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Tailoring of vibrational state populations with light-induced potentials in molecules
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We propose a method for achieving highly efficient transfer between the vibrational states in a diatomic
molecule. The process is mediated $tyong laser pulses and can be understood in terms of light-induced
potentials and their vibrational eigenstates. In addition to describing a specific molecular system, our results
show how, in general, one can manipulate the populations of the different quantum states in double-well
systems.

PACS numbgs): 42.50.Hz, 03.65-w, 33.80—b

[. INTRODUCTION evolution of the molecular system consists of a nontrivial
interplay between diabatic and adiabatic behavior.

Quantum control of molecular processes has recently Our presentation takes place as follows. In Sec. Il we
opened new possibilities for controlling chemical processesgescribe the electronic states of the sodium dimer, which we
and also for understanding the multistate quantum dynamicgse to demonstrate the vibrational state tailoring process. It
of molecular systems. With strong and short laser pulses onghould be emphasised that the process is very general and we
can create quantum superpositions of vibrational and coridse the sodium dimer merely as a convenient example. In
tinuum states, i.e., wave packets, which often propagate like€C- !l we show how the dynamics of a system of three
classical objects under the influence of molecular electronj€lectronic mo'lecular' states interacting with two laser pulses
potentials[1]. Typically in spectroscopy one induces with €an be descrlbe_d with the light-induced pqtentlals. We also
laser light population transfer between individual vibrational"€View the previous APLIP work2]. Then in Sec. IV we
states, and describes the process using Franck-Condon fdggsent the numerlqal results showing the tailoring of vibra-
tors, perturbation theory, and a very truncated Hilbert spaconal state populations of the electronic states, and show
for the molecular wave functions. If the laser light comes inhoW it can be understood in terms of the instantaneous vi-
as a very short pulse we expect to couple many vibrationati’r_at'onal eigenstates. Finally, Sec. V concludes the paper
states because of the broad spectrum. However, we show th4{th some discussion on the general aspects of our results.
in theory it is possible to start from a single vibrational state,
and end up selectively on another single vibrational state, Il. SODIUM DIMER MODEL
with very high efficiency, even when one uses strong and
fast laser pulses. The standard theoretical approach to su%{
systems is wave-packet dynamics, and we have used it in tqﬁ
following study.

To demonstrate the tailoring of the vibrational state popu-
ions we have chosen a set of Na dimer potentials, shown
Fig. 1(a) [2]. The three electronic states are coupled in a

e vortoral g st o naivr o e, 0 T e sy . o
P passag g wave approximation, we can “shift” th&'s; and 21,

potentials(APLIP). The light-induced potentials, which de- tate potentials by the corresponding laser photon eneraies
pend on time because of the time dependence of the Iase?g—b P y the corresp g ‘aser photon energies.
a

pulse envelopes, provide a useful description of the proces hen we obtain the situation shown in Figb}, after a suit-

(see &g, Ref3] and references thersirHere we use the |20 B IR B R SR TE0 A T e
same kind of light-induced potentials to describe and under- i . P .
ossings. The evolution of the three wave functidhéR,t)

stand transfer processes between excited vibrational stated©S en by the time-dependent Schioaer equation with
However, we shall see that the process is more complicate![ eg:illam'ltgn'an ! P fiog quation wi
than the simple adiabatic following assumed in APLIP. The oni

complete understanding requires one to study the instanta- PR
neous vibrational eigenstates of the time-dependent light- H=— — —T+UR), )
induced potentials. It turns out that the simple-looking time 2m yR?

1050-2947/2000/68)/0534135)/$15.00 62 053413-1 ©2000 The American Physical Society



M. RODRIGUEZ, K.-A. SUOMINEN, AND B. M. GARRAWAY PHYSICAL REVIEW A62 053413

(@) (b) 5000
50000 — 4000
3000
40000 | -
E
2000 30
[ m
30000
E(cm |\ 1000
L E -1
20000 ] BemD ]
0 \Xlz+g_j ] -5000
- \ / ] 34 34 34 34 34
10000 {5 puer| 1 -woof Juz ] RA RA RA RA RA
. \ A ]
[ \\ / a<o 1 FIG. 2. The form of the three light-induced potentials at selected
A — 2000, .1 times during the interaction with the two pulses, féA=
2 4 6 8 10 2 3 4 5 6 —3000 cm! and#Q=3000 cm!. The active eigenstate is the
R(A) RA) one with its minima always closest to the energy zero point. Note

that in the first and last frame both pulses are wihk asymptotic
case; although the potentials seem to cross around 3.3 A, there is,
in fact, an avoided crossing.

FIG. 1. (a) The three Na potential energy surfaces used in our
calculations: X3 7, A'S [, and 211,. (b) The shifted potentials.
Here we have seA=A;=—A,, [see Eq.(2)] and show the posi-
tion of the intermediate A | state(dotted ling with respect to the  counterintuitive ordert>t,), the double-well structure will
other two electronic statgsolid lineg for #A==2000 cni?. disappear as the bottom of thimitially empty) well on the

right moves up and vanishes, whAr<O. [In Fig. 1(b) this
whereR is the internuclear separatiom,is the reduced mass is seen to be because of a repulsion between %ﬂ% 2nd A
of the molecule, and the electronic potentials and couplingss | (A<O0) statd. After this the left well broadens and

are given by moves to the right. Finally the double-well structure is re-
established as the pulses reduce in intensity. This behavior is
Ux(R) 7 Q(1) 0 demonstrated in Fig. 2. If we now consider that the ground
|l z0 R)+7A 70.(t V|brat|onal state of the left well is initially populgted, that
UR,Y 1) Ua(R) ! 21 * population would follow the light-induced potential and be
0 hQy(t) Un(R)+A(A1+A5) transformed smoothly into the ground-state wave function of

(2 the right well. This is APLIP, and the smooth change in the

) total wave function is demonstrated in the contour plot in
HereUy(R), Ua(R), andU(R) are the three potentiala,; Fig. 3a).
and A, are the detunings of the two pulses from the lowest The sign of A determines the evolution of the light-
points of the potentialfdashed lines in Fig. (&)], and  induced potential. For negativke we obtain the APLIP situ-
Qq(t)=uxaE1()/ %, Q5(t)= wanEo(t)/4 are the two Rabi  ation, but for positiveA the right well drops down at first,
frequencies. We have assumed for simplicity that the twanstead of disappearing. In this case the APLIP situation is
dipole moments are independent Bfand we have used not obtained. Instead, the wave packet spreads violently to
Gaussian pulse shapeQ,(t)=Qexp[—[(t—t)/T]3, i=1,2.  cover a wide spatial region.
Our wave-packet dynamics approach consists of solving Eq. One is tempted to associate the APLIP process with
(1) numerically using the split-operator method and Crank-Stimulated Raman adiabatic pass&§&IRAP) [4], and con-

Nicholson evaluation of the kinetic-energy tefd. sider the active light-induced potential as a dark siate
which, because of the counterintuitive pulse order, remains
IIl. MODELLING WITH LIGHT-INDUCED POTENTIALS uncoupled from the other states. It is true that during the

APLIP process the intermediate stafe'E ) population re-

The light-induced potentials are obtained by diagonalizingmains very small as expected for STIRAP. However, the
the potential tern(2). For these potentials the curve cross-process is not the same as STIRAP, because the strength of
ings become avoided crossings. It is easy to see from Fighe atom-light coupling, i.e., Rabi frequency, becomes much
1(b) that in the absence of the puls@s when they both are |arger than the vibrational spacing; it is not possible to iso-
weak one of the light-induced states corresponds, at lowate only a few energy levels. Furthermore, in a STIRAP
energies, to a double-well structure formed by & and  process there would not be a smooth transport of the wave
21Hg electronic state potentials. In Figlk this corresponds packet in Fig. 8) because only two simple vibrational
to the lower part of the two solid curves and we shall call thiseigenfunctions should be involveturther discussion can be
the active eigenstate. If we choodg=—A,=A, the bot- found in Ref.[6]).
toms of the two wells are on the same level initially and STIRAP is also considered to be an adiabatic process,
finally [as in Fig. 1b)]. which is not strictly the case for Fig. 3. We can see this by

In Ref.[2] we showed that, if the pulses are applied in aconsidering the asymptoti¢initial and fina) vibrational
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FIG. 3. (@ The APLIP process forhiA=—3000 cm?, R(A) t(ps)
£0=2000 cm!, t;=25.5 ps,t,=20.5 ps, andr=5.5 ps. The
contour plot shows the time evolution of the total probability dis-
tribution | ¥ (R,t)|?==;|¥,(R,t)|? (wave packet (b) The active
light-induced statgiindependent ofA at low energies when the
pulses are absent)l=0). We also show the seven lowest vibra-
tional eigenstatels;(R)|? of the potentiallabeled witha, b etc).
The left well corresponds to thelxg electronic state, and the right
one to the 21'19 electronic state.

FIG. 4. (a The \vibrational state tailoring with
#A=2010 cm?, A#Q0=733 cm?, t,=255 ps, t,=20.5 ps,
and T=5.5 ps.(b) The time-dependent eigenenergies of the five
lowest vibrational states of the active light-induced potential for the
situation shown in(@). [Note that fort<15 ps andt=35 ps the
eigenstates match those seen in Figp).3 Diabatic transitions be-
tween the eigenstates are marked with circles.

. o . _ IV. PROCESSES INVOLVING EXCITED
eigenstates of the active light-induced potential, shown in VIBRATIONAL STATES

Fig. 3(b). The lowest eigenstatea,b,c) clearly correspond ) o ) )

to the individual vibrational states of the electronic poten- We Will now turn to new situations where excited vibra-
tials. In STIRAP we should start with the lowest state on thefional states become involved. We will see that a positive
left, b, and we would expect it to evolve adiabatically into detuningA is crucial for this case. Because there is no cou-
the lowest state on the righg, though not in the smooth way pling between the states at the initial and final times, Fig.
seen for the APLIP process in Fig(a However, if the 3(b) displays the vibrational eigenstates, at the initial and
evolution weretruly adiabatic the population would remain final times, for positive detuning as well as negative detun-
in the left well; by the definition of adiabatic following, the ing. We choose the positive detunirigh=2010 cni* for
system cannot move from one eigenstate to another. the time evolution shown in Fig. (4, where 7€

In fact, APLIP is possible because, as the right well rises=733 cm * andt;—t,=T=5.5 ps. We denote the vibra-
up, and the right well wave function with it, the system tional quantum number of the states in the electronic poten-
jumps diabatically from eigenstateto the eigenstate. The  tial with », and indicate with the terms “left well” and
pulses are too weak to force the system to jump from the leftright well,” whether these states correspond to the initial
well to the right well at this point, which would be the case state &K'= ), or the final state (21), respectively. We
for adiabatic following. In other words, the system movestransfer thev=0 state on the left well into the=1 state on
through the avoided crossing of the eigenstatemdb dia-  the right well. The process is very efficient: the occupation
batically. Thus the population remains in the left well as theprobability of the right well (Z‘Hg statg in the end is 94%.
right well vanishegsee the second frame of Fig. Zs long  Clearly the crucial moment is arourid=20 ps, where the
as the energy barrier between the two wells is thick and talbriginal single-peak distribution extends to the right and
enough, the crossing of vibrational eigenenergies remains dferms temporarily a four-peaked distribution over the com-
abatic and the wave packéleft well vibrational ground bined well system. Also, arount=25 ps, the four-peak
statg can be channeled from left to right smoottPLIP). structure compresses into the two-peak structure located on
We shall encounter this phenomenon again later in Sec. I\Vthe right well.

There always has to be at least one such diabatic crossing, In order to understand the process we have now calcu-
but if there is only one, it could come at the start, or the endJated the time dependence of the eigenenergies of the active
of the time evolution depending on whether the initial orlight-induced potentialseen for initial and final time in Fig.
final vibrational state is lower in energy. Thus the interesting3(b)]. The figure shows clearly that if the evolution is fully
processes mediated by the light-induced potentials are diffemdiabatic, no change efcan occur during the time evolution
ent from STIRAP, and they are not obtained by perfect adiabecause there are no crossings of eigenenergies. This also
batic following. means that no change of well is possible either. However, we
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FIG. 6. The behavior of the eigenstates of the active light-

induced potential in the situation of Fig. 4 around21 ps. The g : k : s
induced potential during the diabatic transfer between the eigen-

eigenstated deforms within 1 ps from the initial single-peak struc- !
ture into a four-peak one. An inverse process happens to the eigeftatesb and ¢ aroundt=15 ps. The eigenstats deforms very

statec. In the diabatic situation the system would follow the single- UicKly, within 1 ps, from the single-peak on the left well to the
well eigenstates, thus jumping from to c. However, here the two-peak state on the right well. The eigenstatexperiences the
system followsd adiabatically instead. inverse process. But in reality the system remains in the first well,

jumping diabatically from statbé to c.

do see several avoided crossings between the eigenenergigs-A, we have a very good handle in choosing which
and the point is that when the pulses are weak, these crossingle-well states are paired into a combined well state. In
ings are passed diabatically, and when the pulses are stromjg. 7 we show two other examples. They demonstrate that

they are passed adiabatically.
In our example, Fig. @), the eigenstatd corresponds

the process does not require the initial state on the left to be
v=0, and the process can be used also to charget keep

initially, and finally, to the lowest vibrational state of the left the initial and final well the samf].

well (i.e., the state populated initially in our calculatjcas
may be confirmed by inspecting Fig(t3. During the time

evolution the system passes the two first avoided crossings

diabatically, but fort>20 ps it follows nearly adiabatically
the eigenstatd. We mark the diabatic crossings with rings in
the figure. Just before=30 ps the system moves diabati-
cally onto the eigenstatg which asymptotically corresponds
with the =1 state on the right we[lsee again Fig.®)]. In
Fig. 5 we show the change at the crucial moment araund
=21 ps. The transition from a narrow single-well wave
function into a wide combined two-well wave function takes
place very quickly. A fascinating aspect is that the evolution
of the total wave function still follows the eigenstatef the
active light-induced potential. A similar adiabatic following
happens also nedr=25 ps when the eigenstatesand d
again approach each other.

For contrast, Fig. 6 shows what happens at the first diaba-
tic crossing, arountl=15 ps. The change in the eigenstates
from one well to the other takes place within 1 ps. Since both
wells are strongly separated, such a transfer is unlikely to

happen and the system evolves diabatically. This is the same

situation as discussed in Sec. Il for the beginning of the
APLIP process. Here the system jumps from the eigenbtate
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FIG. 7. The state tailoring process with=1 in the left well

to the eigenstate, i.e., the actual state is a single peak on theas the initial state(a) »=2 in the right well as the final state.
left well during the process even though the eigenstategierezA;=2010 cmt and%A,=—1960 cm . (b) »=2 in the

change dramatically.
The example given here is not unique. By allowing

053413-4

left well as the final state. HereiA;=2010 cm® and
hA,=-2160 cml.



TAILORING OF VIBRATIONAL STATE POPULATIONS. .. PHYSICAL REVIEW A 62 053413

following of a single vibrational eigenstate is not complete.help the three-level approximation provided there are no
Small oscillating contributions appear in the final state. Theadiabatic crossings with unwanted levels.
contour plots tend to emphasise these oscillations. For ex- If we were to describe the process of tailoring vibrational
ample, in the particular case of Fig(a§, only about 2% state populations using thvébrational state basis of the three
probability of diabatic transfer creates these oscillations.  electronic potentials, the treatment would involve compli-
cated transfer processes between a large number of states.
V. CONCLUSIONS Our presentation shows that the process can be understood
_ very well in terms of the light-induced potentials, and their
We have shown how, even with strong and short lasefime-dependent vibrational eigenstates. Furthermore, this de-
pulses one could perform very selective and yet efficient tai3cripti0n also allows one to identify how the system param-
loring of vibrational state populations in molecules. We havegiers should be set in order to achieve specific outcomes.
used Gaussian pulse shapes, but with other pulse shapes itThe main ingredient is establishing the right balance be-
might be possible to achieve even better control of the adiayyeen the adiabatic following of the time-dependent vibra-
baticity at different avoided crossings between the eigentong) eigenstates, and nonadiabatic transfer between them at
states. The examples we have given show two advantag@goided crossings. We have discussed the situation in a mo-
over the previously described APLIP process. Firstly, havingecylar multistate framework, but in the light-induced poten-
A>0 (a region in which APLIP does not worknoves the  jg) description the relevant process really takes place within
central frequencies of the two laser pulses away from each general two-well potential structure. Thus our observations
other. Secondly, the required intensities are clearly smaller gsg|d also for any two-well structure, where the barrier height

we mainly need to shift the potentials, rather than deforminggng the well depths can be controlled time dependently in
them strongly. Thus the transfer processes may be achievabignilar manner.

with peak powers of less than 1 TW/éniThis is quite ac-
cessible experimentally, although, as discussed in Ref.

we have treat_ed only a th(ee—le_vel system here. We expect ACKNOWLEDGMENT
this to be a fair approximation, given that the pulses must be
a least a little longer than typical vibrational time scales This work was supported by the Academy of Finland,

ducing bandwidth Level repulsion can then be expected to Project No. 43336.
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