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The role of pulse sequences in controlling ultrafast intramolecular
dynamics with four-wave mixing
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This article seeks to provide a fundamental understanding of time-resolved
four-wave mixing (FWM) processes based on a large body of experimental
measurements on a model system consisting of isolated iodine molecules. The
theoreticalunderstandingis based primarilyon a diagrammatic approach.Double-
sided Feynman diagrams are used to classify and describe the coherent FWM
processes involved in the signal obtained with each pulse sequence. DiŒerent pulse
sequences of degenerate femtosecond pulses are shown to control the optical
phenomena observed, that is transient grating, reverse-transient grating, photon
echo and virtual photon echo. The experimental data reveal clear diŒerences
between the nonlinear optical phenomena. We ® nd that the virtual photon echo
sequencek

" ® k
#
 k

$
is the most e� cient for controllingthe observation of ground-

or excited-state dynamics. The strategy followed to make this assessment was to
compare transientswhen the time delay between two of the threepulses set in or out
of phase with the excited-state vibrational dynamics. We have obtained a signal
from pulse sequences k

"
 k

#
® k

$
for which FWM signal generation for this two-

electronic-level system is forbidden. This signal can be explained by the cascading
of a ® rst-order polarization and a second-order process to generate the FWM
signal. The implications of our ® ndings are discussed in the context of multiple-
pulse methods for the control of intramolecular dynamics.

1. Introduction

This article explores the diŒerent four-wave mixing (FWM) phenomena that can

be obtained as a function of pulse sequences using degenerate ultrafast pulses. The

goal is to reach a more fundamental understanding of these processes by learning how

the time order between the pulses can be used to control the diŒerent nonlinear optical

responses that lead to signal formation. The data from this systematic approach

provide the relative intensities from the diŒerent nonlinear processes and reveal pulse

sequences that are amenable to control electronic state excitation. The experimental

data obtained for diŒerent pulse sequences directly demonstrate the need to separate

bra and ket interactions for a complete understanding of FWM experiments with non-

collinear laser pulses. We have found that under certain conditions, for example gas-

phase samples and high sample concentrations, a cascading process can occur whereby

the free-induction decay emission (FIDE) stimulated by one of the pulses can mix with

two other beams to produce an additional source of signal, namely cascade± free-

induction decay± four-wave mixing (C± FID± FWM). This article provides a large body
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of experimental data on a model system consisting of isolated molecular iodine, which

is well understood and can be used to re® ne present theories on FWM.

Nonlinear optical methods, such as FWM, have been used to investigate solids,

liquids and gases almost since the invention of the laser (see for example [1± 9]). These

nonlinear optical techniques are well known [10± 24], and many texts have been written

on these subjects [25± 28]. In the condensed phase, the collective polarizability of the

sample contributes to the nonlinear response and it is di� cult to separate the

intermolecular from the intramolecular processes that cause the observed signal. In

dilute gases, it is much easier to analyse in detail the photophysical processes that lead

to signal formation. Inhomogeneous broadening is small and the coherence decay is

much longer than the laser pulse duration. This latter characteristic leads to long-lived

signals, of the order of 100 ps, which in turn allow for very accurate analysis.

Gas-phase FWM studies have a long history, starting probably with the

observation of photon echoes (PEs) in SF
’

[2] and the ® rst observation of molecular

rotation by a third-order nonlinear process [4]. Numerous gas-phase applications of

transient grating techniques were pioneered by Fayer and co-workers [7, 29, 30],

especially for the study of ¯ ames. These novel probes have been applied to the study

of femtosecond dynamics in the gas phase [31± 40]. Zewail and co-workers [34] used

degenerate four-wave mixing (DFWM) for probing reaction dynamics. Materny and

co-workers [35± 39] have studied iodine vapour using time-resolved coherent anti-

Stokes Raman scattering (CARS) and DFWM. By varying the time delay of one of the

incident pulses while maintaining the other two incident pulses overlapped in time,

they showed that vibrational and rotational dynamics can be observed for both the

ground and excited electronic states. Knopp et al. [41] have used two-dimensional

time-delay CARS to study high-energy ground-state vibrations.

Brown et al. [42] used oŒ-resonance transient grating (TG) methods to study the

response of atoms as well as polyatomic molecules in the gas phase and derived a

semiclassical expression to analyse the rotational coherences observed in the data.

Resonance TG measurements con® rmed the observation of ground and excited states

[42]. Dantus and co-workers [43, 44] have explored diŒerent laser pulse sequences in

three-pulse FWM to control the observation of ground- or excited-state dynamics.

Dantus and co-workers [45, 46] have also shown that the spectrally dispersed

three-pulse FWM method adds an important dimension to the study of nonlinear

phenomena with transform limited and chirped pulses.

Gas-phase molecular iodine was chosen for this study for various reasons.

(i) The visible X "R
!+g

% B $P
!+u

transition has been well characterized by

frequency- [47, 48] and time-domain spectroscopies [43, 45, 46, 49]

(ii) The vibrational periods of both the X and the B states are longer than the

duration of our laser pulses, allowing us to excite wave packets impulsively in

each electronic state.

(iii) The vibrational periods of the X and B states are quite diŒerent, 160 and 307 fs

respectively, making the assignment of the signal relatively easy.

(iv) At the wavelength of excitation, molecular iodine can be treated as a two-

(electronic-)level system. The state reached by two-photon excitation is

repulsive and does not contribute to the signal discussed in this study.

This article is organized as follows. In section 2 we present a brief theoretical

description of FWM based on a density matrix formulation. We describe a

diagrammatic approach to identify the third-order processes that contribute to a
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particular FWM phenomenon. We also apply wave packet calculations to understand

some aspects of the observed signal. In section 3 we describe the experimental set-up

for the present measurements. In section 4 we present experimental results for all the

diŒerent pulse sequences and we discuss some of the main observations. In section 5,

we conclude on the major observations of the study and their implications regarding

FWM methods for characterizing and controlling intramolecular dynamics.

2. Theory

There are numerous publications in the literature on the nature of nonlinear

optical processes (see for example [25± 27]). Some works involve the density matrix

approach, whereas in other cases the wave packet formalism is used to understand

FWM-type processes [50, 51]. We ® nd that the density matrix approach provides a

complete framework for interpreting nonlinear optic phenomena [25± 27, 43, 52]. The

density matrix approach naturally incorporates all the vibrational and rotational

states initially populated necessary to express the collective nature of a coherent

process.

Three-pulse FWM involves a sequential interaction of three electric ® elds with a

molecular ensemble. The incident pulses are typically arranged in the forward-box

geometry shown in ® gure 1 (a), and the coherent signal is emitted in the direction k
S

with frequency x
S
. Both the wave-vector and the frequency of the signal are linear

combinations of the wave-vectors and frequencies of the applied ® elds. The wave-

vector k
S
¯ k

a® k
b
 k

c
satis® es the phase-matching condition, ensuring conservation

of energy and momentum. The source of the signal is the third-order polarization P($)
S

(t)

in the direction k
S

that arises after weak interactions with the applied ® elds. For

homodyne detection, the intensity of the signal is [25, 26]

I
FWM

£ & ¢

 ¢
) P($)

S
(t) ) # dt (1)

When the applied electric ® elds are short laser pulses, various rotational,

vibrational and, in some cases, electronic levels can be excited impulsively. In those

cases the signal re¯ ects the coherent superposition of molecular polarizations, showing

coherent oscillations (or quantum beats). In this way, the optical polarization contains

information regarding the electronic and nuclear dynamics manifested in the spectra.

The coherent signals in a FWM process involve the entire molecular ensemble that is

interrogated by the laser electric ® elds. The interpretation of the signals requires the

density matrix formalism for which the statistical nature of the quantum mechanical

ensemble is explicitly taken into account. The third-order polarization of the molecular

ensemble is de® ned as [25, 27]

P($)
S

(t) ¯ Tr [PW qW ($)
S

(t)], (2)

where PW is the polarization operator and q# ($)
S

(t) is the third-order density matrix with

a spatial dependence k
S
[r.

The temporal evolution of the density matrix can be represented diagrammatically

[25± 27, 53± 56] by double-sided Feynman diagrams (DSFDs) [25, 26, 57] or ladder

diagrams [58]. Each diagram is associated with a sequence of transformations or

pathway in a phase space of the density matrix. The total number of diagrams for a

given direction k
S

is 48 [25± 27]. However, under the rotating-wave approximation

(RWA), the number of possible pathways is reduced to eight. When the system

includes only two electronic states, the frequency dependence of the slowly rotating
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Figure 1. (a) Beam arrangement in the forward-box con® guration for the three-pulse FWM
experiment. The three laser ® elds are applied in a given temporal sequence and
overlapped spatially in the sample. The signal is detected in the direction of the wave-
vector k

S
that satis® es the phase-matching condition.The broken curve indicates a plane

of symmetry that makes ® elds E
a

and E
c

equivalent. (b) Temporal sequence of the three
laser pulses for a virtual echo (VE) measurement.s

"#
and s

#$
are the time delays between

® rst and second pulses and between second and third pulses respectively. (c) Temporal
sequence of the three laser pulses for a VE measurement.Note that the rephasing occurs
at a time t

$
 (t

# ® t
"
) for the stimulated PE signal and t

$ ® (t
# ® t

"
) for the VE signal.

terms is exp [i(x ® x
eg

)t], where x is the carrier frequency of the pulses resonant with

the transition frequency x
eg

. Based on the RWA the contribution of slowly rotating

terms is much greater ; therefore pulse sequences having the ® rst two electric ® elds

interact with opposite wave-vectors are primarily responsible for the FWM signal. As

a consequence, the ® rst two pulses of a three-pulse FWM sequence form gratings in the
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direction ³ (k
"® k

#
); the third pulse Bragg diŒracts from that grating and the

direction of the signal is given by k
S
¯ k

$
³ (k

"® k
#
). The speci® c pulse sequence,

indicated by the subscripts 1, 2 and 3, determines a speci® c nonlinear process detected

at the direction k
S

and the corresponding coherent transient eŒect probed.

When the signal is collected at k
S
¯ ® k

"
 k

#
 k

$
, the signal corresponds to a

stimulated PE process [27]. When the signal is collected at k
S
¯ k

" ® k
#
 k

$
, the signal

has been called a virtual photon echo (VE) phenomenon [59, 60]. Alternative names

for this non-rephasing FWM signal can be found in the literature [27, 61, 62]. One of

the key diŒerences between VE and PE phenomena is the fact that PE phenomena can

be regarded as a reversible decay process for which the polarization rephases after the

interaction with the third laser pulse [1, 2, 25± 27, 63]. For PE this polarization reaches

a maximum at a time t
$
 (t

# ® t
"
) (see ® gure 1(b)) whereas for VE the polarization

reaches a maximum at a time t
$® (t

#® t
"
) (see ® gure 1(c)) ; hence we have the name

virtual and the lack of observable rephasing [25± 27, 63]. This diŒerence is of critical

importance for samples where the inhomogeneous broadening is signi® cant, such as in

liquids and solids. For PE measurements, the inhomogeneous dephasing is cancelled

by the optical rephasing. These eŒects are su� ciently noticeable in gas-phase samples

as demonstrated below.

Each experimental signal obtained with a speci® c pulse sequence in the direction k
S

is the coherent sum of the signal corresponding to several third-order pathways in the

Liouville space (as shown later in ® gures 3, 4 and 6± 8). Therefore, more than one

diagram may be associated with a particular three-pulse FWM phenomenon. Each

diagram contributes additively to the overall third-order polarization and the signal is

proportional to the square of that polarization. Diagrams for which the ® rst

interaction is on the ket side correspond to VE phenomena, whereas the diagrams that

initially show a bra side interaction correspond to PE phenomena.

We have chosen the pulse sequence k
"® k

#
 k

$
(® gure 2) to demonstrate the

diŒerent density matrix pathways involved in a VE process. In the DSFD (® gure 2(a)),

the bra (right-hand side vertical line) and the ket (left-hand side vertical line)

interactions are kept separately. Each electric ® eld interaction is indicated with a short

slanted arrow. The convention for the sign of the electric ® eld wave-vectors is that

positive wave-vectors with exp [i(k[r ® xt)] point to the right while negative wave-

vectors with exp [® i(k[r ® xt)] point to the left on the diagram. Its relative position

and label t
"
, t

#
or t

$
are used to indicate the time ordering of the laser pulse in a given

sequence. The ® rst interaction with the system causes a change on only one side of the

Feynman diagram (bra or ket), giving rise to an electronic coherence, designated q(")
ge

or q(")
eg

respectively. The second interaction produces a population change, designated

q(#)
gg

or q(#)
ee

, and a ro-vibrational coupling within each electronic state, designated q(#)
g« g

or

q(#)
gg « in the ground state or q(#)

ee « or q(#)
e« e

in the excited state. The symbols gg« and ee«
represent diŒerent ro-vibrational levels in the ground and excited states respectively.

Note that the DSFD on the left, labelled R
%
, proceeds through the formation of q(#)

g « g
while the DSFD on the right, labelled R

"
, proceeds through the formation of q(#)

ee« . The

third interaction produces the third-order electronic coherence q($)
e « g

or q($)
eg« that gives rise

to the signal according to equations (1) and (2). For more details on the use of DSFD,

the reader is referred to [25± 27, 43, 57].

The corresponding ladder diagrams [58] are also shown (see ® gure 2(b)). Each

energy level is designated by a horizontal line with the time evolving from left to right.

Interactions on the ket side are shown as solid vertical arrows and on the bra side as

broken vertical arrows. For FWM processes such as CARS involving laser pulses with
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Figure 2. Diagrammatic representationof the processes that contributeto the VE signal when
the time interval between the ® rst two pulses is ® xed. (a) The DSFDs show explicitly the
time evolution of the density matrix when the ® elds act on the bra (right) or ket (left) side
of the diagram and the time increases from bottom to top. The primed indices of these
diagrams indicate diŒerent vibrational levels of the ground and excited electronic states.
The diagram on the left, R

%
, is responsible for the observation of the ground-state

dynamics. The diagram on the right, R
"
, is responsible for the excited-state dynamics. (b)

The corresponding ladder diagrams illustrate explicitly the energy levels involved in each
electronic interaction. A vertical broken or solid line represents interaction on the bra or
the ket respectively. In these diagrams, time evolves from left to right.

diŒerent carrier frequencies, the ladder diagrams may be preferred because they depict

energy explicitly [58]. Unfortunately, in this case it is not as easy to keep track of the

state of the bra and ket after each pulse interaction as it is in the DSFD.

3. Experimental details

The experimental set-up used here has been described earlier [42, 46]. The

experiments were performed with a home-built ampli® ed colliding pulse mode-locked

dye laser producing 60 fs pulses (transform-limited) centred around 620 nm. The

bandwidth at full-width at half-maximum is typically about 8 nm. At the output of the

laser ampli® er, the femtosecond pulses were compensated for linear chirp in a double-

pass prism arrangement with an average energy of 350 l J. After the compression, the

beam was split by two successive beam splitters into three beams of approximately

equal intensity attenuated down to about 20 l J each. The three beams were combined
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Table 1. Summary of the observed phenomenafor the diŒerent pulse sequences possible with
the three laser pulses when two pulses overlap in time. For the experimental arrangement
used here, there are only four distinguishable sequences (shown in bold type). Because
beams E

a
and E

c
are equivalent, two additional (although not unique) sequences are

possible.Sequences for which experimental data are presented have been labelled with an
asterisk. The phenomena include TG, reverse-transient grating (RTG), reverse photon
echo (RPE) and PE.

in the usual FWM forward-box geometry and focused by a 500 mm lens in a quartz

cell containing the iodine vapour (I
#
). The amount of iodine in the cell was limited so

that the optical density reaches a maximum of 0 ± 4 and is independent of temperature

for T " 80 ° C. The experiments presented here were carried out at 140 ° C. Pulses in

one of the beams (E
c

or E
b
, depending on the set-up) were delayed with respect to the

other two by a computer-controlled actuator (variable s delay), while the ® xed delay

(s
nm

, where n, m ¯ a, b or c) was adjusted by delaying the pulses from the second beam

with respect to the ® xed one (beam E
a

in all cases) using a micrometer.

All the experimental data were obtained in the direction k
S
¯ k

a® k
b
 k

c
. The

subindices a, b, and c can take any time order 1, 2 or 3; therefore, for the same phase-

matching geometry, diŒerent phenomena such as PE or VE can be detected. The

spatially ® ltered three-pulse FWM signal was collected by a spectrometer with a wide

spectral acceptance (8 nm resolution). The transients were taken at 300± 400 diŒerent

time delays (about 200 shown) and averaged for nine scans. At each time delay s, the

signal was collected for ten laser shots. The laser intensity was monitored on a shot-

to-shot basis ; laser pulses with intensity outside one standard deviation were rejected.

The accumulated laser intensity for each given time delay was stored and the ® nal

transients were normalized by this intensity. An eŒort was made to maintain similar

laser intensities for all the transients and to present all transients using a consistent

intensity scale to allow direct comparisons.

Three laser pulses can be arranged into six sequences (abc, acb, bca, bac, cab, cba),

each having a distinct pulse ordering. For each pulse sequence, we can de® ne time

delays between the ® rst and second pulse (s
"#

) and the second and third pulses (s
#$

) (see

® gure 1). We can divide the pulse sequences into those where two pulses overlap in

time (table 1) and those where the three pulses are separated (table 2). We can further

subdivide the pulse sequences into those where the ® rst time delay is ® xed (pulse

sequence I (PS I)) and those for which the second time delay is ® xed (pulse sequence

II (PS II)). In the experiments presented here, the phase-matching geometry of

detection (see ® gure 1(a)) makes ® elds E
a

and E
c

equivalent. The total number of

unique combinations and permutations is ten ; these are shown in bold type, being four

in table 1 and six in table 2. The ten combinations lead to the observation of diŒerent

nonlinear optical phenomena. Among them are TG, RTG (see table 1), VE, PE and

C± FID± FWM (see table 2).
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Table 2. Summaryof the observed phenomenaand the diŒerent pulse sequences possible with
the three time-separated laser pulses. For the experimental arrangement used here, there
are only six distinguishable sequences (shown in bold type). Because beams E

a
and E

c
are

equivalent, additional (although not unique)sequences are possible.Sequencesfor which
experimental data are presented have been labelled with an asterisk. The phenomena
include VE, stimulated PE, and C± FID± FWM.

The experimental data are shown together with the schematic diagrams of the

pulse sequence and the applicable DSFDs. Many of the labels for the DFSDs have

been omitted in order to simplify the diagrams here. The DSFDs corresponding to the

formation of an excited state population after the ® rst two interactions are shown on

the right-hand side while the left-hand side diagrams correspond to formation of a

ground-state population after the ® rst two interactions. The time at which each ® eld

interacts with the system is indicated by a broken line. For the DSFDs shown in ® gures

3± 8, the distance between these broken lines indicates the time delay, that is the smaller

distance depicts the ® xed time delay s
nm

and the larger distance depicts the variable

time delay s. When the ® xed time delay is zero, only the variable time delay is re¯ ected

by the broken lines. The experimental transients show the FWM signal as a function

of variable time delay s. All FWM signals are displayed relative to each other, that is,

the transients have not been rescaled. This allows for direct comparisons of signal

intensity between the diŒerent pulse sequences.

4. Results and discussion

4.1. O Š erlapped pulses

Figure 3 displays the dynamics observed when two of the laser pulses are

overlapped in time while the third pulse precedes or follows the other two. In the TG

measurement (® gure 3(a)), ® elds E
a
and E

b
are overlapped in time (s

ab
¯ 0 fs) and ® eld

E
c

follows at a variable time delay s. Three DFSDs describe this process and indicate

that both ground- and excited-state dynamics (q(#)
g « g

and q(#)
ee« respectively) should be

observed. In the ® rst 2 ps of the transient, the 307 fs oscillations dominate,

demonstrating the vibrational period of the B excited state of iodine. The transient

also clearly shows 160 fs oscillations, re¯ ecting the ground-state vibrational period of

I
#
. Ground-state dynamics are more clearly observed at longer time delays because of

wave packet spreading in the more anharmonic B excited state. We have taken the fast

Fourier transform (FFT)of this transient [43, 44] and con® rmed the assignment of the

dynamics to the X- and B-state vibrations (m§ ¯ 2± 4 and m « ¯ 6± 11).

In the RTG experiment [42] (® gure 3(b)), the ® eld E
c
precedes the overlapped ® elds

E
a

and E
b
. In this case, E

c
excites an electronic coherence with a relaxation lifetime of
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Figure 3. Experimental FWM data obtained for three diŒerent sequences having two pulses
overlapped in time. The signal correspondsto three diŒerent phenomena: TG, RTG and
PE, dependingon the temporal arrangement of the electric ® elds. The pulse sequence and
the DSFDs of the processes contributing to each phenomenonare included in each case.
All plots are shown on the same scale in order to allow direct comparisons of the signal
intensity. The dominant oscillation period in all cases, 307 fs, correspondsto excited-state
vibrations. The transients from the TG and the RTG experiments in (a) and (b) show
some additional contribution of ground-state vibrations. The transient from the RTG
experiment presents a prominent slow modulation (2 ps) corresponding to rotational
dephasing and a large background signal. Note that the PE data have a very small
background and show only excited-state vibrations with very little rotational dephasing.

about 150 ps [64]. When E
b

and E
b

arrive, the grating is formed with E
b

and the

polarization generated by E
a
. The observed vibrational dynamics are dominated by

307 fs oscillations, corresponding to the excited state of I
#
. A FFT of the transient

con® rms that the contribution of the excited state is greater than that of the ground

state [43]. The time evolution of the coherence leads to the observation of both ground-

and excited-state dynamics for this pulse sequence.

In the PE measurement (® gure 3(c)), the pulse sequence is similar to that

responsible for the RTG except that ® eld E
b

is applied ® rst followed by E
a

and E
c

which are overlapped in time. The data show primarily excited-state dynamics, as can

be observed in the transient. The most important diŒerence between these transients

is that ® eld E
b

acts ® rst and is then followed by ® elds E
a

and E
c
. PE processes involve

a rephasing of the coherence that is lost owing to inhomogeneities in the sample [27].

A direct comparison between the RTG and PE transients reveals that the slow
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Figure 4. Experimental transients for sequences with ® xed time delay between the ® rst two
pulses, PS I, with s

ab
¯ s

ba
¯ 460 and 614 fs. The VE I signal is obtained when the initial

electric ® eld acts on the ket side of the diagram and a PEI signal is obtained if the initial
electric ® eld acts on the bra side of the diagram. (a) When s

ab
¯ 460 fs, the oscillation

period of the VE signal corresponds to the vibrational motion of the excited-state
molecules. (b) When s

ab
¯ 614 fs, the VE signal oscillates with the ground-state

vibrational frequency and the rotational dynamics (slow 2 ps modulation) are clearly
observed. Note that the PE signals in (c) and (d ) do not show the selectivity of the
vibrational molecular motion based on the time delay s

ba
; 307 fs oscillations cor-

responding to the excited state are the predominant feature in both transients.

undulation (2 ps) in the RTG measurement as well as the background are smaller in

the PE transient. This diŒerence is also apparent in the FFT of the PE and the RTG

transients ; the rotational contribution (peaks at frequencies less than 20 cm ") in the

PE FFT are greatly reduced.

The predominance of the excited-state dynamics in both RTG and PE transients

can be attributed to the fact that the wave packet motion in the excited state has a
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much wider range of internuclear distances. This takes the wave packet in and out of

the Franck± Condon region. Therefore, the electronic polarization re¯ ects pre-

dominantly excited-state dynamics. Only in pulse sequences where pathways involving

excited-state population transfer can be avoided, do the ground-state dynamics

predominate. This selectivity in the observation of ground-state dynamics can be

achieved by choosing a convenient time delay between the pulses, Š ide infra.

4.2. Pulse sequence I : Š irtual photon echo and stimulated photon echo

In ® gure 4, we use PS I (® xed delay followed by variable delay) to observe the

dynamics obtained as the ® xed delay is changed from 460 to 614 fs for virtual photon

echo I (VE I) and stimulated photon echo I (PE I) sequences. In both cases, ® elds E
a

and E
b

are separated by a ® xed time delay (s
ab

or s
ba

) and are followed by ® eld E
c

after

a variable time delay s. There are two DSFDs that apply to each of these pulse

sequences ; one shows q(#)
g« g

and the other q(#)
ee « . In the VE I measurement, when s

ab
is

460 fs (® gure 4 (a)) ($
#
s
e

where s
e
¯ 2 p }x

e
for I

#
in the B state ), the dynamics show

307 fs oscillations, re¯ ecting only an excited-state contribution [43, 44]. When s
ab

is

614 fs (® gure 4(b)) (twice the vibrational period of I
#
in the B state ), the dynamics show

160 fs oscillations, re¯ ecting predominately a ground-state contribution [43± 46]. By

changing the ® xed time delay between ® elds E
a

and E
b
, the observation of excited- or

ground-state dynamics of I
#

can be controlled. This coherent control should not be

confused with control experiments without phase locking or phase matching [65].

In the PE I con® guration, when s
ba

is 460 fs, the dynamics re¯ ect an excited-state

contribution with 307 fs oscillations ; no ground-state contribution is observed in this

transient. When s
ba

is 614 fs, the 307 fs oscillations still dominate ; however, 2 ps later,

160 fs oscillations can be seen. Fourier transforms of these two PE transients con® rm

that, for s
ba

¯ 614 fs, there is some ground-state contribution. The signal contribution

due to rotational dynamics (slow 2 ps modulation) that is clearly observed in the VE I

transients is much smaller in the PE I transients. Note that the selection between

ground- or excited-state dynamics is much more e� cient for the virtual echo set-up

(® gures 4(a) and (b)). The reason for this observation can be deduced from inspecting

the DSFDs. For VE I, the DSFD that leads to the observation of ground state has

three laser interactions acting on the ket. This leads to high selectivity between the two

states. For VE I, the appearance of ground-state dynamics arises from a wave packet

being prepared in the excited state, then pumped to the ground state and ® nally probed

as a function of time, thereby giving a clear and intense ground-state signal. For PE I,

the DSFD that leads to ground-state dynamics shows that the ® rst two interactions are

on the bra while the third interaction is on the ket. This action on an unperturbed

ground state by the third pulse leads to loss of the selectivity. The reason for the small

ground-state modulation in the PE I data is due to the interference between wave

packets generated from diŒerent initial states, the equivalent of `hot bands ’ in

frequency-resolved spectroscopy.

In ® gure 5 (top), enlargements of the VE I and PE I transients for s
ab

¯ s
ba

¯ 460 fs

are shown. It is clear that the two transients are exactly out of phase with each other ;

when one is at a maximum, the other is at a minimum. The applicable Feynman

diagram for the observation of excited-state dynamics is on the right-hand side in each

case of ® gure 4. In both cases, ® eld E
c

must interact with the wave packet formed in

the excited state by ® eld E
b
. This process is depicted by action of E

c
on the bra for both

DSFDs responsible for excited-state populations. In ® gure 5 (bottom) schematic

diagrams based on calculated wave packets of the excitation process after the ® rst
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Figure 5. (Top) Experimental data for VE (Ð Ð ) and PE (Ð Ð ) measurements with s
ab

¯
s
ba

¯ 460 fs. Note that the signals, corresponding to excited-state dynamics, are exactly
out of phase. The signal intensity has not been rescaled, but the VE I signal has been
shifted vertically. Note that the PE signal peaks at 154 fs. The 180 ° phase diŒerence
between these transientscan be understoodby lookingat the dynamics of the wave packet
in the B state of I

#
resulting from the interaction with pulse E

b
. (Bottom) Simulation of

the wave packet motion on the B state of I
#

under the conditions of the VE I and PE I
signals for PS I when s

ab
¯ s

ba
¯ 460 fs. In both cases, signal formation depends on de-

excitation of W(")
b

(----). At time delay s ¯ 0 fs, which corresponds to the time delay
between the second and third pulses, W(")

b
is in the Franck± Condon region for VE I,

maximizing the transition probability when the third pulse is applied there. However, for
the PE I case, W(")

b
is at the outer turningpoint of the excited-statepotential when s ¯ 0 fs,

minimizing the transition probability when the third pulse is applied in the Franck±
Condon region. In the PE I case, a delay of half a vibrational period is required to
achieve the maximum observation of signal when the wave packet returns to the inner
turning point.
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Figure 6. VE II transients obtained for a sequence having the time delay between the last two
pulses ® xed at s

ba
¯ 460 and 614 fs. The vibrational excited-state motion dominates both

transients. A very small contribution from the ground-state vibrational motion is
apparent when s

ba
¯ 614 fs. A larger rotational dephasing is observed (slow 2 ps

modulation) in the s
ba

¯ 614 fs signal and the signal intensity is higher in this case. The
DSFDs of the processes that contribute to the signal are included together with the pulse
sequence.

two electric ® elds are shown. ‹ The wave packet resulting from excitation by ® eld E
a

is

shown as a solid curve ; the wave packet resulting from excitation by ® eld E
b

is shown

as a broken curve. It is important to note that signal formation for both processes

requires the de-excitation of the wave packet W(")
b

by ® eld E
c
. In the VE case, ® eld E

b

interacts with the system secondly with s
ab

¯ 460 fs. At s ¯ 0 fs (time delay for ® eld E
c

with respect to the second pulse), the broken wave packet is at the inner turning point of

the potential where the transition probability is maximized. Therefore the interaction

results in a maximum signal. However, in the PE, ® eld E
b

interacts ® rst with the system

(still with s
ba

¯ 460 fs). At s ¯ 0 fs, the wave packet is at the outer turning point of the

potential with negligible transition probability upon interaction with ® eld E
c
. After

half a vibrational period, the wave packet returns to the inner turning point where the

transition probability is maximized and the interaction with E
c

produces a maximum

signal. Therefore, the signals for PE I and VE I are exactly out of phase.

4.3. Pulse sequence II : Š irtual photon echo and stimulated photon echo

In ® gure 6, we examine PS II (variable time delay followed by ® xed time delay) to

observe the dynamics obtained as the ® xed delay is changed from 460 to 614 fs. In this

case, an electronic coherence is created by the ® rst ® eld E
c
which evolves until ® elds E

b

and E
a
arrive. The ® xed time delay can act as a ` ® lter ’ rather than a control parameter

in selecting the observation of ground- or excited-state dynamics [43]. There are two

applicable DSFDs for this con® guration. The diagram on the left has all the

‹ We justify the use of wave packets to simulate the vibronic coherences because in the
perturbation limit the ground state remains unchanged.
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Figure 7. PE II transients obtained for PS II when s
ac

¯ 460 and 614 fs. These transients,
mostly dominated by the excited-state motion, do not show the selectivity of the
molecular dynamics with the selection of the ® xed time delay. In addition to the pulse
sequence, the DSFDs of the processes that contribute to the signal are included.

interactions on the ket while the diagram on the right has the last two interactions on

the bra. For s
ba

¯ 460 fs, the transient shows 307 fs oscillations, corresponding to

excited-state dynamics. The signal is weaker and shows only a small background.

When s
ba

¯ 614 fs, the transient is dominated by 307 fs oscillations. The signal is

stronger and shows a larger background. Weak 160 fs vibrations are also observed.

Fourier transforms have con® rmed that the s
ba

¯ 614 fs transient shows a contribution

of the ground state [43]. For a time delay of s
ba

¯ 614 fs, the observed background

arises from the process depicted by the DSFD on the right. The use of the ® xed delay

as a ® lter for the dynamics changes the ground-state contributions to the signal slightly

but does not give the same degree of control as is observed in the VE I case (see ® gures

4(a) and (b)).

In ® gure 7, we use PS II to observe the dynamics obtained as the ® xed delay is

changed 460 to 614 fs. In these measurements, ® eld E
b

precedes ® elds E
a
and E

c
, setting

up a stimulated PE. The coherence generated by the ® rst laser pulse is probed by the

second and third pulses. The rotational dynamics, as evidenced by the slow 2 ps

modulation, are signi® cantly reduced in the PE II transients compared with those

observed in the VE II transients. The transient in ® gure 7 (a) shows predominately

307 fs dynamics and a small ground-state contribution. The transient shown in ® gure

7(b) reveals predominately excited-state contribution to the signal. These assignments

were con® rmed by FFT.

4.4. Free-induction decay and four-waŠ e mixing

So far we have discussed a number of phenomena and outlined the rules for their

diagrammatic representation. The identi® cation of the eight diŒerent diagrams that

can contribute to the signal under the RWA has been shown in a number of

publications [25, 27]. When a particular sequence of resonant ® elds violates the RWA,

the FWM signal should not be observed (is negligible). An example would be the
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Figure 8. C± FID± FWM II transients for PS II for s
ab

¯ 460 and 614 fs. When s
ab

¯ 460 fs,
the oscillation period of the C± FID± FWM signal corresponds to the vibrational motion
of the excited-state molecules, whereas when s

ab
¯ 614 fs the signal oscillates with the

ground-statevibrational frequencyand shows a larger rotationalmodulation(2 ps). Note
that the data are very similar to those observed for VE I (® gure 4 (a) and (b)). This implies
that the dominant pathway for signal formation can be illustrated using similar DSFDs
for the two ensembles: one to indicate the stimulationof the FIDE from beam E

c
, FIDE

c
,

and the other to indicate the formation of the C± FID± FWM II signal, represented as a
shaded area in the pulse sequence plot.

sequence k
"
 k

#® k
$

for a two-electronic-states system. This corresponds to pulses E
a

and E
c
preceding pulse E

b
. We set out to test this hypothesis and detected weak signals

corresponding to an interesting FWM phenomena that arises under certain conditions

described below.

In ® gure 8, we present the signal obtained with the pulse sequence E
c

followed by

E
a

and E
b
. The signal intensity is a factor of about four lower than the VE I data. It

is remarkable to see that, when s
ab

¯ 460 fs, the transient shows 307 fs oscillations,

corresponding to excited-state dynamics. When s
ab

¯ 614 fs, 160 fs oscillations are

evident, indicating ground-state dynamics. Therefore, we are able to observe ground-

or excited-state dynamics by changing the ® xed time delay as was done in VE I (see

® gures 4(a) and (b)). Our explanation for this process is that the ® eld E
c

creates a ® rst-

order polarization that decays by FIDE with time T
#
" 50 ps [64]. This emission is

designated as FIDE
c
. Beams E

a
and E

b
form the grating with populations q(#)

gg
and q(#)

ee
;

then the FIDE
c
Bragg diŒracts from the grating to form the signal. Because the FIDE

is generated in a separate ensemble of molecules we designate this process a

cascadeÐ hence the abbreviation C± FID± FWM. This situation is similar to the VE I

measurements except that the beam E
c

is replaced by FIDE
c
. The observation of

selectivity between ground- and excited-state dynamics con® rms the interpretation of

this phenomenon. Note that the only way to represent this ® rst-order cascading

process diagrammatically is by invoking two ensembles : one responsible for the ® rst-

order polarization and the other for the FWM process. This explanation does not

involve a violation of the RWA.
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Figure 9. C± FID± FWM I transients for PS I for s
ac

¯ 460 and 614 fs. Note that the signal
intensity for these sequences is quite low, especially after the ® rst picosecond. The
transients do not show selectivity between the ground- and excited-state molecular
dynamics with the ® xed time delay. However, the change in the time delay causes a shift
in the phase of the observed vibrational oscillations. In the insets, the thin curve depicts
the experimental data when the ® xed time delay is 460 fs, and the thick curve shows the
oscillations when the ® xed time delay is 614 fs. The out-of-phase behaviour can be seen
in these plots. The pulse sequence and the coupled DSFD are included for each case.

The signal identi® ed here as C± FID± FWM arises when the sample has a relatively

long-lived polarization, the lasers are resonant with a transition and the sample is in

a relative high concentration. Under these conditions each pulse generates a FID with

an integrated emission intensity that can be comparable with the ® eld that induces it.

The FIDE under these circumstances participates in the formation of FWM signal.

This type of signal is best observed when other FWM processes are forbidden.

Observation of this type of signal can be found in the work of Kinrot and Prior [66].

The eŒect is related to the Lorentz local-® eld correction to nonlinear optical processes

introduced by Bloembergen [67] (see also [26]).

PS I is used to explore other C± FID± FWM signals shown in ® gure 9. For both

transients in this ® gure, s
ac

¯ 460 fs and s
ac

¯ 614 fs, the dynamics are dominated by

excited-state vibrations. FFT con® rms this observation. The ground-state con-

tribution is slightly higher for the transient with s
ac

¯ 614 fs than for s
ac

¯ 460 fs.

These transients can be interpreted as follows. Fields E
c
and E

b
form the grating ; then

the FIDE stimulated by E
a
, denoted FIDE

a
, mixes to form the signal, C± FID± FWM I.

Because the ® xed time delay is now between the ® rst two pulses, one participating in

the population formation and the second in the generation of FIDE
a
, selectivity is not

expected between ground- and excited-state dynamics. The time delay diŒerence

between the ® rst two pulses is half the excited-state vibrational period. This causes the

s
ac

¯ 460 fs transient to be similar to the s
ac

¯ 614 fs transient except for being out of

phase by half a vibrational period (154 fs). This change in phase can be seen in the

insets in ® gure 9 where the thin curve represents s
ac

¯ 460 fs and the thick curve shows

the s
ac

¯ 614 fs data.
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Figure 10. RPE transients when the ® rst two pulses are overlapped in time (a.u., arbitrary
units). The signal intensity for these sequences is relatively low, especially after the ® rst
picosecond. The pulse sequence and the coupled DSFD are included. Note that the data
have a very small background and show only excited-state vibrations.

The signal obtained when ® elds E
a

and E
c

are overlapped in time and are followed

by ® eld E
b

is shown in ® gure 10. The signal intensity is a factor of about four smaller

than the comparable PE signal shown in ® gure 3(c). Although this pulse sequence does

not satisfy the RWA and should not produce a signal in the phase-matching direction,

we did obtain signal with 307 fs vibrations as seen in the transient. The data can be

explained using a similar argument as for the other C± FID± FWM processes. Pulses E
a

and E
c

induce a ® rst-order polarization each with FIDE
a

and FIDE
c
. These two ® elds

mix with beam E
b

to form a cascaded FWM signal involving three molecular

ensembles. Note that this pulse sequence is the time reversal of the PE pulse sequence

in ® gure 3(c) and the DSFD diagram corresponding to the C± FID± FWM signal is

similar to that in ® gure 3(c) for PE data. The signals in both cases are very similar

except for the diŒerence in intensities. For these reasons we can justify the use of the

term reverse photon echo (RPE) [68].

5. Conclusions

In this article we compare the diŒerent phenomena that can be observed with

femtosecond pulses on gas-phase molecules for diŒerent pulse sequences. Here we

have shown that three laser pulses can generate six diŒerent nonlinear optical

phenomena : virtual echo, photon echo, transient grating, reverse-transient grating

C± FID± FWM and reverse photon echo. While these phenomena are closely related,

it is important to distinguish between them. Some allow the experimenter to control

the observation of ground- or excited-state dynamics. Others allow the control of the

phase of the observed molecular vibrations. Finally, some of these techniques achieve

cancellation or enhancement of inhomogeneous broadening.

One of the important conclusions of this article is the distinction between the bra

and ket laser interactions. Quantum-mechanically, the transition probability from

state g to state e depends on ©e rlE rgª ©g rlE reª*, implying a double interaction. The

physical basis for the double interaction comes from the fact that the electric ® eld has

two components exp [i(k[r® xt)] and exp [ ® i(k[r ® xt)]. Molecules may interact with

either of the components (thus forming a coherence state ) or with both (thus forming

a population in the original or in the new state ). Starting from the ground state and

invoking the rotating wave approximation, a ket interaction can only be achieved with

exp [i(k[r ® xt)] and a bra interaction can only be achieved with exp [® i(k[r ® xt)].
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When the three incident pulses have distinguishable wave-vectors, as for most non-

collinear geometries, one is able to de® ne a phase-matching geometry that determines

the sign and hence the nature of each electric ® eld interaction. Therefore, a distinction

between a bra or a ket interaction can be experimentally achieved.

The distinction that arises from the geometric arrangement of the lasers and the

possibility to have ® xed or variable time delay between them leads to the ten unique

pulse sequences described in tables 1 and 2. The data presented show several

diŒerences. For stimulated PE measurements, the signal does not contain elements

that can be attributed to inhomogenous broadening while VE measurements do. This

diŒerence is best shown in ® gure 3 by comparing the RTG (see ® gure 3(b)) and the PE

signals (see ® gure 3(c)). We have recently conducted coherence relaxation measure-

ments on gas-phase iodine as a function of temperature. We found that the PE

relaxation times were always longer than the corresponding VE relaxation times

and were also temperature dependent, as expected. The relaxation measurements

for RTG measurements were dominated by inhomogeneous contributions such

as Doppler broadening and the Boltzmann distribution of states prior to laser ex-

citation [64]. One of the strategies used here to sort diŒerent processes was to

delay a pair of pulses by a ® xed time interval, chosen to be equal to an integral or

a half-integral number of vibrational oscillations of the excited state. This re-

veals a striking diŒerence between VE and PE measurements as shown in ® gure 4

where the VE I signal shows excited- or ground-state dynamics depending on the

delay between the ® rst two pulses. However, we note that for PE measurements this

control is not observed. The reason for this observation is that one of the diagrams for

VE involves all three interactions on the ket. This places a restriction on the

laser± molecule interactions, requiring that the electric ® eld interactions must be in

concert with the vibrational dynamics. The PE diagram that corresponds to the

formation of a population in the ground state is not as restrictive because only the

third pulse acts on the ket. From the viewpoint of control over ground- or excited-state

dynamics, the sequence k
"® k

#
 k

$
, labelled VE I, is the most e� cient. This

phenomenon is easily observed in gas-phase samples ; however, in liquids, VE is

usually not observed because of inhomogeneous broadening.

Our PE results agree with the well-known property of PE signals, namely that the

eŒect of inhomogeneities is cancelled [2]. A technique aimed at suppressing excited-

state dynamics was introduced in the 1990s by Shank and co-workers [69, 70]. The

mode suppression technique requires ® xing the time delay between the ® rst and third

pulses while the second pulse is scanned in the pulse sequence k
S
¯ ® k

"
 k

#
 k

$
. The

method has been found to work only in cases of extremely large inhomogeneous

broadening [71, 72]. We have explored the mode suppression method under the same

conditions as all the transients in this article. We found that the apparent suppression

of excited-state coherent vibrations is achieved by a combination of Liouville pathways

that allows ground- and excited-state contributions, thereby drowning the pure

excited-state dynamics that are observed when the time delay between the ® rst and

third pulses are out of phase with the excited-state oscillations [64].

In this article, we explore the C± FID± FWM phenomenon in the gas phase. This

signal is observed for pulse sequences where conventional diagrammatic techniques

fail to predict the appearance of signal. The observed signal is not caused by a higher-

order nonlinear process or from a breakdown of the RWA. As described earlier, the

C± FID± FWM signal is caused by an induced polarization that maintains the phase

and the vectorial characteristics of the pumping beam. Because the coherence
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relaxation in iodine at this temperature has a lifetime of about 10 "! s, the FIDE can

act at relatively long times. The participation of an electric ® eld generated by a

polarization in a nonlinear optical process has precedents ; this phenomenon is called

cascading [73, 74]. More recently, cascading has been implicated in the signal arising

in ® fth-order nonlinear processes. Upon close inspection the ® fth-order signal has

been found to result from two third-order processes that have been called sequential

CARS or cascade [75± 77]. The emission from one third-order polarization participates

in a diŒerent third-order polarization [75± 77].

The data being reported here show a diŒerent type of FWM cascading. The

diŒerences are as follows.

(i) Resonance excitation leads to long-lived polarizations that can interact with

the other laser pulses at very long times.

(ii) In the studies from the Albrecht and Fleming groups, the cascading process is

a combination of two third-order processes while, in our case, the C±

FID± FWM signal results from a ® rst-order process and a second-order

process.

(iii) In our measurements, we have used only three pulses instead of four or ® ve.

(iv) We have observed a C± FID± FWM in a gas-phase sample.

Thus, we have ensured that phase matching occurs only for the third-order process

of interest and that the observation of FWM or C± FID± FWM depends on only on the

pulse sequence.

The C± FID± FWM transients presented here show two surprising eŒects : the

signal is measurable and the femtosecond time resolution is maintained. Given that at

least one of the electric ® elds is replaced by the FIDE, one could conclude that the

intensity would be much lower and that the time resolution would be lost because of

the picosecond lifetime of that emission. The intensity of the C± FID± FWM signal

derives from the integral over the long duration of the FIDE. In fact, we have found

that in addition to the concentration dependence the ratio of C± FID± FWM to FWM

depends on the ratio T #
#
}(T

"
s
p
), where T

#
is the coherence relaxation time, T

"
is the

emission lifetime and s
p

is the laser pulse duration [78]. The temporal resolution is

maintained because the FIDE arises from a vibronic coherence. Therefore, it is

strongly coupled to the coherent vibrational motion in the ground and excited states,

being modulated on the femtosecond time scale. A theoretical simulation of these data

will be published elsewhere [78].

Coherent control of chemical reactions depends on the design of an electric ® eld

capable of causing a molecular system to yield a speci® ed product. These special ® elds

can be constructed out of coherently coupling multiple laser pulses. This work studies

the coherent coupling of three ® elds using the phase-matching condition and the third-

order nonlinear response of the sample as ® lters of the incoherent contributions. The

exploration of the various phenomena allows us to form a `toolkit ’ that can be used

to achieve the coherent control. Our understanding shows that with FWM the most

e� cient control is achieved when the phase-matching geometry and the pulse sequence

lead to all laser interactions occurring on the ket. This implies using what we have

called the VE I pulse sequence.

In conclusion, we have presented experimental data for ten diŒerent sequences

stemming from three degenerate femtosecond laser pulses. Our data highlight the need

for understanding that laser± molecule interactions take place on a complex frame that

can be understood by interaction with exp [ ® i(k[r® xt)] or with exp [i(k[r ® xt)]. In
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the language of quantum mechanics, these interactions correspond to the bra or the

ket respectively for the ® rst pulse. Based on this understanding, diagrams can be

drawn to understand the nature of the measurement, whereas density matrix

calculations can then be used to simulate the data. Sorting out all the diŒerent

phenomena is valuable for understanding diŒerent nonlinear optical measurements

from diŒerent groups. Finally, the observation of the C± FID± FWM transients is an

example of nonlinear experiments where the pulses are at least one order of magnitude

shorter than the coherence of the sample.
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