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Abstract

We explore wave-packet dynamics in the grouXid12; and excitedB 'II, states of cesium dimers
(Cs). In particular, we study the dependence of the wave pagkeirdics on the relative timing between
femtosecond pump, Stokes, and probe pulses in a non-deger@®XCARS beam geometry that are
commonly used for coherent anti-Stokes Raman scatteriAgRE) spectroscopy. The experimental results
are elucidated by theoretical calculations which are basetthe Liouville equations for the density matrix
for the molecular states. We observe oscillations in CARBai as functions of both Stokes and probe
pulse delays with respect to the pump pulse. The oscillaggnod relates to wave-packet motion cycle in
either the ground or excited state of;@solecules, depending on sequence of the input laser pulsiesd.
The performed analysis can be applied to study and/or mitgwave-packet dynamics in a variety of

molecules. It also provides an excellent test platformtieotetical models of molecular systems.

PACS numbers:
Keywords: femtosecond laser, temporal coherent contravewpacket dynamics, CARS, four-wave mixing, cesium

dimers



. INTRODUCTION

Femtosecond lasers pulses have been used to study themtatiafast dynamical processes
in molecular systems and launched a new research field whichlied femtochemistry [1, 2].
The study of the vibrational and rotational wave-packetsigiecules on femtosecond time scale
has been of interest for several decades [3]. Recently,ibimational and rotational wave packet
dynamics in different molecules have been observed by adpite two-color, pump-probe [4-6]
and coherent femtosecond four-wave mixing (FWM) spectipic[7—10] techniques. Resonant
coherent anti-Stokes Raman scattering (CARS) spectrgscap been used to extract a time-
dependent wave function of a reacting molecule [11]. It heenbshown that the phase-matching
condition in FWM process is crucial in monitoring the molksulynamics at single laser-shot
level [12, 13]. The effect of the impulsive excitation ané thomentum transfer [14, 15] exists in
the FWM experiment with ultra-short pulses.

Coherent laser control of the quantum dynamics in the pbghiemical processes has been
studied [2, 16]. In particular, temporal coherent controuttrashort time scale in atomic rubidium
vapor has been reported [17, 18]. The study of quantum aremte of molecular eigenstates
has led to a new method to manipulate the wave packets withipirog applications in various
coherent control techniques [19]. Two-dimensional spsctopy has served as a useful tool which
provides a clear physical picture of the wave-packet teaiparolution [20]. Coherent optical
response in gas has been revealed by using the Fourierdransftwo-dimensional spectroscopic
measurements [21, 22]. A time-dependent perturbationryhleas been adopted to understand
various FWM processes [23-25]. Density matrix formalisr@] [Bas proved to be an important
tool to interpret molecular coherent processes observiimtosecond experiments [27, 28].

In the present work, we study ultrafast wave-packet dynanmmcesium dimers by using the
CARS technique in the non-degenerate BOXCARS beam arraggieni he main advantage of
our experimental configuration is the ability to perform tdionensional type of measurements.
In particular, the measured CARS signal is studied as a tweiksional function of pump-Stokes
and pump-probe delays. In order to model these experimertadopt the Liouville’s equation
for the density matrix for the electronic excited (11,) and ground X 12;) states with the
appropriate Franck-Condon factors. The electric dipoleneat between theX 'I1,) and (X
12;) states could be approximated to be a constant if the lat@bbthe nuclei are not displaced

far from the equilibrium [29]. In our experiment, we notetttize rotational levels are also heavily



populated. However, for simplicity’s sake, the rotatiooantributions have been neglected in the
theoretical model with the Franck-Condon principle.

Our paper is organized as follows. We present the experathsetup and theoretical model in
the next two sections. In section IV, the experimental aedtétical results are analyzed in detail.

We summarize our results in the last section.

II. EXPERIMENTAL SETUP

The Cs wave packet dynamics is studied via a two-color CARS schenie input pump,
Stokes and probe beams are arranged in the folded-BOXCABSajey. The experimental setup

is shown in Figure 1.
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FIG. 1. (Color online) An experimental setup: (a) A schem&tyout. OPA, optical parametric amplifier;

BS1,2, beamsplitter; DS1,2, delay stage; Spec., speahgiCCD, charge coupled device. (b) The mea-

sured spectra of pump/probe and Stokes beams. Inset: AAFBI@XCARS beam arrangement used in the

experiment. A spot on the top right corner (blue) corresgaindthe phase-matched CARS signal and the

other spots correspond to the input beams.

We use a commercially available femtosecond Ti:Sapphgererative amplifier system (Leg-

end, Coherent) and an optical parametric amplifier (OPA:r@RAS/UV, Coherent) to generate
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passively-synchronized 1-kHz pulse trains of the two coldihe pump and probe beams are pro-
duced by splitting the output beam of the OPA and tuned toecemvelength 760 nm; see Figure
1(b). The spectral full-width-at-half-maximum (FWHM) ibaut 12 nm. For the pump and probe
beams, average power is attenuated to about 1 mW (correspodg.J/pulse) in front of the Cs
cell. For the Stokes beam, we use a small fraction of the exgéime amplifier output beam. Its
spectrum is centered at 805 nm, and the spectral FWHM is ¢80 nm. The beam passes
through a pulse shaper (Silhouette, Coherent) which certase distortions along the Stokes
beam path down to the Cs-cell by means of multiphoton intespimterference phase scan (Ml-
IPS) [30]. The Stokes pulse energy at the target 51 1J. The relative timing between the pump,
Stokes and probe pulses is adjusted by the two automateyl ldeda. All the beams are focused
and overlapped (under 2 x 10~2 rad angle) inside a 7.5-cm long Cs-cell heated up to Z40
At this temperature, the number density of @slecules is aboit.3 x 10" cm~3 [31]. However
we note that the number density of cesium atoms is approgign@ato orders of magnitude higher
than that for Csmolecules.

The generated CARS signal (near 720 nm) is spatially filteredl focused by a lens at the
entrance slit of a spectrograph (Chromex Spectrographs2&ih a liquid-nitrogen cooled CCD
(Spec-10, Princeton Instruments). For most of our measemésnthe detected signal is spectrally

integrated over a narrow band, filtering the residual pungie contributions.

1. THEORETICAL MODEL

In this section, we present a theoretical model suitablaterpret the time-delayed coherent
Raman scattering measurement. We classify the presereprddy the order of the arrival times
of the three input pulses into the cell. First we considerctmse of Stokes-pump-probe configura-
tion where the Stokes pulse arrives first followed by the pamgprobe pulses. In this case, there
are two possible pathways as shown in Figure 2. The uppdsl|éwvgand|a’), are the vibrational
levels in the excited staté? '11,, while the lower two,|b) and|c), are the vibrational levels in
the ground stateX 12;. Note that the level here represents many closely spaced\elevels.
The initial population is equally distributed over all thiorational levels in the ground state. A
reason is that the cesium dimer is produced by the hot cegimi@collisions, which excites the
cesium molecules to the upper vibrational levels in the gdostate. A non-radiative relaxation

between vibrational levels enables the molecules beinglgguopulated over all the ground state



vibrational levels.
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FIG. 2: (Color online) Energy level diagrams for the two pblkes pathways [(a) and (b)] in the Stokes-
pump-probe configuration and the other two possible pate@y & (d)] in the pump-Stokes-probe con-

figuration. The upper (lower) two levels are the vibratioleakls in the excited (ground) electronic state.

The derivations of the equations that describe the bothn@gty are similar. In particular, for

pathway (@) in Figure 2, the Hamiltonian under the nearfifasoe approximation is
H = Hy,+ Hj, (1)
where the unperturbed part of the Hamiltonian is
Hy = hwy |a') ('] + hwq |a) (a] + hawy b) (O] + hwe [c) (e, (@)
and the interaction part of the Hamiltonian is
Hy = —puw s |a) (O] — puv By |d') (] = pacEpr |a) (c| + H.c.. (3)

The energyiw for the vibrational level is defined as [32]

1 1\?
hw = hw, (u+§> — RweXe (u+§> , (4)

wherew, is the vibrational frequency of the corresponding eledtratate andv. x. is the vibra-

tional anharmonicity. The pulse field is described by a Gansshape pulse as

5 ) Jcos[v; (t — 7)) — k; - x|, (5)

wherei stands fors, p, andpr representing Stokes, pump, and probe, respectiveiy,the time
delay of the pulseg; is the spectral widthy; is the frequency of the pulse and is the wave
vector. The equation of motion for the density matrix is [26]

1

p= h[va]' (6)
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There are no relaxation terms in this equation becausefiige lifetime of the cesium molecule
due to the frequent collisions with the cesium atoms (aboms) 1s much longer than the time scale

(~ 1 ps) considered in the present experiment. The signal inyaagiven by

S 2
:/ > G |t (7)

The initial conditions here arep;; (—oo) =0, except for thatpbb(_oo):pl()b—w) and

Pec (—00) = pg;OO)-

If three pulses do not coincide in time, we can find a geneifatiso for the signal under the

1t-order approximation and rotating-wave-approximatiowf (see, Appendix A)

S~y Y Yy (5)4

a’ a,a1 bby ¢

x exp {—3 o5 (vs — wap)]® —

‘ §ca’ Pa’b8baPaca’ b1 a’ Paibr Pcar (5 5 8 TUSUPUPT>2

[0 (v — wan))” = 4 [0 (e — )]’} ©)

X exp {_% [US (Vs - wa1b1)]2 - % [UP (Vp - wa’b1)]2 - % [Upr (Vpr - Waw)]z}

N[

X €08 [Waay (Tpr — Ts) — Wey (Tp — Ts)]-

Eq. (8) shows the generated field intensity for the Stokesgpprobe configuration associated

with the first pathway in Figure 2(a). Later, we will use thesult explicitly in the simulation.
Next we introduce the Franck-Condon factors. The elecipold transition momentp,,,

between the vibrational levef in the excited electronic state and the vibrational lexein the

ground electronic state is shown as [29]

Qv = ,uS (Vla VH) ) (9)

where . is the electronic transition moment, which is a constantwtinee displacement of the
nuclei from their equilibrium is relatively small, an®i(v/, ") = [ ¢} (R) ¢, (R) d7y, is the
overlap integral between two vibrational eigenstates.eHers the internuclear distance ang
is the volume element in terms of the nuclear coordinateg. [B8e square of this integral is the
well-known Franck-Condon factor. Figure 3(a) shows thewated overlap integrak (v/, v"),
between the vibrational levels in the ground and excitetbstaFigure 3(b) and 3(c) show the
product of|.S (v/, ") | and Gaussian beam profiéap[—% (t TZ) | for the pump/probe field and
the Stokes field respectively. The pump/probe wavelenggireagly resonant to a number of
transitions. At this point the Stokes wavelength plays apdrtant role for the specific selection

of the underlining processes. It couples primarily the B3s®rational levels in the X-state and



5-17 vibrational levels in the B-state. For the FWM procegsshkiould also notice that the 2-
10 band in the X-state is coupled to the 5-17 vibrationallkeuethe B-state whereas the 20-43
vibrational levels in the B-state is coupled to the 13-33afiional levels in the X-state strongly
by the pump/probe beam. The signal wavelength is not faviayetie Franck-Condon factors, so
it is only weakly coupled to any resonant transition. Laterwill discuss these transitions based

on the simulations which include the Franck-Condon factors
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FIG. 3: (Color online) (a) The overlap integrd,(+/, ") between the vibrational levels in the ground state
X 12;, and excited stat@ 'II,,. The darker of the red (blue) color the larger is the posi(ivegative)
number. The black, red, and blue lines show the center wagttls of the pump/probe, Stokes, and signal,
respectively. The product ¢f (v/, ") | and the Gaussian beam profile show the transition efficieriore

the pump/probe field (b) and Stokes field (c).

By considering the effect of the Franck-Condon factor imrdets shown in Appendix B, we
can simplify Eq. (8) as

Sox > |@ca/@a/bma@ac|2 {1+ cos (w1 (7p — Ts) + 7] + 08 [Wat 1.0 (Tpr — Ts) + 7]
a’,a,b,c (10)

+ €08 [Wat 1,0 (Tpr — Ts) — Wot1,p (T — 75 }-
This simplified result of the signal intensity in the firstipagy in Figure 2(a) will be used later to
explain the results of the experimental measurements.

Following the similar procedure, for the second pathwag(iFe 2(b)], we can find the signal



as

2
oo 2
pl()b ) ‘ §ca’ Pa’b8baPaca’ b1 a’ Paibr Pcar (ESEPEPTO'SO':DO':W)

S2Y Y Yy (n)'L

a’ a,a1 bb; c
x exp { = 0 (v = wus))* = [0 (p = )| = § 03 (v — )} 1)
x exp { =3 [0 (vs = Warp )* = 5 [0 (¥ — Ware)]” = 5 [0 (Vpr — Wty )] }

X €S [Wrby (Tpr — Ts) — Waay (Tp — Ts)],

and the corresponding simplified equation reads

Soc Y |@ca’@a’b@ba@ac|2 {1+ cos [Wa+1,a (Tp — 7) + 7| + cos [Wb+1,b (Tpr —7) + 7
a’,a,b,c (12)

+ €08 [Wht 16 (Tor — Ts) = Watr.a (Tp — Ts)|}
Similar derivations are also used to find the signals for tessjble pathways in Figure 2(c) &

2(d) in the pump-Stokes-probe pulse sequence.

IV. RESULTSAND DISCUSSIONS

In this section we give interpretations for the observedeeixpental data based on the results
obtained from the theoretical model presented in the pusvaection. The parameters for the
cesium molecule used to calculate the corresponding vwilor@tfrequency in Eq. (4) are taken
from Ref. [5], namelyw, = 42.02 cm™! andw,y. = 0.0819 cm~* for the ground electronic state,
X '3}, whilew, = 34.33 cm" andw. x. = 0.0800 cm™" for the excited electronic stat8, 'I1,.

In Figure 4, we present the experimental results in the Stpkenp-probe pulse sequence
[Figure 4(a)]. The Stokes pulse arrives at time zero folldveg the pump pulse after a fixed
delay at about 1.5 times the wave packet oscillating pef@86( ps) in the ground state, which
is 1.5x0.86 ps. The FWM signal is shown in Figure 4(b). After inteog over the spectral
positions from the data in Figure 4(b), the oscillating degence on the probe delay is clearly
illustrated in Figure 4(d). The corresponding fast Foutieansform (FFT) spectra is given in the
insets [see Figure 4(c) and (d)]. It exhibits an oscillatimminated by the frequency 29.3 ch
which is approximately the vibrational frequency in theitea electronic state. One should notice
that there are also negative values of the probe pulse deldysth Figure 4(b) and (d). This
corresponds to the case that the probe pulse arrives béeptp pulse.

Simplified equations Eq. (10) and Eq. (12) for the signalnseity under the conditions of the
two possible pathways in Stokes-pump-probe pulse sequsrat#e us to interpret the experimen-

tal results. First of all, let us carefully examine Eq. (1) the first pathway as in Figure 2(a). The
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FIG. 4: (Color online) (a). Stokes-pump-probe pulse segegfb). The experimental data for the spectrum
of the FWM signal as a function of probe delay; (c). The thdoaé results for the signal versus probe
delay; (d). The integrated spectrum from the experimerdé ¢th (b). The insets in (c) and (d) show the

corresponding FFT spectra.

second termgos [wy+1 (7, — 75) + 7], includes the vibrational frequency of the upper vibragion
levels in the ground state,, 5, and the time delay between the pump pulse and the Stokes puls
This is the same “laser control” term as discussed in Ref. [IBis term controls the amplitude
of the signal intensity depending on the time delays betvileeffirst two pulses. Moreover, there
is an extra " phase as a result of the overlap integrals between diftaribrational eigenstates.
This phase plays an important role which results in the geshsignal when the first two pulses
time delays ar®.57;, 1.57,, 2.57, and so forth. (Here[, is the cycling period of the wavepacket
in the ground vibrational states.) More explicitly the ogemce of the extras” phase is a result

of the resonant conditions. In particular, the pump puls&atnm is resonant to the left hand side

(for the shorter internuclear distance), while the Stokésegat 800 nm is resonant to the right
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hand side (for the longer internuclear distance) of thermi@kcurves (see Figure 5).

The third term,cos [wa+1.4 (T, — 7s) + 7, consists of the vibrational frequency in the excited
state, and the time delay between the probe pulse and thesSpakse. Therefore, this term
contributes to the signal oscillation with respect to theber pulse delay.

Similarly, Eq. (12) for the second pathway as in Figure 2flmvgs another “laser control” term,
08 [Wat1.4 (T, — 75) + w|. This time, it depends on the period defined by the vibratitesel-
spacing in the excited state. The next tetos, [wy1, (7, — 75) + 7] is related to the vibrational
frequency in the ground state and determines the oscillatith respect to the probe pulse delay.

Therefore, the timing of the pump and Stokes pulses deterthat the combined contribution
of the two pathways in the overall process. Especially, ditbetwo pathways could dominate
over the other one. In the present experiment with the pdatiqQulse sequence as Figure 4(a),
the time delay between the first two pulses is one and halfefjtbund state period (1x®.86
ps). This means that the first pathway dominates over thendemae. The signal intensity mainly
oscillates at a vibrational frequency of the excited statech is consistent with the experimental
observation [Figure 4(d)].

To further clarify the physics insight of this process [sEgure 2(a)] for the pulse sequence
given in Figure 4 (a) , we demonstrate temporal evolutiorthwiinterval from zero td.57}) of
the wavepacket in Figure 5. The Stokes pulse arrives at tereand generates the wave packet
in the ground stateX 12;, and the wave packet in the excited std$e'll,. Both wave packets
initially focus on the right-side (with respect to the minim position of the potential energy
curves) where the Stokes pulse is resonant to the potengad)g difference. As time passes by,
these two wave packets start to move back and forth, witlerdifft cycling periods according
to the different vibrational frequencies in the ground ardited states. The pump pulse arrives
at 1.57, and is resonant to the left-side of the difference betweégrastion potentials. Thus,
the pump field can either pump the population up again [seér8igathway in Figure 2(a)], or
“dump” the population down [see the second pathway in Fi@(bd]. However at this particular
time, the wave packet in the excited state is spread out butvélve packet in the ground state is
localized to the left-side. Therefore, the first pathwayis dominant process in this case.

So far, we have shown how simple results, Egs. (10) and (IRpaasily interpret our experi-
mental results. We also perform numerical simulations teestie general equations (8) and (11).
Figure 4 (c) shows the numerical results of the signal intgnsrsus the probe pulse delay for the

pulse sequence as shown in Figure 4 (a). The numerical mag@es well with the experimental
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FIG. 5: (Color online) Temporal evolution of the wavepasketeated in the excited and ground states in
Cs, molecules. The Stokes pulse arrives at time zero and the puitsp arrives later at.57,, for pulse

sequence given in Figure 4(a).

result in Figure 4 (d). It shows that the oscillation of thgnsl intensity has the same frequency

with the vibrational frequency in the excited state.
Next we consider the case of the pump-Stokes-probe confignras in Figure 6(a). The

Stokes pulse is delayed at a fixed valu&{,) and the probe delay is varied with respect to the
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delay; (d). The integrated spectrum from the experimerdé ¢th (b). The insets in (c) and (d) show the

corresponding FFT spectra.

pump arrival time. The experimental results are shown iufed(b) and (d), where the signal

exhibits the oscillation with a frequency-(29.3 cm!) associated with the excited state. Anal-
ogous analysis as for the Stokes-pump-probe configuradarbe done in this case to elucidate
the observed data. Similarly, there are two possible pathwaa shown in Figures 2(c) and (d).
For pathway in Figure 2(c), the time delay between the firstpwises is a “laser control” param-

eter, together with the ground state vibrational frequendgwever, the oscillation frequency is

determined by the time delay between the probe and pumpsptdgether with the excited state
vibrational frequency. Theoretical (hnumerical) simwatishows the signal oscillation with the

excited state vibrational frequency [see Figure 6(c)].

Moreover, we also measured the FWM signal where the pump estzeulses overlap in
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FIG. 7: (Color online) Experimental measurement where timagpand probe beams are overlapped in time

and the Stokes pulse is delayed; Inset: energy level diafpa@s atoms.

time and the Stokes pulse is delayed. Figure 7 shows the imgral measurement and the
energy level diagram for Cs atoms. The experimental regxligbit an oscillating signal with
the frequency of 21 cmt. The two-photon process for the pump/probe beam is resamiémt
the transition between 6s and 7d levels in Cs atoms. Thugreonbe between these two levels
is prepared. A delayed Stokes field then triggers the gdoaraf the FWM signal in the Cs
atoms. This FWM signal is relatively strong compared to tbalCs molecules as we mentioned
earlier that there are much more Cs atoms rather than Cs uledeia the cell. We notice that the
degeneracy of the 7d level in Cs atoms and the energy differbatween levels 74D;,, and 7d
D39 is 20.92 cmi*. The FWM signal is a result of the beating at frequency of 2@:/® ' due to
the splitting of 7d energy level.

Let us consider the FWM signal in €molecules when the pump/probe pulses are not over-
lapped. A two-dimensional measurement result is shown gurei 8(a). The measurement is
performed when varying delays of both the Stokes and prolsepgeparately. The measurement
exhibits a periodic pattern. It reveals the complex wavekpamotions interacting with the laser
pulses via all the possible pathways in,@solecules. The dark red area in the middle of the mea-
sured pattern corresponds to the overlap of the pump anc golses. In this area, two-photon
absorption process in the Cs atom results in a strong FWMakagwe discussed above. The
simulation based on the above mentioned theory (Egs. (8(Xhdfor the Stokes-pump-probe

pulse sequence and analogous equations for the pump-§iakes pulse sequence) in the,Cs
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FIG. 8: (Color online) Two-dimensional FWM signal as a fuantof both the Stokes and probe delays:

(a). Experimental measurements; (b). Theoretical results

molecule is performed [see Figure 8(b)]. Note that in theusation, the two-photon absorption
process for the Cs atom is not included. Such two-photonrpbea process occurs when the
pump and probe pulses are overlappieel ¢, = 7,,.) as discussed in the previous paragraph and
for the pump-probe-Stokes sequence. (7, < 7,, < 7). (In the latter case, the delayed probe
pulse is overlapped with the pump pulse’s weak oscillataily which is created by the modula-
tion between the pump pulse and the @G®lecule.) The periodic pattern is also obtained in the
theoretical two-dimensional plot. It shows the interactimetween the laser pulses and the Cs
molecules under all the possible pathways. As seen front&sg(a) and (b), the theoretical and
experimental data are consistent despite a little devidietween the two. This is possibly due
to the approximations (such a&-order approximation) made in the present theory, whichsdoe
reveal the most dominant processes observed in the expdrifdewever, one may improve the
theoretical model by including more details to further rhatee experimental data. For example,
the use of slightly chirped pulses in the experiment, whiay change the distribution of the spots

in the pattern, is not considered in the theoretical model.
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V. CONCLUSION

We study the wave-packet dynamics in cesium dimers bothrempatally and theoretically.
In the experiment we use the coherent anti-Stokes Ramatesogtspectroscopic technique. The
temporal coherent control is achieved by arranging eitherStokes-pump-probe or pump-Stokes-
probe timing sequences. The CARS signal exhibits diffecetillations with specific periods
determined by the wavepackets cycle motion induced eith#éére ground or excited states of,.Cs
molecules by varying the probe delay. Moreover, the CAR84digs also recorded by scanning
both delays of the Stokes and probe pulses independentlthandeasured data display the two-
dimensional periodic pattern.

An appropriate theoretical model based on the density médrmalism is developed to ex-
plain the experimental results. The obtained approximaligiens enable us to reveal physical
mechanism for the complex processes that take place durengxperiment. Depending on tim-
ing sequence of the input pulses we find out that at least fifi@reht types of coherent Raman
scattering processes play crucial role in the overall wagket dynamics in cesium molecules.
We perform the numerical simulations and show that the &texal and experimental results are
consistent.

The present coherent temporal control experimental tgciencan be used to create and ma-
nipulate the quantum interference between wavepacketkipeal in different electronic states of

cesium dimers and whereas the present theory can presub®bitended to various molecules.
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Appendix A

For the first pathway in the Stokes-pump-probe pulse seguerfeigure 2(a), the Stokes pulse
first creates the coherence given by

Pab (t) = i\/gpl()l:w)pabgsgse_%[US(VS_wab)Fe_iwab(t_TS)eiks'xe (t - Ts) ) (A'l)

under thel **-order approximation. Next the pump pulse then interactis thie sample and induces

the coherence given by

~ 7 ( CO) _l[gs(ys—( ab)}2 _l[o- (I/ w.r )]2
Pa’a t) ~ 1% a’ agsg Os0,€ 2 e 29p\FpT%alp
() 2 I”bb §a’b$b D P ( ] )

Xeiwab(’rp—rs)e—iwa/a(t—’rp)ei(kp—ks)~x9 (t o Tp)
At last probe pulse creates the coherence given by

Pa’c (t) ~ —1 (3)3/2 pl()l:OO)@a’b@ba@acgsgpgprgsapgpre_%[Us(ys_w“b)]Qﬁ’_%[Up(yp_wa'b)}Qe_;[opr(ypr_wacgz\ 3)

% eiwab(rp—’rs)e—iwa/a(Tm-—Tp)e—iwalc(t—Tm-)ei(kp—ks-‘rkpr)-xe (t o T;m")
Here, in the resulting coherence tenm., the phase-matching conditidkg; . = k, — ks +k,,

is satisfied. Before calculating the signal intensity, leintroduce the decay rate ¢ns!) into

the resulting coherengg,. equation by hand and rewrite Eq. (A-3) as

1

Pa’c (t) ~ —1 (3)3/2 pl();OO)@a’bpba@acgsgpgprgsapgpre_%[US(VS _wab)]Qﬁ’_? [ap(up_walb)}Qe_é[UPT(VW_WGCEZ 4)

% e—iwa/ (Tpr—Tp)eiwa (Tpr—TS)e—iwb(Tp—Ts)e—’*/(t—Tpr)6—iwa/c(t—Tpr)ei(kp—ks+kpr)-xe (t _ Tpr)

Under the RWA approximation, we plug this result into Eq. trjind the signal intensity as

o\93 —00 2 2
S ~ 2 Z l;; Z (5) ‘/)l(,b )‘ pca’pa/bpbapacpa’lcl pbla’l Pa1by Pciar <gsgp8pr0'50'p0'pr)
a’,ay a,a1 b,by ¢,c1

1 1

o e 3105 (rs—wab))? o= H[op (=) o= S [opr (vpr—sac)?

2 1 2 2 (A-5)
= 3loa(vemngn, )] =5 o (=g )] = (vor—sines )]
X 6_iwa/a/1 (TPT_Tp)e’iwaal (Tpr-—'rs)e—iwbbl (Tp—Ts) foo 6—2’)/(t—7'p7-)6_i<wa/c_wa’1c1 ) (t_TPT)dt _I_ c.c..
Tpr
The integral in Eq. (A-5) gives
Tpr 2/7 _'_ 1 (WGIC - wallcl)
1 _ (A-6)

2 Wa/e = wa’lcl

1

z(wa/c—wallq

Y

) Wa'c % wa’lcl

Under the under-damped conditiahy < |wy. — wac, |- The contribution from the termy, is
dominating, so it is reasonable to drop the small terms witk a) or ¢ # ¢, and the signal

intensity reads as Eq. (8).
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Appendix B

In this appendix, we simplify Eq. (8) under some approxiwmgi Since the pulse width is fi-

nite, itis reasonable to consider the first four main contidns from the near resonant vibrational
levelsin Eq. (8). It gives

S o Z {@ca’pa’bpbapac@a’c@ba’ §ab§ca

a’,a,b,c
+pca’ £a’b§baacPa’ c§b+1,a’ Pa,b+1§ca COS [wb+1,b (Tp - Ts)] (B_l)
+pca’ £a’b§baaca’ c§ba’ Pa+1,b82¢,a+1 COS [wa—i-l,a (Tpr - Ts)]

+pca’ £a’b§baacPa’ c8b+1,a’ Pa+1,b+1§¢,a+1 COS [wa—i-l,a (T;m" - Ts) — Wh+1,b (Tp - Ts)]}-

From Figure 3(a), we notice that the pump and probe fieldsledhp (2, ") transitions located
on the upper lines, which are composed by dark red and daskdits, while the Stokes field
couples thgv/, ") transition located on the lower lines composed by dark cratmfs. After

taking care of sign of each integral in Figure 3(a), we canerthk following approximations for

those terms in Eq. (B-1) that the product of those large dippdbments as follows

Pab = Pa+1b = Pap+1 = Pat1,b+1
Pea = —Pca+l (B-Z)
©ba’ = —©b+1,a/

Under these approximations, we obtain Eq. (10).
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