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1. Introduction

Coherent radiation in deep ultraviolet (DUV) and the vacuum
ultraviolet (VUV) spectral range below 200 nm is of great benefit
to both basic science and industrial applications such as angle-
resolved photoemission spectroscopy, photolithography, and
semiconductor metrology!' ). There are several techniques to
produce VUV light: synchrotron radiation, gas-discharge
sources, excimer lasers, free-electron lasers, and frequency
conversion!*®!, All solid-state VUV lasers generated through
frequency conversion, which includes sum frequency mixing
(SFM) and second-harmonic generation (SHG), possess many
advantages such as high photon flux, narrow bandwidth, good
beam quality, and high compactness compared with other VUV
sources. However, the generated shortest wavelength strongly
relies on the nonlinear crystal. For a long time, the shortest
wavelength of SHG has been restricted to the range above
205 nm. With the emergence of the crystal material potassium
fluoro-beryllo-borate (KBBF) and rubidium fluoro-beryllo-
borate (RBBF), direct SHG to wavelengths below 200 nm has
become possible!”*. Unfortunately, these crystals have a plate-
like form along the z axis, and it is very difficult to grow them
thick enough to be cut at the angles needed in phase matching
for frequency conversion. A special KBBF prism-coupled device
(PCD) makes it possible to realize the phase-matching condition
for producing VUV light through frequency conversation',
Since the first all-solid state VUV lasers were obtained in
KBBF-PCD, serials of VUV lasers based on KBBF-PCD have
been reported with a pulse train and continuous wave!'*'?,
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We report the generation of quasi-cw vacuum ultraviolet (VUV) light at 160 nm with a repetition rate of 82 MHz by two
second-harmonic generations and one sum frequency mixing. The VUV laser light is produced as a fifth-harmonic gener-
ation of a mode-locked ps Ti:sapphire laser system by successive stages with nonlinear crystals of LBO and KBBF. A stable
generation of laser light at 200 nm for more than 6 h is the most important step for obtaining the generation of light at a
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Recently, lots of remarkable achievements were reported in
the frequency doubling of laser light to below 200 nm using
KBBF-PCD. For instance, watt-level average power has been
obtained with a tunable range of 185-200 nm at a low repetition
ratel'?). Meanwhile, a high-average power out in the wide range
of 170-232 nm was also realized by fourth-harmonic generation
of a high repetition rate Ti:sapphire laser!*!. However, it is a
great challenge to generate the radiation below 170 nm due to
the fact that the transmission dramatically decreases and the
absorption loss strongly increases with decreasing wavelength.
In fact, only a few works have been reported on the generation
of VUV below 170 nm.

The wavelength can be further shortened when high har-
monic generation is employed. Usually, gas nonlinear media
are adopted. Recently, it has been extensively employed to gen-
erate the frequency comb with intracavity enhancement or
extracavity enhancement structures">”). For example, a fre-
quency comb with a wavelength of below 100 nm is obtained
by high harmonic generation in Xe gas media. Harmonics up
to the 19th order have been observed"®!. A compact and robust
system can be realized by high-order harmonic generation of a
fiber laser!"**%),

In frequency conversion, the convenient way is SHG or cas-
caded SHG. This is because, in SHG, only one input light beam
is required. However, the phase matching condition limits the
generated light wavelength. Based on Sellmeier equations, it
was predicted that VUV light at a wavelength of 161 nm is lim-
ited by direct SHG with KBBF, and 167 nm light is produced
by eighth-harmonic generation'*"*?). To produce shorter
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wavelength light with higher photon energy, the SFG becomes
important**?*, In SFG, two beams with different wavelengths
are required, and both spatial matching and temporal matching
between two beams also become necessary. Although several
experiments have demonstrated that generation of a wavelength
below 150 nm is possible by SFG, the generation of such light
with a high repetition rate is necessary to achieve high resolution
and high signal-to-noise ratio in the application of photoelec-
tron spectroscopy[25 201 1t is also required for investigating
dispersion relations of refractive indices of KBBF at the short
wavelength side.

In this paper, we report the generation of quasi-cw VUV light
at 160 nm with a repetition rate of 82 MHz by cascaded SHG and
one SFG. The 160 nm laser light is produced as a fifth-harmonic
generation of a mode-locked ps Ti:sapphire laser system. The
two SHGs provide 7.5 mW output at 200 nm with a stability
of more than 6 hours. We check the generated 160 nm light with
alock-in amplifier technique. Several nW with a photon number
per longitudinal mode per second of about 10° is estimated using
the measured fifth-harmonic signal.

2. Experimental Setup

The schematic of our experimental setup is shown in Fig. 1. The
fundamental light source is a mode-locked Ti:sapphire laser
(Spectra-Physics, Tsunami) with a maximum power of 1.4 W,
a pulse duration of 2.0 ps, a wavelength of 800 nm, and a rep-
etition rate of 82 MHz, which is pumped by a frequency-doubled
Nd:YVO, laser (Coherent VerdiV10). The output beam of a
Ti:sapphire laser was split by a beam splitter (70:30). The 70%
fundamental light power was used for the fourth-harmonic gen-
eration (FHG), and the rest was employed for the fifth-harmonic
generation. For generating the second-harmonic light (SH, 2w),
we employed a cavity enhanced SHG, in which an LBO crystal is
chosen as nonlinear media because of its low dispersion and
small walk-off angle. In the first stage SHG, more than 600 mW
of output at 400 nm was obtained with an input power of 1.2 W.
The details of our first stage have been reported in our previous
papers?”**) In the second stage SHG, we generated the laser
light at 200 nm by single-pass configuration SHG, in which a
KBBF-PCD is employed. The polarization of light is rotated
to meet the phase-matching condition with a half-wave plate
(not shown in Fig. 1). The KBBF-PCD consists of a KBBF with
a thickness of 2.3 mm and a pair of fused-silica prisms with an
apex angle of 55 degrees. In the third stage, an SFG is used to
produce fifth-harmonic light (5w) with fundamental light ()
and the generated fourth-harmonic light (4w). A KBBF-PCD,
which is placed in a vacuum chamber to avoid absorption of
VUV radiation by oxygen gas, was employed. When the funda-
mental wavelength is 800 nm, the type I phase-matching angle
of the SFG process in KBBF crystal is estimated to be around
57 degrees*>*),

Based on the previous reports, the generated VUV light
at 160 nm with power of several nW was estimated*>*°!. To
detect such a low signal with high signal-to-noise ratio, a
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Fig. 1. Schematic of experimental setup.

Second stage SHG

lock-in amplifier is employed. To do this, a chopper wheel is
inserted in the fundamental beam to modulate it. For the
detector, a phototube (Hamamatsu R1187, response spectrum
115-200 nm) is used. The lock-in amplifier measured only
modulated signals of produced light at a wavelength of 160 nm.
The SFM occurs only when the fundamental pulse train and
fourth-harmonic pulse train simultaneously arrive at the KBBF
crystal. Thus, a movable prism was employed for temporally
delaying the fundamental light, and the output of the lock-in
amplifier was recorded when the prism was linearly scanned
with a motor. To check the spatial and temporal mode-matching
between the fundamental light and fourth-harmonic light, we
check the interference between two SH lights, in which one is
the unconverted SH from KBBF and the other one is generated
by fundamental light with another LBO crystal inserted in the
fundamental light beam. A visibility of more than 60% was
observed.

3. Stable Generation of Fourth Harmonics at 200 nm

For generation of light at 200 nm, a single-pass configuration
SHG is employed. The phase-matching angle of KBBF in
type-I SHG depends on the fundamental wavelength. To obtain
a perfect phase-matching angle, the KBBF PCD was mounted on
a rotating stage. Hence, the incident angle can be adjusted by
rotating the stage. The generated DUV at 200 nm and funda-
mental UV wave can be separated through the rear prism based
on the different refractive indices. A thermal power meter was
used to measure the power of the produced 200 nm light.
Figure 2 gives the measured output powers for 200 nm at differ-
ent input powers of 400 nm. A maximum output power of about
21 mW was obtained at the input power of 580 mW. This cor-
responds to a conversion efficiency of 3.6%. The curve in Fig. 2
was well fitted by P, = Ex P2, with an Ey = 0.06 W™!. This
Eyp, is much better than the previous experimental reports
and indicates that an optimal performance is obtained?”). It also
shows that the output power can be further improved by increas-
ing the input power. Unfortunately, the high output power was
hard to maintain, and it dropped significantly as the pumping

051901-2



Chinese Optics Letters

30

25+

20t

15

10

Output pyv power [mW]

0 100 200 300 400 500 600 700
Input UV power [mW]

Fig. 2. FH output power by a single-pass frequency doubling configuration
with KBBF-PCD. The filled circles are experimental data, and the curve is best
fit with Poye = En P, giving Ey. = 0.06.

continued increment. This phenomenon was also observed in
our previous reports'>”**], Hence, stable operation of the system
is more attractive.

Recently, stable operation of the frequency conversion system
with KBBF-PCD was extensively investigated, and some reasons
of instability were summarized. One reason considered is a heat-
ing up of crystal, which induces phase mismatching by gener-
ated harmonic light. Usually, it can be avoided by actively
controlling the temperature of crystal. Unfortunately, no signifi-
cant improvement was achieved even when the temperature of
crystal was controlled for the pulse laser®'*), But temperature
control is very important when a continuous wave laser light is
employed for frequency conversion!'?!. Another reason consid-
ered is the destruction of crystal by strong input and output light.
Hence, the system was desired to operate at low input power,
and some experimental results show that a stability of over
1 h was obtained with a low input power®*** It was also dem-
onstrated that another effective method to obtain stable opera-
tion is using a thinner KBBF**!, All these methods are at the cost
of conversion efficiency. It seems more challenging to keep the
high power and high stability operation of the system. To obtain
a long-term stable operation and a reasonable power for sum
frequency mixing, the input power of 400 nm light was reduced
to 400 mW. Figure 3 gives one case of our long-term operation of
FH generation for single-pass configuration KBBF-PCD. It indi-
cates an average power of 7.5 mW (corresponding to a conver-
sion efficiency of 1.9%) and peak-to-peak fluctuations of 4.8% in
6 h. To our best knowledge, this is the most stable operation for
generation of VUV light. This stability is convenient for the next
step of generation of 160 nm light.

4. Generation Vacuum Ultraviolet Light at 160 nm

The generated 4w beam is recollimated after the KBBF-PCD
and combined with the remaining fundamental beam (about
350 mW) to be focused onto another KBBF-PCD, which is
placed in a vacuum chamber by a lens with a focal length
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Fig. 3. Long-term measurement of the generated FH power at an incident UV
power of 400 mW.

of 200 mm. The chamber keeps a pressure of 107> Pa during
the experiment. To detect the fifth-harmonic signal, the output
of the lock-in amplifier was recorded when the delay of the fun-
damental beam is scanned. A clear peak, which indicates the
generation of 5w, is observed as shown in Fig. 4. The peak
has a full width at half-maximum of about 600 pm correspond-
ing to the pulse width of fundamental light. The angle of the
KBBF crystal and focusing of the incident beam were optimized
by maximizing the output signal. The maximum generated
power at 160 nm is estimated to be about 2 nW using the pro-
vided values of the phototube sensitivity. The conversion effi-
ciency seems rather poor compared to recent work®® since a
higher repetition rate laser is employed in the present experi-
ment. The power of generation may be improved by employing
low repetition lasers, which have a strong peak power. This is
most probably due to the absorption in the KBBF crystal, which
strongly depends on the quality of the crystal at the low wave-
length range. Further improvement is expected by employing a
KBBF crystal with the new method growth.
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Fig. 4. The output signal of lock-in amplifier depends on the optical delay of
the fundamental light.
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Fig. 5. The 5o signal measured by changing parameters. (a) The 5w signal
plotted against the power of fundamental light. (b) The 5w signal versus
the crystal-angle.

To further confirm the generation, the strength of the
achieved 5w signal was also measured by changing power of
the fundamental beam and the KBBF angle. Figure 5(a) gives
the measured lock-in amplifier output when the fundamental
power was changed. It indicates that the 5w signal scales lin-
early to the fundamental power as expected. Figure 5(b) shows
the obtained 5w signal strength as a function of the incident
KBBF angle. The squares give the measured data while the
curve shows a theoretical fitting obtained by introducing a
mismatching parameter. The results indicate that a full width
at half-maximum (FWHM) of the temperature tolerance is
about 2°C.

5. Conclusion

In conclusion, we have demonstrated the generation of quasi-cw
vacuum ultraviolet light at 160 nm with a repetition rate of
82 MHz by two SHGs and one SFM. More than 6 h of stable
operation of generating 200 nm light at power of 7.5 mW was
obtained. The generated coherent quasi-cw VUV can be used in
many applications, such as the study of high-temperature super-
conductivity with angle-resolved photoelectron spectroscopy.
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