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Phase Relations, Quasicontinuous Spectra and Subfemtosecond Pulses in High-Order
Stimulated Raman Scattering with Short-Pulse Excitation

V. P. Kalosha* and J. Herrmann
Max Born Institute for Nonlinear Optics and Short Pulse Spectroscopy, Max-Born-Strasse 2a, D-12489 Berlin, Germany

(Received 14 February 2000)

High-order stimulated Raman scattering for pumping by ps and sub-ps pulses is studied in the frame of
a time-domain approach without the slowly varying envelope approximation. Formation of pulse trains
with sub-fs durations in the ps-pump regime is demonstrated using external phase compensation. For
sub-ps excitation a novel broadening mechanism of Raman lines is predicted that leads to a quasicontinu-
ous spectrum and permits one to generate single sub-fs pulses. We predict also essential shortening of a
delayed fs-probe pulse by the Raman oscillations without phase control.

PACS numbers: 42.65.Re, 42.65.Dr, 42.65.Tg
Recent advances in ultrafast laser technology have made
possible the generation of pulses shorter than 5 fs [1]. Dif-
ferent concepts such as utilization of high-order harmonic
generation [2], ultrawide spectral broadening by self-phase
modulation [3], and pulse splitting in resonant medium
[4] are under development to overcome this barrier and to
reach the sub-fs region. Another interesting possibility is
the use of high-order stimulated Raman scattering (HSRS).
This process provides a tremendously broad spectrum with
many lines spreading from the far IR to the extreme UV
[5]. The potential of HSRS for sub-fs pulse generation
has been studied previously in the framework of different
models. Yoshikawa et al. first proposed to apply HSRS for
short-pulse generation using the assumption that all Ra-
man lines are phase locked [6]. Kaplan considered the
possibility of multicomponent Raman solitons [7]. Harris
and Sokolov suggested the use of electromagnetically in-
duced transparency to produce trains of sub-fs pulses by
cw two-color laser beams [8]. In the present Letter a study
of HSRS for pumping with ps and sub-ps pulses is pre-
sented based on the time-domain approach without the use
of the slowly varying envelope approximation (SVEA).
The previously applied frequency-domain approach based
on SVEA [6–9] is inadequate for short-pulse pumping
where the spectral phases of the Raman lines change too
rapidly or their bandwidths are not small compared with
the Raman frequency. Note that short-pulse pumping is
best suited for effective high-intense excitation relevant to
recent experiments [5,10]. First, we present a new analyti-
cal solution for HSRS which describes formation of pulse
trains or single-pulse shortening and broad-band spectra.
Then we numerically solve the basic equations accounting
for linear dispersion in the broad spectral range (without
Taylor expansion), Stark shift, and Kerr effect to find limi-
tations and optimum conditions under real physical con-
ditions. We show that for ps-pulse pumping trains with
chirped pulses not shorter than �2 fs are generated. If
the phase is subsequently compensated by a liquid-crystal
spatial light modulator (LQSLM), these pulses can be
shortened below 1 fs. For sub-ps input pulses, we show
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a novel mechanism for the generation of quasicontinuous
spectra in HSRS, which yields the possibility to generate
single sub-fs pulses. We explore also a single-pulse short-
ening of a fs-probe pulse without external phase control by
Raman oscillations excited by two-color ps-pump pulses.

We consider the propagation of incident pump pulse
through a Raman-active medium. The medium response
is described by polarization P separated into the contri-
butions from the Raman process PR , the linear dispersion
PL, and the electronic Kerr effect PK . The dynamics of
the Raman polarization PR � NSp�âr̂�E is determined
by the two-photon density-matrix equation [11]:
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where r � r12 � 1
2 �u 1 iy� is the nondiagonal element

of the density matrix, w � r22 2 r11 is the population
difference, E�z, t� is the field strength, V is the Raman fre-
quency shift, and â is the two-photon polarizability matrix
with nondiagonal and diagonal elements responsible for
the Raman process and Stark shift, respectively. T1 and
T2 are the polarization and population relaxation times,
respectively. The Fourier component of the linear polar-
ization is given by PL�v, z� � e0x�v�E�v, z�, where the
susceptibility x�v� will be described by the Sellmeyer
formula x�v� �

P
� S��v2

� 2 v2�21 with experimentally
determined parameters S�, v�. For intense short pulses
Kerr effect with polarization PK � e0x �3�E3�t� plays a
role as competition to SRS.

With this model for the polarization the propagation of
a linearly polarized wave in the nonlinear medium is de-
scribed by the wave equation. The electric field is assumed
to be uniform along the transverse axis, as it is realized in
hollow waveguides filled with the Raman medium [10].
It can be proved by the method of characteristics that the
© 2000 The American Physical Society
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wave equation is reduced to the following equation de-
scribing waves traveling in the forward direction only [12]:
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where h � t 2 z�c is the moving time. The condition
for the neglect of backscattering is given by jM �
max jPM�e0Ej ø 1 (M � R, L, K). For parameters
given below the corrections to Eq. (3) are jR , jL � 1023,
and jK � 1025, i.e., it holds true with high accuracy.

In order to obtain better insight, we first search for an
analytical solution of Eqs. (1) and (3), neglecting disper-
sion, Stark shift, Kerr effect, relaxation and population
changing (w � 21), and consider the case of a two-color
excitation by two input pulses with a frequency dif-
ference V. Then the solution of Eq. (1) is given by
r � r0 exp�iVh�, where r0 � 2ia12

R
h
2` E2�z, h0� 3

exp�2iVh0� dh0�2h̄ depends weakly on time and dis-
tance. For a simplified analysis we assume r0 � const.
The quasi-steady-state behavior of r0 will be supported
by the numerical results [see, e.g., Fig. 2(a) below].
Substituting P � Na12u0 sin�Vh�E with u0 � const
into Eq. (3), the solution can be found as follows:

E�z, h� � E0�s� sin�Vs�� sin�Vh� , (4)

where s � s�z, h� is determined from the relation
tg�Vs�2� � tg�Vh�2� exp�2gz�. Here E0�h� is the
input field at z � 0 and g � 1

2cm0Na12Vu0. For the
limiting case gz ø 1 we obtain s � h 2 gz sin�Vh��V

and Eq. (4) gives frequency-modulated, but not shortened
pulses with a small number of Raman lines in spectrum
which has a Bessel-like distribution. The field strength of
the lines shows periodic sign changes on the anti-Stokes
side, i.e., their phases jump between 0 and p and they
are not phase locked. For the regime of adiabatic eigen-
states the analogous solution was obtained in Ref. [8].
However, for sub-fs pulses a large number of Raman lines
(i.e., gz . 1) is required. In this more interesting case
assuming G � exp�gz� ¿ 1 the field is zero everywhere
except in the vicinity of h � hn � p�2n 1 1��V

(n � 0, 61, . . .), where s � Gh 1 �1 2 G�hn. Then
Eq. (4) describes a pulse train with repetition period
2p�V, pulse duration 2p�VG, and maximal frequency
and maximal field strength growing with G. In Fig. 1 the
solution (4) is represented for two 200-fs Gaussian pulses
as the input field which agrees well with these estimations
even for gz � 1.2. The train of shortened frequency-
modulated pulses shows a double-peak structure which
arises from superposition of the two-color input waves.
The spectrum in Fig. 1(b) has a large number of Raman
lines which are not phase locked at either the Stokes or
the anti-Stokes side. However, in the region of large gz,
additional effects not taken into account in the solution
(4) play a significant role and require more complex
numerical simulations.
FIG. 1. Temporal and spectral characteristics of the solution
(4) for gz � 1.2 and two-color excitation by two 200-fs
pulses with frequencies v0 � 2pc�l0 and v0 2 V, where
l0 � 790 nm and V � 587 cm21: (a) pulse shape (solid
curve), polarization (dashed curve), and envelope of the input
pulses (dotted curve); (b) spectrum (solid line).

The basic equations (1)–(3) were solved numerically
for the following parameters of rotational Raman transi-
tion in molecular H2 [5,6,9]: V � 587 cm21, N � 5.4 3

1020 cm23 (20 atm), �a12, a11, a22� � �1.3, 9.95, 10.44� 3

10241 C m2�V, x�3� � 1.65 3 10224 �m�V�2, �S1, S2� �
�1.45, 1.19� fs22, �v1, v2� � �20.0, 25.7� fs21, T1 � 1 ns,
and T2 � 100 ps. We used a split-step Fourier method and
performed nonlinear steps by the fourth-order Runge-Kutta
method for field updating in space and for integration of
Eqs. (1) and (2). First we consider the results for the case
of transient two-color excitation by 1-ps pulses which al-
lows efficient excitation for pump intensities, for which
the influence of Kerr effect is still not dominant. Figure 2
shows a train of frequency-modulated pulses with pulse du-
ration of about 2 fs together with the molecular polariza-
tion u�h� for the full model Eqs. (1)–(3) with dispersion
and Kerr effect. The spectrum in Fig. 2(b) shows slightly
broadened discrete Raman lines extended from IR up to the
UV, which are not phase locked. Note that longer distances
or higher input intensities lead to an irregular pulse train
with additional intermediate pulses which are not shorter
than in Fig. 2(a). Sub-fs pulses can be achieved when the
spectral phases are compensated for by the application of a
broad-band modulator. The result of ideal phase compen-
sation with reduced numbers of shortened pulses is shown
in Fig. 2(c). In spite of the transient condition t , T2 the
molecular dynamics for u�h� and w�h� � 21 in Fig. 2(a)
shows a quasi-steady-state behavior caused by the onset of
large frequency modulations in the field. Note that here the
density matrix cannot be described by adiabatically eigen-
states as considered in Ref. [8].

For applications the generation of single sub-fs pulses
is of greater interest than that of pulse trains with the
very high repetition rate. But the discrete line structure
in HSRS necessarily leads to pulse trains. However we
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FIG. 2. Pulse train and spectrum for ps-pulse excitation:
(a) pulse shape (solid curve) and polarization (dashed curve),
(b) spectrum, (c) pulse train after perfect phase compensation
for two 1-ps input pulses with intensity I0 � 2 3 1011 W�cm2

and frequencies as in Fig. 1 [shown by arrows in (b)] at
z � 10 cm. Inset shows the central compressed pulse.

found an excitation regime with sub-ps input pulses which
shows a novel type of line broadening with quasicontinu-
ous spectra. As an example in Fig. 3 the results are pre-
sented for the case of a two-color excitation of rotational
Raman lines in H2 by 200-fs pulses. For the case of
pure HSRS at two different distances, the central part of
the output pulse train in Fig. 3(a) shows well-separated
frequency-modulated pulses, the shortest pulse duration
is about 2 fs. Owing to the influence of dispersion and
Kerr effect, the pulses become more irregular and longer
as shown in Fig. 3(b). In the evolution of spectra for short
distances, we found separated Raman lines. But with in-
creasing propagation length, the linewidth increases and
the spectrum finally becomes quasicontinuous. This can
be seen in Fig. 4(a) for pure HSRS and in Fig. 4(b) with

FIG. 3. Pulse trains for sub-ps excitation at distance 10
(higher) and 25 cm (lower) without (a) and with (b) account
of dispersion and Kerr effect in H2 for two-color excitation by
200-fs pulses with intensity I0 � 1012 W�cm2 and frequencies
as in Fig. 1.
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the account of dispersion and Kerr effect. The physical ori-
gin of this effect is not related to previously investigated
much weaker line-broadening mechanisms in SRS or with
the Kerr effect. The extremely large broadening here is
caused by the reaction of the highly frequency-modulated
pulses inside the train on the molecular oscillations lead-
ing to a frequency modulation of the Raman response of
the kind u � u0 sin�Vh 1 c�h��. This can be seen in
the lower part of Fig. 3(a), where besides the numerically
calculated Raman response u�h� (dotted line), oscillations
without phase modulation u � u0 sin�Vh� are shown by
the pointed line, which demonstrates the chirp c�h�. Con-
tinuous spectrum in H2 excited by sub-ps pulses has been
already observed, but it was interpreted by the action of
the Kerr effect [5].

The behavior of the spectral phases w�v� of the field
is of crucial importance for pulse shortening. For pure
HSRS w�v� shows a negative group-velocity dispersion
(GVD) in the main part of the spectrum [dotted curve in
Fig. 4(a)]. Figure 4(b) shows the additional influence of
normal dispersion and Kerr effect of H2; now the change of
the spectral phase on the Stokes side becomes smaller with
a smaller negative GVD while on the anti-Stokes side the
positive GVD increases. In order to generate single sub-fs
pulses, an external broad-band modulator with phase func-
tion wc�v� can be applied after the pulse has passed the
Raman medium. In Fig. 4(c) the dotted line shows the
pulse Ic�h� after action of an ideal compressor with per-
fect phase compensation. As a possible candidate for a
real broad-band pulse compressor we consider a LQSLM
[13] with 256 independently controlled pixels and a trans-
mission range between 0.4 and 1.8 mm. As seen in the

FIG. 4. Spectrum (solid curve) and spectral phase (dotted
curve) for sub-ps excitation without (a) and with (b) account of
dispersion and Kerr effect; (c) single sub-fs pulse after phase
compensation of the spectrum shown in (b) by a modulator
with 256 pixels (solid curve) and an ideal compressor (dashed
curve). Distance is 25 cm and other parameters are as in Fig. 3.
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FIG. 5. Pulse shortening of a delayed probe pulse at dis-
tance 5 cm. (a) Field strength (solid curve) and polarization
(dashed curve) for pumping by two 0.5-ps, 5 3 1011-W�cm2

pulses with wavelengths lpu � 1064 and 1135 nm and 20-fs,
5 3 1010-W�cm2 probe pulse with wavelength lpr � 790 nm;
(b) pump pulse spectrum; (c) probe pulse spectrum (solid
curve) and phase delay (dotted curve) along with its initial
spectrum (dashed curve). Inset shows the shortened 3-fs probe
pulse shape (solid curve) and its initial envelope (dotted curve).

solid line in Fig. 4(c), by using such active control of the
spectral phases, a single almost half-cycle pulse with a du-
ration of 0.7 fs and a side maxima below 20% of the main
maximum can be generated.

Finally we found a regime which can be used as a
novel pulse shortening method by HSRS with compres-
sion below 5 fs without any external phase control. In this
method two-color ps-pump pulses excite a Raman-active
medium. A delayed weaker fs-probe pulse, with duration
tpr � 20 fs, interacts with the long-living Raman excita-
tion and experiences a large spectral broadening and short-
ening. In Fig. 5(a) the pulse train formed within the pump
pulses, the Raman oscillations u�h�, and the shortened 3-fs
probe pulse are shown after propagation through H2 with
account of dispersion and Kerr effect. The spectrum of the
pump pulses [Fig. 5(b)] consists of discrete Raman lines
similar to those in Fig. 2(b). But the spectrum of the probe
pulse plotted in Fig. 5(c) shows a continuous broadening
and a large shift to the anti-Stokes side. The dotted line
shows a constant delay within all spectral maxima, i.e.,
the output probe pulse is nearly phase locked automati-
cally without external phase control. A larger propagation
distance or higher input intensities do not lead to shorter
pulses because of the decrease of the molecular oscilla-
tions and the counteraction of the Kerr effect. The so-
lution (4) gives also an understanding of the probe pulse
compression by the excited Raman medium. Now u0 is
mainly determined by the pump and for tpr , 2p�V and
G ¿ 1 we find as above s � Gh 1 s0, where s0 depends
on the delay between pump and probe. For optimum delay
hD � p�2n 1 1��V Eq. (4) yields the asymptotic solu-
tion for a single pulse of the form Epr �z, h� � GEpr �z �
0, G�h 2 hD��. Now the output pulse duration is related
not to V as for longer pulses but is given by tpr�G and
the maximal frequency by Gvpr . With the parameters in
Fig. 5 we have gz � 1.75 and a pulse-shortening factor
G � 5.75 which is well in agreement with the numeri-
cal solution. The pulse compression method by HSRS in
hollow waveguides studied here is experimentally much
simpler than pulse shortening by self-phase modulation
because of the superfluous phase control. Further, the
continuous shift of spectrum to higher frequencies is of
interest for wavelength conversions.
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