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Nonlinear wavepacket interferometry for polyatomic molecules
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We investigate the application of a previously considered nonlinear wavepacket interferometry
scheme to molecules with a single stable conformation in the electronic ground state. It is shown
that interference experiments with pairs of phase-locked ultrashort pulse-pairs can be used to
determine the complex overlaps of a nonstationary nuclear wavefunction evolving in an excited
electronic state with a collection of compact displaced wavepackets moving in specified ways in the
ground-state potential. ©2000 American Institute of Physics.@S0021-9606~00!00145-8#
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I. BACKGROUND

It is a basic notion in quantum mechanics that the wa
function of a system can be expressed as a linear super
tion of any complete set of states, with the coefficients in
superposition being given by the complex overlaps betw
the state in question and each of the basis states. But op
tunities to spectroscopically determine a set of overlaps c
acterizing a time-evolving molecular wavefunction are ra
We showed earlier that ultrafast fluorescence excitation
periments with a pair of electronically resonant phase-loc
pulses1 can be interpreted as providing the complex over
between an evolving nuclear wavepacket in an excited e
tronic state andonereference state: the ro-vibrational eige
state in the electronic ground state from which
originated.2,3 The signal in those linear optical experimen
thereby directly revealed the time-dependent kernel for
electronic absorption spectrum.4,5 To specify the nuclear
state completely, one would need to find its overlaps wit
full manifold of vibrational wavefunctions.

With that goal in mind, in this paper we further inves
gate an experimental scenario for nonlinear optical meas
ments with pairs of phase-locked pulse pairs. Nonline
wavepacket interferometry with pairs of pulse pairs was p
viously analyzed as a means to prepare and measure s
positions of nuclear wavefunctions corresponding to diff
ently handed states of a chiral molecule.6,7 Here we consider
the effects of similar measurements on molecules wit
single stable conformation in the electronic ground state.
interpretation in terms of interference between quantum
chanical wavepackets will be most natural for polyatom
molecules with several Franck–Condon active modes, at
temperature in a supersonic jet or in a cryogenic solid, bu
could also apply in some approximation for the intramole
lar modes of chromophores in solution. It is shown th
wavepacket interferometry with pairs of pulse-pairs can yi
the overlaps of an evolving wavepacket in a polyatomic m
ecule with a large set of wavepackets of specified mode
placements and momenta. In the limiting case of sh
excited-state propagation~briefer than all the mode periods!
and some other specific situations, the overlaps comp

a!Electronic mail: cina@oregon.uoregon.edu
9480021-9606/2000/113(21)/9488/9/$17.00
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those with a convenient set of nuclear wavefunctions akin
the Glauber coherent states.8 A surprising feature is that sev
eral signal contributions competing with the relevant ov
laps are predicted to be small in many instances, are rea
diminished with ‘‘averaging’’ sequences of related measu
ments, or else occur at distinguishable interpulse-pair de
times.

The advantage of nonlinear over linear wavepacket
terferometry is the greatly expanded range of complex ov
laps recorded by the interference signal. For fairly sh
excited-state propagation times~and some other particula
cases! experiments of this kind can be sensitive to comp
overlaps sufficient to specify completely a nuclear wavefu
tion in the chemically important region energetically ‘‘down
hill’’ from the Franck–Condon point.

Time-resolved wavepacket interferometry posts an
jective for molecular spectroscopy beyond the import
missions of structure determination9 and the study of dynam
ics through the time development of probabili
densities,10,11 and also specifies a means to achieve it. T
measured quantity in a wavepacket interferometry exp
ment is proportional to a targeted portion of the tim
dependent wavefunction itself, rather than to its correspo
ing probability density. In the simple form proposed here a
in a variety of possible generalizations, interference spect
copy with sequences of phase-related pulses would use s
tural and dynamical information in one quantum mechani
subspace~a complete set of nuclear states in the electro
ground state for instance! to directly assay state developme
in other manifolds~electronic excited states!. Iterative adjust-
ment of molecular constants~defining excited-state poten
tials! would be avoided.

The objective of quantum state determination has b
sought previously in atomic physics and quantum optic12

mostly in effectively one- or two-dimensional systems. T
early work in this direction on the measurement of the d
sity matrix of a light mode by optical homodyn
tomography.13,14is perhaps most closely related on a conce
tual level. Recent experiments15 have determined the ampli
tude and phase of atomic Rydberg wavepackets by spect
resolved cross correlation. Dunn, Walmsley, and Mukam16

proposed and implemented an indirect method for state
termination of a diatomic molecule using time-depend
8 © 2000 American Institute of Physics
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fluorescence17 as an approximate measure of vibration
probability density.

As we discuss later, interference spectroscopy with p
of phase-locked pulse pairs has recently been proposed
implemented as a probe of chromophore solvation dynam
and optical dephasing of in liquids.18–20 Because both the
molecular environment and the formal descriptions are
ferent, the similarity to nonlinear wavepacket interferome
may not have been previously appreciated; but the succe
execution of those ‘‘heterodyne-detected stimulated pho
echo’’ experiments19 bodes well for speedy progress towa
measurements of the kind proposed here.

II. BASIC IDEAS

The time-dependent Hamiltonian has a molecular pa

H5ug&Hg^gu1ue&He^eu, ~1!

involving the nuclear Hamiltonians in the ground and exci
electronic states, and interactionsV(t)5V1(t)1V2(t)
1V3(t)1V4(t) with four pulses for which

Vj~ t !52m~ ue&^gu1ug&^eu!Aj~ t2t j !

3cos@V•~ t2t j !1F j~ t2t j !#. ~2!

The transition dipole momentm is assumed to be nuclea
coordinate independent. All four pulses have the same ca
frequency,V, near thee←g absorption maximum. Thei
amplitudesAj (t) and phase functionsF j (t) will be specified
later; but we assume that the pulses are vibrationally ab
and that the delaystp5t22t1 ,tw5t32t2 , and td5t42t3 ,
while possibly short, are long enough that the pulses do
overlap~see Fig. 1!.

The measured quantity is the ‘‘interference contrib
tion’’ to the excited-state population proportional
A1A2A3A4 , which can be isolated within the total fluore
cence~or another measure of excited-state population! as the
portion dependent on all four field amplitudes.1,2 The e-state
amplitude resulting from the four-pulse sequence can be
termined by low-order time-dependent perturbation theo
Before the first pulse the molecule is in a nuclear eigens
ucg& in the electronic ground stateug&. We choose the phas
so thatuC(t0)&5exp@2iHt0#ug&ucg& and take\51 to stream-
line the notation. The Schro¨dinger equation takes the form

i
d

dt
uC̃~ t !&5Ṽ~ t !uC̃~ t !&, ~3!

in the interaction picture~related to the Schro¨dinger picture
by uC̃(t)&[exp@iHt#uC(t)& with uC̃(t0)&5ug&ucg& initially !.

FIG. 1. The pulse sequence for nonlinear wavepacket interferometry
pairs of phase-locked pulse pairs. Pulses 1 and 2 are colinear and ha
optical phase shiftfp at the locking frequencyVp . Pulses 3 and 4 are
colinear with phase shiftfd at locking frequencyVd . 3 and 4 need not
propagate colinearly with 1 and 2; there is an arbitrary phase shiftf be-
tween 2 and 3.
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The interaction-picture Hamiltonian,Ṽ(t)[eiHtV(t)e2 iHt

5Ṽ1(t)1Ṽ2(t)1Ṽ3(t)1Ṽ4(t), ‘‘turns on’’ only during the
pulses. We need a perturbative solution of Eq.~3! through
first order in each of theṼj ’s, namely,

uC̃~ t !&5S 12 i E
2`

`

dt4 Ṽ4~t4! D S 12 i E
2`

`

dt3 Ṽ3~t3! D
3S 12 i E

2`

`

dt2 Ṽ2~t2! D
3S 12 i E

2`

`

dt1 Ṽ1~t1! D uC̃~ t0!&. ~4!

At this point we make a rotating-wave approximation,21,22

which neglects rapidly oscillating and hence ineffectu
terms in the integrands, by writing

Ṽj~ t !>2
mAj~ t2t j !

2
ue&

3^gue2 iV•~ t2t j !2 iF j ~ t2t j !eiH ete2 iH gt1H.c. ~5!

It also proves useful to introducepulse propagators,23–25

which reduce the effect of each pulse to the instantane
action of an operator,

Pj52
m

2E2`

`

dt Aj~t!eiH ete2 i ~Hg1V!te2 iF j ~t!, ~6!

or its Hermitian conjugate. In Eq.~4! we can then recognize

E
2`

`

dt Ṽj~t!5ue&^gueiH et j Pje
2 iH gt j1H.c. ~7!

From its role in this expression,Pj is seen to govern the
nuclear state-change accompanying electronic absorp
while Pj

† effects the nuclear state-change during stimula
emission.

Odd numbers ofE-field interactions generate transition
from the ground to the excited state, so the net transit
amplitude predicted by Eq.~4! is a linear combination of
eight nuclear wavepackets, with each term involving eith
one or three pulse propagators:

e2 iH etd^euC̃~ t.td!&

5$UA1UB1UC1UD1TA1TB1TC1TD%

3eiH g~ tw1tp!ucg&. ~8!

The one-pulse contributions to~8! are specified by

UA52 i exp$2 iH e~ td1tw1tp!%P1 , ~9a!

UB52 i exp$2 iH e~ td1tw!%P2 exp$2 iH gtp%, ~9b!

UC52 i exp$2 iH etd%P3 exp$2 iH g~ tw1tp!%, ~9c!

UD52 iP4 exp$2 iH g~ td1tw1tp!%, ~9d!

and the three-pulse wavepackets are generated by

TA5 iP4 exp$2 iH gtd%P3
†

3exp$2 iH etw%P2 exp$2 iH gtp%, ~10a!

th
an
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TB5 iP4 exp$2 iH gtd%P3
† exp$2 iH e~ tw1tp!%P1 ,

~10b!

TC5 iP4 exp$2 iH g~ td1tw!%P2
† exp$2 iH etp%P1 ,

~10c!

TD5 i exp$2 iH etd%P3 exp$2 iH gtw%P2
†

3exp$2 iH etp%P1 . ~10d!

The various one-pulse and three-pulse wavepackets are
trated schematically in Fig. 2.

The interference signal consists of the terms in^C̃ue&
3^euC̃& proportional to all four fields:

Sint~ td!52 Rê cguTA
†UA1TB

†UB1TC
† UC1TD

† UDucg&.
~11!

We have used the fact thatucg& is an eigenket ofHg , and
emphasized thetd-dependence of the interference sign
Mixed combinations likeTA

†UB contribute to thee-state
population, but do not influence the signal because they
clude one of the pulses.

III. WAVEPACKET INTERFEROMETRY

The eight wavepackets in Fig. 2 follow different rout
from theg-state to thee-state. The four terms inSint(td) are
overlapsbetween these wavepackets, but for arbitrary
lays, phase shifts, and pulse shapes, only the sum of
overlaps in Eq.~11! is measured. By considering basic fe
tures of how the nuclear wavefunctions evolve, we can no
theless identify circumstances—and combinations of sign
under different circumstances—where simultaneous con
butions by more than one overlap are systematically avoid

As mentioned earlier, a pulse propagatorPj applied to a
nuclear wavepacket or eigenfunction on the ground poten
surface generates the distorted ‘‘copy’’ which thejth pulse
produces in the electronic excited state. Similarly,Pk

† applied
to an e-state wavepacket makes a distorted copy in
g-state. The distortions are less pronounced for sho
pulses, and a pulse briefer than the timescale for discern
nuclear motion~; inverse frequency width of the absorptio
spectrum! would make a copy identical to the origina
wavepacket (Pj reduces to a constant!.

As Fig. 2 illustrates, theA-term inSint(td) is the real part
of the overlap ofP1ucg&, prepared in thee-state by the first
pulse and propagated fortp1tw1td , with a wavepacket
copied to thee-state byP2 and propagated fortw , dumped
back tog by P3

† and propagated fortd , and finally, re-excited
by P4. We will be interested in situations where the waitin
time tw is relatively long, while both the preparation timetp

and the delay timetd will typically be relatively short~in
senses to be specified later!. In both wavefunctions over
lapped in theA-term, the waiting-time evolution occurs i
the excited electronic state. In a polyatomic molecule w
several optically active vibrations, long-timee-state evolu-
tion will place most of the propagated wavepacket amplitu
well away from the Franck–Condon region, with coordina
s-
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values for which the energetic spacing between the gro
and excited-state electronic potential surfaces is red-shi
from the absorption maximum. Large-amplitude motion w
also tend to bring anharmonicity into play, further disfavo
ing revisitation of the Franck–Condon region. The fin
spectral bandwidth of pulses 3 and 4~corresponding to their
nonzero duration! will only inefficiently transfer nuclear am-
plitude betweene andg at the nuclear configurations nece
sary to makeTAucg& sizable, and theA-term will tend to
make a relatively small contribution to the interference s
nal.

The waiting-time evolution also occurs in the excite
state for both wavepackets overlapped in theB-term. Band-
width arguments again suggest that with pulses 3 and 4
tered at the absorption maximum,TBucg& will be small for
long tw in a polyatomic molecule, so theB-term overlap will
make little contribution to the interference signal.

Now let us consider theC-term portion of the interfer-
ence signal. As shown in Fig. 2, it is the overlap betwee
one-pulse wavepacket (P3ucg& prepared by the third pulse
and let run fortd in thee-state! and a three-pulse wavepack
(P1ucg& prepared in thee-state by the first pulse and propa
gated fortp , de-excited byP2

† and propagated fortd1tw in

FIG. 2. One-pulse and three-pulse contributions to the nuclear wavefunc
in the excited electronic state. See Eq.~8!. The wavepacket interferometry
signal ~11! is a sum of overlaps of one-pulse and three-pulse wavepack



nc

f-
e

a
ls
c

-
ur
to
na

ts

ck
u

nt
v

e-

es

o-
n

ar
–
-
de

.
—

fe
h

he

ve-

hat
lap

n-

ual
-

if-

-

ds

ls
o

lse
n-

are

on

s
i-

es
ate

9491J. Chem. Phys., Vol. 113, No. 21, 1 December 2000 Nonlinear wavepacket interferometry
the g-state, and re-excited byP4). For our purposes, the
C-term overlap is the most interesting part of the interfere
signal: For a giventd and various (tp ,tw) it represents the
overlap of a generice-state wavepacket,UCucg&, with an
array of moving reference packets,TCucg&. Becausetd is
short, the one-pulse packet will be exploring thee-potential
just downhill from the Franck–Condon region, while the re
erence packet will have moved in the vicinity of th
g-potential minimum~tp is also short! but with some wide
choice of mode displacements and momenta (tw is long and
variable!.

TheD-term is less useful for wavepacket dissection th
the C-term. It reports on the overlap between a three-pu
wavepacket~excited by the first pulse, de-excited by the se
ond, and re-excited by the third! with a one-pulse wave
packet generated at the Franck–Condon point by the fo
pulse. Detailed consideration will be given shortly
whether and when it can make a contribution to the sig
similar in size to theC-term.

The overlapsC andD are between pairs of wavepacke
that have both propagated on theg-state potential during the
waiting timetw ~see Fig. 2!. The wavepacketP1ucg& created
by the first pulse is assumed to be fairly close to the Fran
Condon region when the second pulse dumps it to the gro
state. Subsequent motion in theg-state duringtw1td ~or tw)
in TC ~or TD) starts with small displacements and mome
acquired by the optically active modes and stays in the
cinity of the potential-energy minimum. Stimulated d
excitation byP2

† and re-excitation byP4 ~or P3) will not be
discriminated against by bandwidth effects in either of th
reference states.26 Nor does anharmonicity disfavor theC-
andD-term overlaps as it does theA- andB-terms.

Since the intramolecularg-state motion duringtw1td ~or
tw) in TC ~or TD) involves small displacements and m
menta, we may assume that it consists of nearly harmo
oscillations in the optically active modes.TCucg& and
TDucg& will tend to ‘‘repeat themselves’’ whenever a ne
common multiple of theg-state periods of all the Franck
Condon modes is added totw . Multi-mode recurrences dur
ing the waiting-time are less likely for the larger-amplitu
~hence less nearly harmonic! e-state trajectories of theA- and
B-terms. And the period of any excited-state recurrence
unlikely to coincide with the period ofg-state recurrences
This situation suggests a further—signal averaging
procedure for selectively enhancing interferencesC and D
over A and B: Signals of the sametp and td , but with tw

differing by various multiples of the commong-state period,
can be averaged together. This procedure would not af
theC andD interferences, but would systematically diminis
the A- andB-term contributions.

IV. WAVEPACKET DECOMPOSITION

The interference signal of Eq.~11! is linearly propor-
tional to the complex overlapsA–D themselves~rather than
to the absolute square of their sum, for instance!. To the
extent that it proves possible to isolate theC-term experi-
mentally, interference signals would yield some or all of t
e
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inner products needed to resolve the excited-state wa
packet into a linear combination of reference states.

For the sake of further consideration, we assume t
spectral discrimination, position-momentum space over
effects, andtw-averaging have effectively eliminated theA
andB contributions to the interference signal. In the Appe
dix, we show that one way to produceC- andD-term signals
while ensuring that theg-state motion occurs in the vicinity
of the potential energy minimum is to choose roughly eq
intrapulse-pair delays,tp'td'dt, much shorter than the op
tically active mode periods. In this regime, theC-term and
D-term contribute to the interference signal at distinctly d
ferent waiting times:tw(C)1dt'tg

FC must approximately
equal a common multiple of theg-state periods of the opti
cally active modes, whiletw(D)(hg

FC must be just less than
an approximate common odd multiple of all the half-perio
~if such a time exists!. ~See the Appendix.! If we choosetw

when only theC-term contributes~or average several signa
with such tw values differing by close approximations t
common multiples of theg-state periods! the interference
signal ~11! reduces to an overlap between the one-pu
wavepacket generated byUC and the reference packet ge
erated byTC :

Sint~ td!52 Rê cguTC
† UCucg&. ~12!

Let us look at the case where pulses 3 and 4
transform-limited~i.e., unchirped! pulses with duration less
than the inverse frequency-width of the absorpti
spectrum.27 In this situation, the pulse propagators@see Eq.
~6!# are given by28

P352mE3sAp

2
e2 if ~13!

and

P452mE4sAp

2
e2 i ~f1fd1Vdtd!. ~14!

Substituting these pulse propagators in Eqs.~9c!, ~10c!, and
~12!, we get

Sint~ td!5pm2E3E4s2 Re$^auj~ td!&eifd%. ~15!

For fd50 ~or 2p/2) the interference signal therefore give
the real~or imaginary! part of the overlap between the orig
nal wavefunction propagated fortd in the e-state,

uj~ td!&5exp$2 iH etd1 iVdtd%exp$2 iH g~ tw1tp!%ucg&,
~16!

and a reference wavepacket specified by

ua&52exp$2 iH g~ td1tw!%P2
† exp$2 iH etp%P1ucg&. ~17!

To the extent that various choices oftp andtw in the vicinity
of the values maximizing the signal~15! provide an exhaus-
tive set of statesua& having significant overlap withuj(td)&,
the experiment would directly measure complex amplitud
sufficient to uniquely specify the nonstationary excited-st
wavefunction.
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V. REMARKS

Some examples can illustrate theC- and D-term
interpulse-pair delay conditions identified in the Append
Methylene iodide has strongly Franck–Condon active lo
frequency I–C–I vibrations with periodstg

(ss)566.8 fs and
tg

(bend)5249 fs.29,30 If we make the fairly stringent assump
tion that the quantitytg

FC in Eq. ~A6! must be a common
multiple of both periods within 10 fs we findC-term inter-
ferences at waiting times such thattw(C)1dt'737, 1001,
1738, 2001 fs~where both intrapulse-pair delays have sm
values of aboutdt). The condition~A7! for D-term interfer-
ence predicts signals at waiting timestw(D)(367, 632,
1106, 1369, 2107 fs in CH2I2. Spectral discrimination agains
the A andB overlaps should be very effective in this phot
dissociative system (lpeak;312.5 nm!.29 More definitive
predictions will require wavepacket dynamical studies,31 but
these estimates illustrate the conclusion of the Appendix
C- andD-term interference signals occur at different waiti
times,tw , in the case of short intrapulse-pair delay times

The van der Waals molecule KrClF illustrates a case
which intrapulse-pair delays longer than a small fraction
the parent-molecule vibration could prepareg-state reference
wavepackets in the vicinity of the potential minimum~see
the Appendix!.32 The van der Waals stretching mode of th
molecule has a 765 fs period, while the vibrational period
ClF is 42.02 fs in the ground~X-! state and 91.8 fs in the
B-state. If we choosetp'td'91.8 fs1dt (parent)5dt (vdW),
C-term overlaps would be expected whentw1td is an integer
multiple of both 42.02 fs and 765 fs within several femt
seconds. By this argument—which assumes significant o
cal activity in the van der Waals stretch—signals are p
dicted neartw(C)1td5760, 1520, and 2300 fs~as they
would be for intrapulse-pair delays much shorter than b
e-state periods!. D-term signals for intrapulse-pair delay
slightly longer than 91.8 fs are anticipated when the wait
time is just less than a half-odd multiple of both 42.02 fs a
765 fs. This criterion predicts signals attw(D)(390, 1150,
1912, 2670 fs; and these waiting times differ from those
the C-signal as expected. TheC-term signals fortp'td

'91.8 fs2dt ~parent!5dt ~vdW! just less than thee-state parent-
stretching period occur at the same values oftw(C)1td ~i.e.,
slightly longer waiting times!. D-signals are now predicted a
waiting times tw(D) just slightly longer than 390, 1150
1912, 2670 fs.

In order to make better predictions of these nonlin
optical signals, we are carrying out wavepacket dynam
studies on various halogenated methane derivatives inco
rating realistic pulse shapes and rotational structure.33 It is
anticipated that pulse chirp will be an effective tool to pr
compensate for wavepacket spreading during the prepara
steps.34,24 Our prior studies of rotational effects in linea
wavepacket interferometry on vapor phase samples2,35 sug-
gest that rotational structure will not unduly complicate t
interpretation at the;10 K temperatures of supersonic j
spectroscopy experiments.

The nonlinear wavepacket interferometry scheme inv
tigated here was originally proposed by Cina and Harris
the specific purpose of preparing and measuring quan
.
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mechanical superposition between nuclear states of a s
metric double-well like that governing the conformation of
chiral molecule.6 Wavepacket interferometry in this form
would follow the approach of phase-locked linear absorpt
measurements demonstrated on vapor-phase I2 by Scherer
and co-workers, by measuring an interference contributio
the e-state population generated by an incident phase-loc
pulse sequence. Rather than monitoring integrated fluo
cence, or another direct measure of excited-state popula
one could equally well monitor the interference contributi
to transmission loss. In linear wavepacket interferome
one would simply measure theE1E2-contribution to sample-
induced pulse-pair transmission loss.36,37 In nonlinear wave-
packet interferometry, one would cross the preparat
pulse-pair beam (E11E2) in the sample with the detectio
pulse-pair beam (E31E4), and measure theE1E2 ‘‘pump-
interference’’ contribution toE3E4 ‘‘probe-interference’’
transmission loss. Just as linear wavepacket interferom
experiments are short-pulse absorption experiments wi
fancy pulse ~a phase-locked pulse-pair!, nonlinear wave-
packet interferometry experiments are pump–probe abs
tion experiments with pulse-pairs for both the pump a
probe.

In addition to suggesting an experimental alternative
fluorescence excitation as a probe of nonlinear wavepa
interferometry, the last description also clarifies the essen
similarity between the method proposed here and th
known as ‘‘phase-locked pump–probe absorption’’18,20 and
‘‘heterodyne-detected stimulated photon echoes.’’18–20 In a
phase-locked pump–probe experiment, a pump pulse-
beam is to be crossed in the sample with a probe-pulse b
and a phase-locked ‘‘local oscillator’’ beam colinear a
contemporaneouswith the probe. This fits the description o
our proposed experiments if the local oscillator is freed fro
simultaneity with the probe, and instead becomes the sec
sub-pulse in a probe pulse-pair. Recent heterodyne-dete
stimulated photon echo experiments19 by de Boeij,
Pschenichnikov, and Wiersma on solvation dynamics in
uids match this scenario almost exactly, but are of cou
subject to multi-mode effects, thermal averaging, and in
mogeneous broadening to a degree that would likely defe
quantum mechanical wavepacket analysis. Wavepacket
cepts have been of use in interpreting recent three-pulse f
wave mixing experiments on gas-phase species.38 That work
by Dantus and collaborators has many elements in comm
with the measurements proposed here.

The heterodyne-detected stimulated photon e
experiments19 yielded the system–bath correlation functio
governing chromophore transition-frequency fluctuations
numerical fits to the multimode Brownian oscillator mode
In addition, their analysis18–20 demonstrated some capaci
to separate the ‘‘echo’’ and ‘‘virtual echo’’ response fun
tions. This capability of nonlinear phase-locked interferen
spectroscopy in liquids is reminiscent of linear wavepac
interferometry’s capacity to determine the portion of t
time-dependent linear susceptibility involving a resonan
coupled electronic transition2 and is also related in an inter
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esting way to wavepacket decomposition processes con
ered here.39

It is interesting to contrast the source of thetp'td con-
dition in a heterodyne-detected stimulated photon echo
periments and in the present theory. While quasi-static~in-
homogeneous! broadening arising from weak optical activit
in a large number of low frequency (,kT) degrees of free-
dom imposes this requirement on pl-HSPE signals,
emerges in nonlinear wavepacket interferometry as a no
clusive dynamical condition for observable wavepac
overlap in a system with several strongly Franck–Cond
active modes~the Appendix!.40 Moreover, the heterodyne
detected stimulated photon echo belongs to a class
‘‘ideal’’ measurements whose simplest description accom
nies the arbitrarily short-pulse limit.20 In contrast, the use o
spectral selection to diminish theA- andB-term interference
signals in nonlinear wavepacket interferometry requires a
nite spectral bandwidth.41

Superpositions of chiral amplitudes revisited.While the
dynamical arguments in this paper have assumed a si
stable conformation in the electronic ground state, the b
expression~11! for the interference signal should apply al
to the double-well potential investigated by Cina a
Harris.6,42 The interference signal given by the last two term
of Eq. ~38! in Ref. 6 can be seen to correspond exactly to
D- and C-terms of Eq.~11! above. With the choice oftp

equal to the excited-state inversion time, those two terms
predicted to contribute simultaneously and with equal m
nitudes. In the idealized model of a chiral molecule pre
ously considered, ground state dynamics would not ensue
this value oftp in the absence of tunneling. Spectral select
was used to eliminate theA and B overlaps in the double
well analysis, but it was justified by specializing to waitin
times that placed the excited-state nuclear wavepackets
rectly above the ground-state potential barrier at the time
the third pulse.43

The objection might be raised against wavepacket de
mination by nonlinear interferometry that preparation of t
reference states involves motion~during tp) on the very
e-state potential surface where the target wavepac
evolves. This is not a fundamental feature of the meth
however, but simply reflects our choice of a common cen
frequency for both preparation and detection pulse-pairs
the center frequency of the preparation pulse-pair were c
sen to access a well-characterized excited potentiale-surface,
and the detection pulse pair were resonant between
ground state and another(f) surface, the strategy propose
here would realize the ideal of wavepacket dissection wit
an external electronicf-subspace by experimental determin
tion of overlaps with reference packets prepared in the s
space ofg- and e-states.No detailed information about the
f-potential would be needed beforehand.Nor is preparation
restricted to a phase-locked stimulated Raman process.
instance, single-pulse resonant44 or pre-resonant impulsive
Raman excitation, or coherent infrared absorption co
serve as well. If a means is available to control the opti
phase shift between pulses of a different color, one co
envisage a three-pulse version of nonlinear interferom
for wavefunction determination in which a reference wav
id-
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packet is prepared in thee-state by resonant short-pulse e
citation and a target packet in anf-state is interrogated with a
final pulse of center frequencyV f e>V f g2Veq .
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APPENDIX: WHEN ARE INTERFERENCE SIGNALS C
AND D NONZERO?

In order to gain a sense of when theC- andD-terms in
the signal ~11! will be most prominent, we investigate
simple case without mode mixing in the excited electro
state~no Duschinsky rotation!. In this case, the system con
sists of an uncoupled collection ofg- and e-state potential
curves. Theg-state can be assumed harmonic~see the main
text! but thee-curves are displaced anharmonic oscillato
For the one-pulse and three-pulse wavepackets to overla
the C- or D-term, the corresponding one-pulse and thre
pulse classical trajectories starting from (vgx,ẋ)5(0,0) for
each mode~motionless at equilibrium in the ground stat!
must wind up near the same point in phase-space at timetd .

For theC-term overlap to be sizable, motion fortp in the
e-state followed by motion fortd1tw in theg-state must lead
to the same phase-space point as motion fortd in e. A single-
mode trajectory of this type is shown in Fig. 3. In order th
the g-state trajectory move in the vicinity of the potenti
minimum, tp must not differ too greatly from an intege
number ofe-state vibrational periods,te

(a) , of modea. Co-
incidence of the phase-points further requires that the
intrapulse-pair delays differ by similar amounts from integ
te

(a) , so we need

tp'kte
~a!1s~dt ~a!! and td' l te

~a!1y~dt ~a!!, ~A1!

where k and l are non-negative integers,s, y561, and
dt (a)(.0) is much shorter thante

(a) . The four cases~A1!
impose different conditions on the intervaltw1td :

FIG. 3. A single mode phase-space diagram for theC-term interference
signal. For a sizable overlap, a three-pulse reference packet~solid arrows!
and one-pulse target~hatched arrow! must overlap in phase-space at the e
of the pulse sequence.
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tw1td'mtg
~a! ~s,y!5~1,1!;

tw1td)~m11/2!tg
~a! ~s,y!5~21,1! ~ illustrated!;

tw1td(~m11/2!tg
~a! ~s,y!5~1,21!;

tw1td'mtg
~a! ~s,y!5~21,21!;

~A2!

wheretg
(a)(52p/vg

(a)) is the period in the electronic groun
state andm is a non-negative integer.

Figure 4 illustrates one-pulse and three-pulse mode
jectories that lead to aD-term overlap. For this term to con
tribute to the signal, sequential motion fortp in thee-state,tw

in the g-state, andtd in the e-state must leave the mod
motionless at the Franck–Condon point, so that (vgx,ẋ)
'(0,0) once againtd after the end of the1–2–3pulse se-
quence. The four cases of intrapulse-pair delays~A1! lead to
the following conditions ontw :

tw(~n11/2!tg
~a! ~s,y!5~1,1!;

tw'ntg
~a! ~s,y!5~21,1! ~ illustrated!;

tw'ntg
~a! ~s,y!5~1,21!;

tw)~n11/2!tg
~a! ~s,y!5~21,21!;

~A3!

wheren is a non-negative integer.
Short intrapulse-pair delay case.One way to satisfy

conditions~A1! simultaneously for several optically activ
modes with different periods is to choosetp'td'dt short
enough so that the individual mode coordinates do
change greatly from their values in the Franck–Condon
gion. In this situation,~s,y!5~1,1! for every mode. When
both intrapulse-pair delays are short, there is a propensity
the C- and D-terms to give signals at differenttw values
because the waiting-time choices,

tw'tg
~a!2dt, 2tg

~a!2dt, 3tg
~a!2dt, or . . . , ~A4!

from Eq. ~A2! and

tw(tg
~a!/2, 3tg

~a!/2, 5tg
~a!/2, or . . . , ~A5!

from Eq. ~A3! are incompatible for shortdt. For a strongly
Franck–Condon active mode, thesetw conditions will turn
off the C-signal, theD-signal, or both.

FIG. 4. The same as Fig. 3, but for aD-term signal. The one-pulse wave
packet is at the Franck–Condon point.
a-

t
-

or

Are there waiting times when either of these signals s
vives in a polyatomic molecule with several optically acti
modes of different frequencies? Equation~A4! for the
C-term implies that thetw1dt episode of ground-state mo
tion must be an integer multiple of all the mode period
NonzeroC-term signals can only occur at waiting times,

tw~C!'tg
FC2dt, ~A6!

wheretg
FC is a common multiple of all the mode periods

some adequate approximation that depends on the spatia
momentum width parameters of the wavepacket and ondt
itself.

The multi-mode condition for theD-signal is different
and more restrictive. To satisfy one of the choices~A5! for
each of several optically active modes requires a wait
time just less than a common odd multiple all the ha
periods:

tw~D !(hg
FC. ~A7!

Such common odd multipleshg
FC do not exist for every mol-

ecule. If a certain period happens to be an even multiple
another vibration, for instance, then any odd multiple of t
latter is still an even multiple of the former.tg

FC andhg
FC do

not coincide of course, so for shorttp'td'dt and D-term
interference signals that do materialize will tend to occur
different waiting times from theC-term signals.

Longer intrapulse-pair delay cases. If we let one or both
of tp and td take on longer values, any of the (s,y) combi-
nations in Eqs.~A2! and~A3! can come into play. Different
combinations may apply to different modes and these ass
ments could shift with small changes in the intervalstp and
td . Analysis becomes difficult without specifying the actu
mode periods. Anharmonicity, intermode coupling, a
wavepacket spreading cannot generally be ignored du
long episodes ofe-state evolution, so the assumptions of
trajectory-based analysis are unlikely to remain valid
long tp or td .

There is one long intrapulse-pair delay case where di
computation may not be necessary. If the highest-freque
Franck–Condon active mode has an excited-state periodte

(1)

several times shorter than the rest, we may choosetp'td

'te
(1)1s (1)dt (1) fairly close to a fulle-state period and still

have the intrapulse-pair delays much shorter than the o
vibrational periods. Withtp andtd at the solid vertical line in
Fig. 5, (s (1),y (1))5(21,21) for the high-frequency mode
but (s (a),y (a))51,1) for all others. If the intrapulse-pair de
lays are moved to the dashed vertical, then (s~a!,y~a!)5~1,1!
for all modes. Notice that one cannot freely separate
intrapulse-pair delays for this system. Iftp were kept at the
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solid line andtd moved to the dashed line, then (s (1),y (1))
5(21,1) would apply to mode 1, buttp and td may differ
enough that phase-point coincidence is no longer possible
the other vibrations.
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