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Nonlinear wavepacket interferometry for polyatomic molecules

Jeffrey A. Cina®
Department of Chemistry and Oregon Center for Optics, University of Oregon, Eugene, Oregon 97403

(Received 10 July 2000; accepted 5 September 2000

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. @000 American Institute of Physidss0021-9606)0)00145-8

|. BACKGROUND those with a convenient set of nuclear wavefunctions akin to
) _ o ) the Glauber coherent statea surprising feature is that sev-

Itis a basic notion in quantum mechanics that the wavegrg signal contributions competing with the relevant over-

function of a system can be expressed as a linear sSUPerpOgips are predicted to be small in many instances, are readily

tion of any complete set of states, with the coefficients in thgjiminished with “averaging” sequences of related measure-

superposition being given by the complex overlaps betweeents, or else occur at distinguishable interpulse-pair delay

the state in question and each of the basis states. But 0ppgjmes.

tunities to spectroscopically determine a set of overlaps char- e advantage of nonlinear over linear wavepacket in-

acterizing a time-evolving molecular wavefunction are rareerferometry is the greatly expanded range of complex over-
We showed earlier that ultrafast fluorescence excitation ®aps recorded by the interference signal. For fairly short
periments with a pair of electronice_lll_y resonant phase-locked, ited-state propagation timéand some other particular

pulses can be interpreted as providing the complex overlapases experiments of this kind can be sensitive to complex

between an evolving nuclear wavepacket in an excited eleGsyerjaps sufficient to specify completely a nuclear wavefunc-
tronic state andnereference state: the ro-vibrational eigen- 4o in the chemically important region energetically “down-
state in the electronic ground state from which it~

originated®® The signal in those linear optical experiments

thereby .directly reyealed the time-dependent kernel for th‘fective for molecular spectroscopy beyond the important
electronic absorption spectruffi. To specify the nuclear missions of structure determinatfband the study of dynam-
state completely, one would need to find its overlaps with g.4 through the time development of probability
full manifold of vibrational wavefunctions. _ _ densitiest®!* and also specifies a means to achieve it. The
With that goal in mind, in this paper we further investi- eaqred quantity in a wavepacket interferometry experi-
gate an experimental scenario for nonlinear optical measurgrent is proportional to a targeted portion of the fime-

ments with pairs of phase-locked pulse pairs. Nonlinear yenendent wavefunction itself, rather than to its correspond-

wavepacket interferometry with pairs of pulse pairs was prejng probability density. In the simple form proposed here and

viously analyzed as a means to prepare and measure SUPG{-, yariety of possible generalizations, interference spectros-

positions of nuclear Wavefgnctions co7rresponding to.differ-Copy with sequences of phase-related pulses would use struc-
ently handed states of a chiral molectifetiere we consider -4 and dynamical information in one quantum mechanical
the effects of similar measurements on molecules with &,pspacea complete set of nuclear states in the electronic
single stable conformation in the electronic ground state. O“éround state for instantéo directly assay state development

interpretation in terms of interference between quantum Mep, gther manifoldgelectronic excited statgdterative adjust-
chanical wavepackets will be most natural for polyatomic,ant of molecular constantslefining excited-state poten-
molecules with several Franck—Condon active modes, at |O\/ﬁa|s) would be avoided.

temperature in a supersonic jet or in a cryogenic solid, butit - rhe gpjective of quantum state determination has been
could also apply in some apprquatpn for thg mtramolecu-sought previously in atomic physics and quantum opfics,

lar modes of chromophores in solution. It is shown thaty gty in effectively one- or two-dimensional systems. The
wavepacket interferometry with pairs of pulse-pairs can yieldy 1y \ork in this direction on the measurement of the den-

the overlaps of an evolving wavepacket in a polyatomic mo"sity matrix of a light mode by optical homodyne

ecule with a large set of wavepackets_of_ §pecified mode distbmographﬁ*“is perhaps most closely related on a concep-
placements and momenta. In the limiting case of shory,| |evel. Recent experimentshave determined the ampli-
excited-state propagatidiriefer than all the mode periods  ,4e and phase of atomic Rydberg wavepackets by spectrally
and some other specific situations, the overlaps comprisgsoved cross correlation. Dunn, Walmsley, and Mukafnel
proposed and implemented an indirect method for state de-
dElectronic mail: cina@oregon.uoregon.edu termination of a diatomic molecule using time-dependent

from the Franck—Condon point.
Time-resolved wavepacket interferometry posts an ob-
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M. @% @ (@)% The interaction-picture_Hamiltoniany (t)=e'"'v(t)e 't
| , AR JANRN =V1(t) + V(1) + Va(t) + Va(t), “turns on” only during the
5ty Ty 0 y 7 pulses. We need a perturbative solution of ER).through

_ ) _first order in each of th&/’s, namely,
FIG. 1. The pulse sequence for nonlinear wavepacket interferometry with

pairs of phase-locked pulse pairs. Pulses 1 and 2 are colinear and have an
optical phase shifip, at the locking frequencyl,. Pulses 3 and 4 are |\1/(t)>:
colinear with phase shifthy at locking frequency)y. 3 and 4 need not

propagate colinearly with 1 and 2; there is an arbitrary phase ghife-

1—i f:du%(u) 1—ifldr3v3(73))

tween 2 and 3. A =~
X l_|f dTZ V2(7'2))
fluorescencl as an approximate measure of vibrational [ ~ ~
probability density. X[ 1= f_del Vi(11) |[¥(to)). (4)

As we discuss later, interference spectroscopy with pairs . ) . . o199
of phase-locked pulse pairs has recently been proposed afj (NiS Point we make a rotating-wave approximatiors;
implemented as a probe of chromophore solvation dynamic‘g'h'Ch -negle.cts rapidly oscﬂlgyng and hence ineffectual
and optical dephasing of in liquidé;?° Because both the t€ms in the integrands, by writing

molecular environment and the formal descriptions are dif-  _ pA(t—t))

ferent, the similarity to nonlinear wavepacket interferometry  V;(t)=— Tle)

may not have been previously appreciated; but the successful

execution of those “heterodyne-detected stimulated photon X (gle 1 () Tiej(tgiHelgHgty ¢ (5)

echo” experiment® bodes well for speedy progress toward

H 3-25
measurements of the kind proposed here. It also proves useful to introducpulse propagator$

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

1. BASIC IDEAS
M iHorq—i TA—iDi(T
The time-dependent Hamiltonian has a molecular part, ~ Pj=— Ef_de Aj(r)eMere™I(Hgt D7 midi(n) (6)
H= |9>H9<g| +le)H(el, @) or its Hermitian conjugate. In Eq4) we can then recognize
involving the nuclear Hamiltonians in the ground and excited .
electronic states, and interaction¥(t)=V(t)+V,(t) f dr QJ(T):|e><g|eiHetj Pje—ngtHch_ 7
+V3(t) +Vy(t) with four pulses for which —e
Vj(t)=—,u(|e><g|+|g)(e|)Aj(t—tJ-) From its role in this expressiorR; is seen to govern the
nuclear state-change accompanying electronic absorption,
xXcog Q- (t—t)) + y(t—tp]. 2 while PJ-Jr effects the nuclear state-change during stimulated

The transition dipole momenk is assumed to be nuclear emission.

coordinate independent. All four pulses have the same carrier Odd numbers oE-field interactions generate transitions
frequency,Q), near thee—g absorption maximum. Their from the ground to the excited state, so the net transition
amplitudesA;(t) and phase function®;(t) will be specified amplitude predicted by Eq4) is a linear combination of
later; but we assume that the pulses are vibrationally abruptight nuclear wavepackets, with each term involving either
and that the delays,=t,—t;,t,—ts—t,, andty=t,—ts, ~ One or three pulse propagators:

while possibly short, are long enough that the pulses do not_; ~

overIaF;))(see l}:/ig. i ? ? P g Mela(e| W (t>1y))

~ The measured quantity is the “interference contribu-  —fy, 4 Ug+Uc+Up+Ta+ Tg+Te+ Tp}
tion” to the excited-state population proportional to _
A;AAA,, which can be isolated within the total fluores- X Mottty ). 8

cence(or another measure of excited-state populatamthe

portion dependent on all four field amplitudesThe e-state The one-pulse contributions 18) are specified by

amplitude resulting from the four-pulse sequence can be de- U,=—i exp{—iH(tg+ty+tp) P, (93
termined by low-order time-dependent perturbation theory. _ _ _
Before the first pulse the molecule is in a nuclear eigenstate Ug=—1i exp{—iH¢(tg+1,)}P, exp{—iHgt ), (9b)

|ng) in the electronic ground statg). We choose the phase . : .
so that| W (to)) = exp —iHt,]|g)|14,) and takefi=1 to stream- Uc=—i expl—iHetq}P3 expl—iHg(tu+tp)}, (99
line the notation. The Schdinger equation takes the form Up=—iP, exp{—iH(tg+t,+tp)}, (9d)

i%ﬁ’(t)):v(t)qu(t)}, (3)  and the three-pulse wavepackets are generated by

_ s t
in the interaction picturérelated to the Schdinger picture Ta=1P4 exp{~iH gt} P
by | W (t))=exdiHt]|¥(t)) with [¥(to))=]g)|¢g) initially). X exp{—iH ety } Py exp{—iHgtp}, (109
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Te=iP, exp{—iHgtq}PL exp{—iHe(ty,+1t,)}Py,
(10b

Te=iP4 exp{—iH4(tg+1,)} P} exp{—iH et )Py,
(100

To=i exp{—iHtg}Ps exp{—iH4t,} P}
X exp—iH gt} Py (100

AN
) . ) ) ~ —»f
The various one-pulse and three-pulse wavepackets are illus \Q@/— \ —:®

trated schematically in Fig. 2. 5
The interference signal consists of the termg(h|e)
x(e|W) proportional to all four fields:
Silta) =2 RewngI\UﬁTEUB+TEUC+TE,UDI¢g(>- )
11

We have used the fact thag,) is an eigenket oHg, and
emphasized thd -dependence of the interference signal.
Mixed combinations likeTiUg contribute to thee-state
population, but do not influence the signal because they ex \ @
clude one of the pulses.

IIl. WAVEPACKET INTERFEROMETRY

The eight wavepackets in Fig. 2 follow different routes
from the g-state to thee-state. The four terms i6,,(ty) are
overlapsbetween these wavepackets, but for arbitrary de-
lays, phase shifts, and pulse shapes, only the sum of th
overlaps in Eq(11) is measured. By considering basic fea-
tures of how the nuclear wavefunctions evolve, we can noneg g, ». One-pulse and three-pulse contributions to the nuclear wavefunction
theless identify circumstances—and combinations of signals the excited electronic state. See E8). The wavepacket interferometry
under different circumstances—where simultaneous contrisignal(11) is a sum of overlaps of one-pulse and three-pulse wavepackets.
butions by more than one overlap are systematically avoided.

As mentioned earlier, a pulse propaga®grapplied to a
nuclear wavepacket or eigenfunction on the ground potentialalues for which the energetic spacing between the ground
surface generates the distorted “copy” which tile pulse  and excited-state electronic potential surfaces is red-shifted
produces in the electronic excited state. Similalﬂir(,applied from the absorption maximum. Large-amplitude motion will
to an e-state wavepacket makes a distorted copy in thelso tend to bring anharmonicity into play, further disfavor-
g-state. The distortions are less pronounced for shorteing revisitation of the Franck—Condon region. The finite
pulses, and a pulse briefer than the timescale for discerniblgpectral bandwidth of pulses 3 andebrresponding to their
nuclear motion(~ inverse frequency width of the absorption nonzero durationwill only inefficiently transfer nuclear am-
spectrum would make a copy identical to the original plitude betweere andg at the nuclear configurations neces-
wavepacket ; reduces to a constant sary to makeTA|¢g> sizable, and theéA-term will tend to

As Fig. 2 illustrates, thé-term in S;(ty) is the real part make a relatively small contribution to the interference sig-
of the overlap 0ﬂ31|¢g>, prepared in the-state by the first nal.
pulse and propagated fdp+t,+ty, with a wavepacket The waiting-time evolution also occurs in the excited
copied to thee-state byP, and propagated far,, dumped state for both wavepackets overlapped in Baterm. Band-
back tog by Pg and propagated fdg, and finally, re-excited  width arguments again suggest that with pulses 3 and 4 cen-
by P,. We will be interested in situations where the waiting tered at the absorption maximurfig| ) will be small for
time t,, is relatively long, while both the preparation tige¢  long t,, in a polyatomic molecule, so tH&term overlap will
and the delay time, will typically be relatively short(in make little contribution to the interference signal.
senses to be specified Igtefn both wavefunctions over- Now let us consider th€-term portion of the interfer-
lapped in theA-term, the waiting-time evolution occurs in ence signal. As shown in Fig. 2, it is the overlap between a
the excited electronic state. In a polyatomic molecule withone-pulse wavepackeP§| ) prepared by the third pulse
several optically active vibrations, long-tineestate evolu- and let run forty in thee-statg and a three-pulse wavepacket
tion will place most of the propagated wavepacket amplitudg P,| ) prepared in the-state by the first pulse and propa-
well away from the Franck—Condon region, with coordinategated fort,,, de-excited byPZ and propagated fary+t,, in
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the g-state, and re-excited b#,). For our purposes, the inner products needed to resolve the excited-state wave-
C-term overlap is the most interesting part of the interferencepacket into a linear combination of reference states.
signal: For a giverty and various (;,t,,) it represents the For the sake of further consideration, we assume that
overlap of a generie-state wavepacket)c|yg), with an  spectral discrimination, position-momentum space overlap
array of moving reference packet§c|y,). Becausety is  effects, andt,-averaging have effectively eliminated tife
short, the one-pulse packet will be exploring #spotential  andB contributions to the interference signal. In the Appen-
just downhill from the Franck—Condon region, while the ref- dix, we show that one way to produ€ andD-term signals
erence packet will have moved in the vicinity of the while ensuring that thg-state motion occurs in the vicinity
g-potential minimum(t, is also shont but with some wide of the potential energy minimum is to choose roughly equal
choice of mode displacements and momeitfaig long and  intrapulse-pair delays,~t4~ t, much shorter than the op-
variable. tically active mode periods. In this regime, tketerm and
The D-term is less useful for wavepacket dissection tharD-term contribute to the interference signal at distinctly dif-
the C-term. It reports on the overlap between a three-pulséerent waiting times:t,,(C)+ &%rgc must approximately
wavepacketexcited by the first pulse, de-excited by the sec-equal a common multiple of thg-state periods of the opti-
ond, and re-excited by the thirdvith a one-pulse wave- cally active modes, WhiIeN(D)sth must be just less than
packet generated at the Franck—Condon point by the fourthn approximate common odd multiple of all the half-periods
pulse. Detailed consideration will be given shortly to (if such a time exists (See the Appendix.If we chooset,,
whether and when it can make a contribution to the signalvhen only theC-term contributegor average several signals
similar in size to theC-term. with sucht,, values differing by close approximations to
The overlap<C andD are between pairs of wavepackets common multiples of theg-state periodsthe interference
that have both propagated on tetate potential during the signal (11) reduces to an overlap between the one-pulse
waiting timet,, (see Fig. 2 The wavepacke®, |,) created wavepacket generated iy and the reference packet gen-
by the first pulse is assumed to be fairly close to the Franck-erated byT:
Condon region when the second pulse dumps it to the ground
state. Subsequent motion in thestate during,, +tq (Or t,,) Sini(ta) =2 Re(g| TEU | ). (12)
in Te (or Tp) starts with small displacements and momenta
achired b?/)the optically active mpodes and stays in the vi- Let us. l(?Ok _at the case where pu!ses 3 z_and 4 are
cinity of the potential-energy minimum. Stimulated de- transform—llmned(l.e., unchirped pl_JIses with duration Iesg
excitation byPg and re-excitation by, (or P3) will not be than t?n% Inverse. freguency-mdth of the absorption
discriminated against by bandwidth effects in either of thes pectru : In this situation, the pulse propagatdsee Eq.
reference state. Nor does anharmonicity disfavor the- 6)] are given by’
and D-term overlaps as it does th#e andB-terms. p
Since the intramoleculay-state motion during,,+ tq (or P3=—uEss \/;e—ifb
tw) in T¢ (or Tp) involves small displacements and mo-
menta, we may assume that it consists of nearly harmonig,q
oscillations in the optically active modesic|y,) and
Tplg) will tend to “repeat themselves” whenever a near T .
common multiple of theg-state periods of all the Franck— Ps=—nEss \/:e_'(¢+¢dm“td)-
Condon modes is added tg. Multi-mode recurrences dur-
ing the waiting-time are less likely for the larger-amplitude Substituting these pulse propagators in E§s), (100, and
(hence less nearly harmoniestate trajectories of th&-and  (12), we get
B-terms. And the period of any excited-state recurrence is )
unlikely to coincide with the period of-state recurrences. Sin(ta) = Tu’E3E,S” Re[(al&(tq))e' *d}. (15
This situation suggests a further—signal averaging— . . .
procedure for selectively enhancing interferen€and D 'IL:hoer r(i(;al_(gr(i?rrlz; ;?ythzr':n(;[m‘e::gir:/ceerl:Igggltvt/zeerﬁft?]r:(?rliv ?_S
over A and B: Signals of the samg, andty, but witht, | ¢ t'g P ted for in th P at 9
differing by various multiples of the commanstate period, nal wavefunction propagated g in the e-state,
can be ave_raged together. This procedure v_vould not a}ffecfg(td»:exp{_i|-|etd+ithd}exp{—ng(tW+tp)}|¢g>v
the C andD interferences, but would systematically diminish 1
the A- and B-term contributions.

(13

(14)

and a reference wavepacket specified by

| @)= —exp{—iH g(ta+tw)}P} exp{—iHetp}Palig).  (17)

To the extent that various choicestgfandt,, in the vicinity
The interference signal of Eq1l) is linearly propor- of the values maximizing the signél5) provide an exhaus-
tional to the complex overlaps&—D themselvegrather than tive set of statese) having significant overlap withé(ty)),
to the absolute square of their sum, for instande the the experiment would directly measure complex amplitudes
extent that it proves possible to isolate tBgerm experi-  sufficient to uniquely specify the nonstationary excited-state
mentally, interference signals would yield some or all of thewavefunction.

IV. WAVEPACKET DECOMPOSITION
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V. REMARKS mechanical superposition between nuclear states of a sym-
metric double-well like that governing the conformation of a
Some examples can illustrate th€- and D-term  chiral moleculé Wavepacket interferometry in this form
interpulse-pair delay conditions identified in the Appendix.\yould follow the approach of phase-locked linear absorption
Methylene iodide .has.stronglly Fraqck—Condon active low-measurements demonstrated on vapor-phadey IScherer
fr(%gr%)ency *C;J 3\(/)|brat|ons with penqu:- éss).z 66.8 fs and  ang co-workers, by measuring an interference contribution to
g =249 fsTf Wgcnjake the fairly stringent assump- the e-state population generated by an incident phase-locked
tion that the quantityry~ in Eq. (A6) must be a common ,ise sequence. Rather than monitoring integrated fluores-

multiple of both periods within 10 fs we finG-term inter-  ¢once o another direct measure of excited-state population,
ferences at waiting times such thig(C) + 5t~737, 1001, ,ne o9 equally well monitor the interference contribution

17|3 8, Zaolbfivger?rhboth 'ndt.rta.‘ pu(lzg-pfalrgetlays _hilvef Sma"to transmission loss. In linear wavepacket interferometry,
\éiclfs (r)e(jlic?su si) .nalse ;?nwg:grr: ti)mgr (s)eirgg? eg;— one would simply measure thg E,-contribution to sample-

b gna 9 UMER(D)=307, 032, 4 1ced pulse-pair transmission 1887 In nonlinear wave-
1106, 1369, 2107 fs in Cii,. Spectral discrimination against . .
the A andB overlaps should be very effective in this photo- packet n terferometry, one would cross the prepar_atlon
dissociative system Npea~312.5 nm.?® More definitive pulse-pair beam, +E) in the sample with the detection
predictions will require wavepacket dynamical studiebyt ~ PUISe-pair b’('aam B3t E,), and measure the, E, pump-

6{pten‘erence contribution toEzE, “probe-interference

these estimates illustrate the conclusion of the Appendix th N ) )
C- andD-term interference signals occur at different waiting fransmission loss. Just as linear wavepacket interferometry
times, t,,, in the case of short intrapulse-pair delay times. experiments are short-pulse absorption experiments with a

The van der Waals molecule KrCIF illustrates a case inf@nCy pulse(a phase-locked pulse-pairnonlinear wave-
which intrapulse-pair delays longer than a small fraction ofPacket interferometry experiments are pump—probe absorp-
the parent-molecule vibration could preparstate reference tion experiments with pulse-pairs for both the pump and
wavepackets in the vicinity of the potential minimugsee  Probe.
the Appendix.®? The van der Waals stretching mode of this ~ In addition to suggesting an experimental alternative to
molecule has a 765 fs period, while the vibrational period offluorescence excitation as a probe of nonlinear wavepacket
CIF is 42.02 fs in the groundX-) state and 91.8 fs in the interferometry, the last description also clarifies the essential
B-state. If we choosd,~t4=~91.8 fst Stparent— sy (vdw) similarity between the method proposed here and those
C-term overlaps would be expected whegpt4 is an integer  known as “phase-locked pump—probe absorptii?® and
multiple of both 42.02 fs and 765 fs within several femto- “heterodyne-detected stimulated photon echo¥52° In a
seconds. By this argument—which assumes significant optiphase-locked pump—probe experiment, a pump pulse-pair
cal activity in the van der Waals stretch—signals are pretbeam is to be crossed in the sample with a probe-pulse beam
dicted neart,,(C) +t4=760, 1520, and 2300 f¢as they and a phase-locked “local oscillator” beam colinear and
would be for intrapulse-pair delays much shorter than botftontemporaneousith the probe. This fits the description of
e-state periods D-term signals for intrapulse-pair delays our proposed experiments if the local oscillator is freed from
slightly longer than 91.8 fs are anticipated when the waitingsimultaneity with the probe, and instead becomes the second
time is just less than a half-odd multiple of both 42.02 fs a”dsub-pulse in a probe pulse-pair. Recent heterodyne-detected
765 fs. This criterion predict; .Sign_als Q\I(F))$390, 1150,  stimulated photon echo experimelitsby de Boeij,
1912, 2670 fs; and these waiting times differ from those forpgchenichnikov, and Wiersma on solvation dynamics in lig-
the C-signal (ajeg)(pefvtfv%g The-term signals fort,~ts ijgs match this scenario almost exactly, but are of course
~91.8.fs— ‘S\t? = ot just less than the-state pa_rent- subject to multi-mode effects, thermal averaging, and inho-
st_retchlng period oceur at the same values,§C) +td_("e" mogeneous broadening to a degree that would likely defeat a
shghtly anger wamng_ t|me)s_D—S|gnaIs are now predicted at quantum mechanical wavepacket analysis. Wavepacket con-
waiting timest,, (D) just slightly longer than 390, 1150, o .

1912, 2670 fs. cepts ha}vg been of.use in interpreting recent three-pulse four-

In order to make better predictions of these nonlinear 2ve MXINg experiments on gas-phase spetiaiat work

optical signals, we are carrying out wavepacket dynamicaPY Dantus and collaborators has many elements in common
ith the measurements proposed here.

studies on various halogenated methane derivatives incorpd .
¢ P The heterodyne-detected stimulated photon echo

rating realistic pulse shapes and rotational structtie.is ) © ) -
anticipated that pulse chirp will be an effective tool to pre-€XPeriments’ yielded the system—bath correlation function

compensate for wavepacket spreading during the preparati¢PVerning chromophore transition-frequency fluctuations via
steps24 Our prior studies of rotational effects in linear NUMerical fits to the multimode Brownian oscillator model.
wavepacket interferometry on vapor phase sanigfesug- N addition, their analyst§->° demonstrated some capacity
gest that rotational structure will not unduly complicate theto separate the “echo” and "virtual echo” response func-
interpretation at the~10 K temperatures of supersonic jet tions. This capability of nonlinear phase-locked interference
spectroscopy experiments. spectroscopy in liquids is reminiscent of linear wavepacket
The nonlinear wavepacket interferometry scheme invesinterferometry’s capacity to determine the portion of the
tigated here was originally proposed by Cina and Harris fotime-dependent linear susceptibility involving a resonantly
the specific purpose of preparing and measuring quanturmoupled electronic transitidrand is also related in an inter-
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esting way to wavepacket decomposition processes consid- X
ered heré?

It is interesting to contrast the source of the-ty con-
dition in a heterodyne-detected stimulated photon echo ex- g-state e-state
periments and in the present theory. While quasi-sttic p
homogeneoysbroadening arising from weak optical activity td |
in a large number of low frequency<(kT) degrees of free- \ 0)g' Xe > (g X
dom imposes this requirement on pl-HSPE signals, it
emerges in nonlinear wavepacket interferometry as a nonex- tywt td
clusive dynamical condition for observable wavepacket
overlap in a system with several strongly Franck—Condon
active modgs(the Appendn)(.“o Moreover, the heterodyne- FIG. 3. A single mode phase-space diagram for @igerm interference
detected stimulated photon echo belongs to a class Gfgnal. For a sizable overlap, a three-pulse reference péstid arrows
“ideal” measurements whose simplest description accompaand one-pulse targéhatched arrowmust overlap in phase-space at the end
nies the arbitrarily short-pulse limif.In contrast, the use of °f the pulse sequence.
spectral selection to diminish the andB-term interference

i:?gi?g&;ﬁ’ggﬂ%ﬁg@l epacket interferometry requires a f'backet is prepared in thestate by resonant short-pulse ex-

i . . - . citation and a target packet in &state is interrogated with a
Superpositions of chiral amplitudes revisitatthile the getp g

' . . . final pulse of center frequen =0 Qegq-
dynamical arguments in this paper have assumed a smg[e P quende={lig~ eq
stable conformation in the electronic ground state, the basic

expression(11) for the interference signal should apply also ACKNOWLEDGMENTS

to the double-well potential investigated by Cina and  This paper is dedicated to Graham Fleming, at 50. |
Harris>*The interference signal given by the last two termsyyank R, A. Harris and Chris Maierle for helpful conversa-
of Eq. (38) in Ref. 6 can be seen to correspond exactly to th&jons. Travis Humble prepared the figures. Victor Romero
D- and C-terms of Eq.(11) above. With the choice of,  kindly shared some results from Ref. 43 in advance of their

equal to the excited-state inversion time, those two terms arBublication. The research was supported by a grant from the
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nitudes. In the idealized model of a chiral molecule previ-
ously considered, ground state dynamics would not ensue for _
this value oft, in the absence of tunneling. Spectral selectionﬁE‘EEgDNléN\QV:REgOARE INTERFERENCE SIGNALS C
was used to eliminate th& and B overlaps in the double- '
well analysis, but it was justified by specializing to waiting In order to gain a sense of when tlie and D-terms in
times that placed the excited-state nuclear wavepackets dike signal(11) will be most prominent, we investigate a
rectly above the ground-state potential barrier at the time oimple case without mode mixing in the excited electronic
the third pulseé® state(no Duschinsky rotation In this case, the system con-
The objection might be raised against wavepacket detersists of an uncoupled collection gf and e-state potential
mination by nonlinear interferometry that preparation of thecurves. Theg-state can be assumed harmofgee the main
reference states involves motigduring t,) on the very text but thee-curves are displaced anharmonic oscillators.
e-state potential surface where the target wavepackegtor the one-pulse and three-pulse wavepackets to overlap in
evolves. This is not a fundamental feature of the methodthe C- or D-term, the corresponding one-pulse and three-
however, but simply reflects our choice of a common centepulse classical trajectories starting fromg@,k)z(0,0) for
frequency for both preparation and detection pulse-pairs. léach modemotionless at equilibrium in the ground state
the center frequency of the preparation pulse-pair were chanust wind up near the same point in phase-space attfjime
sen to access a well-characterized excited potessalface, For theC-term overlap to be sizable, motion fgyin the
and the detection pulse pair were resonant between thestate followed by motion fory+t,, in the g-state must lead
ground state and anothéf) surface, the strategy proposed to the same phase-space point as motior fam e. A single-
here would realize the ideal of wavepacket dissection withirmode trajectory of this type is shown in Fig. 3. In order that
an external electronit:subspace by experimental determina-the g-state trajectory move in the vicinity of the potential
tion of overlaps with reference packets prepared in the subminimum, t, must not differ too greatly from an integer
space ofg- and e-states.No detailed information about the number ofe-state vibrational periods;®, of modea. Co-
f-potential would be needed beforehamibr is preparation incidence of the phase-points further requires that the two
restricted to a phase-locked stimulated Raman process. Firtrapulse-pair delays differ by similar amounts from integer
instance, single-pulse reson#nor pre-resonant impulsive Tga), so we need
Raman excitation, or coherent infrared absorption could L Ja a i (a a
serve as well. If a means is available to control the optical tp~ krg+o(ot®) and ty=175+u(ot®), (A)
phase shift between pulses of a different color, one couldvhere k and | are non-negative integers;, v==*1, and
envisage a three-pulse version of nonlinear interferometryt(®(>0) is much shorter thanff‘). The four casesAl)
for wavefunction determination in which a reference wave-impose different conditions on the intervig)+tq:

C-TERM
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Are there waiting times when either of these signals sur-
vives in a polyatomic molecule with several optically active
modes of different frequencies? Equati@A4) for the
C-term implies that the,,+ 6t episode of ground-state mo-
tion must be an integer multiple of all the mode periods.
NonzeroC-term signals can only occur at waiting times,

>0)gX

D-TERM tu(C)~ 75— at, (A6)

FIG. 4. The same as Fig. 3, but forlaterm signal. The one-pulse wave-

packet is at the Franck—Condon point. where TSC is a common multiple of all the mode periods to
some adequate approximation that depends on the spatial and
momentum width parameters of the wavepacket andston

a _ . itself.
tWHd%mTE’) (0:v)=(L.D; The multi-mode condition for thé®-signal is different
tyttg=(Mm+ 127 (o,v)=(-11) (illustrated; and more restrictive. To satisfy one of the choi¢as) for
ty,+tg=<(m+ 1/2)7((913) (o,v)=(1,—1); (A2) gach .of several optically active modes rgquires a waiting
t,+ty=m7@  (gv)=(—1—1); tlmg just less than a common odd multiple all the half-
w'd 9 ’ ol periods:

wherer()(=2m/w{) is the period in the electronic ground
state andn is a non-negative integer. Fe

Figure 4 illustrates one-pulse and three-pulse mode tra- tw(D)=<hg". (A7)
jectories that lead to B-term overlap. For this term to con-
tribute to the signal, sequential motion fgrin thee-state t,,
in the g-state, andty in the e-state must leave the mode Sych common odd multiples,® do not exist for every mol-
motionless at the Franck—Condon point, so thaiX,X)  ecule. If a certain period happens to be an even multiple of
~(0,0) once agairy after the end of thd—2-3pulse se-  gnqther vibration, for instance, then any odd multiple of the
guence. The four cases of intrapulse-pair deld@yl) lead to latter is still an even multiple of the formefgc and hgc do

the following conditions ort,,: not coincide of course, so for shaf~ty~ ot and D-term

ty<(n+1/2) TE;‘) (o,v)=(1,D); interference signals that do materialize will tend to occur at
(D —(_ ; : different waiting times from th&-term signals.

tw=n7g " (ow)=(=11) (llustrated; (A3) Longer intrapulse-pair delay caset we let one or both

ty=n7g’  (0,v)=(1,~1); of t, andt, take on longer values, any of the (v) combi-

t,=(n+1/2) 7-(93) (o,0)=(—1,—1); nations in Eqs(A2) and(A3) can come into play. Different

combinations may apply to different modes and these assign-
ments could shift with small changes in the intervigsand

tq. Analysis becomes difficult without specifying the actual
T ! ) Y mode periods. Anharmonicity, intermode coupling, and
condmong(Al) smultane_ously for several optically active wavepacket spreading cannot generally be ignored during
modes with different periods is to choofg~ty~ ot short long episodes o-state evolution, so the assumptions of a

enough so that the |n(_j|V|duaI 'T‘Ode coordinates do no{rajectory—based analysis are unlikely to remain valid for
change greatly from their values in the Franck—Condon re;

gion. In this situation,(o,1)=(1,1) for every mode. When Iong'l'tﬁe?(r—:‘tids.one long intrapulse-pair delay case where direct
both intrapulse-pair delays are short, there is a propensity for . 9 P P y c8

the C- and D-terms to give signals at differertt, values computation may not be necessary. If the highest-frequency
because the waiting-time choices Franck—Condon active mode has an excited-state pefidd

several times shorter than the rest, we may chdgseq
~ 70+ (W 5tM) fairly close to a fulle-state period and still
have the intrapulse-pair delays much shorter than the other
vibrational periods. With, andt, at the solid vertical line in
ty=7212, 34972, 5472, or..., (A5)  Fig. 5, (¢™W,0o))=(~1,-1) for the high-frequency mode,
but (¢®,1®)=1,1) for all others. If the intrapulse-pair de-
from Eq. (A3) are incompatible for short. For a strongly lays are moved to the dashed vertical, thef(v®)=(1,1)
Franck—Condon active mode, thegge conditions will turn ~ for all modes. Notice that one cannot freely separate the
off the C-signal, theD-signal, or both. intrapulse-pair delays for this system.t|f were kept at the

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

ty= 7 = 8t, 27— at, 3rP—at, or...,  (Ad)

from Eq.(A2) and
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FIG. 5. A longer intrapulse-pair delay case for the system with one high
frequency mode, periodgl), and two lower-frequency modes. Shown are
t,~t4 just less(solid vertical ling and just morédashedithan7{!) . See the
text of the Appendix.
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a method forclocking intrapulse-pair delays by spectral interferometry
rather than controlling them, as in the original phase-locking scheme of
Scherer and co-workefRefs. 1 and 2 is demonstrated. This new tech-
nique can operate even when the undersampling rater{Q2, of con-
ventional phase locking is inadequate.

22The rotating wave approximation—like the similarly motivated Born—

Oppenheimer approximation—can be surprisingly resilient, however. In

the theoretical studies of Ref. 23 we looked for but did not find significant

deviations from the rotating wave approximation for pulses as short as 2.8
fs intensity-FWHM resonant with thB«— X transition of .

23Y .-C. Shen and J. A. Cina, J. Chem. Ph¥$0 9793(1999.
- 243. Cao and K. R. Wilson, J. Chem. Ph{€7, 1441(199%; J. Cao, J. Che,
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%53, Dilthey, S. Hahn, and G. Stock, J. Chem. PHyk2, 4910(2000).
26The discrimination against th&- and B-term three-pulse reference pack-

ets relative to those of the- andD-terms could be made to operate in the
opposite way by shifting the carrier frequency for pulses 3 and 4 well to
the red of the absorption maximum.

2"We should be aware, however, that this limit begins to militate against

solid line andty moved to the dashed line, then®),v(1))
=(—1,1) would apply to mode 1, but, andty may differ

enough that phase-point coincidence is no longer possible for

the other vibrations.

spectral elimination of thé- and B-term overlaps.

*We use Gaussian envelopag(t) = E; exp(~t¥/2s?) for pulses 3 and 4,

wheres is the pulse duration, and phase functichg=¢ and ®,=¢

+ gt Qqtq. ¢q is the relative optical phase between pulses 3 and 4 at
the locking frequencyly, and ¢ is an arbitrary overall phase for those
two pulses, which does not affect the interference sifiped Eq.(2)].
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