of
radiation for diagnostics in connection with fusion
experiments, where laser-induced fluorescence spec-
troscopy (LIFS)is a well introduced diagnostic tool for
the measurement of concentrations and fluxes of
impurities released by sputtering from the wall of the
plasma-containing vessel. This method has reached a
high standard for metallic impurities in connection
with dye lasers and frequency-doubling [9]. The study
of the behaviour of low-Z materials, however, requires
vuv radiation tuned to the wavelengths of the respec-
tive resonance lines of the impurities. For laser-pulse
durations on the nanosecond time scale, the power has
to be in the kilowatt range [10]. For this application,
the spectral intervals around 166 and 156 nm are of
special interest because of the resonance lines of
carbon, beryllium, boron and silicon. The resonance
triplet of oxygen, a species of central importance as a
plasma impurity, is located close to 130 nm.

Spectral tuning of ArF and KrF lasers has been
reported by several authors (see, e.g., [11]). With
prism-grating combinations, tuning is possible over a
considerable fraction of the width of the fluorescence
band. The spectral width of the laser radiation that can
be obtained by this method is of the order of 10 cm ™2,
If, on the other hand, a narrow line-width well below
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1cm™! is required, this can be obtained by using

additional dispersive elements in the laser cavity, e.g.
intracavity etalons, with the consequence that the
tuning range is considerably reduced to approximately
1 nm in the case of ArF [12]. Assuming such a tuning
range for narrow-bandwidth operation of an ArF laser
as an upper limit to the respective anti-Stokes lines, it
becomes obvious that some but not all of the impor-
tant transitions can be excited.

In several contributions amplification in noble-gas
halide lasers has been reported where the radiation to
be amplified is not supplied by an oscillator working
with the same medium but is generated from dye laser
radiation in connection with methods of nonlinear
optics [13, 14]. This allows to feed the amplifier with
narrow-bandwidth radiation of constant input power
even in the wings of the fluorescence line of the
amplifier medium and to obtain amplification over a
considerably larger spectral interval than with a
conventional oscillator-amplifier combination.

In this paper we report on amplification in KrF and
ArF laser amplifiers and on Raman conversion of the
laser frequency up to vuv wavelengths well below L.
We communicate the tuning ranges and the power
obtained at the various anti-Stokes Raman lines.

Experimental

In the present study, the generation of the laser
radiation to be amplified in ArF and KrF starts with a
XeCl-laser-pumped dye laser (Lambda Physik
EMG 200 E/FL 2002). The radiation to be amplified in
KrF around 248 nm is generated by two methods:
Frequency doubling (SHG) of dye laser radiation (dye
Coumarin 307) in a potassium pentaborate (KPB)
crystal, or, alternatively, by stimulated Raman scatter-
ing in H,. In the latter case radiation around 248 nm is
generated in three anti-Stokes steps starting with dye
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laser radiation (dye DMQ) at 360 nm. The Raman cell
is of the same kind as the one described below in
connection with vuv generation. In both cases we
obtained approximately 0.2mJ at 248 nm. Both
methods require comparable expenses: for SHG in this
wavelength range a KPB crystal is necessary which is
relatively sensitive to damage. A computer-controlled
tuning unit is required to synchronize the stepping
motors of the dye laser grating and of the SHG crystal.
For the Raman conversion, on the other hand, a
hydrogen cell (preferably surrounded with a well
insulated container for liquid nitrogen) has to be
provided. In the latter case, the output radiation
contains all Raman-orders simultaneously.

For amplification in ArF at 193 nm the primary
radiation is generated only by Raman conversion (6™
AS line) of dye-laser radiation at 372 nm (dye QUT: up
to 30 mJ). Up to 60 uJ are obtained under optimum
conditions. For these experiments all optical elements
following the first hydrogen cell are located in a
nitrogen atmosphere to avoid absorption by oxygen.
After amplification in two ArF-laser sections (Lambda
Physik EMG 100 E+EMG 200 E) the energy
amounts to approximately 100 mJ. With optimum
performance of all units including the dye laser, up to
150 mJ are possible. This is also the maximum value we
measured for the amplification in KrF at 248 nm. A
mask adapted to the shape of the amplified pattern is
installed on the exit side of the second amplifier stage.
Its purpose is to screen amplified spontaneous radi-
ation generated in the excimer sections. The operation
parameters of the excimer sections correspond to the
recommendations of the manufacturer: (ArF:
F,—7.5 mbar, Ar—350 mbar, He — 1440 mbar/KrF:
F,—6 mbar, Kr— 120 mbar, He —2370 mbar).

Figure 1 shows the laser system with the hydrogen
cells and the components for the dispersion and power
measurements of the vuv radiation.

Solar—blind
photomultiplier

Dye—Laser Sand—blasted
XeCl Pump-—laser o aste
Q MgF, —plate
First Vuv-
Double—
Raman-— Monochromator
/____Eeom—
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Noble—gas Hallde Amplifler Stages Rarman-—Cell

Fig. 1. Experimental set-up for generation of vuv radiation and power measurements. The version is shown with generation of vuv
radiation by SRS before amplification. Details are explained in the text
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Fig. 2. Pressure dependence of vuv power of different AS lines
generated in liquid nitrogen cooled hydrogen

The three excimer stages are driven from a main
trigger unit. The switching times of the two amplifiers
and the XeCl pump laser can be shifted by a variable
time-delay. The correct setting of the delay is achieved
by observing simultaneously the light pulse generated
in the first Raman cell and the fluorescence radiation of
the amplifier stages and adjusting the time delay until
the amplified signal is optimized. This optimum oper-
ation is recognized easily since the length of the
amplified pulse is considerably shorter (x5 ns) than
the one of the fluorescence (& 15 ns). The quality of the
synchronization of the excimer discharges is cont-
inuously monitored by observing with a photodiode
the weak fluorescence coming off the lateral circum-
ference of the entrance lens of the second hydrogen cell.
With 3-Hz-operation corrections to the delay settings
are necessary after typically one hour.

The amplified radiation is focussed by an f =60 cm
MgF, lens, acting simultaneously as window, into the
second Raman cell. This cell consists of a stainless steel
tube, 120 cm long and 4 cm in diameter. Its central part
is surrounded by an 80 cm long thermally insulated tin
housing, filled with liquid nitrogen. The cooling is
intended to freeze-out contaminations, mainly H,O,
and to give some additional increase in Raman conver-

.sion by narrowing the Raman line width [15]. The
optimum pressure in the case of cooling with LN, is in
the range of 300 mbar as can be seen from Fig. 2 which
shows the pressure dependence of some of the AS lines.
For all measurements described below, the pressure
was kept in this range. An MgF, flat serves as exit
window of the cell.

The output radiation can be attenuated by a set of
meshes with different transmission factors. These
wavelength-independent filters are mounted in a
vacuum chamber on a disc and the appropriate
attenuation can be selected by means of a feed-through
for disc rotation. The radiation is then partially
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reflected off the surface of an Mgk, piate oriented at 45
degrees (Fig. 1) and is focussed by an aluminized
concave mirror. A frosted MgF, plate is located close
to this focal position and illuminates the entrance slit of
a vacuum double-monochromator (two Minuteman
f =200 mm in series with a common intermediate slit).
This relatively complicated optical scheme was chosen
in order to provide uniform illumination of the mono-
chromator despite the various AS orders leaving the
Raman cell with different conus angles. A solar-blind
photomultiplier (EMI Gencom G 26 H 315) was used
to measure the intensities. Its signal —together with the
signal of the photodiode monitoring the amplifier
radiation at the entrance window as mentioned above
—is digitized and stored in a computer. This computer
starts the main trigger of the excimer lasers and also
controls the stepping motors of the two mono-
chromator gratings as well as that of the dye laser.

Measurements

Figure 3 shows the intensities of the laser radiation
amplified in KrF and ArF as function of the wave-
length of the primary radiation. The corresponding
measurements for some of the anti-Stokes lines are
shown in Fig. 4. The spectral intervals in which
Raman-shifted radiation can be generated turn out to
be only slightly narrower than the tuning range of the
primary laser sources. Figure 5 gives the tuning ranges
of the anti-Stokes orders generated with laser radiation
amplified in ArF. In the measurements of these tuning
ranges, only those signals were considered which
correspond to pump-pulse energies within +50% of
the average energy. Fach point in the recording of these
tuning ranges is an average of 20-40 pulses. The peak
occurring within the tuning range of the 117 nm AS
line is caused by stimulated emission in the Werner

Tuning Range in Arf Tuning Range in Krf

192 195 2477 249 251

D\/nm

Fig. 3. Tuning ranges of laser radiation amplified in KrF and ArF
excimer laser amplifiers
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Fig. 5. Tuning ranges of anti-Stokes lines of laser radiation
amplified in ArF laser amplifiers
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Fig. 6. Vibrational transition at 206 nm and rotational satellites
of the 2nd anti-Stokes component generated by 248 nm
radiation. The primary radiation at 248 nm is generated by
Raman-conversion in H, and amplified in KrF laser amplifiers

band following two-photon excitation of hydrogen
into the E, F' X —electronic configuration. This effect
is discussed in a separate publication [16].

The energyin the various AS lines, asshownin Fig. 4
corresponds to the pure vibrational transition which is
generated with linearly polarized radiation. The pulse
durations are 3—4 ns for the lines generated with 193 nm
radiation and 4-5 ns in the other case. If the pump
radiation is elliptically polarized (this can be accom-
plished, e.g., by inserting a slightly tilted MgF’, plate in
front of the Raman cell) we observe additional rotational
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Fig. 7. Probability distribution of the amplitude of 315 anti-
Stokes pulses

transitions separated by 587 cm ™! [6]. These corre-
spond to the S(1) (red satellite) and the associated
AS transition. The red side-line is of comparable
or even higher intensity than the vibrational transition
whereas the blue line is considerably weaker. In case of
the first AS line at 225 nm (generated with 248 nm
radiation), we observe, in addition, higher-order (up to
5) rotational side-lines, equally spaced by 587 cm ™ 1.
For the two highest-order vibrational AS lines (122
and 116 nm), the blue side-lines are not observed.
Figure 6 shows the triplet for the second anti-Stokes
component of KrF.

Especially for high anti-Stokes orders, intensity
fluctuations become important. We have investigated
the statistics of these fluctuations for several AS lines.
Figure 7 shows the situation for the 3rd AS component
at 189 nm, generated with laser radiation amplified in
KrF around 248 nm. For these measurements, only
pump pulses at 248 nm have been included with an
energy within the +10% range of the mean value. The
determination of absolute intensities of the vav Raman
components represents a considerable problem
because the range of intensities covers several orders of
magnitude. In an earlier investigation [14] the relative
spectral sensitivity of the monochromator together
with the solar blind photomultiplier was determined
with the aid of a deuterium calibration lamp. In this
work, we apply an argon arc source developed at NBS
[17]. The continuous vuv spectrum of this “argon
mini-arc” is used for calibration. For this measure-
ment, the mini-arc was located at the position of the
focus in the second hydrogen cell with all the optical
components including the frosted MgF, disc in their
original positions. In order to measure the low inten-
sity, it was necessary to chop the radiation and to apply
lock-in detection. The relative spectral sensitivity
obtained in this way was related to an absolute scale by
recording the first two AS lines generated with radi-
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Fig. 8. Pulse-power of the various AS lines generated by
radiation amplified in KrF and ArF amplifiers

ation amplified in KrF with this monochromator-
photomultiplier combination and by measuring their
energies independently with a laser energy meter
{Gentec type ED 200) after spectral dipersion with a
quartz prism. This calibration yields, together with a
separate measurement of the transmission factors of
the meshes used for attenuation, the power shown in
Fig. 8 of the various AS lines. The values given refer to
the center of the corresponding tuning ranges. The
values are in satisfactory agreement with earlier mea-
surements [ 14] where a deuterium lamp was used. In
view of the various factors influencing these vuv power
measurements, we consider the reported values reliable
within a factor of two or three.

Conclusions

The amplification of laser radiation generated by stim-
ulated Raman scattering (amplification in ArF and
KrF) or by SHG (amplification in KrF) in excimer-
laser amplifiers results in a considerably larger tuning
range compared to tunable ArF or KrF laser systems,
in particular if narrow-linewidths {of the order of some
tenths of a wave number) are important. Focussing of
the amplified radiation in a hydrogen-filled Raman cell
results in simultaneously generated anti-Stokes and
Stokes components of many orders. The vuv radiation
leaves the cell in a conical shape with different angles
for different Raman orders [18].

The investigation of the spectral intervals in which
amplification occurs for KrF and ArF laser media
yields values of 505 and 590 cm ™!, respectively. The
corresponding AS components are generated within a
spectral interval of 440cm™! for excitation with
radiation amplified in KrF and 490 cm ™! for exci-
tation with radiation amplified in ArF except for the
highest anti-Stokes orders where the intervals are
somewhat smaller.

In case of the highest AS order generated with ArF
radiation occurring at 117 nm, we find an intense peak
which is explained as a two-photon excitation into the
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E, F'Z -configuration followed by a subsequent tran-
sition to a neighbouring level of the CII,-
configuration [19] which decays by stimulated emis-
sion to the v=35 vibrational level of the X'X'-
configuration of H,. In addition to this line, a number
of transitions (23 lines) in the Werner and Lyman
bands were observed. Further details are communi-
cated in another publication [16].

The occurrence of rotational side-lines at a spectral
distance of 587 cm ™! opens the possibility to tune the
vuv lines continuously over a spectral interval in excess
of 1400 cm ™! since the tuning range of the central
component exceeds half the spectral distance to the
rotational side-lines.

The reproducibility of the intensity obtained in
high anti-Stokes orders can be summarized as follows:
For the AS lines with wavelengths around 150 nm or
longer, about 50% of the pulse energies are within
+20% of the mean value. In the case of the transition
shown in Fig. 7, the situation is even better. For the
high orders, on the other hand, one can assume that
50% of the pulses are within +50% of the mean
energy.

This bebaviour may be unsatisfactory for some
applications, However, present-day excimer-laser sys-
tems allow repetition rates in excess of ten or even
some 100 Hz. Tt is therefore possible without inaccep-
table increase of measuring time to set limits for the
vuv pulse-powers and to consider only those events
with vuv energies within the specified range. For the
application to fluorescence diagnostics of plasmas, one
has to distinguish situations where the saturation
parameter [20] is much smaller or much larger than
one. In the first case it is possible to monitor the vuv
pump signal together with the fluorescence signal and
to normalize the latter, whereas in the second case the
fluorescence signal is largely independent of the pump
intensity, so that fluctuations can be tolerated.

The measurements described in this paper show
that stimulated Raman scattering of dye-laser radi-
ation and of radiation amplified in excimer sections
represents a powerful and convenient source for tun-
able vuv radiation. If the necessary wavelengths are
Iocated in the long-wavelength part of the vuv, between
200 and 150 nm, and if moderate power in the range of
hundred watts to one kilowatt is sufficient, the opti-
mum choice is SRS with a dye laser [21]. If, on the
other hand, high power especially at shorter wave-
lengths is required, amplification in excimer sections is
necessary. In this case the tuning range is related to the
width of the fluorescence band of the excimers,
although the occurrence of rotational side-lines leads
to tuning ranges of approximately 1400 cm ™! except
for the highest orders. From comparable observations
in the visible and near uv of the occurrence of
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rotational components on both sides of the vibrational
transition [22], we conclude that it is very likely that
with suitably chosen polarization of the pump radi-
ation even higher order rotational side-lines may be
generated. Thus in case of the vuv-AS lines a further
increase of the tuning ranges appears to be feasible.

Raman-converted vuv radiation has been applied
meanwhile to several fluorescence experiments. Atom-
ic oxygen generated in a flow-tube system was
excited and detected with 130 nm radiation [23] as
well as beryllium (which is presently discussed as a
candidate for fusion-machine walls) which was
evaporated in a Knudsen cell [24]. In another experi-
ment, the velocity distribution of carbon atoms sput-
tered off carbon and TiC targets by impinging argon
ions has been determined by application of narrow-
bandwidth radiation at 166 nm using the Doppler
effect. The pump radiation with a line-width of
A9~0.1 cm ™! was continuously tuned and the integral
fluorescence radiation was detected by a solar-blind
photomultiplier [25].

These first applications of Raman-converted vav
radiation show that this vuv source opens new and
interesting possibilities for fluorescence diagnostics of
atoms and molecules.
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