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Abstract

A two-color femtosecond pump beam (800 and 1200 nm) and a one-color femtosecond probe beam
(267 nm) were focused into a hydrogen gas to generate high-order Raman sidebands in the spectral
region of 172 - 343 nm. The efficiency of frequency conversion to neighboring Stokes/anti-Stokes
emission was 18%. Simultaneously, vacuum-ultraviolet stimulated emission was observed at 154.2
nm with the assistance of four-wave Raman mixing. This observation was explained as a Lyman

transition (B 'Z," — X '%,") of the hydrogen.



1 Introduction

A variety of techniques have been developed for generating ultrashort optical pulses for spectroscopic
and spectrometric studies in the ultraviolet (UV). For example, a deep-ultraviolet (DUV) femtosecond
pulse has been generated at several wavelengths simultaneously and utilized in two-photon ionization
mass spectrometry of organic molecules, such as pesticides, explosives, and nerve-agent metabolites
in trace analyses [1]. A vacuum-ultraviolet (VUV) photon has sufficient energy for single-photon
ionization; thus, a VUV femtosecond pulse would be a more versatile ionization tool.

In 1965, stimulated VUV emission was first proposed for the C'TT, — X '%," Werner transitions
of molecular hydrogen in the 110-nm range [2]. In computer simulations, lasing was predicted in the
range of 102.5-123.9 nm [3]. However, there are more electrons with sufficient energy to excite the
B(v’=1-7)'%," state rather than the C 'T1, state in a discharge [2]. In 1970, sub-nanosecond VUV laser
action was first observed for a series of Lyman bands based on the discrete transition B(v’) '%,"—X(v"")
'3," in a fast electric discharge using a Blumlein parallel-plate [4,5]. Laser emissions appeared from
158.074 nm (v’=7) to 161.318 nm (v’=5) [4], and from 156.73 nm (v’=8) to 157.18 nm (v’=2), where
v’ was the vibrational quantum number in the upper state [5]. In 1978, it was theoretically predicted
that stimulated VUV emission could be observed from the Lyman bands (122 - 170 nm) by selective
excitation, e.g., by optical pumping using the radiation from hydrogen arcs or energetic transitions in
argon discharges [6]. However, it is essentially difficult to use a discharge technique for generating a
femtosecond VUV pulse, thus making the application to femtosecond spectroscopy such as
femtosecond time-resolved photoelectron spectroscopy difficult [7,8].

There are several approaches for the generation of ultrashort VUV pulses. A KBe2BOsF; crystal
has been used to generate harmonics down to 149.8 nm [9,10]. This approach, however, suffers from
phase mismatching below 200 nm because of the large group-velocity dispersion of the material. This
restricted the pulse width to 100 fs, although a different type of material could generate shorter optical
pulses. Another approach is four-wave mixing (FWM) in a noble gas such as argon or krypton or a

solid material [11,12]. However, the conversion efficiency has been limited to 1% or less [13,14].



The efficiency of FWM can be significantly improved when a Raman transition is used, i.e., four-
wave Raman mixing (FWRM). With molecular hydrogen as a medium, many Raman sidebands have
been generated from the DUV to the near-infrared (NIR) region [15,16]. Hydrogen is one of the most
efficient media for the Raman and produces the largest vibrational shift (4155 cm™). With a two-color
beam consisting of an 800-nm fundamental and a 1200-nm Stokes beam, which are separated by the
Raman shift frequency (4155 cm™), Raman sidebands were generated to the 9th-order anti-Stokes
emission (200 nm) [17-19]. The conversion efficiency to neighboring anti-Stokes emissions
approached 27%.

For efficient generation of Raman sidebands in the DUV-VUV region, a pump-probe technique
has been developed whereby hydrogen was resonantly excited by FWRM to its first vibrational level
by an 800-, 1200-nm two-color pump beam. The coherent vibration of the hydrogen frequency-
modulated a probe beam, producing high-order Stokes and anti-Stokes sidebands in the vicinity of the
probe wavelength. For a 267- or 200-nm probe beam, high-order anti-Stokes beams were generated
down to 185 nm [17-19]. However, the efficiency of the high-order Raman generation was limited by
anomalous dispersion and thus significant phase mismatching in the DUV-VUV region.

It is suggested using a different type of optical configuration, referred to as BOXCARS (crossed-
beam, phase-matched, coherent anti-Stokes Raman scattering spectroscopy), for better phase matching,
whereby three beams consisting of two-color pump and one-color probe beams are non-collinearly
focused into the Raman medium. This approach has been successfully utilized for efficient generation
of high-order anti-Stoke Raman sidebands in a solid material such as a diamond crystal having large
dispersion [20].

In this study, high-order Raman sidebands were generated via FWRM by focusing a two-color
(800-nm, 1200-nm) femtosecond pump beam and a 267-nm femtosecond probe beam into molecular
hydrogen, as shown in Fig. 1. By using a BOXCARS optical configuration shown in Fig. 2 (A), anti-
Stoke emission was generated down to 172 nm (fifth order). Simultaneously, stimulated VUV

emission was observed at 154.2 nm, which was explained as a Lyman transition from the B !%,"

electronic excited state prepared by FWRM to the X 1X4* ground state.



2 Materials and Methods

2.1 Pump beam

Figure 2 (B) shows the scheme of the experimental setup used in this study. A fundamental beam of a
Ti:sapphire laser (800 nm, 35 fs, A4 =16 nm, 3.6 W, 1 kHz, Legend Elite, Coherent) was divided into
two beams with a beam splitter in an optical parametric amplifier (OPA, OPerA Solo, Coherent). The
first beam (17 %, 610 mW) was one component of the two-color pump beam. The other beam (83%)
was used by the OPA to generate a 1200-nm Stokes beam (35 fs, A4 = 100 nm, 450 mW) for the
second component of the two-color pump beam. The Stokes polarization was rotated with a half-wave
plate (HWP) to be parallel to that of the fundamental beam. These beams were combined with a
dichroic mirror (DM-2), and temporally overlapped with a delay stage (DL-1). The two-color beam

was focused into a gas cell with a 750-mm-focal-length concave mirror (CM-1).

2.2 Probe beam

The remaining part (1.6 W) of the fundamental beam from the OPA was used for third harmonic
generation of the probe beam. A BBO type | crystal (BBO-1) was used to generate the second
harmonic and a BBO type Il crystal (BBO-2) was used to generate the third harmonic by sum-
frequency mixing the fundamental and second harmonic beams. A time plate (TP) was used to
compensate for the time delay of the second harmonic beam relative to the fundamental beam, and a
dual-wave plate (DWP, half-wave for 800 nm, one-wave for 400 nm) was used to adjust the
polarizations. The third harmonic emission (39 fs, A4 = 2.6 nm, 60 mW) was isolated with a dichroic
mirror (DM-1), the pulse width being determined with an in-house self-diffraction frequency-resolved
optical gating system. The time delay of the probe pulse with respect to the two-color pump beam was
adjusted with a delay stage (DL-2) to generate the maximum number of Raman sidebands. The third
harmonic probe beam was focused into the gas cell with a 500-mm-focal-length concave mirror (CM-
2) and combined with the two-color pump beam with a dichroic mirror (DM-3). Note that the

directions, the focal points, and the diameters at the focal points (beam divergences) should be



carefully optimized. Otherwise, mismatching/misalignment decreases the efficiency in the generation

of the Raman sidebands.

2.3 Raman cell

A Raman cell was filled with a hydrogen gas, the pressure of which was monitored with a pressure
meter (AP44, Keyence). Calcium fluoride (CaF2) windows on both sides of the cell were 0.5-mm thick
to minimize dispersion. The cell was directly connected to a vacuum chamber to avoid VUV

absorption by air.

2.4 Measurement of optical parameters

The input powers of the 1200-nm, 800-nm, and 267-nm beams before entering the gas cell were 200
mWw, 300 mW, and 32 mW, respectively, as measured with a power meter (FieldMate and FieldMaxI1-
TO, Coherent). The DUV-VUV beam generated in the cell was focused by a 50-cm-focal-length
concave mirror (CM-3) and isolated by a dichroic mirror (DM-4). The emission spectrum was acquired
either with a DUV spectrometer (DET-MAYAPRO-UV, 190410 nm spectral range, 5-um slit width,
0.16-nm spectral resolution, Ocean Optics), or a VUV spectrometer (DET-MAYAPRO-UV, 145-360
nm spectral range, 25-um slit width, 0.26-nm spectral resolution, Ocean Optics). The VUV
spectrometer was purged with nitrogen to avoid VUV absorption by air. The pulse width was not
measured in this study, due to limited phase matching and light transmittance of a nonlinear optical
crystal in the VUV region. The output power was not measured due to a low pulse energy of the VUV
emission; it is difficult to calibrate the spectral response of the VUV spectrometer since no standard

lamp is available in this spectral region.



3 Results and Discussion

3.1 Generation of Raman sidebands

In FWRM, the Raman sideband intensity increases with the square of the sinc function [17]. Therefore,
phase matching of Ak=2kr—ksi—kas1=0, where kg, ks1, and kas: are the fundamental, Stokes, and anti-
Stokes wave vectors, respectively, is required for efficient sideband generation. The cross angle
between the beams is usually zero (i.e., a collinear configuration) for a low-pressure gas-phase Raman
medium. Numerous NIR Raman sidebands can be generated with hydrogen gas in the collinear
configuration [17]. However, a BOXCARS configuration provided better phase matching in the
DUV-VUV region because of the large dispersion, although the length of interaction between the laser
beam and the Raman medium decreases. Raman sidebands can be suppressed in the vicinity of the
two-color NIR beam in the BOXCARS configuration because of poor phase matching arising from
the cross-angled beams and the limited length of interaction. Thus, the molecular vibrational energy
induced by the two-color pump beam can be preserved in the gas cell. As shown in Fig. 3, when a
267-nm probe beam was introduced into the interaction region, several Raman sidebands were
generated at 241 nm, 219 nm, and 201 nm for the first-, second-, and third-order anti-Stokes, and at
300 nm and 343 nm for the first- and second-order Stokes emissions. The density of the Raman
medium increases at high hydrogen pressures, which is preferential for the generation of the Raman
sidebands. The dispersion, however, increases at higher gas pressures, resulting in phase mismatching
and suppressing the Raman sidebands in the collinear configuration [19]. Figure 4 shows the
dependence of the 300-nm Stokes and 241-nm anti-Stokes intensities on the cross angle between the
pump and probe beams. The sideband generation efficiency had a maximum of 18% at a 2.7-mrad
cross angle. The high-order anti-Stokes (e.g., 219 nm) generation efficiency had a similar dependence,
suggesting that Raman sidebands were generated through a cascade process. An efficiency of 27%
was reported for only the two-color beam in the collinear configuration. The lower value (18%)
observed here could be attributed to mismatching/misalignment of the three beams and to larger phase

mismatching in the UV region.



3.2 Generation of VUV emission

Figure 5 shows the emission spectrum of the Raman sidebands acquired with the VUV spectrometer.
Raman sidebands up to 5th order (172 nm) were observed using the BOXCARS configuration. The
ratio of the signal intensities for the 5th- and 4th-order Raman sidebands was 11%, which was in
reasonable agreement with the efficiency (18%) measured for the low-order Raman sidebands (due to
a large fluctuation of the signals arising from high-order nonlinear effect). No 6th-order anti-Stokes
(160 nm) was detected. Instead, a signal larger than the 172-nm 5th-order was reproducibly observed
at 154.2 nm, which cannot be assigned to one of the Raman sidebands because the frequency of this
emission is not an integer multiple of the vibrational Raman shift frequency (4155 cm™). Since the
distance between the Raman cell and the spectrometer is longer than 1 m, no spontaneous emission
can be detected. Thus, the VUV emission is directional and is suggested to be a stimulated emission.
To investigate its origin, the dependence of the 186-nm, 172-nm, and 154.2-nm intensities on
hydrogen pressure was characterized. As shown in Fig. 6, the thresholds and the maximum intensities
were observed at 110 kPa and in a narrow range of 140-165 kPa, respectively. Similar trends would
occur for a nonlinear process requiring phase matching, suggesting that the 154.2-nm emission occurs
from the upper state which is prepared by FWRM. The precise VUV transition energy of hydrogen
has been measured by a discharge/fluorescence technique [6]. Several large fluorescence signals have
appeared from bound-free transitions (in addition to several bound-bound transitions) at 160.79 nm
for a transition of B(v’ = 7) 'Z," — X(v” = k) 'Z," and at 156.66 nm for a transition of B(v’ =9)'%,"
— X(v” = k) 'Z," where k” represents a transition to a continuum of the lower state, suggesting a
transition of B(v’ = 10) 'Z," — X(v” = k) 'Z," at 154.59 nm, which is close to 154.2 nm. No other
possible transition was found in the reference, although it is difficult to eliminate all other possibilities
because the spectrum is complicated for molecular hydrogen in the VUV region. The line shape of the
154.2-nm emission observed in Fig. 5 (B) is slightly asymmetric, which can be explained by the
congested fluorescence spectrum observed in this spectral region for molecular hydrogen [6]. Then,

the stimulated emission observed at 154.2 nm would have appeared based on this transition with an



assistance of the anti-Stokes Raman sidebands. A possible mechanism could be two-photon (186-nm
+ 172-nm) excitation to high vibrational levels of B'%," or C 'TI, and subsequent one-photon (800-
nm) stimulated emission by introducing the 800-nm pulse as a seed beam (see Fig. 7), and/or direct
two-photon (201-nm + 201-nm) excitation because of the similar threshold (110 kPa) and maximal
signal intensity (145—185 kPa; the data at 201 nm are not shown in Fig. 6). It should be noted that the
pressure dependence of the emission intensity at 154.2 nm has a trend similar to the product of the
intensities of AS4 (186 nm) x AS5 (172 nm) and/or AS3 (201 nm) x AS3 (201 nm) as shown in Fig.
6, suggesting that these two photons generated by FWRM are required for excitation. The energy
separation between the dissociation limit and the continuum is small and can be negligible, then the
calculated energy difference between B(v’=10) 'S, and X(v"=0) 'S, is 100963 cm™. This process
requires a 792.3-nm fundamental laser wavelength (=100963 cm™'/2x4), which is within the bandwidth
of the Ti:sapphire laser used in this study (800 + 14 nm). A spacing between the Av'= 1 levels at
around the v'=10 level is reported to be ca. 2 nm [6], which is larger than the spectral band width
of the 35-fs optical pulse (ca. 1 nm). Thus, the other level such as v'=9 or 11 would not be excited,

producing only an emission line at 154.2 nm.

3.3 Potential application

The spectral bandwidth of the 154.2-nm emission was 1.25 nm, as shown in Fig. 5 (B). Thus, the
transform-limited pulse width was 28 fs, which was comparable to the pulse widths of the Raman
sidebands (ca. 35 fs) and would be confirmed by cross-correlation measurement in the VUV region
[21]. This unexpected result suggests that a femtosecond pulse can be generated in the VUV region
using a transition of molecular hydrogen. The broad emission bandwidth (continuum) was because of
the unbound lower state of the transition (dissociative broadening). This situation is similar to excimer
lasers, which are capable of generating/amplifying an ultrashort optical pulse by using an ultrashort
pump or seed pulse. Assuming the efficiency of 18% for generating the higher-order Raman sideband
and the flat spectral response in the VUV spectrometer, the pulse energy of the 154.2-hm emission

can be estimated to 4 nJ that would be sufficient for spectroscopic/spectrometric applications.



Accordingly, a revival technique of using a direct VUV transition by appropriate nonlinear optical
pumping would have potential for use as a light source in a variety of femtosecond spectroscopies in

the VUV regions.
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Figure Captions

Fig. 1 Scheme for the generation of Raman sidebands based on two-color FWRM and three-color

FWRM.

Fig. 2 (A) BOXCARS configuration. The cross angle between the two pump beams was several
degrees (fixed, not measured in this study), and the angle between the pump beams and the probe
beam was changed from 0 to 20 mrad (see Fig. 4). The Raman sidebands emit at small angles optimal
for phase matching. (B) Experimental block diagram. M: mirror, CM-1,2,3: concave mirrors, DL-1,2:
delay lines, DM-1,2,3,4: dichroic mirrors, BBO-1,2: f-BaB,0s4, HWP: half-wave plate, DWP: dual-

wave plate, TP: time plate (a-BaB20s).

Fig. 3 Spectrum of Raman sidebands generated with the BOXCARS configuration. The two NIR
pump beams were nearly collinearly focused, and the DUV probe beam was focused at an angle of
several mrad. The spectrum was recorded at 190-kPa hydrogen pressure, using the DUV spectrometer.

S, Stokes; AS, anti-Stokes.

Fig. 4 Generation efficiencies for the Raman sidebands as a function of cross angles between the
pump and probe beams. The wavelengths refer to first Stokes (300 nm), first anti-Stokes (241 nm),
and second anti-Stokes (219 nm). The pump beams were nearly collinearly focused, and the hydrogen

pressure was 190 kPa.

Fig. 5 (A) Spectrum of the Raman sidebands generated using the BOXCARS configuration and
acquired at 165-kPa hydrogen pressure with the VUV spectrometer. S, Stokes; AS, anti-Stokes. (B)
Expanded spectrum at 154 nm. The Raman sidebands are split by self phase modulation, resulting in

irregular shapes in the Raman sidebands. The spectral response of the VUV spectrometer is not

13



calibrated. However, the grating data suggests reduced sensitivity at longer wavelengths, leading to a

lower signal intensity at S1.

Fig. 6 Dependence of the signal intensities for the VUV emission at 154.2 nm and the Raman
sidebands on hydrogen pressure. Fourth anti-Stokes 186 nm; fifth anti-Stokes, 172 nm. The products
of the intensities for AS4 and AS5 (circle) and AS3 and AS3 (triangular) are shown as broken lines,

respectively.

Fig. 7 Energy level diagram for molecular hydrogen with possible origin of 154.2-nm emission.
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