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Coherent Raman response and spectral characteristics of ultrashort solitons in fibers
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The Raman self-frequency shift of a soliton is studied for pulse durations shorter than the optical phonon
oscillation period and with respect to the influence of the field-induced change in the vibrational level popu-
lations. It is shown that under certain conditions the self-frequency shift can be suppressed by the coherent
saturation of the Raman respong81063-651X96)09805-4

PACS numbdrs): 42.65.Tq

[. INTRODUCTION population may play an important role in the medium re-
sponse leading to saturation effects similar to those arising
Since the theoretical predictidi] and experimental ob- under coherent interaction of quantum systems with intense
servation[2] of solitons in single-mode fibers, this phenom- resonant field 16].
enon has been the continual focus of both experimental and In the present paper we analyze the RSFS for soliton du-
theoretical investigations. In recent years much attention hastions smaller than the characteristic period of the lattice
been paid to the analysis of the influence of a variety ofvibrations[when the condition(1) is satisfied, taking into
physical processes on the soliton dynamics. Among these treccount the population change of the vibrational levels. In
effect of stimulated Raman scatterif@RS can play an es- the limit of long soliton durations the generalized theoretical
sential role in the propagation of solitof-9]. This process model yields the results consistent with the results of previ-
generally leads to the breakup of multisoliton bound statesus works[8,9]. For soliton durations short compared to the
[5-7]. In contrast, the structure of a fundamental solitonphonon vibrational period in an intermediate region where
turns out to be quite stable. However, the Raman effect givethe population change of the Raman transition is still negli-
rise to a continuous downshift of the soliton carrier fre-gible the RSFS is shown to be inversely proportional to the
guency[the Raman self-frequency shifRSFS [3]]. The soliton duration. The RSFS in this parameter region we al-
theory of the RSFS predicts a frequency shift depending oneady studied in Ref13]. However, as remarked above, for
the inverse fourth power of the soliton duration. The appeareven shorter and more intensive solitons the coherent dy-
ance of such effects is caused by the broad Raman line inamics of the population of the Raman levels has to be taken
fibers extending down to zero detuning. into account. As a result of the investigation in the present
However, in recent experiments on soliton transmissiorpaper we find for small pulse durations due to the nutations
and amplification in fibers, pulses with durations as short asf the population of the vibrational levels a decreasing self-
20 fs were observefil0—12. Since the optical phonon os- frequency shift with decreasing pulse duration and under cer-
cillation period in fibergcorresponding to the Stokes shift of tain conditions a self-induced suppression of the RSFS.
440 cm 1) is about 75 fs, in these experiments for the pulse The paper is organized as follows. In Sec. Il the basic

durationt,, the condition equations for the laser field amplitude, the normal coordi-
nate, and the population difference of the Raman oscillator
tp<27-rQ,§1 (1)  are considered. The solution for the Raman oscillator and the

Raman response function are analyzed in the different pa-
is fulfilled where# Q) g=E,— E; is the energy difference be- rameter regions for the pulse duration. In Sec. Ill the soliton
tween the Raman vibrational levels. self-frequency shift is calculated with the help of the soliton

The RSFS under such conditions shows some qualitaPerturbation theory18]. The results are analyzed and ex-
tively new featureg13]. First, the structure of the Raman plained by the combined Stokes and anti-Stokes shift under
gain line no longer determines the characteristics of SRS dhe specified considered conditions.
the soliton. Now the process of intrapulse SRS occurs be-
cause the initial spectrum of the pulse contains already both Il. BASIC EQUATIONS
pump and Stokes components comparable in amplitude and
satisfying the condition of SRS resonance. Although in this In order to investigate the effect of SRS on the soliton
case the soliton spectral width exceeds the Raman gain wid@volution, we start from the semiclassical approach in which
Yr, the RSFS was shown to further increase with a decreag@e evolution of the pulse field
of the soliton duration. Since the soliton intensity scales as
the inverse second power of the soliton duration, one can “(z,t)=3E(z,t){exdi (ot —k2z)]+c.c}
expect that a field-induced variation of the Raman level

is described by the model of a Raman-active two-level quan-

tum oscillator[14] with a characteristic frequenc@g, a

“On leave from P. N. Lebedev Physical Institute, Russian Acadnormal coordinateQ, a population difference between the
emy of Sciences, 117924, Moscow, Russia. two levelsp=p,;—p,, and with phenomenological popula-

1063-651X/96/58)/64924)/$10.00 53 6492 © 1996 The American Physical Society



53 COHERENT RAMAN RESPONSE AND SPECTRAL ... 6493

tion and polarization relaxation timés; andT,. Note that At first we check the modeB) in the limit of long pulses
in the commonly used approximation neglecting a field-7,=Qgt,>1. Indeed, the limit of long durations corre-
induced variation of the populationsp€ py=const) the sponds to relatively small soliton intensities, and one can
model turns into a conventional Lorentz oscillator with anneglect the variation of in Eqg. (3). Then the general solu-
effective masdM excited by a driving force proportional to tion of Eq. (38 can be written using the casual response
#2 with the proportionality factor {a/9Q), wherea(Q) is  function
the electron polarizability of the Raman transition.

Taking into account the contribution to the medium po- = |7 a2
larization due to the electronic Kerr effect with the nonlinear Q= fo d sf(s)|A(r=9)% (73
index changeAn=3n,|E|?, the group velocity dispersion
K,,=J°kldw?, —and the Raman contributionPg,, Where
=N(da/9Q)Q# (N is the number density of Raman active

oscillatorg, the following set of normalized equations for the f(s)= — (Lwg)exp — yrs}sin(wgs), (7b)
slowly varying field amplituded, the normal coordinat®, (1= 42)12 .
and the population difference of the Raman oscillgiaran or=(1=yR)™ YR=7".
be derived: The Raman respons@a) can be formally represented by the
OA  PA series
57 ——2 T2|APA+uQA, 2) 3 L e 2
_ _ Q(7)=—Im| — > _i_—iw]lw_lEﬂA(T” . (8
0—,2Q 2 aQ _ ) R k=0 LYR R
=+ — ——+Q=plA[5, (33 . . L
Jt° T JT For a pulse fieldA(7) with a characteristic time scals,,

Eq. (8) can be considered as an expansion with the parameter

gp p—1  ,9Q sy O 75 | yr+iwg|t, which becomes small for pulse dura-
or " PR (3b) tions 7,> 1.
Taking into account only the first two terms of the series
In Egs. (2) and (3), the normalized timer=(t—2z/v4)Qg, (8) for pulses with the durations,>Tg, we have

the normalized longitudinal and transversal relaxation times
71,=T1 g, the normalized propagation distante z/z4
with zg=2|k,.| *Qz?, the normalized field amplitude
A= (E/Ey), Eq=(2ng|k,.|Q&/kn,)Y? the vibrational nor- _ _ _ _
mal coordinateaz(Q/Qo), Qo=|K, .| Nopo/2Mkny(dal where the first term contributes to the medium Kerr nonlin-

4Q), and the population differencg=(p/po) were intro- earity, while the second one leads to the RSFS of a soliton
ducéd. 0 proportional t07;4, in agreement with the results of Refs.

Since we consider here the process of intrapulse SR$8.9) o o )
pump and Stokes frequency components of the pulse spec-, The situation phanges S|gn|f|_cantly in the case of pulses
trum are described in Eq€2) and (3) by a single time- with small durations characterized by the relaticl) or

~ d
QN =[A(DP =2y A% 9

dependent pulse amplitude. 7,<1. In this case the second and third terms in Ba) and
The field-induced change in the population of the Ramar{he second term in E¢3b) can _be neglected, and we have to
levels is characterized by the parameter solve the following equations:
.
MQSQ% dar\? A NG
2| =Rt 2l — ——2=p|Al%, (109
while the coupling between the oscillator and the pulse field @_ B 2|A|2§ (10
is described by o~ ar’
27NpoQR? [ dar\? Taking into account the initial conditiori), we can find the
= Thom,M 1 90] (5 solution
Equatlons(3) should be supplemented by the initial condi —Q=K‘1sin\1f(r), 5= cos¥ (1), (11)
tions aT
~ 9Q _ where we introduced the variab®e(7) =« |A(7")|?d 7’
Q(z,— )= 97— =0, p(z,—=2)=1. (6) proportional to the instantaneous pulse energy.

The normal coordinate of the oscillator then is given by

Note that the terms describing nonlinear and dispersive efthe expression:
fects of higher order with respect to the small parameter .
(27l wt,) are omitted in Eq(2), since these make no con- ’Q(T):K—lj dr’sin[ Kf

T/ ¢ ; Tdr|A() . (12)
tribution to the continuous frequency shift5]. o
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Unlike the case of long-pulse SRS described by ®y.the  and, as well as the RSFS, exhibits oscillating dependence on

normal coordinat€12) is a nonlinear function of the instan- the soliton duration.

taneous pulse energy. For pulses withV () If for the soliton duration the condition’,§>2;< is ful-

=« [|A(7)|?d7>27 both the vibrational coordinate and the filled, from relation(14) we find

population difference become oscillating functions of the

pulse energy. The above solution for the Raman response dAD 1

. . . . w

describes in fact the coherent nutations of the Raman transi- = —M(—*) (16)

tion similar to the Rabi nutations in a two-level system sub- d¢ Tp

jected to a resonant field6]. The quantityx~* then char- L o .

acterizes the normalized coherent saturation energy of th&n€ process of SRS in this case is still in the linear Lorentz

system, W=« %, and from Eq.(12) it follows that for oscillator regime, where the popul.athn chang.e can bg ne-

pulses with an enerng=f|A(T)|2dT>Wsat and a charac- glecte*d 6%_1)_. The RSFS in this mtermec_ilate regime

teristic durationr, the magnitude 05(7_) is limited by the (1> 75 >«) is inversely proportional to the soliton duration

value — TpK_l. [13]. . . .

However, in the regionr; <« the coherent nutations of

the vibrational level population come to play a role. From the

Ill. SOLITON SELF-FREQUENCY SHIFT relation (14) one can see that for discrete values of the soli-

Let us now examine the RSFS of a soliton with the Ra-ton *duration 75(d) [or the energy Wy(q) ~ with
man responsél?). Since far from the saturation the depen- 2«/7;=27q (q=1,2,...)] the self-frequency shift van-
dence of the Raman respon&®) on the pulse parameters ishes. This self-suppression of the RSFS can be understood
can be estimated b~ 72|Ag|? (A, is the peak amplitude of in the following way. According to Eqs(10) and (1),
the pulse fielgl the maximal relative contribution of SRS to Within the regions where the value #(r) satisfies the con-
the medium nonlinearitysee Eq.2)] is determined by the dition 72q<W¥(7)<m(29+1), (q=0,1,...) transitions to
paramete:, which can be expressed in terms of the Ramarih€ upper level dominateip/d7<0). These regions corre-
gain gg(0) in the line centeru=2n,gg(0)/knyQgT,. Us- sppnd to intrapulse Stokes scattering, and t_he-_ pulse spectrum
ing the results of7,17], for silica glass this parameter can be shifts here towards lower frequencies. Within _the regions
estimated byx~0.2, and thus the Raman polarization still Where m(2q+1)<W(r)<m(2q+2) the population turns
may be considered sufficiently small compared with the Kerack from the upper to the lower levebd/d7>0), and
electronic effect. This means that the effect of SRS on thdéhtrapulse anti-Stokes scattering results in the spectral shift

soliton evolution can be investigated in the framework of thefowards higher frequencies. _
adiabatic perturbation theory. The self-suppression of the RSFS thus can be explained

Therefore we can represent the solution of Eg)  PY the fact that at the above specified conditions the red shift
in the form of a fundamental solitonAq(¢,7)  ©Of the pulse frequency in the regions of Stokes scattering is
=2 exp(d)sechk) with the slowly varying parameters completely compensated by the blue shift of its frequency in
x=2B8()[m— &)1, 0=29()[r—&(0)]+6(2), and the the regions of anti-Stokes scattering. At these pulse param-

normalized duratiorrz =(7p/1.76)=(2,8)‘1. Then the fre- ©ters the _Ra_man oscillator is in fact return“ed by the pulse
quency shift is defined as the time derivative field in its initial quantum state whereby the “center of grav-
AB=30/97=2v(¢) with [18]; ity” of the soliton spectrum remains unchanged.
' Let us now estimate the characteristic values of the soli-
ton parameters required for observation of the discussed ef-
dy L _ - _ fects. With the above given estimate for the parameter
a2 Im f dx(i uAgQ)exp( —id)sechix)tani(x) (. (=0.2) and typical fiber parametens,=10 ' cm?/W,
13  Kow=—3X 1028 s?/cm, Qg=400 cm !, M=~10 % g,
N~5x10"' cm~3 we find from Eq. (5 that
(dal 9Q)~2x 10" *° cm?. This gives the Raman saturation
Eg. (13) we obtain the following formula for the RSFS: energy density in phys'ical uniwﬁaﬁo'l Jent.
a-(13 ¢ In Fig. 1 the RSFS is plotted in dependence on the pulse
duration with formula(14). For pulse durations smaller than
2k 50 fs with the above given parameters, the RSFS decreases
1—cos<7—* (14  and shows an oscillating behavior with a first zero at
P t,~20 fs. In curve 2 the RSFS is depicted with form(d4)
_derived in the linear approximation limit of the Raman os-
From(14) one can .see'that the_RSFS of an ultrashort solitonsjjator (k—0). For a comparison in curve 3 the RSFS is
is generally an oscillating function of the inverse soliton d“'depicted using Gordon’s formul8) with a pulse duration

ration (r;) ~* or of the soliton energyV,=2(7;) *. The  gependence o *. The limit of validity of this formula is
time delayA 7= £({) of the soliton in respect to the unper- restricted for large pulse durationg>Tg~75 fs. As one

Substituting the expression for the Raman respgh&ginto

*

dA'&')_ 1 7
Kl

turbed solution is given by can see in the considered time region this formula predicts a
value that is remarkably different from our formuli4).
o 5 The relation(14) for the RSFS was derived under the
AT()= %M_”z 1— cos{ _f> }52 (15) specific a;sump_tion for solitons ir_] fibers with negativg group
K Tp velocity dispersion(GVD) and using the approximation of
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d . = 9Q
_ -1
ar(e=—uW, J_WIAIZEdT

100

= _(%) W, 1[1—cog kW,)], (18

which holds as well for negative as for positive GVD and an
arbitrary peak power. Since for a soliton the pulse energy is
given bpr=2(r’,§)*l the above result reproduces in this
specific case the relatiaii4).

0.1

0.01

RAMAN SELF-FREQUENCY SHIFT

IV. CONCLUSION

In conclusion, we have investigated the effect of stimu-
20 40 50 lated Raman scattering on soliton propagation for solitons
SOLITON DURATION  t, (fs) with duration smaller than the period of the vibrational os-
cillations in the medium, taking into account the population
FIG. 1. Normalized soliton of self-frequency shift change of the vibrational levels. It was shown that the RSFS
(dAB/dZ) 1 per unit propagation length as a function of the in this situation gets some qualitatively new features. The
soliton duratiort, . Curve 1, the RSFS calculated with formila#) ~ frequency shift now is caused not by the broad Raman gain
(Wsa= 0.1 J/cnt); curve 2, the RSFS calculated with formulid) line but rather by the fact that the initial soliton spectrum
in the linear approximation limit of the Raman oscillator already contains both pump and Stokes components. In the
(Wsai=2); curve 3, the RSFS calculated with the Raman responsentermediate regiorTg>t,>«xQz" the RSFS is inversely
(9) (Gordon’s theory8]). proportional to the soliton width and does not depend on the
characteristic frequency of the Raman transition and on the
soliton perturbation theory. However, a similar but moreRaman gain width. For small pulse duratidps KQ§1 due
general relation can be derived for arbitrary short pulses witho the nutations of the populations of the vibrational levels
the condition(1) and without the use of perturbation theory. the RSFS decreases and shows an oscillating behavior. For
With a separation of the phas&({,t)=|Alexp(¢), and in-  the soliton durationt,=(2/m)kQg* (t,~20 fs for silica
troducing the mean frequency shift by the notation glass we predict the effect of self-suppression of the con-
tinuous downshift of the soliton carrier frequency.
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