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We demonstrate the generation of continuous-wave (cw) Raman sidebands through phase-matched four-
wave mixing (FWM) in molecular hydrogen. The phase-matching conditions of the intracavity FWM driven
in our dispersion-compensated high-finesse cavity are satisfied over a 52.8 THz-wide frequency range
(763.9-883.6 nm). This leads to the generation of high-order anti-Stokes emission. The cw Raman sidebands

have sufficient bandwidth to allow the synthesis of a train of optical pulses with a duration of 13 fs at a rep-
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etition rate of 17.6 THz under phase-locked conditions.
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1. Introduction

Coherent Raman scattering, which arises from molecular motion that
is driven coherently through stimulated excitation, has been widely in-
vestigated. It is a practical tool used in a variety of research fields, includ-
ing laser engineering, spectroscopy and microscopy [ 1-4]. One promising
application of this versatile nonlinear optical effect is the generation of
broadband coherent Raman sidebands [5-8]. The adiabatic excitation of
molecular coherence using two-color nanosecond lasers gave rise to ex-
tremely broadband Raman sidebands that spanned more than one octave
within the optical spectrum [5,6]. These sidebands were used to create a
train of optical pulses with a duration of less than one cycle of the electro-
magnetic field [7] and an arbitrary waveform [8].

In previous studies, high-energy pulsed lasers were used to excite
strong coherent motion in molecules, which converts the fundamen-
tal frequency of the laser beam into multiple orders of Raman side-
bands [9-11]. However, low-peak-power continuous-wave (cw)
lasers also have been used to produce stimulated Raman scattering
(SRS) through the use of high-finesse optical cavities [12]. This tech-
nique offers a way to induce nonlinear optical interaction between
coherent molecular motion and low-power cw lasers, and can serve
as the basis for an optical modulator [13,14] and for a mode-locked
laser [15] operating at a frequency in the terahertz region.

This cavity-enhanced technique, however, cannot be directly ap-
plied to the generation of cw Raman sidebands on the high frequency
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side of the fundamental, because they are generated through four-
wave mixing (FWM) rather than SRS. The FWM process requires
phase-matching between the sidebands during the interaction in
the nonlinear optical medium. Unfortunately, dispersion, which is in-
evitably present in the material over the entire optical spectrum, dis-
torts the phase relationship between the sidebands. This prevents
phase-matched FWM in the optical cavity.

To overcome this difficulty, approaches using hollow-core photon-
ic crystal fibers have been used in the pulsed laser regime [16,17]. In
the cw laser regime, negative-dispersion cavity mirrors to compen-
sate for the dispersion of the intracavity medium [18] and high-
power pumping of a dilute gas to extend the coherence length of
the FWM [14] have been proposed and used for the generation of
cw anti-Stokes emission. Although the high-order phase-matched
cw Raman sidebands are essential for the synthesis of an optical
waveform, they have not yet been obtained in the cw regime. This
is because of the limitations imposed on the frequency range of the
high-finesse and dispersion-compensated optical cavity.

In this letter, we demonstrate the generation of high-order cw Raman
sidebands using Raman-resonant FV/M in a broadband dispersion-com-
pensated high-finesse optical cavity. The phase-matched interaction be-
tween hydrogen molecules and the Raman sidebands in the optical
cavity provides five single-frequency lines, spanning from the second
anti-Stokes line (763.9 nm) to the second Stokes line (930.9 nm).

2. Design of an optical cavity and experimental setup

In the ideal case, i.e., without pump depletion or back-conversion
from anti-Stokes photons to Stokes photons, the efficiency of the
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FWM process is maximized under phase-matched conditions, i.e.,
when the phase-mismatch, Ak, is equal to zero. Ak is determined by
the Raman frequency shift, Q, and the even-order dispersion coeffi-
cients of the Raman-active medium, Bym,:

o

Ak =Y %Bngn. (1)

n=2m--*

For FWM in an optical cavity, the effect of the dispersion is given by
the sum of the contributions from the medium in the cavity and from
the cavity mirrors. Our dispersion-compensated optical cavity was a
key component for the generation of cw Raman sidebands through
intracavity FWM. It consisted of a pair of plano-concave mirrors with a
curvature of 25 cm, spaced 8 cm apart, and installed in a chamber filled
with as much as 1 MPa of hydrogen for use as the Raman-active medi-
um. Here, the cavity mirrors are designed to have negative dispersive
properties, and the dash-dotted curve shown in Fig. 1(a) represents
the designed value of the group delay (GD) after one bounce from a cav-
ity mirror. The GD of the gas-phase hydrogen [19] at a pressure of
820 kPa (dashed curve) and the total GD calculated from the sum of
these GDs (solid curve) are also shown in the figure. The negative dis-
persion of the cavity mirror compensates for the positive dispersion of
the medium in the cavity. This leads to a variation of less than 0.4 fs
in total GD over the wavelength range from 750 to 950 nm. The mirrors
are also designed to have a reflectivity of more than 99.97% over the
same wavelength range. The transmittance spectrum, which was pro-
vided by the manufacturer, is shown in Fig. 1(b). This highly-reflective
range with negative dispersion is approximately twice as large as that
of previously reported mirrors [18,20]. A single-frequency wavelength-
tunable cw laser (MBR110, Coherent, Santa Clara, CA, USA) was used
as the pump beam for the intracavity FWM. The pump beam frequency
was set to 839.2 nm, which is nearly in the center of the dispersion-
compensated region of the cavity. The pump beam, which has a power
of ~1.5 W, was coupled into the hydrogen-filled cavity. The power and
the spectrum of the output beam were measured simultaneously using
a silicon photodiode power sensor (OP2, Coherent) and a multichannel
spectrometer (HR4000, Ocean Optics, Dunedin, FL, USA), respectively.
The maximum power of the output beam was ~50 mW.

3. Results and discussions

In the first experiment, we measured the output beam spectra
while changing the intracavity hydrogen pressure from 200 kPa to
1MPa in a series of coarse steps. The typical output spectrum
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measured at an intracavity pressure of 626.8 kPa is shown in Fig. 2(a).
In addition to the emission line of the pump laser (wy: 839.2 nm),
lines at 882.6 nm and 930.9 nm were observed. These newly generated
lines can be assigned to the first Stokes line () and the second Stokes
line (@), corresponding to the rotational transition of ortho hydrogen
(So(1): J=1—J=3, Q=17.6 THz). Although we observed a slight dif-
ference in the ratios between the intensities of the three lines during
the change in pressure, we did not observe any other emission lines
while tuning over the entire pressure range by coarsely changing the
intracavity hydrogen pressure. Because SRS automatically fulfills the
phase-matching condition for the growth of the Stokes beam [21], the
component of the dispersion that depends directly on the pressure
does not affect the SRS process. Therefore, it can be seen that @; and
m, observed here arose from cascaded SRS, and FWM did not contribute
to these lines, because it requires the phase-matching condition to be
satisfied.

In the next experiment, we measured the spectra while fine-tuning
the intracavity pressure near 800 kPa. The emission line at a wave-
length of 799.8 nm, which corresponds to the first anti-Stokes line
(w_1), was observed at a pressure of 818.1 kPa (see Fig. 2(b)). An
anti-Stokes photon can be generated through FWM that involves two
photons at wg and one photon at @, (see the inset of Fig. 2(b)). In con-
trast to SRS, the gain for FWM is critically dependent on the phase-
matching between the interacting lightwaves [18]. The generation of
w_ 1 observed here indicates that the compensation of the intracavity
dispersion at the pressure of 818.1 kPa gave rise to phase-matched
conditions for FWM in the optical cavity. This led to enhancement of
the intensity of ®w_ ; in the output beam.

The generation of a second anti-Stokes emission line (@_;:
763.9 nm) in addition to w_ ; was observed when the intracavity pres-
sure was slightly increased (Fig. 3(a)). The intensity of w_ , was the larg-
est at a pressure of 828.8 kPa. For the generation of @_ ,, three possible
pathways for the frequency conversion process are shown in Fig. 3(b)-
(d). To determine which pathways contributed to the generation of
®_ ,, we measured the thresholds for the generation of the Raman side-
bands. Fig. 3(e) shows the evolution of the sideband intensities as a
function of the total output power. The thresholds for the generation
of w;, w_;, and w_, were all 10 mW, but the threshold for ,
(24 mW) was larger than those of the other sidebands. The threshold
for the SRS process is determined by the ratio between the gain and
the cavity loss [22]. However, in FWM, the threshold for anti-Stokes
emission is identical to that for Stokes emission because FWM is a para-
metric process. This means that it leads to the simultaneous generation
of one Stokes photon and one anti-Stokes photon from two pump

0.1 T T

0.08 .

0.06 E

0.04 B

Transmittance (%)

0.02 1

0 1 1
700 800 900 1000
Wavelength (nm)

Fig. 1. (a) GDs from a single bounce from the surface of the cavity mirror (designed value, dash-dotted line), H, gas at a pressure of 820 kPa (dashed line), and the sum of these GDs

(solid line). (b) Transmittance of the cavity mirror.
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