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Abstract

We demonstrate the excitation of a molecular vibrational coherence via impulsive stimulated Raman scattering

(ISRS) by using a pump pulse longer than the vibrational period of the excited mode. By making use of the reshaping of

the pump pulse during nonlinear propagation, a Raman vibrational coherence can be excited via ISRS with a pump

pulse incapable of such excitation at the input of the medium.

� 2003 Elsevier Science B.V. All rights reserved.

When a femtosecond laser pulse propagates

through a molecular medium, it excites a molecu-
lar coherence in any Raman-active molecular vi-

brational mode provided the pulse has temporal

features faster than the vibrational period. This

type of excitation, called impulsive stimulated

Raman scattering (ISRS) [1,2], is a general mate-

rial response and occurs even in the absence of any

direct resonant transitions that might be excited by

the pulse. To excite a Raman coherence, two col-
ors must be present simultaneously in a pulse

whose frequency difference matches the frequency

of a vibrational mode. ISRS is possible when a

laser pulse possesses a bandwidth broad enough to

encompass the entire energy gap from the initial

state to the Raman-excited mode. Nevertheless, a

Fourier analysis of ISRS shows that pulses with a

very large bandwidth will not impulsively excite a
Raman coherence unless the pulse possesses tem-

poral structure that is faster than the mode period.

For example, if a pulse undergoes pure self-phase

modulation (SPM) as it propagates through a

medium, its bandwidth can become substantially

broadened. However, in the absence of other ef-

fects, the pulse envelope will not change. Thus, the

self-phase modulated pulse is no more effective
than the original pulse at exciting a molecular vi-

brational coherence.

We demonstrate in this Letter that pulse re-

shaping of an intense ultrafast pulse propagating

through a molecular gas can allow the excitation

of a Raman coherence that the unshaped laser

pulse was incapable of exciting via ISRS. The

unshaped laser pulse is incapable of exciting a
coherence because of the absence of fast temporal

structure on the pulse and the lack of sufficient
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bandwidth. The pulse reshaping that enables ISRS

is a result of self-phase modulation (SPM) coupled

with self steepening (SS) under conditions of low

dispersion. The SPM broadens the bandwidth, and

the SS creates a fast transient on the trailing edge

of the laser pulse. When, the trailing edge of the
pump pulse becomes faster than the vibrational

period of the medium, the pump pulse is capable

of exciting a Raman coherence despite the fact that

the original pulse was too long for ISRS excita-

tion. These pulse modifications allow an intense

ultrashort light pulse to access nonresonant non-

linearities due to this self-evolving behavior of the

pulse. Such a self-evolving pulse-shape behavior
has important consequences for the propagation

of intense femtosecond pulses in the atmosphere

[3,4]. Furthermore, the decrease in the fall time of

the pulse enables the excitation of energetic vi-

brational modes in molecules using relatively easy

to make longer-duration pulses. This access to

high frequency, chemically relevant molecular

bonds has important ramifications for coherent
control of molecular systems [5–8].

In this work, we propagate intense femtosecond

laser pulses in a low pressure (<1 atm) molecular
gas contained in a hollow core waveguide. This

geometry permits the propagation of an intense

femtosecond pulse over a long interaction length

in an essentially plane-wave geometry. Hollow

core fibers filled with noble gases have been used
for high energy ultrafast pulse compression by

using self phase modulation [9,10], for efficient

phase matching of parametric mixing processes

[11], and high harmonic generation [12,13]. When

the hollow fiber is filled with a molecular gas, the

intense pulse can excite coherent molecular mo-

tion. The molecular coherence is time-varying and

imposes a temporal phase modulation on a probe
pulse. This phase modulation can temporally

compress the probe pulse with coherent molecular

rotations [14] and vibrations [15,16]. Moreover,

spectral sidebands imposed by a vibrational co-

herence have been used to selectively excite and

control multimode vibrational wave packets [6,7].

Our work seeks to extend the utility of these mo-

lecular coherent control techniques by controlling
the excitation of a Raman coherence in very fast

molecular motion that is otherwise inaccessible; we

also seek to understand the consequences of pulse

self-evolution when new nonlinearities are excited

by the modified pump pulse.

The Raman coherence excited by a laser pulse

leads to a macroscopic medium polarization. This

polarization exists in the medium until a dephasing
of the Raman coherence causes the coherence to

collapse into a non-equilibrium population distri-

bution. The macroscopic polarization is time-

varying and leads to a nonlinear source term in the

wave equation which modifies the shape, phase,

and spectrum of the laser pulse as it propagates in

the molecular medium. In the limit of weak exci-

tation of a Raman coherence, the ISRS process
can be described by a simple classical model: the

normalized displacement from equilibrium of the

nuclear coordinate Q in the impulsive limit can be
described by [17]

dQ2

dt2
þ 2c dQ

dt
þ X2vQ ¼ 1

2
N

da
dQ

� �
0

E2L;

where Xv is the vibrational frequency, c is the
dephasing rate of the coherence, N is the number
density of oscillators, ðda=dQÞ0 is the change in
polarizability with intermolecular distance Q,
and E2LðtÞ ¼ 1

4
f2ALðtÞA�

LðtÞ þ A2Le
�i2xLt þ A�2

L e
i2xLtg

is square of the laser field. Note that any induced
motion of the nuclei is sensitive only to the laser

intensity envelope, IðtÞ / ALðtÞA�
LðtÞ, and not to the

electric field directly. The molecular response can

be easily calculated using a Green�s function anal-
ysis for any driving pulse shape IðtÞ, and it shows
that the strength of the excited ISRS Raman co-

herence of a vibrational mode is proportional to

the power spectral density of the pulse intensity
envelope at that mode�s vibrational frequency.
Thus, the shape of the pump pulse intensity

determines whether or not a molecular coherence

is excited and determines the strength of that co-

herence. Moreover, this analysis shows that the

necessary, sufficient condition for excitation of a

vibrational coherence is that the pulse contains

structure in the intensity profile that is faster than
the vibrational period. The excited vibrational

coherence determines the extent to which the mo-

lecular response affects the laser pulse during

propagation. This is best illustrated by considering

two limiting cases of a Raman interaction with a

R.A. Bartels et al. / Chemical Physics Letters 374 (2003) 326–333 327



single laser pulse. In the ISRS limit, the pulse

duration is negligible in comparison to the mo-

lecular vibrational period, i.e., sp 
 2p=Xv, and
the molecular response is the impulse response of a

harmonic oscillator. Therefore, the molecule ex-

hibits damped, sinusoidal oscillations of Q (i.e.,
molecular vibrations), resulting in a temporal si-

nusoidal variation in the molecular polarizability.

In the adiabatic limit, the pump pulse duration is

substantially longer than the vibrational period of

the molecule (sp � 2p=Xv), and the molecular
displacement follows the pulse intensity, i.e.,

QðtÞ / IðtÞ. This stretching modifies the polariz-
ability of the molecule in a way that is indistin-
guishable from the electronic Kerr response of the

molecule in the adiabatic limit. Other, more com-

plex pulse shapes will excite a molecular response

that is between these two limits, but a residual

molecular vibrational coherence will only be

present for pulse shapes with structure faster than

the vibrational period. This fast structure implies

that the power spectrum of IðtÞ has non-negligible
amplitude at the vibrational frequency.

To understand how the ISRS excitation process

can modify the pump pulse during propagation, we

consider the nonlinear source term, l0o
2PNL=ot2, of

the wave equation, which describes how the non-

linear propagation modifies the laser pulse [18].

The nonlinear polarization can be written as a sum

of the electronic (Pele) and nuclear (Pnuc) nonlinear
polarizations. The electronic nonlinear polariz-

ability is dominated by the Kerr response,

Pele ¼ e0vð3ÞjELj2EL, and the nuclear response given
by Pnuc ¼ Nðoa=oQÞ0QEL, recall that QðtÞ / E2L. An
expansion of the second derivative of the nonlinear

polarizations leads to the following significant

terms that oscillate at optical frequencies:

�
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3
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with the electric field written as EL ¼ ALeixt. The

first term,

�x2
3
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�
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results in a temporally varying perturbation to the

index of refraction. The resulting temporal phase

modulation modifies the power spectrum of the
laser pulse, but does not modify the temporal en-

velope – the excitation of rotational coherences by

the pump pulse also imposes a time-dependent

phase that modulates the pulse and causes a

spectral red-shift [19].

By contrast, the imaginary terms operate on the

pump pulse envelope, resulting in a reshaping of

the pump pulse temporal profile. The first imagi-
nary term,

2i
3

4

xvð3Þ

c2
o

ot
ðjALj2ALÞ;

is self steepening, which slows the group velocity
for more intense portions of the laser pulse and

leads to the formation of a very fast trailing edge on

the laser pulse [18]. If this trailing edge becomes

steeper than the vibrational period of a molecular

vibrational mode, then a vibrational coherence can

be excited by the reshaped pump pulse. The pump

pulse self steepening causes a slow increase of the

intensity on the leading edge of the pulse that
moves the atoms from their equilibrium position

on the ground state; then the steep trailing edge

�turns off� on a time scale faster than vibrational
period, causing the bond lengths to oscillate. This

method can be called displacive ISRS, in contrast

to traditional ISRS that imparts an instantaneous

change in momentum to the vibrational mode.

Displacement from the equilibrium position occurs
at later times as a result of that impulsive mo-

mentum change.

The other imaginary term can be expanded into

two terms that lead to a reshaping of the pump

pulse into a train of pulses separated by the vibra-

tional period when a molecular vibrational coher-

ence has been excited. The first such molecular

term,

2ixl0N
oa
oQ

� �
0

QðtÞ oAL
ot

;

is analogous to self steepening in that it modifies

the local group velocity based on the sign of QðtÞ,
while the second term,
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results in energy loss/gain based on the direction of

the local frequency shift imposed by the temporal

phase modulation of the molecular response. Both

of these molecular envelope terms can result in a

break up of the pump pulse into a pulse train with

the vibrational period of the molecule; redistribu-

tion of the pulse energy in this way causes that

pump pulse to more effectively excite a vibrational
coherence. The greater the excitation of a molec-

ular vibrational coherence, the larger the magni-

tude of QðtÞ and the more severe the pulse

reshaping, which in turn more efficiently excites

the vibrational coherence. This positive feedback

forms the basis for amplification of the power

spectral density in the Fourier transform of IðtÞ
with propagation. To initiate the molecular mod-
ulation, the pulse must initially excite a Raman

coherence, meaning it must have structure faster

than the vibrational period before the ISRS am-

plification process can begin. This phenomenon

also suggests that other spectral broadening and

pulse shaping processes might be able to �seed� the
ISRS amplification process and excite coherences

in previously inaccessible Raman active modes. In
the absence of such a process, a pulse with a du-

ration (or structure) longer than the vibrational

period would propagate without exciting a vibra-

tional coherence.

The most significant pulse distortion mecha-

nisms that act to reshape the pump pulse can be

identified by considering the characteristic length

scales of each interaction. The characteristic length
scale for the group velocity dispersion (GVD) is

given by LGVD ¼ s2p=jb2j, where b2 is the GVD. The
length scale for SPM and SS are given by

LSPM ¼ ðAeffc=n2x0P0Þ and LSS ¼ x0spLSPM, where
n2 is the nonlinear index, P0 is the peak power of
the laser pulse, and Aeff is the effective area of the
fiber mode [18]. For the experimental conditions

used in this work, the GVD length ranges from
40 to 350 m, the SPM length is on the order of

1.5–7 cm, while the SS length is on the order of

1–4 m, as compared to the 0.6 m fiber length. This

means that the effects of dispersion are negligible

for the initial stage of pulse evolution. (Note that a

large increase in bandwidth will make linear dis-

persion more important.) Since SPM in the pres-

ence of negligible dispersion results in essentially

no pulse envelope distortion, self steepening will

dominate the pulse envelope evolution initially for

pump pulses that do not excite a Raman coher-
ence. Homoelle and Gaeta [20] have theoretically

studied the propagation of intense femtosecond

pulses in argon under similar conditions to those

of our experiment. Their calculations show that

the pump pulse will develop structure character-

istic of self steepening with a slow rising edge and a

fast trailing edge.

In our experiment, we use a 1 mJ, 1 kHz am-
plified Ti:sapphire laser system generating 26 fs

pulses [21]. A fraction of the pump pulse (10%) is
frequency-doubled in a long nonlinear crystal to

generate a narrow-bandwidth probe, well-sepa-

rated spectrally from the pump. The pump and

probe pulses are focused into a 60 cm long, 450 lm
diameter, hollow-core fiber filled with a molecular

gas. The pump pulse excites a vibrational coher-
ence in the molecules [6,7], leading to a time

varying index of refraction. Due to the narrow

bandwidth of the probe pulse, its duration is much

longer than the vibrational period (14–24 fs) of
the excited coherences in the Raman vibrational

modes. When a vibrational coherence is excited,

the time-varying index of refraction imposes a

periodic, time-dependent phase modulation on
probe pulse, scattering energy from the probe

spectrum to sidebands. The intensity of the side-

bands provides a measure of the level of excitation

of the vibrational coherence in the molecular gas.

A typical probe spectrum showing Stokes and

anti-Stokes peaks corresponding to excitation of

the CO2 asymmetric stretch mode at 38.6 THz,

and two quanta of the bend mode at 41.6 THz is
shown in Fig. 1a, inset. Both of these modes can

still be directly excited by the incident pulse.

However, as we increase the gas pressure, the

light–molecule interaction gets stronger, reshaping

the pulse. We can study this by fully characterizing

the pump pulse after propagation through the gas,

using SHG FROG [22], as shown in Fig. 2. The

power spectral density (PSD) of the pulse envelope
at the frequency of the Raman vibration is directly

proportional to its ability to excite a vibrational
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coherence. Fig. 1a shows the PSD of the measured
intensity profile (Fig. 2) at the 41.6 THz bend

mode frequency as a function of pressure. The

magnitude of the PSD grows with increasing mo-

lecular density. This increase implies an amplifi-

cation of the temporal structure in the pump pulse

capable of exciting vibrational coherences via

ISRS.

Although the details of the ISRS amplification
are unknown, we clearly observe a �self-modula-
tion� of the pump pulse leading to an increased
excitation of the Raman coherence. For the case of

pure SS, the reshaping of the pulse envelope power

spectrum would result in a smooth tail that ex-

tends to very high frequencies and would not in-

clude any periodic structure. The nulls in the IðtÞ

power spectrum (Fig. 2, right) demonstrate that
the pump pulse has broken into a quasi pulse train.

The evidence suggests that the molecular pulse

reshaping mechanisms may be impacting the pulse

evolution. Figs. 3a–d shows the evolution of the

Fig. 1. (a) Power spectral density (Fig. 2, right) at the Raman

vibrational frequency of 41.6 THz in CO2 of the measured in-

tensity profile of a laser pulse exiting the CO2 gas, which

highlights the increase in the power spectral density at the

Raman mode frequency and indicates a development of peri-

odic temporal structure in the pulse at the mode frequency. The

inset is a typical probe spectrum for vibrationally excited CO2.

(b) The measured probe spectrum in the presence of a vibra-

tional coherence excited nitrogen gas.

Fig. 2. SHG FROG characterization of the pump pulses ex-

citing the hollow core fiber (left column) and the corresponding

power spectrum of the intensity profile (right column) for CO2
pressures of 0 Torr (a), 100 Torr (b), 200 Torr (c), and 300 Torr

(d). The appearance of pump pulse power spectral density at

high frequencies indicates that the envelope of the pulse is de-

veloping faster time structure than the input pulse.

Fig. 3. Spectra for the nonlinear shaped, pump laser pulses

exiting the fiber for CO2 at 0 Torr (a), 100 Torr (b), 200 Torr

(c), and 300 Torr (d) pressures and for N2 at 0 Torr (e), 280

Torr (f), and 400 Torr (g) pressures. Note the spectra exhibit

spectral broadening preferentially on the �blue� side of the
spectrum, indicating self steepening of the pump laser pulses.

Furthermore, there is no evidence of any SRS peaks in either

the CO2 or N2 data, which supports the assertion that the

Raman coherence excitation mechanism is ISRS.
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pulse spectrum for the pump laser pulse shapes

shown in Fig. 2. The spectra show an asymmetric

broadening at short wavelengths, indicating SS. A

detailed study of the ISRS molecular pulse shaping

mechanisms will clarify the physics of this pulse

evolution.
We also investigated nonlinear propagation in

nitrogen gas, which is a diatomic molecule with a

fundamental Raman-active vibrational mode at

69.9 THz (14.3 fs period). Thus, the pump pulse

used in this work is too long to excite this mode

with traditional ISRS, which is verified by the fact

that the pulse envelope power spectrum is dimin-

ished by at least 4 orders of magnitude compared
with its peak value (see Fig. 4a). As a result, the

initial nonlinear pulse evolution of the input pulse

is dominated by both SPM and SS. When N2 is

placed in the hollow-core fiber at relatively low

pressures, the pump pulse propagates through the

gas and, as expected, does not excite any vibra-

tional modes, as verified by the absence of

Stokes or anti-Stokes peaks in the probe pulse
spectrum.

As the N2 pressure in the capillary is increased,

we observe a critical pressure at which FM side-

bands appear in the probe spectrum, with a mode

frequency of 70 THz (see Figs. 1b, 3, and 4). This
is consistent with excitation of a vibrational co-

herence in N2. The evolution of the pump pulse

with pressure as characterized by SHG FROG is

shown in Fig. 4. Notice that as the pressure in-

creases, the modified pump pulse acquires a power
spectral density component at the N2 vibrational

frequency that is absent for the input pulse. The

broadened spectra of the pump pulse (Figs. 3e–g)

also exhibit preferential broadening on the �blue�
side of the spectrum, and thus experiences self

steepening. Fig. 5a shows the sideband intensity at

69.6 THz plotted as a function of N2 gas pressure.

At 350 Torr we begin to observe a vibrational
coherence. Twice the variance (i.e., spectral

bandwidth) of the measured pump spectrum is

plotted in Fig. 5b, and it is observed to steadily

increase with increasing pressure. At sufficiently

high pressure, the bandwidth of the pump pulse

exceeds that required to access the vibrational

period of N2.

Another possible mechanism for the excitation
of the vibrational coherence is the buildup of a

Stokes field from noise amplified by the pump

pulse, referred to as stimulated Raman scattering

(SRS) [18]. If this were the case, a Stokes line

would appear in the spectrum of the pump pulse at

2pc=ðxL � XvÞ  983 nm. The absence of such a
Stokes line in the spectrum of the pump pulse (see

Figs. 3e–g) indicates that SRS is not the excitation
mechanism for this experiment. This is consistent

with the fact that our estimate of the peak pump

pulse power is <3x the threshold required for SRS.
The correlation between the pump pulse band-

width and the probe sideband intensity is shown in

Fig. 5c. These data demonstrate that once the

bandwidth of the pump laser exceeds the vibra-

tional frequency of N2, the pump pulse is able to
excite a vibrational coherence that is consistent

with an ISRS mechanism and would be coinci-

dental for SRS. Thus, at a sufficiently high pres-

sure there is an excitation of a Raman coherence of

the 14.3 fs vibrational mode in N2 via ISRS.

In conclusion, our work demonstrates that a

laser pulse with structure longer than the vibra-

tional period of molecules in which it is propa-
gating can develop structure fast enough to excite

a Raman coherence via ISRS due to nonlinear

Fig. 4. SHG FROG characterization of the pump pulses exit-

ing the hollow core fiber (left column) and the corresponding

power spectrum of the intensity profile (right column) plotted

on a log scale for N2 pressures of 0 Torr (a), 280 Torr (b), and

400 Torr (c) in the hollow core fiber. The pump pulse starts-out

too long to excite a vibrational coherence in N2 via ISRS, as

evidenced by the lack of power spectral density in the pump IðtÞ
at the N2 vibrational frequency.
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pulse shaping. We observe that an intense femto-

second laser pulse propagating in a Raman-active

medium can undergo sufficient self-modification

to self-seed the ISRS process, allowing the pulse

to experience a new nonlinearity. Once this
threshold is exceeded, the dynamics of the pulse

propagation will change and depend on the bal-

ance of other factors acting on the laser pulse.

This �switching on� of new nonlinearities has im-
portant implications for the propagation of in-

tense femtosecond pulses in air and optical fibers.

Moreover, the self-seeding process may allow

concepts of coherent control using ISRS to be
extended to a much larger class of molecules

with chemically relevant, high-frequency molecu-

lar vibrations.
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