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Generation of a continuous-wave pulse train at a
repetition rate of 17.6 THz
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We demonstrated that a 17.6 THz pulselike intensity modulation resulted from the coherent superposition of
multifrequency continuous-wave emissions generated from a hydrogen-filled high-finesse cavity through a
cascade-stimulated Raman scattering process. We pointed out that the complete phase-locked operation was
hindered by the intracavity dispersion that caused nonequal separations between adjacent emission lines.
© 2007 Optical Society of America
OCIS codes: 140.3550, 320.7090, 140.4050.
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. INTRODUCTION
ourier synthesis of equally separated laser emissions
rovides a train of pulses whose repetition rate corre-
ponds to the frequency separation between the emission
ines. Hence a pulse train operated at a terahertz (THz)
epetition rate in the continuous-wave (CW) mode can be
enerated by synthesizing phase-locked multiple-line CW
aser emissions with a frequency separation larger than a
Hz. Such a CW-based THz pulse train is required to gen-
rate a narrow-linewidth THz radiation for biomolecular
maging,1 ultrahigh-capacity communications,2 and an
ptical clock in all-optical data processing.3 Several
chemes to obtain a CW-THz pulse train have been pro-
osed: harmonics mode locking in a semiconductor
aser,4,5 synthesis of emissions from multiple phase-
ocked lasers,6 and beat-soliton conversion through an op-
ical fiber with high nonlinearity.7 However, repetition
ates achieved by these techniques are limited to a few
Hz due to the limitation of the bandwidth of a gain me-
ium or anomalous dispersion in a fiber.
An alternative method to increase the repetition rate,

ased on Fourier synthesis of high-order stimulated Ra-
an emissions with an equal frequency separation, has

een studied theoretically8 and experimentally.9,10 Harris
nd coworkers reported9 the generation of a nearly
00 THz pulse train, with a duration of less than 1.6 fs, by
eans of Fourier synthesis of the high-order stimulated
aman emissions arising from deuterium pumped by two-
olor transform-limited nanosecond laser pulses. Kat-
uragawa et al. generated a train of femtosecond pulses
ith a peak intensity of 2 MW level at a repetition rate of
0.6 THz using para-hydrogen as a Raman medium,10

ased on the principle similar to that of Harris and
oworkers.9 In this approach, although the pulse train is
ighly stable, the pulses are limited to inside the envelope
f the pump pulse that has a duration of about several
0740-3224/07/051037-5/$15.00 © 2
anoseconds, since a pair of high-peak-power nanosecond
ump pulses are necessary to sufficiently excite Raman
oherence for the molecules. Therefore this approach has
ifficulty using a low-power CW laser as a pump source
or the generation of a THz pulse train in a CW mode that
ill be useful for some of the applications mentioned in

he preceding paragraph.
In this paper, we experimentally demonstrate what is

o our knowledge a novel approach to generate a CW-
ased THz pulse train operated at a repetition rate above
0 THz. This approach is based on coherent superposition
f CW rotational Raman emissions generated from a
igh-finesse optical cavity containing a gaseous Raman-
ctive medium.11 In this approach, we first observed high-
rder stimulated Raman scattering (SRS) using a CW
ear-infrared single-frequency laser as a pump source.
ext, we measured a waveform synthesized by coherent

uperposition of these CW Raman emissions by means of
highly sensitive autocorrelator based on two-photon ab-

orption of a photocathode in a photomultiplier. We ob-
erved intensity modulation at a frequency of 17.6 THz,
hich corresponds to the rotational Raman shift fre-
uency of ortho-hydrogen, although the emission lines
ere not completely phase locked due to nonequal fre-
uency separations between the longitudinal modes of the
igh-finesse cavity caused by a dispersion arising from
he gaseous hydrogen used as a Raman medium. Never-
heless, this result suggests the potential that this
ethod has for the generation of a stable CW-THz pulse

rain synthesized by phase-locking multifrequency emis-
ions when a high-finesse dispersion-controlled optical
avity is used as the CW Raman emission generator.

. EXPERIMENT
he experimental setup is similar to one previously
eported12 for the generation of high-frequency
007 Optical Society of America
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inusoidal-modulated CW emission, which includes a
igh-finesse optical cavity, optics and electronics for a

eedback control of the cavity, and a pump laser source.
he design is essentially based on the instrument devel-
ped by Carlsten and coworkers for CW Raman lasing.13

broadband high-finesse cavity with two concave mirrors
r=250 mm� with the same reflective property [see Fig.
(a)] was specially designed and used in this experiment.
he cavity was installed in a chamber filled with gaseous
ydrogen at a pressure of 10 atm. A piezoelectric trans-
ucer was used as an actuator, with a maximum stroke of
�m, and was attached to one of the mirrors to change

he distance between the two mirrors ��8 cm� with
anometer-level precision. The cavity was controlled by
he standard Pound–Drever–Hall (PDH) method to main-
ain a resonant condition of the cavity against the fre-
uency of the pump laser. A narrow-linewidth Ti:sapphire
aser (Coherent, MBR110) emitting at a wavelength of
70.0 nm was used as a pump source for multifrequency
W Raman lasing. The polarization of the beam was
hanged by passing it through a quarter-wave plate be-
ore focusing it into the cavity with mode-matching optics.
he laser power measured at a position just before the
avity was about 200 mW.

The reflective property of the cavity mirrors [see Fig.
(a)] shows that the mirrors have a reflectivity of
99.96% over a frequency range of 44 THz. This broad

andwidth in the reflectivity of the cavity mirrors allows
imultaneous resonance of the pump and two rotational
aman emissions arising from ortho-hydrogen, whose Ra-
an shift frequency is 17.6 THz �586.9 cm−1� under high-

nesse ��104� conditions. When the wavelength of the
ump laser is adjusted to 770.0 nm, the finesse can be es-
imated to be �1.6�104 at the pump wavelength, �1.5
104 at the first Stokes emission, and �9�103 at the sec-

nd Stokes emission. In fact, the linewidth of the cavity,
easured by the transmission power while changing the

avity length at the wavelength of 770.0 nm, was 130 kHz
see Fig. 1(b)]. This is in good agreement with the value
alculated from the reflectivity shown in Fig. 1(a).

Spectra were measured with a multichannel spectrom-
ter (Ocean Optics, USB2000). The temporal waveform of
he CW-based pulse train arising from the cavity was
haracterized using a standard interferometric autocorre-
ation (AC) method. However, since the peak power of the
utput beam was relatively small ��10 mW�, the autocor-
elator required a highly sensitive detector with a nonlin-
ar response to obtain a second-order autocorrelation

ig. 1. (Color online) (a) Transmission spectrum of cavity mir-
ors. The incident angle is normal to the surface. (b) Transmis-
ion spectrum of the cavity. The wavelength of the input laser is
70.0 nm. The instantaneous linewidth of the input laser is suf-
ciently small ��10 kHz�.
race. Hence we used a photomultiplier (Hamamatsu,
P28) with a Sb–Cs photocathode that had a two-photon
esponse rather than a one-photon response in the near-
nfrared region. This type of autocorrelator has been used
lsewhere for the characterization of mode-locked laser
ulses at an averaged power below 1 mW.14

. RESULTS AND DISCUSSION
hen the system was properly aligned, we observed the

eam profile of a TEM00 single transverse mode for an
utput beam emitting from the Raman cavity. In this
ase, the measured spectrum included three emission
ines with comparable intensities [see Fig. 2(a)]. The fre-
uency separations between a couple of adjacent lines
as 17.6 THz, which corresponds to the rotational Raman

hift frequency for ortho-hydrogen. Thus these three lines
an be assigned to the pump (P: 770.0 nm), the first
S1: 806.5 nm), and the second (S2: 846.5 nm) rotational
tokes emissions, respectively. The near-field beam pro-
le was measured after separation of the beam using a
iffraction grating, showing a TEM00 Gaussian mode for
ll the emission lines [see Fig. 2(b)]. It is well known that
he beam profile of a high-order Stokes emission often ex-
ibits a ring shape due to limitations in phase matching
or four-wave mixing (FWM).15 In the present results,
owever, the profile of S2 shows a TEM00 mode that is the
ame as that of P and S1, suggesting that the generation
f the S2 emission was not through a FWM process but
hrough a cascade SRS process. This would also be sup-
orted by the fact that the maximum power of S2 was ob-
ained using a circularly polarized pump beam; it should
e noted that the rotational SRS is most efficient when
he pump beam is circularly polarized.16

This is, to our knowledge, the first observation of high-
rder CW Stokes emissions from a nonresonantly pumped
aman medium. The threshold of SRS for a medium in a
igh-finesse cavity is substantially reduced by the reso-
ant enhancement at both frequencies for the pump beam
nd for the seed component of the Stokes emission.13 In

ig. 2. (Color online) (a) Spectrum of an output beam from the
aman cavity. (b) Near-field patterns of the output pump, first
tokes, and second Stokes beams.
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ur broadband high-finesse cavity, both of the seed com-
onents for S1 and S2 are strongly enhanced, allowing
he use of a CW laser with hundreds of milliwatt levels for
he efficient generation of S2 emission. Moreover, we
bserved the generation of third Stokes emission
S3: 890.8 nm) when we measured an output spectrum af-
er a monochromator tuned to the wavelength of S3. Un-
ortunately, we were not able to measure the power of S3
ince it was smaller than the intensity of stray light from
he pump emission in our monochromator. This faint in-
ensity of S3 would be caused by the fact that the wave-
ength was out of range for the high-finesse region of our
avity. However, this result suggests that an expansion of
he high-finesse region will lead to the strong enhance-
ent of the higher-order Stokes emission even at the

resent pump power level (approximately hundreds of
illiwatts). It should also be noted that the first anti-
tokes emission (AS1: 736.7 nm) was also observed using
monochromator, although the power of it was also ex-

remely weak. This indicates that a FWM process gener-
ting the AS1 emission through an interaction between P
nd S1 occurred in the cavity, even though FWM requires
phase-matched condition for efficient generation. This
ould be caused by phase matching in a nearly collinear
eometry due to the relatively small dispersion of the gas-
ous Raman-active medium.

The total output power of the emissions from the cavity
as around 25 mW. Possible explanations for the power

oss are (1) backward scattering of Stokes emission and
ackreflection of the pump beam,17 (2) light absorption by
he cavity mirrors, and (3) consumption of the energy to
olecular rotation motion in the SRS process. However,

he main loss might arise from mismatching between the
ransverse mode of the input beam and the cavity mode.
hus we believe that the output power will be increased
y improvements made in mode matching using advanced
echniques.

An AC trace of the multifrequency emissions from the
aman cavity clearly showed an interferometric fringe
nd an undulating envelope that changed periodically, as
hown in Fig. 3(a). The spectrum of the measured output
eam is also shown in Fig. 3(b).18 This envelope in the AC
race suggests that the temporal waveform of the output
eam has a pulselike structure whose intensity is periodi-
ally modulated. The period of the fringe was determined

ig. 3. (Color online) (a) Autocorrelation trace of an output
eam from the Raman cavity. (b) The spectrum of the measured
eam is also shown. The longitudinal mode contributing to the
tokes emissions was different from those shown in Fig. 2(a),
ausing the change of the output spectrum.
y the multiplicative inverse of the central frequency for
he whole output spectrum. This confirmed the period of
he periodic structure of the envelope as �57 fs, which
orresponds to the multiplicative inverse of the rotational
aman shift frequency �=17.6 THz�. This clearly suggests

hat the temporal waveform of the output beam is modu-
ated as a result of coherent superposition of the pump
nd the Stokes emissions. It should be pointed out that
e generated a pulse train with a repetition rate of
7.6 THz ��1/57 fs�, which is, to our knowledge, the fast-
st repetition rate achieved for a CW optical pulse train.
he AC trace shown in Fig. 3(a) has an asymmetric struc-

ure, which should not be observed in a typical AC trace,
or the zero-delay time. This type of structure can be ob-
erved in an autocorrelator when waveforms of two rep-
ica pulses divided by a beam splitter in an autocorrelator
re different. In the present autocorrelator, we used a
ne-side-coated silica plate with 3 mm thickness as a
eam splitter. This configuration leads to a double pass of
beam through the silica substrate for just one replica

ulse, resulting in distortion of the waveform for the rep-
ica due to additional group delay dispersion (GDD). To
stimate the quantity of this effect, we calculated wave-
orms and their correlation traces under the assumption
hat an additional GDD of 150 fs2, which is equivalent to
hat of a silica plate with a thickness of 3��2 mm, was
rovided to only one replica. Providing the same initial
hase for all frequency components, correlation traces
ithout and with an additional GDD for one replica are

hown in Figs. 4(a) and 4(b), respectively. The trace
hown in Fig. 4(b) is in good agreement with the experi-
ental result shown in Fig. 3, strongly suggesting that

he asymmetric structure is caused by the GDD arising
rom the substrate used as a beam splitter. These results,
owever, suggest that the use of a pair of beam splitters

n a back-to-back configuration19 and suitable adjustment
f a phase relationship among these three lines will lead
o an AC trace with a symmetric shape as shown in Fig
(a).
It should, however, also be noted that we could not ob-

erve a stable CW-based THz pulse train under the
hase-locking condition, even when the phase relation-
hip was completely adjusted. The reason for this can be
xplained as follows: For the complete phase-locking con-
ition, the frequency separation between the pump and

ig. 4. (Color online) Calculated autocorrelation traces from the
pectrum shown in Fig. 3(a). (a) The case in which two replica
ulses have the same envelope. (b) Additional GDD arising from
silica plate is provided to only one replica pulse.
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1 ���p−s1� must be exactly identical to that between S1
nd S2 ���s1−s2�:

��p−s1 = ��s1−s2. �1�

he frequency of S1 is determined by the longitudinal
ode of the cavity within the profile of the Raman gain

hat is located at the frequency separation of 17.6 THz
rom the frequency of the pump beam and has an �1 GHz
andwidth at a pressure of 10 atm. The frequency of S2 is
lso determined, in a similar manner, by the frequency of
he longitudinal mode of the cavity within the Raman
ain profile for the S2 emission (see Fig. 5); namely, for
he complete phase-locking condition, the frequency sepa-
ations between the longitudinal modes for the generation
f S1 and S2 must be exactly identical. The frequency
eparation between adjacent longitudinal modes (free
pectral range, FSR) can be expressed as follows:

FSR��� =
c

2L
·

1

n��� − ��dn���/d��
, �2�

here � is the wavelength, c is the velocity of light, L is
he length of the cavity, and n��� is the refractive index of
medium in the cavity as a function of �. This equation

ndicates that the frequency separation between the adja-
ent longitudinal modes in the cavity cannot be the same
alue unless the refractive index of the medium is inde-
endent of the wavelength. The dispersion of the gaseous
ydrogen in the Raman cavity cannot be negligible, even
hen the dispersion of the cavity mirrors may be as-

umed to be sufficiently small. We estimated the differ-
nce between ��p−s1 and ��s1−s2 to be �7 MHz at a hydro-
en pressure of 1 atm.20 This indicates that the phase
elationship among the emission lines deviated gradually
s time passed and that the synthesized waveform also
hanged at a frequency of �7 MHz.

Wavelength dependence of the refractive index n��� of a
edium is determined by the group velocity dispersion

GVD), which is the second-order derivative of the propa-
ation constant, k=n���� /c, with respect to �. The total
DD �=GVD�L� in the cavity is determined by the sum
f the GDDs in the gaseous Raman medium and the cav-
ty mirrors. Therefore the n��� can be canceled out by con-
rolling the total GDD in the cavity to be zero. This is eas-
ly achieved using mirrors with negative dispersion
negative dispersion mirror, NDM) for the cavity compo-
ent since the dispersion of the Raman medium is always

ig. 5. (Color online) Longitudinal modes of the optical cavity
a) without and (b) with intracavity dispersion. The profiles of
he Raman gain and the modes that contribute to the Raman las-
ng are also shown.
ositive. An advanced NDM coated by ion-beam sputter-
ng has a reflectivity larger than 99.95% over a frequency
ange larger than 50 THz with a loss of �10 ppm (parts
er million). When L=8 cm, the GDD of gaseous hydrogen
t a pressure of 10 atm is �10 fs2 at the wavelength of the
tokes emission �806.5 nm�. A NDM with this GDD value
an be easily designed and manufactured by existing
tate-of-the-art technology. Use of a cavity consisting of
uch GDD-managed mirrors will lead to a phase-locking
peration for the generation of a stable CW-THz pulse
rain, although the high-order terms of the refractive in-
ex may be a problem for a phase-locking operation over
roader spectral ranges in this approach.21 We also
hould point out that complete compensation for the dis-
ersion will lead to linear dependence in the propagation
onstant on the frequency. This means that the phase
ismatching, �k, in a parametric FWM process among

hree emissions becomes essentially zero.22 Since this
WM has no threshold and occurs more efficiently than
RS under phase-matching conditions, i.e., �k=0, this
ill provide a useful means for the generation of a seed to

trongly enhance Raman emission and for the stable
hase-locked operation of the CW-THz pulse train.11

. CONCLUSIONS
e first demonstrated CW multifrequency generation

rising from a high-finesse cavity filled with molecular
ydrogen through a cascade process of stimulated Raman
cattering (SRS). Using a highly sensitive autocorrelator,
e observed a 17.6 THz pulselike intensity modulation

aused by the coherent superposition of multifrequency
W emissions. We also pointed out that the phase-locked
peration for the generation of a CW-THz pulse train is
revented due to the difference in the frequency separa-
ion between the adjacent emission lines, which can be at-
ributed to intracavity dispersion. We are convinced that
phase-locked operation will be achieved using a pair of
irrors with negative dispersion as components of the
aman cavity.
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