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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-
etition rate of 17.6 THz under phase-locked conditions.
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1. Introduction

Coherent Raman scattering, which arises frommolecular 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 andmicroscopy [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 broadbandRaman sidebands that spannedmore than one octave
within the optical spectrum [5,6]. These sidebands were used to create a
train of optical pulseswith 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
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 cwRaman
sidebands using Raman-resonant FWM 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, Δk, is equal to zero. Δk is determined by
the Raman frequency shift, Ω, and the even-order dispersion coeffi-
cients of the Raman-active medium, β2m:

Δk ¼ ∑
∞

n¼2m

2
n!

βnΩ
n
: ð1Þ

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. Themirrors
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 ∼1.5W, 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 ∼50mW.

3. Results and discussions

In the first experiment, we measured the output beam spectra
while changing the intracavity hydrogen pressure from 200 kPa to
1 MPa in a series of coarse steps. The typical output spectrum
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Fig. 1. (a) GDs from a single bounce from the surface of the cavity mirror (designed value, da
(solid line). (b) Transmittance of the cavity mirror.
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 (ω0: 839.2 nm),
lines at 882.6 nm and 930.9 nmwere observed. These newly generated
lines can be assigned to the first Stokes line (ω1) and the second Stokes
line (ω2), corresponding to the rotational transition of ortho hydrogen
(S0(1): J=1→ J=3, Ω=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 ω1 and
ω2 observed here arose from cascaded SRS, and FWMdid 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
(ω−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 ω0 and one photon at ω1 (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
ω−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 ω−1 in the output beam.

The generation of a second anti-Stokes emission line (ω−2:
763.9 nm) in addition to ω−1 was observed when the intracavity pres-
surewas slightly increased (Fig. 3(a)). The intensity ofω−2was the larg-
est at a pressure of 828.8 kPa. For the generation of ω−2, three possible
pathways for the frequency conversion process are shown in Fig. 3(b)–
(d). To determine which pathways contributed to the generation of
ω−2, wemeasured 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 ω1, ω−1, and ω−2 were all 10 mW, but the threshold for ω2

(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
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Fig. 2. (a) Spectrum of the output beam measured at H2 pressure of 626.8 kPa. (b) Spectrum measured at H2 pressure of 818.1 kPa, which led to generation of ω−1 from phase-
matched FWM that involves two photons at ω0 and one photon at ω1.
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photons. Therefore, the coincidence of the thresholds for the generation
of ω1 and ω−2 shown in Fig. 3(e) suggests that the pathway shown in
Fig. 3(c) was not valid for the generationmechanism ofω2 in this result,
and that ω2 was generated through cascaded SRS using ω1 as a pump
photon. Fig. 3(e) shows a decrease in the growth of the intensity of
ω−1 at the total output power where the intensity ofω−2 grows signif-
icantly (see the intensity variation around 24 mW). This implies that the
pathway shown in Fig. 3(b)wasmainly responsible for the generation of
ω−2 because Fig. 3(b) involves the generation of an ω−2 photon at the
cost of an ω−1 photon. Theoretical models that describe the evolution
of the intracavity powers of high-order Stokes andanti-Stokes emissions
arising from both SRS and FWM processes will be helpful to determine
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lution of the Raman sidebands as a function of total output power with ω−2 present.
which of the pathways shown in Fig. 3(b) and (d) contribute to the gen-
eration of ω−2.

We have studied the efficiencies of this frequency conversion pro-
cess from the application viewpoint. The total output power was
∼30 mW, which indicated that 2% of the input beam was coupled
out of the Raman cavity. 40% of the output power was distributed in
the Raman sidebands, which means that the total conversion efficien-
cy was ∼0.8%. The total conversion efficiency can be significantly im-
proved by reducing the optical losses of the cavity mirrors and
optimizing the input power level. Redesign of the transmission spec-
trum of the cavity mirrors will also lead to a modified power distribu-
tion for each Raman sideband.
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The dependence of the intracavity FWM on the intracavity disper-
sion can be explained by the rearrangement of the longitudinal
modes of the Raman cavity. The separation frequencies between adja-
cent longitudinal modes of an optical cavity filled with a medium in-
crease with an increase in the optical frequency because of the
positive group delay dispersion (GDD) of the medium in the cavity
[23]. Fig. 4 shows a series of longitudinal modes of the optical cavity
and the SRS gain curves against the different intracavity dispersion
conditions when the pumping frequency is ω0. The SRS gain has a
bandwidth due to inhomogeneous broadening (∼1 GHz at 1 MPa of
hydrogen molecules [24]), which allows us to generate ω1 and ω2

when the longitudinal modes are separated by uneven frequency in-
tervals, as shown in Fig. 4(a). This is the reason why the spectrum
shown in Fig. 2(a) was observed independently of the intracavity dis-
persion. On the other hand, the FWM gain is determined by the
phase-matching conditions between the intracavity emissions. The
FWM gain for the generation of ω−1 presents at a frequency that is
separated from ω0 by Ω=ω0−ω1 (see Fig. 4(b)), which resulted
from the energy conservation low in the FWM process, i.e.,
2ω0=ω1+ω−1. The compensation of the intracavity dispersion
rearranges the longitudinal modes responsible for the generation of
the sidebands so that they are separated by a constant interval. Over-
lapping of one of the longitudinal modes with the frequency ofω0+Ω
allowed ω−1 to be enhanced through the phase-matched FWM, lead-
ing to the spectrum shown in Fig. 2(b). In the samemanner, when the
longitudinal modes responsible for the FWM are spaced at a constant
ω0 ω1 ω2
ω
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Fig. 4. The relationship between the longitudinal modes of a medium-filled optical cav-
ity and the gain curve for SRS and FWM. (a) The medium in the optical cavity has a pos-
itive dispersion. (b) The negative dispersion of the cavity mirrors is compensated for by
the medium dispersion in the frequency range from ω−1 to ω1. (c) The intracavity dis-
persion is compensated over the frequency range from ω−2 to ω1.
interval from ω1 to ω−2 (Fig. 4(c)), ω−2 is generated through the
phase-matched FWM, giving rise to the spectrum shown in Fig. 3(a).
From Fig. 2(b), it can be seen that because ω2 was generated through
cascaded SRS rather than phase-matched FWM, the frequency range
for the phase-matched FWM can be calculated to be 35.2 THz, which
is the span from ω1 to ω−1. However, the frequency range for the
phase-matched FWM, which is shown in Fig. 3(a), was extended to
52.8 THz because of the generation of ω−2.

Unfortunately, the frequency dependence of the GD of the nega-
tive dispersive mirrors used in this experiment has a ripple, which
is typical of this type of mirror. This contributes to high-order disper-
sion, which is difficult to compensate for by using only the intracavity
pressure. Even after compensating for the GDD of the optical cavity,
the residual high-order dispersion prevents the simultaneous genera-
tion of ω2 and other emission lines through phase-matched FWM.
One possible way to suppress the dispersion ripple is the use of a
pair of double-chirped mirrors, which modulate the GD using oppo-
site phases. This broadens the frequency range of phase-matching
for intracavity FWM. When the phase-matching conditions for FWM
for the five emission lines from ω2 to ω−2 are satisfied, it will enable
the generation of an equally-spaced multifrequency cw laser. The
laser output will consist of single-frequency emission lines with a
constant separation of 17.6 THz over a 70.4 THz-wide frequency
range. The phase-locked multiple single-frequency lines allow the
synthesis of an optical pulse train in the time domain. Because the
mutual phase coherence between the cw Raman sidebands had al-
ready been verified experimentally in previous literature [14], our la-
sers are expected to form a repeating train of optical pulses with a
duration of 13 fs and an interval of 57 fs. Thus, this phase-matched
intracavity FWM process with a cw laser has the potential to produce
a novel optical modulator and a mode-locked laser that can operate at
a repetition frequency of more than 10 THz.

4. Conclusions

We have demonstrated the generation of broadband (70.4 THz)
cw Raman sidebands that consist of five single-frequency emission
lines separated by frequency intervals of 17.6 THz. These emission
lines are generated from phase-matched Raman-resonant FWM in-
duced in a hydrogen-filled high-finesse optical cavity with a tunable
intracavity dispersion. The observation of the thresholds for the emis-
sion lines revealed that the high-order Stokes and anti-Stokes lines
were generated through SRS and phase-matched FWM, respectively.
The frequency range for the phase-matching of the FWM was found
to be 52.8 THz wide (763.9–883.6 nm). The synthesis of the cw
Raman sidebands generated through the phase-matched FWM has
the potential to generate an optical pulse train and form arbitrarily-
shaped optical waveforms. This approach can be easily extended to
other Raman-active gases, e.g., para-hydrogen, deuterium, methane,
etc., which will lead to a wide variety of separation frequencies be-
tween the sidebands and will cover a wide range of repetition fre-
quencies for synthesized optical pulse trains.
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