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Polarization effect in impulsive rotational Raman scattering

Kenichi Ishikawa*
Department of Quantum Engineering and Systems Science, Graduate School of Engineering, University of Tokyo, Hongo 7-

Bunkyo-ku, Tokyo 113-8656, Japan

Hiroyuki Kawano and Katsumi Midorikawa
Laser Technology Laboratory, RIKEN (The Institute of Physical and Chemical Research), Hirosawa 2-1, Wako-shi,

Saitama 351-0198, Japan
~Received 9 June 2002; published 23 September 2002!

We theoretically study rotational Raman coherence excited impulsively in a hydrogen-gas-filled hollow fiber
by an fs pump pulse with an arbitrary ellipticity. The results of our simulations based on a rotationally invariant
formalism show that the use of an elliptically polarized pulse leads to more efficient phonon excitation than
that of a linearly or circularly polarized one. The phonon amplitude dramatically depends both on ellipticity
and propagation distance. The passage of a probe pulse in this excited media leads to the generation of
high-order Raman sidebands in the pulse.
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In the past several years, a considerable amount of e
has been made to improve the technique of ultrashort-p
generation. By use of a traditional method based on su
continuum generation via self-phase modulation in a K
nonlinear medium and subsequent pulse compression,
now possible to realize an optical pulse as short as 5 fs@1#.
An alternative mechanism which has recently attracted gr
ing interest is stimulated Raman scattering~SRS! @2–7#.
Sokolov et al. @8# have generated near single-cycle puls
with pulse lengths of;2 fs based on collinear generation
a wide spectrum of equidistant, mutually coherent Ram
sidebands by achieving a near maximum Raman coher
with two nanosecond lasers. On the other hand, the re
experiment by Wittmannet al. @9# has demonstrated the fre
quency modulation of laser pulses via impulsive SRS us
the rotation of hydrogen molecules and Fourier-synthesi
short pulse trains from the compression of Raman sideba
These latter authors have also studied the scheme usin
vibrational SRS from SF6 and reported the generation o
5.8-fs pulse trains. In this type of technique, an ultrash
pump pulse excites a Raman medium impulsively, an
weaker probe pulse, injected with a time delay, is scatte
by the coherently oscillating molecular vibrations or ro
tions. This leads to the generation of Raman sidebands.

In view of its application to the pulse compression as w
as for its fundamental interest, several theoretical invest
tions on the above-mentioned impulsive SRS have been d
both for vibrational and rotational cases@7,10–12#. These
studies were, however, concentrated on linearly polari
pump pulses. Although in the case of impulsive rotatio
SRS the phonon amplitude excited by the pump pulse
expected to depend on the ellipticity of the pump pulse, th
exists no work on the polarization effect, to our knowledg

In this Rapid Communication, we theoretically study t
dynamics of rotational Raman coherence excited impulsiv
by a femtosecond laser pulse with an arbitrary elliptical p
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larization and subsequent scattering of a linearly polari
probe pulse in the excited medium. To be specific, we c
sider a hollow fiber with an inner diameter of 126mm filled
with 0.5 atm of H2 as a Raman medium. We simulate th
dynamics of pulse propagation by solving an extended n
linear Schro¨dinger equation coupled with an equation f
phonon creation. Our results reveal that an elliptically pol
ized pump pulse excites Raman coherence more efficie
than a linearly or circularly polarized pulses. Moreover, t
phonon amplitude by an elliptically polarized pump large
variates with a propagation distance inside the medium
well as the ellipticity. By the passage of a probe pu
through the Raman medium excited by an elliptically pol
ized light, high-order Raman sidebands can be genera
comparably to the case of a linearly polarized pump puls

Our analysis is based on the rotationally invariant form
ism developed by Holmes and Flusberg@13#. It follows from
Eqs.~9!–~12! of Ref. @13# that

S 1

c2

]2
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]2

]t2

3(
ma

~QmEa1Q2m* Ea!^mua 2g&,

~1!

S ]2

]t2
1VR

2 D Qn5CR(
ab

EaEb* ^2nua 2b&, ~2!

where Eg denotes the electric field of polarizationg(5
61), Qm the amplitude of the phonon ofm(562,0) units
of angular momentum along the axisz of propagation,VR

the Raman frequency, andCR5N/A2(]a/]Q), with N and
]a/]Q being the molecular density and the differential p
larizability, respectively.^muab& stands for the Clebsch
Gordan coefficient̂ 2mu11ab&. Relevant coefficients are
^2u1,1&5^22u21,21&51 and ^0u1,21&5^0u21,1&
©2002 The American Physical Society02-1
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51/A6. Thus the light is coupled to phonons that flip pola
ization more strongly than to those that do not change po
ization. On derivation of Eqs.~1! and~2! we have neglected
phonon damping and the last two terms of the sums in E
~11! and ~12! of Ref. @13#. We use the slowly varying enve
lope approximation~SVEA!,

Ea5Aaexp@ i ~kLz2vLt !#, ~3!

for the electric field. For the phonon amplitudeQm , on the
other hand, we do not use the SVEA, since the laser puls
in general shorter than the periodTR(557 fs) of molecular
rotation. Then Eqs.~1! and ~2! are rewritten in a frame o
reference moving with the group velocity of the pulse as

]Ag

]z
1 (

,52

,max i ,21b,

,!

],Ag

]t,
1

s

2
Ag

5
2in2k0

3 S 11
i

v0

]

]t D @~ uAgu212uA2gu2!Ag#

1 i4pk0CR(
ma

QmAa^mua 2g&, ~4!

S ]2

]t2
1VR

2 D Qn5CR(
ab

AaAb* ^2nua 2b&, ~5!

In the extended nonlinear Schro¨dinger equation~4! we have
included the linear dispersion~the second term on the left
hand side!, the fiber loss~the third term on the left-hand
side!, and the instantaneous Kerr effect@14# ~the first term on
the right-hand side!. v0 denotes the carrier frequency of th
pulse, andk0 is the corresponding vacuum wave number.b,

is defined as

b,5S d,b

dv,D
v5v0

, ~6!

whereb(v) gives the dispersion relation of the wave num
ber in the Raman medium including the waveguide contri
tion. It should be noted from Eq.~5! that

Qm5Q2m* ~m562,0!, ~7!

and, especially,Q0 is real. This relation has been used in t
derivation of Eq.~4!. Equations~4! and~5! are valid both for
the pump and the probe pulse if we use appropriate value
parameters. In the present study we solve the coupled e
tions Eqs.~4! and~5! by a split-step Fourier method with th
fourth-order Runge-Kutta method for nonlinear steps.Ag is
normalized in such a way thatuAgu2 gives an intensity in
W/cm2 for convenience. The values ofb,’s are calculated
with the linear susceptibility described in Ref.@3# and the
waveguide contribution described in Ref.@15#. We set,max
to 5. The used parameters@10,11,16–18# are VR
50.1106 fs21, s51.5 m21, and n255.51310220 cm2/W
both for the pump and probe pulse,CR51.23104 for the
03180
-
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pump with a wavelength of 785 nm, andCR51.33104 for
the probe with a wavelength of 392.5 nm, respectively.

There is another model to describe molecular rotati
i.e., the rigid rotor formalism@19#. In the present study, how
ever, excited phonon density is much lower than molecu
density as we will see below. In such cases the use of
rotationally invariant formalism is appropriate. The rigid r
tor formalism would be necessary for the case of much m
intense or longer pulses, which may cause molecular al
ment and rotational wavepacket@19#.

We first study how rotational Raman coherence exci
impulsively by a pump pulse depends on the ellipticityep of
the pump light and the propagation distancez. The pulse has
a sech2 temporal profile with a peak intensity o
1013 W/cm2. For comparison we consider two different va
ues of pulse durationT0 ~full width at half maximum!, i.e.,
40 fs and 80 fs. In the latter case, the phonon excitation
strictly speaking, not impulsive, since the pulse duration
slightly longer than the molecular rotation periodTR . After
the pump pulse has passed and before the arrival of the p
pulse, the phonon amplitudeQn is of the following form:

Qn5qne2 iVRt1q2n* eiVRt ~n562,0!, ~8!

whereqn depends onz in general. We plotqn as a function of
z for different values of pump pulse ellipticity,

ep5
uA1u2uA2u
uA1u1uA2u

~9!

in Figs. 1 (T0580 fs) and 2 (T0540 fs). In Fig. 1 we can
see that the phonon is practically not excited when the pu
is linearly (ep50) or circularly (ep51) polarized. On the
other hand, when the pulse polarization is elliptical, the p
non with m522 are efficiently excited, and that withm
52 is also, though less, excited, while that withm50 is still
hardly excited. These behaviors can be understood qua
tively as follows. For the linear polarization or for the ph
non withm50, the gain is parametrically suppressed due
the Stokes–anti-Stokes~SA! coupling@20#, as is well known

FIG. 1. The distribution of the phonon amplitudeqm (m5
62,0) excited by a pump pulse with a duration of 80 fs and diff
ent values of ellipticityep indicated in the figure.
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in vibrational SRS. On the other hand, for the phonons w
umu52 in the case of an elliptically polarized pulse, the S
coupling is only partial, so that these phonons can be exc
For a circularly polarized pulse, no phonon withumu52 is
excited due to the lack of the field of the opposite polari
tion. In Fig. 2, unlike in Fig. 1, phonons can be impulsive
excited even with a linearly or circularly polarized pulse, a
the phonon withm50 can also be generated, since the pu
is shorter than the periodTR of the molecular rotation. It
should be noted in Fig. 2, however, that the phonon exc
tion for m562 is more efficient for an elliptical polarizatio
than for a linear or circular polarization, and is most efficie
aroundep50.5. q0 is nearly independent ofep and does not
vary much withz except for a gradual decrease. It follow
from Eq. ~5! that

S ]2

]t2
1VR

2 D Q05
CR

A6
(
g

uAgu2. ~10!

Neglecting linear dispersion and self-steepening~the term
containingi /v0]/]t), we can obtain the variation of(guAgu2

by use of Eq.~4! as, after some algebra,

(
g

uAg~ t,z!u2'e2(s/2)z(
g

uAg~ t,z50!u2, ~11!

or an exponential decrease due to a fiber loss, independe
pulse ellipticity ep . Although linear dispersion and sel
steepening are not completely negligible, the resulting
pendence ofq0 on ep is quite small. On the contrary, th
excitation of phonons withm562 largely depends onep ,
and its variation withz is remarkable, as can be seen bo
from Figs. 1 and 2. The highest value of phonon amplitude
Fig. 1 is approximately 7310212 in such a system of units
that uAgu2 gives an intensity in W/cm2. This value corre-
sponds to a phonon density of 2.231016 cm23, which is
much lower than the molecular density (1.331019 cm23).
This observation confirms the validity of the rotationally i
variant formalism@13# in the present study.

FIG. 2. The distribution of the phonon amplitudeqm (m5
62,0) excited by a pump pulse with a duration of 40 fs and diff
ent values of ellipticityep indicated in the figure.
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Let us now turn to the investigation of the Raman sid
band formation in a linearly polarized weaker probe pulse
the phonons excited by the pump pulse. At this stage, i
instructive to discuss briefly the probe pulse propagation
tained by rewriting its envelopeAa as the sum of different
frequency components,Aa5( jAj a , whereAj a is the enve-
lope of the component of frequencyv j5vL2 j VR . If we
neglect the dispersion and the Kerr response and assume
the probe is sufficiently weak thatQn can be described by
Eq. ~8!, the propagation of each componentj is described by

]Aj g

]z
524pk0CR~ q̄mAj 11,a2q̄2m* Aj 21,a!^mua 2g&,

~12!

A0,15A0,25A0 , and Aj a50 if j Þ0 at z50,
~13!

whereq̄m52 iqm . Equation~12! can be solved analytically
for the following two cases if we assume thatq̄m is indepen-
dent ofz: In caseq̄25q̄225q̄, we can write the solution of
Eq. ~12! as,

Aj ,15Aj ,25A0Jj~8pk0CRuq̄21q̄0 /A6u!e2 i j f, ~14!

whereJj (z) denotes the Bessel function of the first kind
order j, and f5arg(q̄21q̄0 /A6). This behavior is qualita-
tively similar to the case of vibrational Raman scattering.
the other hand, in caseq̄225uq̄22ueifÞ0 and q̄05q̄250,
the solution of Eq.~12! reads

A0,1~z!5A0,2~z!5A0cos 4pk0uq̄22uz, ~15!

A1,2~z!5A0e2 ifsin 4pk0uq̄22uz, ~16!

A21,1~z!52A0eifsin 4pk0uq̄22uz, ~17!

-

FIG. 3. Intensity spectrum of a probe pulse after 1 m of propa-
gation in the medium excited by a pump pulse with different valu
of ellipticity ep and durationT0. Thick solid curve:ep50.5 and
T0540 fs; thick dotted curve:ep50.1 andT0540 fs; thin solid
curve: ep50 and T0540 fs; thin dotted curve:ep50.5 andT0

580 fs.
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and all the other components remain zero. Thus, ifq2 or q22
has been selectively excited by the pump pulse, Raman c
ponents only of the first order can be formed in the pro
pulse.

Bearing the above discussion in mind, let us investig
the Raman component formation in a probe pulse with
peak intensity of 1011W/cm2 and a duration of 80 fs, by
solving of the coupled equations~4! and ~5!. The group ve-
locity matching @21# between the pump and the probe
achieved for the fiber diameter and the gas pressure con
ered in the present study. Figure 3 presents the spectru
the probe pulse atz51m. In caseep50.5 andT0580 fs, the
pump pulse is elliptically polarized and has a duration lon
than TR ~thin dotted curve!, the spectrum is hardly broad
ened. Since the phonon withm522 has been selectivel
excited by the pump as can be seen from Fig. 1~c!, the dy-
namics of the probe pulse is essentially described by E
~15!–~17!: most of the pulse energy is exchanged on
among the fundamental and the first-order Raman com
nents. On the other hand, in the case of an elliptically po
ized pump pulse withT0540 fs ~thick solid and dotted
curves!, high-order Raman sidebands are formed, and
bandwidth is at least comparable to the case of the line
polarized pump pulse~thin solid curve!. In this case, in con-
trast to the previous case, Figs. 2~b! and 2~c! show that a
an

ev

ev

rs

.
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considerable amount of phonons withm50 and 2 are ex-
cited in addition to that withm522. This allows an effi-
cient formation of high-order Raman components in t
probe pulse.

In conclusion, we have investigated the effect of the pu
pulse polarization on the impulsive excitation dynamics
rotational phonons in a hollow fiber filled with a hydroge
gas and Raman sideband formation in an accompan
weaker probe pulse. We have considered an arbitrary in
ellipticity of the pump pulse and based our analysis on
rotationally invariant formalism@13#. The excitation of Ra-
man coherence by the pump pulse depends sensitively o
polarization and is more efficient for an elliptically polarize
pump pulse than for a linearly or circularly polarized pum
In the case of an elliptically polarized pump pulse shor
than the period of the molecular rotation, phonons with
the three values ofm(562,0) are excited and the amplitud
of those withm562 strongly depends on the pump elliptic
ity and the propagation distance. When a probe pulse is
jected into thus excited media, high-order Raman com
nents are formed in the pulse, and its spectrum is broade
to an extent at least comparable to the case of a comm
used linearly polarized pump pulse.

This work was partially supported by the Special Postd
toral Researchers Program of RIKEN.
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