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We combine theories of optimal pump-dump control and the related transient probe absorption
spectroscopy in order to elucidate the relation between these two optical processes and the
possibility of experimental realization. In the weak response regime, we identify the globally
optimal pair of pump-dump control fields, and further propose a second-order difference detection
scheme to monitor the wave packets dynamics that is jointly controlled by both the pump and dump
fields. The globally optimal solution serves also as the initial input for the iterative search for the
optimal control fields in the strong response regime. We use a mgdedblecule to demonstrate
numerically the pump-dump control and the detection of a highly vibrationally excited wave packet
focusing dynamics on the groundsurface in both the weak and strong response regimes.,Bhe |
surface serves as the intermediate to assist the pump-dump control and the optical detection
processes. Demonstrated in the strong response regime are the optimal pair of pump-dump
molecularsr pulses that invert nearly total population onto the predefined target region within a half
period of vibration motion. ©1999 American Institute of Physids$S0021-960609)00115-4

I. INTRODUCTION coherent control scheme, the selectivity of a particular reac-

tion channel is regulated by the relative phase, amplitude,

Recent advancement in both theory and experiment hagng polarization of twoor more incident cw fields. This

made it possible to use tailored light to attain laser control of.yherent control scheme has been experimentally demon-
chemical dynamics and reactivity in a variety of systems.g oiaq by several groups:'s

The basic idea is to exploit the time-frequency coherence of A number of methods based on formal control theory
light to actively interfere with the quantum matter wave as itfirst introduced by Rabitz and co-workefs1® have been ’

evolves. . . . . ._presented to determine the coherent temporal-spectral shape
The simplest example of active control in time domainis’_, . ' . .
. . . of light field that best drives a quantum system to a desired
the Tannor-Rice pump-dump control schehfén which re- 19-28 . . .
i T . - target: Experimental demonstrations of the optimal con-
action selectivity is achieved by the proper timing of the . . .
trol scheme have been carried out for manipulating the ex-

seconddump light pulse to coincide with the evolution of a ited stat ket f ing d . d photodi
pump-excited molecule into desired product Franck—Condoff 0 Stale wave packel focusing dynamics ancd photodisso-

region. Experimental demonstration of this simple time-ciation product®~*'Recently, Yan apd co-worké‘?;gGhavg
domain control has been performed by several grdups further developed the theory of opnmal control via a pair of
Tannor and Rice’s original work? the shape of dump field phase-unlqcked coherent fields. This work generallzezs the
was also optimized with respect to a fixed pump field in the!@nnor—Rice pump-dumfer pump-pumpcontrol scheme
weak response regime. Paramonov and Manz and theyith simultaneous optimization of the pair of phase-unlocked
co-workeré” have described a control scheme that uses & nhondegenerate coherent fields in both the weak and the
sequence of pulses with optimized field strength, frequencystrong response regimes. Numerical demonstrations have
time delay, and duration for each subpulse. been made on the weak pump-dump control of localized
The principle of active control in the frequency domain Gaussian wave packets in a high vibrationally excited region
has been beautifully demonstrated by Brumer andn the ground electronic surfaée:®
Shapiro®1°They have proposed to use two or more continu-  In this paper, we shall consider the possible detection
ous wave(cw) fields to coherently interfere with a degener- schemes based on the transient absorption spectroscopies to
ate molecular doorway state which may lead to two or moranonitor the pump-dump controlled wave packet dynamics in
final possible outcomes of a reaction. In the Brumer—Shapir®oth weak and strong response regimes. For the purpose of
demonstration, we consider a generic two-surface molecular

dauthor to whom correspondence should be addressed; electronic maifystem that easily lends i_tse” toa ?Iear discussion of typical
yyan@ust.hk pump-dump-probe experimentsf. Fig. 1).
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3 y T y T T T T consist of a pair of moleculat pulses. The molecula#-
[ ] pump pulse achieves the total population inversion of the
initially stationary ground surface molecular sample onto the

=~ ol _ j;"‘a‘ e electronic surface. The subsequent molecwiatump pulse

g [ - ] reverses the processes by inverting the nonstationary excited
¢1°- L oump dump probe g I surface wave packet complet.ely back to the ground surface
; i . target region. Second, the pair of molecutapulses should

be properly shaped and timed such that they jointly and op-
timally drive the molecular wave packet into the predefined
target distribution in the nuclear phase-space at the specified
24 2.8 3.'2 3.I6 4.0 target time. In_this work, we shall present a numerical ex-
R (A) ample of a pair of nearly perfect molecularpum.p-dump .
pulses that achieve over 90% of total population inversion in
FIG. 1. Schematic diagram of pump-dump-probe control and detection proth€ above mentioned controlled manner.
cesses. The remainder of this paper is organized as follows. In
Sec. Il, we outline our previous theoretical results on the
optimal pump-dump control in a two-surfaces molecular
Let us start with the physical picture of the excitation Systen?>~>*In Sec. Ill, we present the theory of transient
and detection processes in the weak response regime. Inv¢eak probe absorption in the presence of arbitrary excitation
conventional transient probe absorption measurement, tHéelds. Due to the same dynamics processes involved, a great
nonstationary wave packet is induced via a single excitatiogimilarity between the formulation of optimal pump-dump
field, i.e., the pump. Upon excitation, a “particle” wave control and that of transient absorption is expected. In Sec.
packet is created on the excited surface, while a “hole” islV, we demonstrate the control and detection of nuclear
left in the initial ground state. In the weak response regimewave packet focusing dynamics of a modginolecule on
the excited-surface “particle” and the ground-surfaceboth the excited and ground surfaces and in both the weak
“hole” may be described byy{"|? and R@%O)lﬁg)], respec- and the strong response regimes. Finally, we summarize and
tively. Both of them are nonstationary and linearly dependconclude in Sec. V.
on the intensity of the pump excitation field. We may thus
classify | 4{V|? as the first-order “particle” on the excited
surface and Re/?y] the first-order “hole” on the ground || THEORY OF OPTIMAL CONTROL
surface. The evolutions of these nonstationary wave packets ) .
on both surfaces are then monitored with a varying delayed- General theory in the strong response regime
probe pulse in terms of transient absorption signals. In a  Consider a laser excitation process in a molecule system
pump-dump-probe optical process, the excitation fields coninvolving the groundy and an excite@ electronic statecf.
sist of a pair of pump-dump light pulses, rather than a singlerig. 1). The total Hamiltonian in the electronic rotating-
pulse in the conventional pump-probe experiment. In thisyave-approximatiofRWA) assumes the form

case, generated are also a secondary “parti@l&ﬁ(z)ﬂ on .

the ground surface and a secondary “hole”[@wf)] on H(t)=Ho—D.E()~D-E*(1), (13
tht_e excited surface. These secondary wave pack_e_ts depend H0=Hg|g>(g|+He|e)(e|, (1b)
bilinearly on the product of pump and dump intensities. The

evolution of the secondary “particle’[:,béz)|2 in a highly D,=uleXg] and D_=ul|)e|. (1o

vibrationally excited region on the ground surface may be H dH the adiabatic Hamilton for th
monitored via transient laser-induced-fluorescence signals b ereé,Hg andH, are tne adiabalic Hamiltonians for tné mo-

further pumping it onto the third or another high-lying elec- lecular nuclear dynamics, and is the electronic transition

tronic state surface. However, in an absorption process in@pole moment which depends generally on the molecular

volving only two surfaces, the transient signals of the Sec_conf|gurat|on.D+ andD_=D can physically be viewed as

ondary “particle” ¢gz)|z are buried in the much stronger the creation and annihilation operators, respectively, for the

signals of the first-order “particle’[z,bél)|2. In this work, we electronic excitation or exciton. They satisfy the following

propose a simple second-order difference signal detectioﬁalaﬂons D.|g)=ule), D-|e)=pulg), and D_|g)

schemel[cf. Eq. (30)] that allows us to eliminate the first- —D+|e>=0_. In.Eq. (1)’. E(1) denotes_ the gxterngl field en-

: G velope, which is considered as a given input in a spectro-
order signal contributions. We shall also demonstrate hOV\éco ic problemcf. Sec. I1) but an undetermined function in
the control theory is applied to design the globally optimal pic p ' -1 DU u ! unction |
pump-dump field pair that drives the secondary “particle” a gontrql process. !\Iote in EdL) all operators can be equally
|22 to best overlap with a predefined target wave packe}Nmten in the matrix form. For example,
at a given target time. Hyg —uE* (1)

In the strong response regime, the total inversion of H(t)=| _ E(t) H
population into the target region may be obtained. The H# €
pump-dump control of total population inversion consideredSimilarly, the two-surface wave functio#i(t) governed by
here has two exotic characteristics. First, the excitation fieldshe HamiltonianH(t) can be written as

2
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P(O=G(t,t")y(t')=

Pg(t) theory of pump-dump control via a pair of phase-unlocked
lﬂe(t)} () pump-dump{E,,E4} fields. In this case, the control equa-

_ _ ~ tions assunmé—**
In this paper we consider the control problem in which .
the target is chosen as a pure state We shall search for (c(te; )L (tite,0))=NpEp(t), (113
the optimal fieldE(t) that best drives the molecular system C*(te OV (tte 0)e =N Et 11b)
wave packety(t) to overlap with the target at a specified (0T (6,085 =NaEq(). _ .(_ )
target timet; . We shall consider the simplest constraint thatHere, A, andx4 are the constant Lagrangian multipliers for

the incident intensity, the constraints of finite incident intensities from the pump
and the dump control fields, respectively. In Efl), the
| = ftfdt|E(t)|2 4) control amplitudec and the control kernel. are evaluated
0 ' with the HamiltonianH(t) of Eq. (1) in the presence of

E(t) =Ey(1) +e "PE4(t), the coherence superposition of the

mp-dump fields that are phase-locked at the specified
control problem is a functional optimization of the following %u p-cump 1 b pecif

- 16.17.20.21 phased. The final coupled control equations for the optimal
quantity. pair of phase-unlocked fields should include the ensemble
JHEM}t]=]c(ty) 2=\, (5)  average(---) over the random phasgdistribution.

with respect to the control field functida(t). In Eq.(5), A is
the constant Lagrangian multiplier for the constraint of aB. Linear theory in the weak response regime
finite incident field intensityl [Eq. (4)], while c(t;) is the

control yield amplitude defined as As mentioned earlier, the general equation in either the

phase-lockedlEq. (10)] or phase-unlockefEg. (11)] control
c(t)=(d|w(1)). (6) scheme is nonlinear and should be solved in an iterative

To find th rol tion that determ th i Imanner. The converged solution is, however, only locally
E(t o fin he”con ro.dequ?r:on a t'e ermines ¢ el op 'Irgaoptimal and depends generally on the input field to initialize
(1), we shall consider the variation in control yield, the time consuming iterative procedure. Moreover, locally

2 . B B . . .
dlc(ty)|*, with respect to the variation in control field. Using optimal fields tend often to be too complicated to be experi-

the first-order perturbation theory in the Hilbert space, Wementally realizable. To facilitate this problem, there has been

obtain much effort directed toward the linear versions of control
Sle(ty)|2=c(t;) 8¢* (1) +c* (t;) c(ty) theory?®3%~39n the following we shall describe two limiting
cases in the weak control response regime in which the linear
_ thdt[c(t ) (t:tp) versions of control theory can be generally obtaiffed.
- fI+ ULt .
0 Before proceeding, let us analyze the power law of the
. _ . relevant quantities andf .. in the general Hilbert-space con-
e (t)f- (Gt ]oET () +c.c. () trol theory[Eq. (10) or Eq. (11)] in the weak response re-
Here, c.c. stands for the complex conjugate, gime. The other commonly used terminology for the weak
response regime is thephoton processes in which the lead-
fo(tt) = (i) (|Gt )] (1)), (8 ing term in the control amplitude [Eq. (6)] depends on the
and external fieldE (or E*) to the nth order. In this case, the
Hilbert-space control kerndl, or f _ depends on the field to
- ()=DLi(t). (9)  the (n—1)th order[cf. Eq. (7)]. It concludes that the linear

control theory can be obtained not only in the one-photon

In Eq. (8), G(t;,7) is the Hilbert-space propagator governed . :
a-(8), G(ty,7) i ! P propag gov processes, but also in the two-photon weak response regime.

by the total Hamiltoniad (t) [Eqg. (1)] in the presence of the

control field. The final control equation can then be obtained ) o

by using the variation principléJ=0 together with Eq(7).  1- Solution to the one-photon excitation control

We havét20:32-35 Let us consider the control of an excited surface target

... ) ¢= ¢.|€e) via the one-photon excitation process in the weak

c(ty i (Gt +c* (t)F (L) =AE(D). (10 resporlsé regime. Hereafter, we shall also assume that the

The key quantities here afe andf_ [Eq.(8)] that carry all molecule is initially in an eigenstatg(0)=w»|g) on the

the t-dependent information required by the optimal field.ground surface. In order to simplify the notation, the

The evaluation off. involves the propagation of wave eigenenergy, of the initial state is chosen to be the energy

packet under the Hamiltoniad(t) [Eq. (1)] in the presence zero. The relevant quantities in the one-photon control re-

of control fieldE(t). Thus, Eq.(10) is nonlinear and should gime can thus be evaluated as

bg solyed |t§rat|vely for the locally optimal fielg(t) at any f&(t,tf):(i/ﬁ)<¢e|e—iHe(tf—t>/ﬁM|V>, (123
given intensity.

As D, andD_ [Eq. (10)] are the exciton creation and fOt,t;)=0, (12b
annihilation operatord,, andf_ can actually be viewed as
the Hilbert-space pump and dump control kernel, respec- c<1)(tf):ftfdtf@(t,tf)E(t). (120
tively. This distinction constitutes the background for the 0
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By using Eq.(17), we can further cast the control am-

neglecting the trivial constant and phase, we obtain the folplitude c(® [Eq. (149] in the weak response regime®a%®

lowing solution to the optimal one-photon control field in the

weak response regirhé&

E(t)=(pele” et pufw)*. (13

|
c<2>(tf)=f:dtf:dt'E*(t)B(t,t’)E(t’):)‘7. (18)

This equation states that the eigenvalue of Hg) is the

This is the time-dependent Franck—Condon overlap betweegynro| yield amplitude with respect to the incident field in-

the initial state|v) and the free-backward-propagated targe

state(pO(t;t¢)| =(pe|e et~V on the excited surface.

2. Eigenequation for the two-photon pump-dump
control

Yensity:\ oc|c)(ty)|/1. The globally optimal field in the two-

photon weak control response regime can thus be obtained as
the eigenfunction of Eq(17) associating with the largest
eigenvalue. Note that by using the optimal fi¢k. (17)],

the two-photon control amplitude?)(t;) is real and positive

We shall now consider the control of a ground Surfacea.t the tal’get '[ImEIf . This is consistent with the choice of

target = </>g|g> via the two-photon pump-dump excitation

setting arfc®(t;)]=0 in the derivation of Eq(17).

in the weak response regime. In this case, the relevant quan- 10 conclude this section, let us further present the con-

tities arg?333°

FR ) =) (4t [ ] V(D)

:ftfdt’B(t’,t)E*(t’), (149
t
FO(t) = (i/A)( (1t ||y (1)
:f;dt’B(t,t’)E(t’), (14b)
c@(tp)= fotfdtfotdt’E*(t)B(t,t’)E(t’)
=ftfdtf<}>(t,tf)E*(t)
0
=ftfdtf<j>(t,tf)E(t). (140
0

Here, B(t,t’) is the Hilbert-space pump-dump control re-
sponse function defined B333°
(dQ(t;t)[T(t—t)|v);  for t=t’
0 for t<t’ '
In this equation{"(t;tr)|=(pgle et~V is the free-
backward-propagated ground state target. The two-phbton
operator is defined as

T()=(i/h)2ue Hetlty,

B(t,t’)z[ (15)

(16)

We notice that there is a simple scaling relation betwee

c@(ty) and fO(t;t;) [Eq. (149]. Owning to this relation,
the phase ot®)(t;) becomes irrelevant to the control pro-

cess and can be completely removed from the control equa-

tion. In this case, the linearized version of Ef0) can be
cast a¥?33%°

t
fofdt’[B*(t’,t)+B(t,t’)]E(t’)z)\E(t). (17)
In the time-grid representation, the optimal figk{t) is a
vector of N elements, whileB(t,t") is a lower-trigonal
NXN matrix. Equation(17) can thus be recast in the stan-
dard form of the Hermitian matrix eigenequationB(
+B)E=\E.

trol equations for the optimal pair of phase-unlocked pump-
dump fields{E,,Eg4} in the weak response reginfef. Eq.
(12)]. They are given b33

jtfdt’[BTB](t,t’)Ep(t’)=)\pdEp(t), (193
0
ftfdt’[BBT](t,t’)Ed(t’)=)\pdEd(t). (19b)
0
Here,
L
[BTB](t,t’)EL dv'B* (t",H)B(t",t'), (20)

and [BB'](t,t") is defined similarly. The common eigen-
value\ 4 in Eq. (19) associates with the control yield with
respect to product of the incident intensities from both the
pump and the dump fields

Npa=[C@ ()2 (1l g). (21)

Therefore, the globally optimal phase-unlocked pump-dump
field pair{E, ,E4} can be identified as the eigenfunctions of
Eqg. (19 associating with the largest eigenvalue.

lll. THEORY OF TRANSIENT ABSORPTION

We shall now consider the formulation of weak transient
probe absorption spectroscopies in the presence of arbitrary
external excitation fields, such as the optimal pump-dump
fields presented in the previous section. In general, the probe
absorption signalS(t;) can be expressed in terms of

rfD(kT ,t), the optical polarization at the probe field direction.

We hav&®+?

©

dtE* (t—t7)P(Kr 1)

S(ty)=2 Imj

=2 Imj dtE* (t—ty)

X f dre” T () D _[ygr(t)). (22
In this equation,E+(t—ty) and Q¢ are, respectively, the
complex envelope and the carrier frequency of the probe
field that centers at=t. In the calculation of conventional
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pump-probe spectroscopy, the pump field is taken to be ceABLE |. Parameters for | Morse potential surfaces in the gas phase,

tered att=0, and thereforé; denotes the probe delay time. V(R)=Tet D 1-e F*7)2

In this vyork,tT is referred to the probing time with respect to ™ ¢ .o T, (cm ™) D, (cm} BAY R. (&)

the beginning of control.
In the weak probe response regime, we can approximate X ' 9 0 12550 1871 2.666

the total wave functiony by its first-order perturbation in ore 15769 4381 1876 3.016

the matter-probe field interaction. After some simple algebra,

we obtain the following formulation for calculating the tran-

sient weak probe absorption in the presence of arbitrary exstate. The target is chosen as a minimum-uncertainty Gauss-

citation fields: ian wave packet on either the ground or the excited surface.
= - R-T? p
S(ty)=2 Imf dtfO dre' MTEL (1) EX (t+ 1) ¢g,e(R)=exp{—( 4; —i%(R—ﬂ : (26)
—» r
X[Ry(7tr+t) +R* (7, t1+1)] This target centers atin coordinate with a width oA\, , and
atp in momentum with a width o\ ,=#/2A, . The target
=Sy(tr) +Se(ty), (23)  time is chosen to b =200fs.
with In order to illustrate the time-frequency coherence in the
) optimal control field to be evaluated later, we shall also in-
R (7,0)=(i/A) (= (t+ 7)|G(t+ 7,0] (1)), (24 troduce the Wigner field profile defined as
In the second identity of Eq23), we denote explicitly w _ r r
the total transient signals as the sum of two contributions. Fu(w,t)=2 Refo dre "“TE*| t+ > E|t— ik (27

One isS; evaluated from Eq(23) with only the R, term,
and another i, with only R_ . Note thaty.. [Eq.(9)] can  In the following spectroscopi¢Eq. (23)] calculations, all
be recast in the matrix form as probes are chosen to be transform-limited pulses with the full
width at half maximum(FWHM) of 35 fs in |E+(t)|?. The

Yo (D)=D ()= ,u:/;o(t) , (259 probe carrying frequencyl; in each calculation will be
9 specified.
Y_()=D_u(t)= ng(t)} (25b) A. Pump-probe of molecular dynamics

Before presenting the main results of pump-dump-probe
In this senseR, (7,t) [cf. EqQ.(24)] can be considered as the processes in the next subsection, let us first discuss some
probe response of the nonstationary wave functlgtt) on  related topics on the simple pump-probe control and detec-
the ground surface, whil®_(7,t) is that of y(t) on the tion in the weak response regime. We start with a minimum
excited surface, in the presence of arbitrary excitation fieldsuncertainty Gaussian target on the excited surfagef Eq.
In other words R, contributes to the«g absorptionfi.e.,  (26). The target parameters are the coordinate center
Sy in the second identity of Eq23)], while R_ contributes  =355A the coordinate spreall,=0.07 A, and the mo-
to the stimulatece— g emission signalgi.e., S, in the sec-  mentum meap>0 that corresponds to an outgoing kinetic
ond identity of Eq.(23)]. The above physical distinction energy ofp%2m=0.12eV. The vibrational period of this
made toR, andR_ is very similar to what we made in Sec. target (about 400 f5 is larger than the target timet(
IIA to the pump control kernef, and the dump control =200fs). This target is a type of “molecular paddleball,”
kernelf_. Formally, there is also much Similarity between or an outgoing wave packet in the bound potentia| surface
the spectroscopic response functi@n of Eq. (24) and the  region?%3* We shall see in Sec. IV B that the pump-dump
control response functiori. of Eq. (8). This underlying control of wave packet focusing dynamics involves the pump
similarity in both the physical processes and the formalprefocusing of a molecular paddleball on the excited state
structure suggests the possibility of using transient probe alsyrface.
sorption signals to monitor the pump-dump controlled mo-  Figure 2 presents the Wigner proffigy [Eq. (27)] of the
lecular wave packet dynamics. optimal pump excitation field evaluated via Ed3) in the
weak one-photon control response regime. The figure shows
clearly that the optimal pump field for focusing the outgoing
IV. NUMERICAL RESULTS wave packet is up-chirped, the average frequency increasing
with time. This is consistent with the following classical pic-
We shall present numerical examples of control and deture of the process. The lower energy components of matter
tection of a model ] vibrational wave packet dynamics on wave packet are excited by the lower frequency components
both the groun and the excitedB surfaceqcf. Fig. 1 with  of light wave packet. These wave packet components carry
g=X and e=B). Their potential functions are taken to be lower momenta and will take relatively longer times to reach
Morse with the parameters listed in Table I. For simplicity, the outgoing target region. Thus, the low-energy wave
we neglect the effects of molecular rotation and of the nonpacket components should be excited before the high-energy
Condon transition dipole. We sgt=1 Debye. The molecule components so that the maximum overlap with the highly
begins at the vibronie=0 level in the ground electronXX localized target can be achieved at the given target time.
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FIG. 2. Wigner time-frequency profile of the optim{@ump excitation field

1 I
in the one-photon weak response regime. The control target is an outgoing L ¢ —— ol Q=18470 cm™ |
minimum uncertainty Gaussian wave packet on the excited surface. The -~ R _2
target time ist;=200 fs. = L _
7))
4 =
We shall now consider the detection signal measurement AN 2 g
in the weak response regime. To examine the effect of pump 0 200 400 600 800 1000
excitation, the transient signal is usually recorded in the dif- iy (fs)

ference scheme, FIG. 3. Conventional difference transient absorption sigh&t (28)] at
_ _ three representative detection frequencies in the presence of the excitation
AS(tT) S(tT) SO(tT)' (28) field of Fig. 2. The observed signélark-solig in each panel is a sum of

Here S(t1) [Eq. (23)] denotes the signal measured with the two contributions[Eq. (23)]. One is from the wave packet motion on the
e . . . . . ground surfacethin-solid), and another is from that on the excited surface

exmta’uo_n field on, whileSy(t7) is with the flelq off. In the (dashed

conventional weak pump-probe spectroscopic processes, the

excitation field refers to the pump that creates a nonstation-

ary “particle” wave packet]{"|> on the excited surface, is a natural tendency of molecular anharmonicity. The opti-
while leaving a nonstationary “hole” Re{’y{?] on the  mal field with an appropriate chirp is capable of compensat-
ground surface. Both of them are of the first order, as theiing this natural tendency. In Fig(®, the probe frequency
intensities depend linearly on the intensity of excitation field.(18 470 cm'?) is the same as that of the pump field. In this
The difference signah S(ty) contains in principle both con- case, the probe window is near the inner turning point of the
tributions from the particle and the hole. These two contri-excited surface, and is also in resonance with the Franck-
butions correspond ta S, (arising fromR_) andAS; (aris-  Condon transition of “hole” wave packet on the ground
ing fromR ) in the second identity of Eq23), respectively. surface. The contributions from both the ground state
However, the relative strength of these contributions dependshole” ( AS,) and the excited “particle” AS,) are substan-

on the probe frequency that defines the window of detectionijal. As the “particle” is high vibrationally excited with a
Demonstrated in Fig. 3 are the transient signals probed gklative large mean oscillation period, the quantum beat of
three representative frequencies. In Figg)3the probe fre-  ground state “hole” can still be seen clearly. The appearance
quency(8090 cm™Y) is tuned to the resonance with the targetof double humps in Fig. 8) indicates that the ground state
Franck-Condon transient region, at which the ground stat@ole may be primarily double peaked in nature.

“hole” is largely off-resonant. In this case, th&S; contri-
bution from the ground state “hole” is suppressed and theB p d “brobe of molecular d _
experimental transient absorption signalS(t) =AS(ty), - Pump-gump-probe of molecular dynamics

monitors the coherent motion of the excited state wave We now turn to the main objective of this paper, the
packet. As the target is an outgoing wave packet with thgoump-dump control and its related transient absorption spec-
mean momentunp> 0, the detection window is in between troscopies. The control target is a high vibrationally excited
two turning points. Thus, a localized wave packet passes theinimum uncertainty Gaussian wave packgtof Eq. (26),
detection window twice in each period of oscillation, result- on the ground state surface. The parameters for the Gaussian
ing in the appearance of two trains of quantum beats in Figwave packet target are=3.35A, p=0, andA,=0.03A

3(a). One is for the bond stretching and another for the bondFig. 1). This target is a coherent superposition of about 25
compression. In Fig.(®), the probe frequenc{7500 cm'?) levels, with the center aroung=40. The mean vibrational

is tuned to detect the wave packet dynamics at the outeznergy of this target is about 7450 chn The target time is
turning point on the excited surface. In this case, two trainghosen as;=200fs.

of quantum beats collapse into one. The wave packet at the We start with the calculation of the globally optimal
turning point[cf. the first peak of Fig. ®)] is much broader pump-dump field(pair) in the weak two-photon response
than that in the controlled target region at the control timeregime. This is done by evaluating the eigenfunction of Eq.
[cf. the first peak of Fig. @ ]. The dispersion of wave packet (17) or Eq. (19) that corresponds to the largest eigenvalue.
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FIG. 5. Wigner intensity profiles of the globally optimal pump-dump con-
trol fields pair as in Fig. 4 in the weak response regime.

|E(w)/?

be understood as follows. Since the target is a focused
b) 0(0 (10%m™) 0 Gaussian wave pack_ef[ at the o_ut_er turning point on the
ground state surface, it is more efficient for the pump process
FIG. 4. Temporal@) and spectralb) intensity profiles of the globally op-  to create a prefocused and outgoing wave packet on the ex-
timal pump-dump fields pair in the weak response regime. cited surface. As discussed in Fig. 2, the pump control field
in this case is positively chirped. Furthermore, as the pumped

The resulting pump-dump fields are then used to initiate tha ave packet moves outward toward the larger internuclear

iterative solution to Eqs(10) or (11) for control fields at a distance at the target region, the potential difference between

Lo . . - the two involving surfaces decreases. As a result, a negative
certain finite intensity. The converged solution at any given

) o S . chirp is favored to the dump field.
intensity is used as the initial input for the next step of itera- . :

. . ) Figure 6 demonstrates the evolutions of pump-dump
tion procedure for the optimal pump-dump control fields .

. . . ) . . . controlled wave packets on two surfaces in the weak re-
with a slightly higher intensity. It is found that there is no . . .

. sponse regime. The ground state wave function consists of
difference between the phase-locKké&s.(10) and(17)] and two componentsy = i + ¢’ . One is the pump-dumped
the phase-unlockelEqgs.(11) and(19)] pump-dump control P 79 Tg Tgr pump P

schemes, for the target in the field intensity range of Considgomponennﬁ arising after the dump field interaction, and

eration in this work. The condition at which phase locking another is the unexcited compone@’t remaining in the ini-

plays a role in control has been analyzed in detail in Ref. 33t|al wave packet region. The population distribution is

In the following, we shall present the results of optimal{Pg 'Pe,Pg}={0.1,0.2,07 at the target timet;=200fs.

g - - -
pump-dump control at two representing intensities and thei'f'ere’ Py denotes the population being transferred into the
corresponding transient probe absorption signals. In the caf

round surface target regioR, being pumped and left on
culations of transient spectroscopifsqg. (23)], the probe he excited surface,_ while=1-P4—P, is the unexcited
fields are chosen as transform-limited Gaussian pulses witRart' At the target time, the pump-dumped wave pa@iﬁet
the temporal FWHM:=-35fs. The probe frequency i€

=9110cm}, tuned at resonance with the Franck—Condon
transition of the ground state target. Note the mean momen-

—

tum of the target is zergg=0. The probe window is there- o 02 2001

fore at the outer turning region of the target on the ground = .

potential surface. E:a 0.1 < S 10k
= Fa N 1201s

1. Pump-dump-probe in the weak response regime

o
o

Let us start with the results of the low intensity of the
pump-dump control field pair at which each field carries a
Rabi flopping angle of 0.3r. The Rabi flopping angle of a
field E; is defined asf= fdtu|E;(t)|/4.*® We find that at
this intensity the optimal fields preserve essentially the glo-
bally optimal shapes, i.e., the eigenfunction of E{s) or
(19 corresponding to the largest eigenvalue, in the weak .
response regime. Figure 4 presents the optimal pair of pump- 5 3 4 5
dump fields in terms of their temporal and spectral intensi- R ([\)
ties. Both fields have simple near-Gaussian form shapes. The
Wigner profiles[Eq. (27)] of the optimal pump-dump fields FIG. 6. Evolutions of the wave packets on two surfaces controlled by the

. . . . .. globally optimal pump-dump fields pair of Fig. 5. The Rabi flopping angle
are shown in Fig. 5. Besides an appropriate dump delay Wltﬁ1 each field is 0.3. About 10% of total population is inverted, reaching an

respect to the pump field, the optimal frequency chirp in theymost perfect overlap with the predefined targéashed curveat t;
pump is positive while that in the dump is negative. This can=200fs.

o
[

lyg(R,H)I?
o
&
‘>

e
o
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FIG. 8. Wigner intensity profiles of the optimal pump-dump control fields
pair in the strong response regime. The Rabi flopping angles of the pump
and the dump fields are 1.5 and 8,%espectively.

A%s (t)

0 100 200 300 400 500 600 700
tr (Is)

3(c) where the dynamics on the ground surface is monitored
in the presence of an excited surface wave packet.

FIG. 7. Transient absorption signals in both the first-order difference

schemeA S [(a) with Eq. (29)] and the second-order difference scheh?s 2. Pump-dump-probe in the strong response regime
[(b) with Eqg. (30)] for monitoring the controlled wave packet evolutions as

shown in Fig. 6. The thin-solid curves are signal contributions feayt), We shall now consider the strong pump-dump control
while the dashed ones are those frgi(t). The experimental observables response regime at which the Rabi flopping angle for the
(dark-solig consist of the above two contributions. pump field is 1.5« and that for the dump field is 0.%-.

Figure 8 shows the resulting optimal pair of pump-dump
fields evaluated in the iterative manner described in the be-
overlaps nearly perfectly with the predefined minimum-9inning of Sec. IVB. The optimal fields remain relatively
uncertainty Gaussian targe4, (dashed curve simple shapes as their intensity intensities increase. How-
Figure 7 depicts the transient absorption signals of th&Ver they(Fig. 8) deviate appreciably from the globally op-

controlled wave packets as shown in Fig. 6. Two differencdiMal shapesFig. 5) in the weak response regime. The fre-
detection schemes are considered. The upper piigl — duency chirp in the optimal pump field in the strong response

7(a)] shows the conventional first-order difference signals/€9ime remains positive but that in the dump approaches

defined agcf. Eq. (28)] zero. In fact the dump field in Fig. 8 approaches the impul-
sive limit so that the frequency chirp plays no role on the
AS(t1) =ASy4(tr) = Spa(ty) = So(ty)- (29 controlled dynamics.

Figure 9 depicts the evolutions of wave packefg(t)
and ¢.(t), controlled by the optimal pair of pump-dump
control fields as indicated in Fig. 8. At the target time, the
pump-dumped wave packet overlaps nearly perfectly with
the predefined minimum-uncertainty Gaussian targgt

Here, S,4(ty) is evaluated via Eq(23) in the presence of
both pump and dump fields, whif, is that in the absence of
both excitation fields. The lower panffig. 7(b)] presents

the second-order difference signals defined as

A2S(tr) = ASpalty) — ASy(ty) — ASy(ty). (30

Here, AS, or AS; is the first-order difference signal with
only the pump or the dump field, respectively. In the weak

0.2 .
response regime, the pump-dumped wave packet on the & 0t
ground state surface constitutes a second-order “particle,” E% 01 160 fs
|¢é|2=|w(gz)|2, in the highly vibrationally excited region. In > 120t

the first-order difference detection scheffifég. 7(a)], the p
spectroscopic signature of the second-order “particle” dy- 0.0 |-

namics(the thin solid curvgis largely buried in the opposite
signal (the dashed curyearising from the first-order or the

90 fs

e
[

pump-excited “particle”|¢,//fal)|2 on the excited surface. In ‘23
the second-order difference scheifiiég. 7(b)], the signal c t0ts
contributes from the second-order “particléthe thin solid > 01

curve on the ground surface and the second-order “hole”
Re ¢iVyf] (the dashed curyeon the excited state surface.
All the first-order contributions are removed. As the second- .
order “particle” on the ground surface is being optimally R (A)

controlled and detected, the observed sidtlaé dark solid _

curve in Fig. )] reveals mainly the opiica signature o the £, %, S¥eens ot vave packets o s s ol by e

dynamics of the highly \_/ibr?tion_a||Y_eXCited wave pac_ket ONinverted onto the target region. The controlled wave packet overlaps almost
the ground surface. This situation is much like that in Fig.perfectly with the targetdashed curveat the target time of; =200 fs.

o
o

N
w
'8
3]
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a T T T T ot spectroscopies. The pump-dump field in the weak response
regime is calculated via the linear theory of confieg. (17)
or Eq. (19)] in which the globally optimal solution can be
obtained. We have found that the globally optimal pump and
dump fields in the weak response regime can efficiently con-
vert over 10% of the total population onto the localized tar-
get region at the specified target time. These optimal fields
T T T T T T are rather simple and robust for the possibility of experimen-
b —_ ;°ta' tal realization. We have also proposed a second-order differ-
ence detection schemEq. (30) and Fig. 7b)] to monitor the
pump-dump controlled wave packet dynamics in the weak
response regime.
The calculations of optimal control fields in the strong
response regime are based on the iterative solutions of non-

AS (t)

A%s ()

. e i i

0 100 200 300 400 500 600 700 linear control equation$Egs. (10) or (11)]. The globally

t; (fs) optimal solution in the weak response regime comes natu-
rally as the initial input to start the iterative solutions in the

FIG. 10. Same as Fig. 7 but with the pump-dump control fields pair of Fig-strong response regime. The use of chirped pulses in the
8 in the strong response regime. Wave packet evolutions of Fig. 9 are

strong response regime has proved useful both
theoretically*—*® and experimentalff/**® in the control of
population inversion in multilevel molecular and atomic sys-
(dashed curve in the lower panel of Fig. Ihe population tems or in the dissipative medium. The effect of chirp is
transfer is{Py,P,Pg}=1{0.91,0.075,0.016 wherePy de-  related to the adiabatic passage of the material population
notes the inverted population in the target regi®q, the  dynamics via intensive fields in order to achieve an effective
population being excited onto the excited state surface, ang pulse. Recently, chirped pulses have also been used to
Pg the population remains in the initial ground state region.study the molecular dynamics and system-bath coupling in
Recall that in a two-level atomic or spin system, a resonansolution?®=° In this work, we have presented the prelimi-
m-pulse inverts 100% of population from the lower level to nary results to demonstrate the correlation between the
the upper levet® We may refer to the optimal pump-dump chirps of two optimal fields and the molecularfield pair
fields in Fig. 8 as near the molecularpulse pair that invert for the population inversion onto a localized target region via
over 90% of the total population onto the target regioh  pump-dump processes.
Fig. 9. The molecular pumpr-pulse for the total inversion
of electronic state population in a molecular system has beeRCKNOWLEDGMENTS
recently investigated by Caat al** The studies of molecular
pump-dumpm-pulse pair for the total inversion of population
onto a specified highly vibrationally excited region will be
published elsewhere.

Figure 10 shows the corresponding transient signals in
both the first-ordeA S(t1) [Fig. 10@) with Eq. (29)] and the ;B- j iannor ang g 2- E?Ce, ;l-dChg?- PP@;% 5@014321(119189%
seconq-ordeQZS(tT) [Fig. 1(Xb) with Eq. (30)] d.lfference 3T.' Béurir:er:grBénBuhller,'M.Icceayross\é.r, R.e'rlf;\.aleis’er, V.(Weizls, E. Wieden-
detection schemes. Included in each panel of Fig. 10 are alsqyann, and G. Gerber, J. Phys. Cheas, 8103(1997.
two signal contributions to the total signgdf. the second 4G. G. T. Baumert, Isr. J. CherB4, 103(1994).
identity of Eq. (23)]. One is from the groundthin solid °E. D. Potter, J. L. Herek, S. Pedersen, Q. Liu, and A. H. Zewail, Nature
curves, arising fromR,) and another is from the excited ,(-°ndon 355 66 (1992.
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