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fs-Pulse Synthesis Using Phase Modulation by Impulsively Excited Molecular Vibrations
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We report the temporal characteristics of laser radiation transmitted through impulsively excited SF6

and exhibiting sideband Raman lines. Even without special dispersion control we observed a sequence
of compressed fs pulses following with the period of the excited A1g vibrational mode of SF6. The use
of both negative and positive group velocity dispersion compensation for the temporal compression was
found to be as appropriately efficient. The results prove our new concept of the ultrafast molecular phase
modulator.

PACS numbers: 42.65.Re, 33.80.–b
The development, in the last two decades, of new meth-
ods of optical phase control and pulse shaping [1,2] has
led to many significant results in nonlinear optics, non-
linear spectroscopy, and diverse fields of laser science
[3,4]. For the technique of ultrashort pulse generation, the
optical phase control is of fundamental importance. The
shortest presently available laser pulses are generated by
phasing a very broad, almost white light, spectrum created
by the Kerr-self-phase modulation (SPM) [5,6]. In a re-
cently proposed alternative approach, wave forms of sub-fs
duration could possibly be synthesized by phase locking
of multiple equidistant lines of high-order harmonic gen-
eration (HHG) [7] or cascade stimulated Raman scattering
(SRS) [8].

In the last few years, the traditional (SPM-based) fs-
generation technique has been largely improved [6]. In ad-
dition, nonlinear phase locking of optical frequencies has
been demonstrated with low-intensity laser sources [9]. At
the same time, it has become obvious that direct scaling
of the known schemes to the high-intensity regime (neces-
sary for the sub-fs pulse generation) appears to be difficult,
because the optical phase behavior becomes much more
complicated than that observed in low-order nonlinear pro-
cesses. In the conditions of fs-pulse compression, devia-
tion of the frequency chirp from linear dependence and
higher-order phase distortions in optical elements make
complete compensation of the laser phase difficult. Al-
though the generation of multiple equidistant frequencies
by HHG or the cascade SRS mechanism is presently not a
particular problem, the experiments suggest that the phases
of the components are irregular [10] and strongly affected
by SPM, self-focusing, and medium ionization [11].

Very recently, we have proposed an alternative approach
to the coherence control of fs-pulse generation [12]. Our
basic idea was to employ, instead of the nonlinear spec-
tral broadening mechanisms, a linear one, which generally
takes place when an electromagnetic wave propagates in
an optical medium with temporally modulated dielectric
parameters [13]. The temporal modulation can be cre-
ated, for instance, through a medium excitation. In par-
ticular, by preparing coherently a dipole-forbidden atomic
(molecular) transition of a frequency V, and scattering a
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second, relatively weak field (of a frequency v) on the
long-living excitation, one will produce sideband frequen-
cies vn � v 6 nV �n � 1, 2, . . .�, by analogy with a
higher-order wave diffraction on a periodic structure. Be-
cause of the temporal separation of the pumping and the
scattering processes, the nonlinear effects (excitation, non-
linear self-action, ionization, etc.) are now confined within
the pump pulse. A key function of the pumping process is
to provide the coherence control of the generated excita-
tion wave. This is achieved by preparing the medium in the
impulsive SRS regime [14], e.g., by using an intense non-
resonant laser pulse with a duration tp , T0 � 2p�V.
It is important that in this specific regime the resulting
state of the excited transition is nonsensitive to the details
of the pump field time structure, which provides “stabil-
ity” against amplitude-phase distortions. Indeed, for the
probability amplitude a2�t� of a dipole-forbidden transition
E1 ! E2 exposed to a laser field with a complex envelope
E�t� and frequency v ¿ V � �E2 2 E1��h̄, in the sec-
ond perturbation order [15] we find

a2�t� � �i�2h̄�
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In Eq. (1a), the coupling constants rSRS

12 , rTPE
12 , and

rTPA
12 are related to the involved SRS, two-photon emis-

sion (TPE) and absorption (TPA) processes [16], and
a2 ø a1 � 1 is assumed. The contributions of the
nonresonant, fast oscillating TPE and TPA terms are
small, while the SRS term leads to an increase of the
amplitude a2 for pulse durations tp , T0 � 2p�V. The
resulting medium excitation �r12 � a�

1a2� produced in
the impulsive regime is then given by
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and is independent of the field phase (changing rapidly due
to Kerr SPM, dispersion, and other propagation effects),
but depends only on the pump field integrated intensity.

The possibility of spectral broadening in the “linear”
regime was demonstrated in our recent experiments [12],
where impulsive vibrational excitation of SF6 molecules
was used to create the temporal modulation wave. The
generated multiple Stokes and anti-Stokes Raman compo-
nents of the delayed field were completely free of the influ-
ence of the deteriorating nonlinear effects. The coherence
properties of the spectrum were not studied there. But the
specific behavior of the component intensity with the gas
pressure indicated that phase locking could be achieved.

In this Letter we present results of a study of the tem-
poral characteristics of laser radiation, transmitted through
impulsively excited gaseous SF6 and exhibiting sideband
Raman spectra. Even without special dispersion control,
we observed a sequence of compressed fs-laser pulses fol-
lowing with the vibrational period of the excited A1g mode
of SF6, with the “envelope” of the sequence repeating well
the injection pulse temporal shape. By varying the net
group velocity dispersion (GVD) of the output optical ele-
ments, we found that the generation of the periodic pulse
sequence occurred for both positive and negative GVD
compensation.

The results prove experimentally the concept of synthe-
sis of fs pulses by phase locking multiple Raman sideband
lines. On the other hand, they establish the coherent origin
of the spectra generated by the proposed method, with the
coherence time determined completely by the probe radia-
tion. The revealed specific features of the compression
dynamics suggest that the mechanism is caused by an ul-
trafast phase modulation by coherent molecular vibrations.
The modulation frequency (23 THz) is at least 3 orders of
magnitude higher than that achievable by electro-optical
modulation [13].

In our experiments we used a Ti:sapphire chirped pulse
amplification laser system with a 1 kHz repetition rate.
The output pulses at 800 nm had an energy up to 500 mJ
and a pulse width of 25 fs and could impulsively excite
the symmetric vibrational mode A1g of SF6. A frequency
doubled part of the fundamental had an energy of �10 mJ
and served as injection radiation. The use of a 100 cm long
hollow waveguide enabled us to enlarge the interaction
length. The typical value of the pump pulse intensity in
the SF6–filled waveguide was about 10 TW�cm2.

The highly symmetric, spherical top SF6 exhibits no
rotational Raman spectrum, and its totally symmetric
vibrational mode A1g gives rise to a very strong (compared
to the other two Raman modes) Raman line [17]. The low-
est electronic absorption band of SF6 (starting at 200 nm)
lies far above the pump and probe frequencies [18]. Thus,
only one Raman mode �V � 775 cm21, Ty � 43 fs�
is effectively excited by the nonselective impulsive
pumping mechanism, and the laser-molecule interaction
can be described by the model of a two-level Raman
oscillator [19].
To investigate the temporal characteristics of the out-
put SRS radiation, the intense 800 nm pulse was focused
on the tip of the waveguide filled with SF6. The second
(injection) pulse at 400 nm with a duration ti � 160 fs
(FWHM) and intensity �0, 1 TW�cm2 was sent with a
temporal delay of 200–300 fs much smaller than the vi-
brational dephasing time T2 (at 400 mbar it was as long
as several ps). T2 could be estimated by measuring the
intensity of the generated Raman spectra as a function of
the pump-probe delay. The working pressure of 400 mbar
was chosen so that a sufficient number of Raman lines
could be generated without noticeable ionization of the
medium. The output of the injection radiation (Fig. 1)
shows a regular sideband structure spaced by the frequency
V � 775 cm21 of the excited A1g mode. In contrast to the
output pump spectra (strongly broadened by SPM [17]),
the generated Raman lines have no spectral broadening at
all and repeat very well the input shape of the injection
pulse spectrum [Fig. 1(a)]; this suggests that the scattering
is linear [12].

The results of self-diffraction correlation measurements
[20] of the output radiation are shown in Fig. 2. The mea-
sured temporal structure represents a periodical sequence
of compressed laser pulses at 400 nm. The pulses follow
with a period corresponding to the period (43 fs) of the
excited vibration �V � 775 cm21�, with the envelope of
the sequence close to the input temporal shape of the injec-
tion pulse [Fig. 2(a)]. It is interesting that no special GVD
compensation in addition to the GVD of the elements in
the light pass (exit window of the waveguide chamber and
air) was used in the measurements. By estimating the net
GVD at 400 nm, we found that the compression occurred
in the regime of positive GVD compensation.

FIG. 1. Output spectra of a delayed injection pulse
�l � 400 nm� after its passage through a SF6–filled hol-
low waveguide �p � 400 mbar�: (a) without pumping; (b) with
preliminary impulsive pumping by a 25 fs pulse at 800 nm.
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FIG. 2. Temporal structure of the output spectra of Fig. 1 mea-
sured by self-diffraction. (a) no changes in the output pulse
shape; (b) formation of a train of compressed 16 fs pulses with
the period (43 fs) of the A1g mode of SF6.

To obtain insight into the above behavior, we carried
out measurements with adjustable GVD. We used chirped
mirrors for 400 nm central wavelength. Eight reflections
on the mirrors provided a negative GVD of �2300 fs2.
Two wedges of fused silica were used to introduce addi-
tional positive GVD (material dispersion) in the light pass.
By moving one of the two wedges perpendicular to the
beam, the additional positive GVD could be adjusted. To-
gether with the positive GVD of air and the exit window of
the waveguide chamber, the overall dispersion in the light
pass could be continuously tuned from negative to positive
values.

The main results of the measurements with adjustable
GVD compensation are summarized in Fig. 3, where the
upper temporal shape [3(a)] corresponds to a positive value
of the net GVD, the temporal shape [3(b)] was measured
in the vicinity of zero net GVD, and the shape [3(c)] was
obtained for negative net GVD. By gradually varying the
GVD, from positive to negative values, we established that
the compression effect occurs for both negative and posi-
tive GVD compensation. One more interesting feature was
that the fs sequences generated by both positive and nega-
tive GVD compensation were temporally shifted, one from
another, nearly by a half repetition period. This is clearly
seen in Fig. 3 where the pulses of the upper sequence [3(a)]
appear exactly between the pulses of the lower sequence
[3(c)]. Since the pump and the injection pulses (gener-
ated from the same coherent source) are perfectly synchro-
nized, the temporal structure of the pulse sequences could
be measured with sufficient time resolution �,1 fs�, which
suggested the regular character of the shift.

The observed specific features of the fs-pulse gen-
eration can be explained with the following physical
model. To a good approximation, the impulsive pumping
5510
FIG. 3. Compression measurements with adjustable GVD
compensation: (a) positive GVD ��1100 fs2�; (b) GVD close
to zero; (c) negative GVD ��2100 fs2�. The dashed lines
indicate the periodical positions of negative chirp due to the
sinusoidal molecular phase modulation [see Eq. (5)].

of SF6 can be treated as the propagation (at the pump
pulse velocity y) of a wave of vibrational excitation
n � 0 ! n � 1 of the A1g mode. Let the pump field,
´p�t� � �1�2�Ep�t� exp�ivpt� 1 c.c., appear at t � 0
and be nonzero within a short interval: 0 , t , tp ø Ty .
In the time frame t � �t 2 z�y� moving with the pump
pulse (z is the propagation coordinate), the excitation
wave has the form of freely damping oscillations:

r12�t� � r
�0�
12 exp�2t�T2 2 iṼt� �t . 0� , (2)

with the initial amplitude r
�0�
12 determined by Eq. (1b),

the angular frequency Ṽ2 � V2 2 �1�T2�2, and the
dephasing time T2. A weak injection field ´i�t� �
�1�2�Ei�t� exp�ivit� 1 c.c., propagating after the pump
pulse, is scattered by the temporal grating given by
Eq. (2). For the linear polarization induced by the injec-
tion field ´i�t� we have [15]

P�t� � 2NrSRS
12 �vi� �r12�t� 1 r�

12�t��´i�t� , (3)

where N is the molecule concentration, and rSRS
12 �vi� is

given by [16]. By inserting P�t� in the wave equation,
we come to the following propagation equation for the
injection field complex envelope Ei�z, t�:

≠Ei

≠z
� 2iGi exp�2t�T2� sin�Ṽt�Ei . (4)

The coefficient Gi � 8pvir
SRS
12 �vi�N jr

�0�
12 j�c in Eq. (4)

has the sense of the Raman gain for the injection field
Ei . Since experimentally T2 ¿ Ty , ti , the relaxation in
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Eq. (4) can be neglected, and the solution for the injection
field at a distance z takes the form

Ei�z, t� � Ei�0, t� exp�2iGiz sin�Vt�� . (5)

Here Ei�0, t� is the input amplitude of the injection field.
As can be seen, the field amplitude does not change during
the propagation, while the phase shows a temporal modu-
lation with the molecular vibration period Ty � 2p�V.
In our experiments, the injection pulse duration �ti �
160 fs� was longer than the vibrational period (43 fs).
In the spectral domain, this regime leads to the side-
band Stokes and anti-Stokes Raman line generation [12].
For the discussion here it is important that the injection
field frequency is getting periodically modulated from the
leading to the trailing edge: vi�t� � vi 1 Dvi�t�, with
Dvi�t� � ≠wi�t��≠t � 2GiVz cos�Vt�. In a disper-
sive medium (e.g., in the output optical elements), the
frequency modulation is transformed into amplitude modu-
lation, with periodic peaks generated temporally at the time
when the frequency sweeping ≠Dvi�t��≠t has a local ex-
tremum. Because of the sinusoidal character of modu-
lation, both positive and negative GVD are now equally
appropriate for the temporal compression. For a negative
GVD the corresponding time moments [derived from the
conditions cos�Vt� � 0 and ≠Dvi�t��≠t . 0] are given
by t

�2�
m � �p�2 1 2pm��V, while for a positive GVD

[assuming cos�Vt� � 0 and ≠Dvi�t��≠t , 0] the time
moments are determined by t

�1�
m � �3p�2 1 2pm��V

�m � 0, 1, 2, . . .�. From the above analysis it immediately
follows that (1) the compressed pulse trains are formed
within the injection pulse envelope, and (2) the trains are
shifted, one from the other, by a half vibrational period.
This explains the observed features of pulse compression
shown in Figs. 2 and 3. The results therefore strongly sup-
port the developed physical model of the process treating
the sideband Raman line generation as an ultrafast phase
modulation by molecular vibrational motion.

In conclusion, we have demonstrated experimentally our
new concept of synthesis of fs-pulse trains using modula-
tion of a laser phase by impulsively prepared vibrations.
Although several alternative approaches to the phase lock-
ing of high-order SRS lines were recently discussed [8], no
experimental observations of fs-pulse synthesis have been
reported so far. Two constructive moments (distinguishing
our approach from the other proposals) should be pointed
out. The first one is the idea of a temporal delay between
the pumping and the scattering processes which allows the
linear regime of spectral broadening. Secondly, with the
impulsive regime of excitation, the prepared quantum state
is nonsensitive to the pump pulse amplitude-phase varia-
tions caused by the deteriorating nonlinear effects. This
enables one to completely transmit the coherence proper-
ties of the incident field to the generated field.

More generally, the approach offers a practical way of
controlling the coherence of laser light generated by a
high-order nonlinear process that has recently been the
subject of intense discussions [10]. The method seems to
be rather general and applicable to various systems. In-
deed, using intense 5 fs-laser pulses, one would produce a
modulation wave in atoms or ions at a frequency as high as
�2 3 1014 Hz (for comparison, SF6 oscillates at 23 THz).
Therefore only two to three sideband lines will be sufficient
to realize the sub-fs pulse synthesis. Practically, with the
proposed technique of the ultrafast sinusoidal phase modu-
lation, one can choose between both negative and positive
GVD for the fs-pulse compression.
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