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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 effottirization and subsequent scattering of a linearly polarized
has been made to improve the technique of ultrashort-pulserobe pulse in the excited medium. To be specific, we con-
generation. By use of a traditional method based on supesider a hollow fiber with an inner diameter of 124n filled
continuum generation via self-phase modulation in a Kerwith 0.5 atm of H as a Raman medium. We simulate the
nonlinear medium and subsequent pulse compression, it Bynamics of pulse propagation by solving an extended non-
now possible to realize an optical pulse as short as[3]fs linear Schrdinger equation coupled with an equation for
An alternative mechanism which has recently attracted growPphonon creation. Our results reveal that an elliptically polar-
ing interest is stimulated Raman scatterif@RS [2-7]. ized pump pulse excites Raman coherence more efficiently
Sokolov et al. [8] have generated near single-cycle pulseghan a linearly or circularly polarized pulses. Moreover, the
with pulse lengths of-2 fs based on collinear generation of phonon amplitude by an elliptically polarized pump largely
a wide spectrum of equidistant, mutually coherent Ramaryariates with a propagation distance inside the medium as
sidebands by achieving a near maximum Raman coherendé€ll as the ellipticity. By the passage of a probe pulse
with two nanosecond lasers. On the other hand, the receffirough the Raman medium excited by an elliptically polar-
experiment by Wittmanet al.[9] has demonstrated the fre- ized light, high-order Raman sidebands can be generated,
quency modulation of laser pulses via impulsive SRS usingomparably to the case of a linearly polarized pump pulse.
the rotation of hydrogen molecules and Fourier-synthesized Our analysis is based on the rotationally invariant formal-
short pulse trains from the compression of Raman sidebandism developed by Holmes and Flusb¢ig]. It follows from
These latter authors have also studied the scheme using théls.(9)—(12) of Ref.[13] that
vibrational SRS from S§ and reported the generation of
5.8-fs pulse trains. In this type of technique, an ultrashort ( 1 5 (92) 4 &
pump pulse excites a Raman medium impulsively, and a | 5 =5~ 3 |E,= 3 Cr
weaker probe pulse, injected with a time delay, is scattered ¢t ot az o
by the coherently oscillating molecular vibrations or rota-

C

tions. This leads to the generation of Raman sidebands. X > (QmEatQ* nE)(mla —v),
In view of its application to the pulse compression as well me
as for its fundamental interest, several theoretical investiga- (1)

tions on the above-mentioned impulsive SRS have been done
both for vibrational and rotational cas¢g,10—13. These
studies were, however, concentrated on linearly polarized
pump pulses. Although in the case of impulsive rotational
SRS the phonon amplitude excited by the pump pulse is
expected to depend on the ellipticity of the pump pulse, theravhere E,, denotes the electric field of polarizatiop(=
exists no work on the polarization effect, to our knowledge.*= 1), Qy, the amplitude of the phonon ah(= +2,0) units
In this Rapid Communication, we theoretically study theof angular momentum along the axisof propagation Qg
dynamics of rotational Raman coherence excited impulsivelghe Raman frequency, ar@k=N/2(da/dQ), with N and
by a femtosecond laser pulse with an arbitrary elliptical po-da/dQ being the molecular density and the differential po-
larizability, respectively.{m|ag) stands for the Clebsch-
Gordan coefficient{(2m|11aB). Relevant coefficients are
*Electronic address: ishiken@q.t.u-tokyo.ac.jp (2]11,=(-2|-1,-1)=1 and (0|1,—1)=(0|—-1,1)
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=1/\/6. Thus the light is coupled to phonons that flip polar- &w" ™ —
ization more strongly than to those that do not change polar- 4 ° Ll ::FT;@E;)
ization. On derivation of Eqg1) and(2) we have neglected £ * = :REE’; 4 - T‘E‘),’
phonon damping and the last two terms of the sums in Eqs. § 2 : 2‘ — '
(11) and (12)' of Ref. [13]. We use the slowly varying enve- 2 N [ NW
Iope apprOXImatlor(SVEA), , | (@) Elipticity = 0 , | (b) Ellpticity = 0.1 T
! 0.0 0‘2 0‘.4 0‘.6 0?8 10 420.0 0‘2 0‘4 0‘.6 0‘.8 1.0
Ea: AanF[I (kLZ_ (,()Lt)], (3) 810 | ~ | 8o o :Ene(j;;); |
3 7 D s
for the electric field. For the phonon amplitu@,, on the £ “ - :a}:q’;
other hand, we do not use the SVEA, since the laser pulse isg “]
in general shorter than the peridg(=57 fs) of molecular 2 "
rotation. Then Eqgs(1) and (2) are rewritten in a frame of () Ellpticty = 05 I 2 (@) Ellptcity = 1 i
reference moving with the group velocity of the pulse as o0 o0z 04 05 o8 1o 00 o0z 04 06 08 1o
Propagation distance z(m) Propagation distance z{m)

A, fmaxjt-1g, A, FIG. 1. The distribution of the phonon amplitudg, (m=

o
7 +(72 0 +§Ay +2,0) excited by a pump pulse with a duration of 80 fs and differ-
o ' ent values of ellipticitye, indicated in the figure.

2in5kg
3

i 9
(1+ — E) [(|A,]2+2|A_|2A,] pump with a wavelength of 785 nm, ai@k=1.3x 10* for
0 the probe with a wavelength of 392.5 nm, respectively.
There is another model to describe molecular rotation,
+i47koCrY, QAL mla — ), (4)  i.e., the rigid rotor formalisni19]. In the present study, how-
me ever, excited phonon density is much lower than molecular
density as we will see below. In such cases the use of the
_ * rotationally invariant formalism is appropriate. The rigid ro-
Qn= CRQEB Aahlg( =l =), © tor formalism would be necessary for the case of much more
intense or longer pulses, which may cause molecular align-
In the extended nonlinear Sclinger equatior(4) we have ~ Ment and rotational wavepacketo).
included the linear dispersiofthe second term on the left- ~ We first study how rotational Raman coherence excited
hand sidg the fiber loss(the third term on the left-hand impulsively by a pump pulse depends on the ellipti@yof
side), and the instantaneous Kerr eff¢td] (the first term on  the pump light and the propagation distazc&he pulse has
the right-hand side w, denotes the carrier frequency of the @ secR temporal profile with a peak intensity of
pulse, andk, is the corresponding vacuum wave numigyr. 10" W/cn?. For comparison we consider two different val-

(?2
7 102

is defined as ues of pulse duratioify (full width at half maximun), i.e.,
40 fs and 80 fs. In the latter case, the phonon excitation is,
d‘g strictly speaking, not impulsive, since the pulse duration is
€=(—€) , (6)  slightly longer than the molecular rotation peridg. After
do w=wg the pump pulse has passed and before the arrival of the probe

pulse, the phonon amplitudg,, is of the following form:
where B(w) gives the dispersion relation of the wave num- et ot
ber in the Raman medium including the waveguide contribu- Qn=0ne "R+qt e R (n=%2,0), 8

tion. It should be noted from Ed5) that
whereq,, depends oz in general. We plot),, as a function of

m=Q*,, (Mm==%20), (7) z for different values of pump pulse ellipticity,
and, especiallyQ is real. This relation has been used in the o — [AL[—[A_] ©)
derivation of Eq.(4). Equationg4) and(5) are valid both for PAL+]A_|

the pump and the probe pulse if we use appropriate values of

parameters. In the present study we solve the coupled equi Figs. 1 (T;=280 fs) and 2 T;=40 fs). In Fig. 1 we can
tions Eqgs.(4) and(5) by a split-step Fourier method with the see that the phonon is practically not excited when the pulse
fourth-order Runge-Kutta method for nonlinear steps.is s linearly (e,=0) or circularly €,=1) polarized. On the
normalized in such a way th¢1°\y|2 gives an intensity in  other hand, when the pulse polarization is elliptical, the pho-
W/cn? for convenience. The values ¢f,’s are calculated non with m=—2 are efficiently excited, and that wit

with the linear susceptibility described in R¢8] and the =2 is also, though less, excited, while that with= 0 is still
waveguide contribution described in Rg15]. We setf,,,,  hardly excited. These behaviors can be understood qualita-
to 5. The used parameter$10,11,16—18 are Qg tively as follows. For the linear polarization or for the pho-
=0.1106 fs, o=1.5m !, and n,=5.51x10 2 cn?/W  non withm=0, the gain is parametrically suppressed due to
both for the pump and probe puls€g=1.2x 10" for the  the Stokes—anti-Stoké&SA) coupling[20], as is well known
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_ Let us now turn to the investigation of the Raman side-
band formation in a linearly polarized weaker probe pulse by
the phonons excited by the pump pulse. At this stage, it is
instructive to discuss briefly the probe pulse propagation ob-
tained by rewriting its envelopé, as the sum of different
frequency component#,,=XA;,, whereA,, is the enve-

L
— Re(g,)
6 —Imqy) | 6
-- IRe((q :))

i == Imlag | -
“ . Re(q ) 4
2 e Imtq ) |

Phonon amplitude

-5 O

. | (a) Ellipticity = 0 I Lo EIIipt.icity =0.1 X
00 02 o4 a5 05 10 00 o2 os oOs 08 10 lope of the component of frequenay;= o —jQg. If we
o — e neglect the dispersion and the Kerr response and assume that
—Im{gy L . . . .
8 o7 ety the probe is sufficiently weak th&,, can be described by
£ 4 /0N leewf 4L F’aﬂs((zn)) B H i H
g o | Eq. (8), the propagation of each compon¢is described by
g - I | _aAj”_ — A7k Co(d-A. —a* A m| _
. | (@ Bliptiity - 0.5 , | (@ Etipticity = 1 0z - TKo R(qm j+1la qu J*l,a)( a 7>1
o0 o‘f’ropag‘iﬁon dis(t);i(r:ce z((r);a) ° e OTgropagoal.i‘i‘on dis‘t’;t:lce z((r’rf|8) 0 (12)
FIG. 2. The distribution of the phonon amplitudg, (m= Ao =Ay_=A,, and A].a:o if j#0 at z=0,
+2,0) excited by a pump pulse with a duration of 40 fs and differ- ’ ’ (13

ent values of ellipticitye, indicated in the figure.

whereamz —iqm. Equation(12) can be solv_ed analytically

in vibrational SRS. On the other hand, for the phonons Withror the following two cases if we assume titgt is indepen-
m|=2 in the case of an elliptically polarized pulse, the SA Cofz | — = — ite th wuti ‘
coupling is only partial, so that these phonons can be excite zn(fZ)Zésn cased,=q-2=0, we can write the solution

For a circularly polarized pulse, no phonon with|=2 is
excited due to the lack of the field of the opposite polariza-
tion. In Fig. 2, unlike in Fig. 1, phonons can be impulsively

excited even with a linearly or circularly polarized pulse, and . . .
the phonon withm=0 can Z\Iso be gengrgted sincep the puIseWhereJi(Z) denotes the Bessel function of the first kind of

is shorter than the periodi; of the molecular rotation. It o_rderj,_and(,/)=arg(q2+q0/\/_€). This behavior is qualita-
should be noted in Fig. 2, however, that the phonon excitalively similar to the case of vibrational Raman scattering. On
tion for m= +2 is more efficient for an elliptical polarization the other hand, in casg_,=|q_,/e'*#0 andqg,=q,=0,
than for a linear or circular polarization, and is most efficientthe solution of Eq(12) reads

arounde,=0.5. g is nearly independent af, and does not .

vary much withz except for a gradual decrease. It follows Ap+(2)=Ag_(z)=Aqcos 4rko|q_,|Z, (15
from Eq. (5) that

A=A =Agd(8mkoCrlaz+qo/\B))e 1%, (14)

, Aq_(2)=Ace " ?sin 4mko|q_,|z, (16)
d Cr
—+02|Q=—= >, |A)% 10 : —
(&tz R>QO J6 Ey 1A, (10 A_1(2)=—Age'?sin dmrko|q_,|z, (17
Neglecting linear dispersion and self-steepenitite term 10" 4 : L L ' ' ' L

containingi/ wqd/ dt), we can obtain the variation r§1‘y|Ay|2
by use of Eq.(4) as, after some algebra,

(arb. unit)
3,
I(.O

> |A(L2)2=e (DY |A(1,z=0)[2, (1))
Y Y

intensity
5,
IN

or an exponential decrease due to a fiber loss, independent of-

pulse ellipticity e,. Although linear dispersion and self- Tg 10" 5
steepening are not completely negligible, the resulting de- § 3
pendence ofj, on e, is quite small. On the contrary, the &
1010 T i T

excitation of phonons wittm=+2 largely depends og,,
and its variation withz is remarkable, as can be seen both
from Figs. 1 and 2. The highest value of phonon amplitude in

Fig. 1 is approximately X :_]-0_.12 in such a system of units kg, 3. Intensity spectrum of a probe pulse aftem of propa-
that |A,|? gives an intensity in W/cfa This value corre- gation in the medium excited by a pump pulse with different values
sponds to a phonon density of X20'°cm™2, which is  of eliipticity e, and durationT,. Thick solid curve:e,=0.5 and
much lower than the molecular density (¥.30" cm™®).  T;=40fs; thick dotted curvee,=0.1 andT,=40 fs; thin solid
This observation confirms the validity of the rotationally in- curve: e,=0 and T,=40 fs; thin dotted curvee,=0.5 andT,
variant formalism[13] in the present study. =80 fs.
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and all the other components remain zero. Thugyibrq_,  considerable amount of phonons witi=0 and 2 are ex-
has been selectively excited by the pump pulse, Raman congited in addition to that wittm=—2. This allows an effi-
ponents only of the first order can be formed in the probecient formation of high-order Raman components in the
pulse. probe pulse.

Bearing the above discussion in mind, let us investigate In conclusion, we have investigated the effect of the pump
the Raman component formation in a probe pulse with Pulse polarization on the impulsive excitation dynamics of
peak intensity of 18W/cm? and a duration of 80 fs, by rotational phonons in a hollow fiber filled with a hydrogen
solving of the coupled equatiortd) and (5). The group ve- 92S and Raman sideband formaupn in an accompanying
locity matching[21] between the pump and the probe is We_ake_r probe pulse. We have considered an arbltr_ary initial
achieved for the fiber diameter and the gas pressure consiﬁllt'p;[.'c'ty”of the purrtuc; puls? anfsba_rsr?d our.talt"n_alys? an the
ered in the present study. Figure 3 presents the spectrum Qaanlggge)r/ew(\:/: rl;?/nth; [:)mu?nls npiuls]é dege?l)((g 2elﬁgit?velya(_)n its
the prabe pulse at=1m. In case,=0.5 andT,=50 fs, the polarization and is more efficient for an elliptically polarized
pump pulse is elliptically polarized and has a duration Iongep

. . ump pulse than for a linearly or circularly polarized pump.
than Tg (thin dotted curvg the spectrum is hardly broad- |, the case of an elliptically polarized pump pulse shorter

ened. Since the phonon witin=—2 has been selectively han the period of the molecular rotation, phonons with all
excited by the pump as can be seen from Fig),lthe dy-  he three values ah(=+2,0) are excited and the amplitude
namics of the probe pulse is essentlally described by Ed$)f those withm= + 2 strongly depends on the pump elliptic-
(15—(17): most of the pulse energy is exchanged onlyjy, ang the propagation distance. When a probe pulse is in-
among the fundamental and the first-order Raman CompGecteq into thus excited media, high-order Raman compo-
nents. On the other hand, in the case of an elliptically polary,ants are formed in the pulse, and its spectrum is broadened

ized pump pulse withT=40 fs (thick solid and dotted {5 oy extent at least comparable to the case of a commonly
curves, high-order Raman sidebands are formed, and thggqq linearly polarized pump pulse.

bandwidth is at least comparable to the case of the linearly
polarized pump pulséhin solid curvg. In this case, in con- This work was patrtially supported by the Special Postdoc-
trast to the previous case, FiggdbRand Zc) show that a toral Researchers Program of RIKEN.
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