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Stimulated rotational Raman scattering by a polarization-modulated femtosecond pulse
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Transient stimulated rotational Raman scattering induced by a polarization-modulated femtosecond pulse
whose polarization varies with time is reported. The peak intensity of the polarization-modulated pulse pro-
duced in this study is low compared to that of a pulse without polarization variation, and this leads to the low
efficiency of self-phase-modulation and thus the high efficiency of stimulated Raman scattering compared to
the case of a pump pulse without polarization modulation. The scattering process is unique in terms of the high
peak ratio of the anti-Stokes to Stokes emissions compared to the ratio in the case of the scattering induced by
linearly, circularly, and elliptically polarized pump pulses. Under optimum conditions, the ratio approaches 1,
which is not realized in the general case of stimulated rotational Raman scattering.
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I. INTRODUCTION

A laser system producing pulses with high intensities and
extremely short widths has been utilized in studies of non-
linear optical phenomena. One such phenomenon is stimu-
lated Raman scattering (SRS) [1,2], which modulates the fre-
quency of an optical pulse to a different frequency depending
on the vibrational or rotational periods of the Raman me-
dium. Numerous emission lines can be generated by SRS in
the spectral range from the ultraviolet (uv) to near-infrared
regions by focusing nanosecond [3], picosecond [4], and
femtosecond [5,6] pulses into pressurized hydrogen gas. If a
femtosecond pulse is focused into hydrogen gas, SRS is
caused in a highly transient regime since the pulse width is
much shorter than the dephasing time (picosecond time
scale) of coherent rotations or vibrations of hydrogen mol-
ecules. Since the scattering efficiency of transient SRS
(TSRS) depends on the energy rather than the intensity (and
thus the pulse width) of a pump pulse [7], it is expected that
the use of a high-energy pulse will result in an increase in the
generation efficiency of TSRS. This is, however, not always
true, especially in the case of an extremely short pump pulse,
whose width is several hundreds of femtoseconds or less,
since it also induces another nonlinear optical phenomenon
such as self-phase modulation (SPM). The generation of
SPM competes with TSRS and substantially suppresses the
Raman emission efficiency, which becomes a serious prob-
lem especially in the case of a near-ir pump pulse and a
Raman medium with low density [6].

Several approaches have been reported to solve this prob-
lem. One such solution relates to the use of a seed beam
whose frequency corresponds to that of the Stokes emission,
which is generated by use of an optical parametric amplifier
(OPA) [8]. In this case, vibrational Raman emissions were
generated in the spectral range from the near-ir to uv region
using slightly stretched pulses. The use of a femtosecond
pulse reshaped in a novel gas is another idea. Here, a sharp
spikelike structure formed in the pulse, which is shorter than
the period of molecular rotation, excites coherent molecular
motions impulsively and generates a strong Stokes emission
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[9]. The pump-probe technique [10,11] can also be used to
improve the Raman emission efficiency. In this regime, co-
herent rotations (vibrations) of Raman active molecules are
excited impulsively [10,12] or transiently [11,13] using a
high-energy pulse (pump pulse), and then a relatively low-
energy pulse (probe pulse) is passed through the excited me-
dium to generate Raman emissions. Since the efficiency of
the energy conversion is independent of the intensity of the
probe pulse, Raman emissions can be generated even when
the energy of the probe pulse is extremely low. The genera-
tion of SPM, therefore, can be removed by keeping the en-
ergy of the probe pulse below the threshold of the phase
modulation. Though the approaches shown above are useful,
they require a relatively complicated experimental setup and
do not increase the threshold energy for the generation of
SPM.

In this paper, transient stimulated rotational Raman scat-
tering (TSRRS) induced by a femtosecond pulse whose po-
larization varies with time (hereafter denoted as a
polarization-modulated pulse) is investigated. A polarization-
modulated pulse prepared in this study has a low peak inten-
sity compared to a pulse without polarization modulation,
and this leads to the low efficiency of SPM which reduces
the efficiency of the Raman emission. The process of TSRRS
in this regime is unique in terms of the high peak ratio of the
anti-Stokes emission to Stokes emission, which is similar to
the study that uses the polarization switching technique [14].
Since the polarization-modulated pulse used in this study can
be prepared only by passing a femtosecond pulse through a
birefringence crystal, the experimental setup is simple com-
pared to those of other studies [8—11].

This paper is organized as follows. The procedure for the
generation of a polarization-modulated pulse by use of a bi-
refringence crystal is discussed in Sec. II. This polarization-
modulated pulse is then used in the experiment described in
Sec. III. The efficiencies of TSRRS induced by three types of
polarization-modulated pulses are discussed in Sec. IV, and
then the efficiency is compared to those induced by linearly,
circularly, and elliptically polarized pulses. After discussion
of the suppression of SPM and the generation mechanism of
the rotational anti-Stokes emission, the paper is summarized.
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FIG. 1. (a) The relation between the polarization direction of the
input beam (y, vertical) and the fast (slow) axis in the LBO crystal.
E;,., E,, and E, show the electric fields of input, ordinary, and ex-
traordinary fields, respectively. (b) Schematic of the shape of the
pulse emerging from an LBO crystal. The O pulse and E pulse
indicate ordinary and extraordinary pulses, respectively. The polar-
ization of the overlapped part is related to the phase delay between
the two pulses and varies rapidly with time as shown in (c), in
which the polarization states at {a), (b), {(c), {(d), and {e) in (b) are
shown for the three cases of the phase delays of 2mm [case (A)],
(2m+1/2) [case (B)], and (2m+1)7 [case (C)]. L, linear polar-
ization; EP, elliptical polarization; C, circular polarization.

II. THEORY

A. Generation procedure of polarization-modulated pulses

When a vertically polarized femtosecond pulse is passed
through a birefringence crystal whose crystal axis is crossed
by an angle of 7/4 with the polarization axis of the pulse,
the pulse is split into two pulses called ordinary and extraor-
dinary rays (pulses), respectively. As shown in Fig. 1(a), the
amplitudes of the ordinary and extraordinary rays are equal
to each other, and they propagate with different group veloci-
ties. When the two pulses emerge from the crystal, they are
separated completely in time from each other provided that
the crystal is sufficiently thick. In this case, since the energy
of a pulse is divided into two pulses, the peak intensity of the
emitting pulse consisting of the ordinary pulse (hereafter de-
noted by O pulse) and the extraordinary pulse (hereafter de-
noted by E pulse) is much lower than that of the input pulse.
For instance, if the pulse energy of the O pulse is equal to
that of the E pulse, the peak intensity of the output pulse is
half the intensity of the input pulse. Since a lower intensity
pulse leads to a lower efficiency of SPM, the efficiency of
SPM induced by the modulated pulse should be lower than
the efficiency of SPM induced by a pulse without propaga-
tion through the crystal.

Let us then consider the special case in which the thick-
ness of the birefringence crystal is not so thick and the two
resulting pulses are partially overlapped by each other. In
this case, the polarization of the overlapped part [Fig. 1(b)]
depends on the phase delay (A¢) between the ordinary ray
and the extraordinary ray, as shown in Fig. 1(c). When the
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phase delay is A¢p=A¢p,=2mm (m is an integer), which cor-
responds to case (A) shown in the figure, the polarization is
linear in all parts of the pulse, though the polarization direc-
tion continuously rotates in a clockwise direction with time.
At the middle point of the pulse [{c) in Fig. 1(b)], where the
amplitude of the ordinary pulse is the same as that of the
extraordinary pulse, the polarization state is vertical polariza-
tion. In the case of A¢p=A¢z=(2m+1/2)7 [case (B) in Fig.
1(c)], the polarization is linear at point {(e¢) and varies ellip-
tically with respect to increases in the amplitude of the ordi-
nary ray. At the middle point (c), the polarization becomes
circular and then varies to elliptical polarization. After that,
as shown in the figure, the elliptical polarization changes to
linear polarization with a reduction in the amplitude of the
ordinary pulse. The directions of the major axes of the two
elliptical polarizations [at (b) and {d)in Fig. 1(b)] are differ-
ent from each other, and the directions of rotations of the
polarizations in all the elliptical and circular polarizations
included in the pulse are clockwise. The case of Ageo=(2m
+1)7 [case (C) in Fig. 1(c)] is similar to that of case (A),
where the polarization is linear in all parts of the pulse, but
the direction of the polarization rotates in a counterclockwise
direction with time, and the polarization at the middle point
[at {c) in Fig. 1(b)] is horizontal.

B. Indirect characterization of polarization-modulated pulses

For the characterization of the polarization-modulated
pulses, techniques based on spectral interferometry such as
polarized light interference versus wavelength of only a glint
(POLLIWOG) [15,16] are useful. However, we could not
prepare a reference pulse that was completely characterized
as required by the interferometric characterization, hence an
indirect characterization procedure is discussed here.

We consider a laser pulse with a pulse width of 7,, a
center angular frequency of w, and a phase ¢(r), which is
expressed as

E(t) = A(t)exp{- i[wt — ¢y(t)]} + c.c., (1)

where c.c. indicates the complex conjugate and A(z) is the
slowly varying envelope (real valued function) of the electric
field. If the pulse is passed through a birefringence crystal
under the condition discussed above (the angle between the
polarization direction of the pulse and the fast axis of the
crystal is 7r/4 rad), ordinary (E,) and extraordinary (E,)
pulses emerging from the crystal can be described as

E,(1) = (1N2)A(1)expi— i[wt — ¢o(D]} + c.c.,

E(t) = (1IN2)yA(t — AD)exp{— i[wt — do(1) + A} +c.c.,
(2)

where A¢, A7, and y are the phase delay, group delay, and
ratio of the amplitude of the extraordinary pulse to that of the
ordinary pulse, respectively. The parameter of y accounts for
the energy loss of the extraordinary ray caused by the energy
conversion from the ray into its second harmonic, which is
the case of the experiment in this study. When Eq. (2) was
derived, it was assumed that the group velocity dispersion
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induced in the crystal is negligibly small and the two pulses
have identical shapes when they leave the crystal; the
condition can be realized experimentally by use of a suffi-
ciently thin crystal. If the horizontally polarized field (E,, x
component) and the vertically polarized field (E,, y compo-
nent) included in the pulse emerging from the crystal
are separated spatially using a polarizer, they can be de-
scribed as E,(t)=—E,(t)cos(m/4)+E,(t)cos(m/4) and E,(1)
=E, (t)cos(m/4)+E, (t)cos(/4), respectively [see Fig. 1(a)],
or, by use of Eq. (2),

E (1) =R(®)[yA(t — Anexp(— iA¢) —A(r)] +c.c.

=E(f)+c.c.,

E(t) = R(t)[ yA(t — An)exp(— iA¢) + A(1) ] + c.c.
=E,(1) +cc., 3)

where R(z) is (1/2)exp{-i[ wt— ¢y(1)]}. The energy ratio (Rp)
of the horizontally polarized field (P,) to the vertically po-
larized field (Py) is then expressed by

Rp=P/P,= f |E (1)|dt / J |E,(1)|*dt

f ’ [(1+ Y)A(1)? - 4yA(1)A(t — Ar)cos(A¢p) dt

f ’ [(1 4+ Y)A(1)* + 4yA(1)A(r — AT)cos(A¢p) dt

(4)

In deriving the final form in Eq. (4), the time integral of A(r)?
was considered to be equal to that of A(r—A7)%. If A(z) is a
Gaussian function or sech function, which means A(z) is a
positive quantity, the ratio Rp becomes a minimum at A¢
=A¢,=2mr, unity at the phase delay Adp=Adz=(2m
+1/2)m, and a maximum at Ap=A¢p-=(2m+1)mw. The
above behavior between A¢ and Rp is independent of the
value of 7, and the polarizations of the pulses of cases (A),
(B), and (C) in Fig. 1(c) can be indirectly characterized by
measuring the energy ratioR p, which is applied in the experi-
ment described below.

C. TSRRS induced by the polarization-modulated pulses

The efficiency of Raman emission in TSRRS depends on
the polarization state of the pump pulse. A circularly polar-
ized field leads to the highest gain for the rotational Stokes
emission of all polarization states, though no rotational anti-
Stokes emission is generated in this case. Both circularly and
countercircularly polarized components must be involved in
the pump pulse for the generation of a rotational anti-Stokes
emission. Though a linearly polarized pulse contains equal
amounts of circularly and countercircularly polarized fields,
the parametric gain suppression related to Stokes—anti-
Stokes coupling [1,17] occurs, precluding rotational Raman
emission. Only an elliptically polarized pulse can generate
both rotational Stokes and anti-Stokes emissions. The effi-
ciency of the anti-Stokes generation, however, is low com-
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pared to that of the Stokes emission in either case of ellipti-
cally polarized pulses with small and large ellipticities. In the
case of an elliptically polarized pump pulse with small ellip-
ticity, the net amplitude of circular polarization included in
the pulse is small, and the amplitudes of coherent rotations
and hence rotational anti-Stokes emission are small. In the
case of an elliptically polarized pump pulse with large ellip-
ticity, though the net amplitudes of the circular polarization
and thus the coherent rotations are large, the amplitude of the
countercircular polarization is small and also results in a low
efficiency of the anti-Stokes emission.

The pulses of cases (A) and (C) contain only a linearly
polarized component, and therefore are expected to result in
no Raman emission. When the pulses of cases (A) and (C)
are injected into hydrogen gas, they cannot be distinguished
from each other, and hence the interactions between the
pulses and hydrogen gas, and thus the spectra of the output
pulses, would be the same. The pulse of case (B), on the
other hand, is completely different from the above cases. At
the middle point of the pulse [{c) in Fig. 1(b)], the field is
circularly polarized, resulting in the generation of Stokes
emission and excitation of the coherent rotations of hydrogen
molecules through TSRRS. At the same time, the molecules
are excited to an upper rotational state, which involves a
change in the quantum number M by 2 [18]. With the
progress of time, the polarization state of the pump pulse
changes from circular to elliptical, and then to linear, which
can be considered as an increase in the amount of counter-
circularly polarized field, and is thus expected to signifi-
cantly affect the subsequent process of TSRRS. The gain for
the Stokes emission should decrease with the progress of
time due to the decrease of the net amplitude of the circularly
polarized pump field. The circularly polarized rotational anti-
Stokes emission, on the other hand, can be generated by
interaction between the coherent rotations excited previously
and the countercircularly polarized field contained in the
pump field, even when the pump field is linearly polarized,
although in general TSRRS, which is a linearly polarized
pulse, cannot generate rotational Raman emission for the rea-
sons discussed above. Furthermore, it is expected that the
ratio of the anti-Stokes emission to Stokes emission is higher
than that in the case of an elliptically polarized pump pulse.

III. EXPERIMENT

Experiments in this study were operated using the setup
shown in Fig. 2. A femtosecond pulse emitted from a chirped
pulse amplifier (CPA; a center wavelength of 784 nm,
1 kHz, a beam diameter of ~6 mm, Concerto, Thales Laser)
was used in this study. By passing the pulse (a pulse energy
of 740 wJ, a pulse width of 110 fs) through a zero-order
half-wave plate (WPQ-7800-2M, Sigma Koki), the polariza-
tion of the pulse was changed from horizontal to vertical.
The vertically polarized pulse was then passed through a
LiB;Os (LBO) crystal (a thickness of 1.58 mm, cutting
angles of #=90° and ¢=33.2°, CASTECH) whose fast axis
was tilted by 77/4 rad with respect to the polarization direc-
tion of the input pulse, as shown in Fig. 1(a). Though several
percent of the energy of the near-ir pulse injected into the

063802-3



KIDA, ZAITSU, AND IMASAKA

Ti:Sapphire CPA
= SNV/]
E;l pol.
........ "
)
MCS I u
Raman cell L LBO
H,, 10 atm H
M4

FIG. 2. Experimental setup. \/2, half-wave plate; pol., polar-
izer; LBO, LBO crystal; \/2, quarter-wave plate; L, plano-convex
lens; MCS, fiber-coupled multichannel spectrometer together with a
diffuser.

crystal was converted to its second harmonic, no care was
paid to this harmonic since the small energy loss by the
conversion would not be a problem in the indirect character-
ization of the three types of polarization-modulated pulses
discussed above. The output beam from the crystal was then
passed through a zero-order quarter-wave plate (WPQ-7800-
4M, Sigma Koki) whose fast axis was parallel to the slow
axis of the LBO crystal. The pulse was then passed through
a polarizer made of calcite to spatially separate the horizon-
tally and vertically polarized components of the beam. After
passing the vertically polarized beam through a dichroic mir-
ror to remove the second-harmonic emission, the energy of
the pulse was measured with a power meter
(PM10,Coherent-Molectron). While monitoring the energy,
the incidence angle of the beam entering the LBO crystal
was changed by tilting the crystal with respect to the propa-
gation axis of the incident beam. The angle was adjusted to
the condition that the energy had a maximum value in order
to create a phase delay of 2mar [A ¢y, case (A)] between the
ordinary and extraordinary rays after the quarter-wave plate.
If it was necessary, rotation of the quarter-wave plate by /2
made the slow axis of the wave plate parallel to the slow axis
of the LBO crystal, thereby changing the phase delay to
Ade=(2m+1)m [case (C)]. The pulse in case (B), which is
the case of the phase delay of A¢g=(2m+1/2), was also
generated by simply removing the quarter-wave plate from
the setup.

A polarization-modulated pulse generated using this pro-
cedure was then focused into a Raman cell (800-mm-long,
5-mm-thick windows at both ends) filled with pressurized
hydrogen gas (10 atm) using a plano-convex lens (fused
silica; a focal length, /=500 mm). The maximum gas pres-
sure achievable in the Raman cell was 10 atm, and the effi-
ciency in the Raman emissions was the highest at this pres-
sure. The gas pressure in the Raman cell was, therefore, kept
at 10 atm in all the experiments described in this paper. The
output beam from the Raman cell was recollimated with a
plano-convex lens (f=500 mm) and was scattered using a
diffuser. The diffused light was introduced into a multichan-
nel spectrometer (wavelength resolution of 2.5 nm, spectral
range of 300—1100 nm, USB2000, Ocean Optics) through an
optical fiber (QP400-2-UV-VIS, Ocean Optics) for the mea-
surement of the time-averaged spectrum of the pulse. Note
that the wavelength dependence of the sensitivity of the
spectrometer was not calibrated by use of a standard lamp,
such as a halogen lamp. The relative intensities of high-order
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FIG. 3. The output spectra obtained for the pulses of case A
(broken line), B (solid line), and C (dotted line); each spectrum is
normalized with respect to its peak intensity. Og;, Ogy, and Oxg;
show the first and second rotational Stokes and the first rotational
anti-Stokes emissions of orthohydrogen, respectively. Concerning U
(a peak at 838 nm), see text.

Raman emissions are not discussed in the following descrip-
tion since their frequencies are far from the frequency of the
fundamental emission (784 nm) and are not so reliable. Only
the relative intensities of the first Raman emissions are dis-
cussed.

IV. RESULTS AND DISCUSSION

The spectra of the output pulses from the Raman cell are
shown in Fig. 3. As mentioned previously, the spectra of the
output pulses obtained in cases (A) and (B) are almost iden-
tical, where no rotational Raman lines are generated but the
spectral width of the fundamental emission is expanded by
the generation of SPM. In case (B), on the other hand, sev-
eral Raman emissions are observed at 672, 686, 698, 715,
730, 748, 818, 838, 855, 874, and 890 nm. The intensities of
the high-order Raman emissions at 672, 686, 715, 874, and
890 nm are weak compared to the low-order Raman emis-
sions generated at the wavelengths of 748, 818, 838, and
855 nm, which are depicted by O,g;, Og;, U, and Og, in Fig.
3, respectively. The frequency shift from the peak wave-
length of the fundamental (input) emission (784 nm) to the
wavelength of an anti-Stokes line (748 nm) is nearly equal to
587 cm™!, the rotational Raman shift of orthohydrogen. The
emission lines in the longer wavelength regions, on the other
hand, cannot be easily characterized by the rotational Raman
shift of orthohydrogen (587 cm™) or parahydrogen
(354 cm™!). This would be due to modulation of the Stokes
frequencies to higher frequencies by the simultaneous gen-
eration of SPM [19]. We have found that frequency separa-
tion between the wavelengths 784 and 818 nm is 530 cm™,
which corresponds to the separation between 818 and
855 nm. Hence, the two peaks (818 and 855 nm) correspond
to the first and second rotational Stokes emissions of ortho-
hydrogen, respectively. Though the peak at 838 nm (U in
Fig. 3) could not be characterized, the frequency shift from
the spectral component at 802 nm (edge of the fundamental
emission) is 530 cm™!, and thus it might be related to the
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Stokes emission of orthohydrogen. Though both the rota-
tional Stokes and anti-Stokes emissions were efficiently gen-
erated, the ratio of the amplitudes of the anti-Stokes to
Stokes emissions was not so large. This might be attributed
to the fact that the amplitude of the countercircularly polar-
ized component generating the anti-Stokes emission, which
was included in the linearly polarized component [{a) in Fig.
1(b)], is smaller than that of the amplitude of the circularly
polarized component [(c) in Fig. 1(b)] generating the Stokes
emission (cf. Sec. I C). The peaks generated at 672, 686,
698, 715, and 730 are not easily characterized. The fre-
quency shift between 748 and 730 nm and the shift between
715 and 698 nm are nearly equal to the Raman shift of
parahydrogen. In contrast, the frequency shift between 748
and 715 nm, the shift between 715 and 686 nm, and that
between 698 and 672 nm are nearly equal to the Raman shift
of orthohydrogen. The conservation law of angular mo-
menta, which must be satisfied for the generation of the anti-
Stokes emissions, may be satisfied as the result of the modu-
lation of the polarization state of the anti-Stokes emissions
by SPM or cross-phase modulation. The spectral structure at
the shoulder of the fundamental emission at 784 nm is
slightly complicated. Small peaks are observed at 803 and
761 nm. The frequency separations between these peaks and
the fundamental wavelength of 784 nm are slightly smaller
than the Raman shift of parahydrogen (354 cm™'). Hence,
these peaks would be generated as the result of simultaneous
generation of TSRRS, four-wave mixing, and SPM, which
modulates the frequency of the Raman emissions of parahy-
drogen [19].

It is also possible to produce a variety of polarization-
modulated pulses by changing the incidence angle of the
beam into the crystal and by changing the relation between
the direction of the polarization of the input beam and the
optical axis of the crystal. The angle of the LBO crystal was
changed to increase the ratio of the amplitudes of rotational
anti-Stokes to Stokes emissions. The spectrum of the output
beam from the Raman cell obtained in this case is shown in
Fig. 4(a). The input pulse energy into the hydrogen gas,
which was measured just before the focusing lens, was also
varied from 0.20 to 0.49 mJ by use of a zero-order half-wave
plate and a polarizer placed just before the LBO crystal. This
arrangement would have not changed the other experimental
condition, except only to afford a slight change in the energy
of the extraordinary ray, thus resulting in an insignificant
change in the efficiency of the TSRRS. The first rotational
Stokes (822 nm) and anti-Stokes (745 nm) emissions of
orthohydrogen were generated at input energies of 0.40 and
0.49 mJ. The wavelength 745 nm differed from the predicted
wavelength for the first anti-Stokes emission of orthohydro-
gen, 750 nm. The difference was not due to the influence of
SPM, since the wavelength of the first-Stokes emission
(822 nm) was not modulated by SPM. The anti-Stokes emis-
sion would be generated as the result of the energy conver-
sion from the frequency component at 779 nm, which was
separated by 587 cm™' from 745 nm. The efficiency in en-
ergy conversion from the fundamental emission to the Ra-
man emissions was increased with increases in the input en-
ergy. Up to 13% of the pulse energy was converted to the
anti-Stokes emission at the input energy of 0.49 mJ. The
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FIG. 4. Output spectra of TSRRS induced by the pulses modu-
lated in the LBO crystal (a) and by the pulses without the modula-
tion (b). The energy of the input pulses before the focusing lens was
varied among 0.20, 0.30, 0.40, and 0.49 mJ. S1 and AS1 show the
first rotational Stokes emission and the first rotational anti-Stokes
emission, respectively. Each spectrum is normalized with respect to
its peak intensity.

ratio of the amplitudes of anti-Stokes to Stokes emissions is
high compared to the above experiment, especially in the
case of an input energy of 0.40 mJ, where the peak heights of
the two sidebands are comparable to each other and the peak
ratio is 0.9. This cannot be observed in the usual case of
SRRS. Small peaks were also generated at 708 and 811 nm
in the spectrum when the input energy was 0.49 mJ. The
frequency separation between 811 and 788 nm, which is the
wavelength of the shoulder of the fundamental emission, is
354 cm™! and corresponds to the Raman shift of parahydro-
gen. The emission at 708 nm, however, is not easily identi-
fied. The separation between 708 and 745 nm is 700 cm™!
and much larger than the Raman shifts of orthohydrogen
(587 cm™!) and parahydrogen (354 cm™'). One possibility of
the origin of the generation of the emission at 708 nm is
nonresonant degenerate four-wave mixing among the emis-
sions at 786, 745, and 708 nm since the frequency separation
between 786 and 745 nm is also 700 cm™'. Another possible
explanation is that a frequency component at 739 nm, which
is the shoulder of the strong emission at 745 nm, was shifted
by 587 cm™! to generate the emission at 708 nm. For this
mechanism, however, the polarization of the component at
739 nm should be circular with the opposite direction to that
of the component at 745 nm for the satisfaction of the con-
servation of angular momenta. Generation of such an anti-
Stokes emission with frequency-dependent polarization
would be realized as the result of the generation process of
the polarization-modulated pulse used in this study. The
phase difference between the ordinary and extraordinary
rays, emerging from a birefringence crystal used to generate
a polarization-modulated pulse, depends on the wavelength
of the rays, and thus the polarization state at the center part
of the polarization-modulated pulse [{c) in Fig. 1(b)] also
depends on the wavelength and would lead to such a com-
plicated generation mechanism to generate the emission at
708 nm. The frequency dependence of the polarization
within a polarization-modulated pulse should be controlled
for understanding completely the generation mechanism of
the high-order Raman emissions.
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FIG. 5. Output spectra of TSRRS induced by pulses with linear,
elliptical, and circular polarizations. The energies of the input
pulses are kept at 0.49 mJ. Each spectrum is normalized with re-
spect to its peak intensity.

The low efficiency of SPM is another concern in this ex-
periment. To compare the efficiency in this regime to that in
the case of a linearly polarized pump pulse, the LBO crystal
was removed from the experimental setup to change the po-
larization of the input pulse to linear. The output spectra
from the gas are shown in Fig. 4(b) for the input energies
ranging from 0.20 to 0.49 mJ. The efficiency of SPM was
high compared to the case of the result of Fig. 4(a). The
spectral width of the fundamental emission is expanded es-
pecially for the large energy of the input pulse; the full width
at half-maximum (FWHM) of the emission is 13 nm at the
input-pulse energy of 0.20 mJ, and is 17 nm at 0.49 mJ. On
the other hand, in the case of 0.49 mJ in Fig. 4(a), the spec-
tral width of the fundamental emission is 13 nm, suggesting
that the generation of SPM is substantially suppressed in the
case of the polarization-modulated pulse compared to the
case of a pulse without modulation of polarization. This can
be explained by the decrease of the pulse peak intensity
caused by the pulse splitting process in the LBO crystal dis-
cussed in Sec. II. In the spectra shown in Fig. 4(b), almost no
appreciable Raman emission was generated as predicted
from the theory of parametric Stokes—anti-Stokes coupling
[1,17]. However, a very small peak was observed at 818 nm
when the input energy was 0.49 mJ. This might be generated
as the result of generation of the seed emission for TSRRS
through SPM for subsequent amplification of the emission.

In the general case, TSRRS is induced by a circularly or
elliptically polarized pulse, and therefore the result should
also be compared to those induced by pulses with such po-
larizations. In Fig. 5, the output spectra obtained in the case
of input pulses with polarizations of a variety of ellipticities
are shown. The polarization of an input pulse was controlled
using a quarter-wave plate (WPQ-7800-4M, Sigma Koki)
and the input energy was kept at 0.49 mJ. None of the output
spectra include appreciable peaks related to TSRRS, but in-
stead they do have a unique structure in the wavelength re-
gion longer than 800 nm especially in the case of the circu-
larly polarized pulse, which would be caused by the

PHYSICAL REVIEW A 77, 063802 (2008)

simultaneous generation of TSRRS and SPM. The efficiency
of spectral broadening in the longer wavelength region was
varied with the change of polarization, and was most effi-
cient for the circularly polarized input pulse. This is attrib-
uted to the fact that the efficiency of the rotational Stokes
emission is the highest for circular polarization [20]. The
small peaks generated at 805, 818, and 748 nm in the case of
the elliptically polarized pulses correspond to the first Stokes
emission of parahydrogen, the first Stokes emission of ortho-
hydrogen, and the first anti-Stokes emission of orthohydro-
gen, respectively, though the wavelengths were slightly
shifted by simultaneous generation of SPM [19].

The efficiency of SPM was the lowest in the case of cir-
cular polarization, which is suggested from the fact that the
spectral width of the fundamental emission is the smallest
(15 nm) of all the polarizations. The efficiency of SPM in the
case of circular polarization is higher than that in the case of
the polarization-modulated pulse [13 nm at 0.49 mJ in Fig.
4(a)]. The efficiency of TSRRS, which is suggested from the
peak height of the Stokes emission, is also lower than the
result obtained for the polarization-modulated pulse. In other
words, the efficiencies of SPM and TSRRS induced by a
polarization-modulated pulse are, respectively, lower and
higher than those induced by linearly, elliptically, and circu-
larly polarized pulses. This is considered to be attributed to
the low intensity of the polarization-modulated pulse, which
leads to the low efficiency of SPM and thus a high efficiency
of TSRRS, compared to the three types of pulses.

A pulse with a more complex polarization change than
those used in this study can be produced using a polarization
shaping technique based on a spatial phase modulator [21],
which modulates ellipticity as well as the orientation of the
elliptical principal axis within a pulse. The technique has
already been applied in the study of single-pulse coherent
anti-Stokes Raman scattering (CARS), though the ellipticity
of the pulse has not been modulated [22]. Since this tech-
nique allows one to control the polarization of each spectral
component as well as to produce a pulse with arbitral polar-
ization change, various investigations about TSRRS are pos-
sible. For instance, one may obtain a higher efficiency of the
Raman emissions than this study by locking the phase delay
A¢ over all the frequency components included in the pulse,
and may control the peak ratio of rotational anti-Stokes to
Stokes emissions freely.

The polarization-modulated pulse may be used to solve
the problem of the reduced efficiency of the multicolor rota-
tional emissions in the femtosecond regime [6]. If the emis-
sion efficiency is improved and multicolor emissions are
generated, the emissions can be used to generate ultrashort
pulses [23]. Furthermore, it is also interesting to use the
polarization-modulated pulse as a pump pulse to generate the
coherent rotations of hydrogen molecules for subsequent
modulation of the frequency of a uv pulse [11], since the
pulse is expected to excite efficiently the coherent rotations
without the significant influence of SPM.

V. CONCLUSION

In conclusion, TSRRS induced by a polarization-
modulated femtosecond pulse is reported. The ultrafast varia-

063802-6



STIMULATED ROTATIONAL RAMAN SCATTERING BY A...

tion of polarization within a pulse, created by passing the
pulse through a birefringence crystal, generates TSRRS with
an efficiency that is much higher than those of TSRRS in-
duced by linearly, elliptically, and circularly polarized fem-
tosecond pulses. The high efficiency is related to the low
efficiency of SPM due to the low peak intensity of the pulse
compared to a pulse without polarization modulation. Fur-
thermore, the pulse has a unique feature in that rotational
Stokes and anti-Stokes emissions are simultaneously gener-
ated with high efficiencies, which is explained by the tempo-
ral evolution of the ratio of the amplitudes of countercircu-
larly polarized to circularly polarized fields involved in the
pulse. Since the polarization-modulated pulse can be gener-
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ated only by inserting a birefringence crystal into the optical
path, it provides a simple system to convert the wavelength
of a femtosecond pulse to shorter and longer wavelengths.
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