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A new idea of controlling molecular photodissociation branching by a stationary laser field is
proposed by utilizing the unusual intriguing quantum-mechanical phenomenon of complete
reflection. By introducing the Floqugpr dressef state formalism, we can artificially create
potential curve crossings, which can be used to control molecular processes. Our control scheme
presented here is summarized as follows. First, we prepare an appropriate vibrationally excited state
in the ground electronic state, and at the same time by applying a stationary laser field of the
frequencyw we create two nonadiabatic tunnelifi§T) type curve crossings between the ground
electronic bound state shifted up by one photon enériggnd the excited electronic state with two
dissociative channels. In the NT-type of curve crossing where the two diabatic potential curves cross
with opposite signs of slopes, it is known that the complete reflection phenomenon occurs at certain
discrete energies. By adjusting the laser frequency to satisfy the complete reflection condition at the
NT type curve crossing in one channel, the complete dissociation into the other channel can be
realized. By taking one- and two-dimensional models which mimic the HOD molecule and using a
wave packet propagation method, it is numerically demonstrated that a molecule can be dissociated
into any desired channel selectively. Selective dissociation can be realized even into such a channel
that cannot be achieved in the ordinary photodissociation because of a potential barrier in the excited
electronic state. €2000 American Institute of Physids$S0021-96060)00639-5

I. INTRODUCTION are optimized under various restrictions. It is usually the

Recently, control of molecular processes or chemical reSase, however, that the optimized pulses have complicated

actions by laser fields has attracted much attention and halructures in the laser frequency as well as in the laser am-
become a hot topic of science thanks to a remarkabl@litude. The use of a chirpedrequency-sweptlaser pulse
progress of laser technolody.Several ideas have been pro- ©riginally proposed by Chelkowski and Bandrduik also
posed so far such as coherent controbump—dump ©One of the effective methods and has been studied by many
method® pulse-shape driven contrdi® and adiabatic rapid authors:®~** Most of them, however, utilize the so called
passage with use of the chirped puls& The essence of the adiabatic rapid passag@&RP), that is to say, the laser fre-
coherent control method originated by Brumer and Shdpiroguency is swept very slowly to keep the system on the same
is to utilize the quantum mechanical interference effect toadiabatic state. Recently, a new scheme of control by sweep-
control the branching of a prepared state into possible decapg laser frequency and/or laser intensity periodically has
channels with use of the phase and intensity of two lasebeen proposed by Teranishi and Nakamidrg,

pulses. The pump—dump scheme proposed by Tannor and As is well known, nonadiabatic transition due to poten-
Ric€' is to prepare a localized wave packet on a bound electial curve crossing presents a very basic mechanism of state
tronic excited state with the first laser pul§gump puls¢  changes in various fields of physics, chemistry, and biology
and make a transition to a final desirable state at some agnd always plays a crutial role in various molecular dynamic
propriate position with the second laser puldemp puls¢  processe$®*” Molecular processes in laser fields can also be
Pulse shape driven control to find the best laser pulse shapgsgarded as nonadiabatic transitions due to potential curve
to control wave packet dynamig®ptimal control theory  crossing, since the Floquétr dressegistate formalism tells
has been formulated and discussed by Kosto#l.,” Rabitz  that curve crossings are created among the dressed Sates.
et al.® Kohler et al.” and Fujimuraet al® The pulse shapes By choosing the laser frequency and/or intensity properly,
those curve crossings may be manipulated to induce desir-
¥Electronic mail: nakamura@ims.ac.jp able nonadiabatic transitions. This is one of the most signifi-
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cant features of laser control of molecular dynamic pro- ( )
cesses. In view of the importance of nonadiabatic transitions,
we have proposed a new idea to control dynamic processes 2.0 T ' '
in a laser field by periodically sweeping the laser intensity
and/or laser frequency at the avoided crossings among
dressed staté$:*®In this paper we propose another new idea Lo 7 7 o E
based on the unusual intriguing quantum mechanical phe- Ae \j Ce
nomenon of complete reflection, which occurs in the case of CkhGex) ik (x-x)]
one-dimensional nonadiabatic tunnelifyT) type curve —Be__,_____ ____—De__ '
crossing. This phenomenon can be nicely treated and formu- 0"_’1'0 X, '_'3'";"’ 010 015 X110
lated by the semiclassical theory of nonadiabatic transitions Coordinate [a.u.]
recently completed by Zhu and Nakamdfd’*°*0One- and (b)
two-dimensional models of photodissociation will be dis-
cussed for a triatomic molecule ABC consisting of a bound 10 . , , .
ground electronic state and a dissociative excited electronic
state with two dissociation channels8C and AB+C. In
the one-dimensional model, complete and selective dissocia-
tion into any desired channel can be realized by adjusting the
initial vibrational excited state and the laser frequency. In the
two-dimensional case, the control cannot be complete but
quite selective dissociation into any channel is possible. y
Even such a dissociation can be realized that a potential bar- 06 07 08 09 10 11 12
rier hinders the ordinary photodissociation along the elec- Energy [a.u.]
tronically excited state potential surface. The complete '®F1G. 1. (@) Schematic representation of the Nifonadiabatic tunneling
flection phenomenon has been utilized to discuss th@pe crossing potential. Solitotted line: adiabatic(diabatio potential.
possibility of molecular switching in one- and two- Dashed line: diabatic coupling. Potentials foxx, andx=x, are assumed
dimensional arrays of the NT type potential urits?2 This to be flat.(b) Transmission probability against energy for the potential of
is the first application of the phenomenon to laser control of'g' 1a.
photodissociation.

This paper is organized as follows. In Sec. Il the physi- ) o B )
cal explanation of the complete reflection phenomenon an§Sting featuresti) The transmission probability dips always
the basic idea of our control scheme are presented with thHEach to zero, namely complete reflection is realized.

help of the semiclassical theory of nonadiabatic transition. In! NS 0Ccurs irrespective of the shapes of potentidis. The

Sec. IIl the basic idea is applied to the one-dimensionaf"Velope of the probability decreases monotonically as en-
model and the completeness of our control scheme is niBrdY increases. The semiclassical theory completed by Zhu
merically demonstrated by performing one-dimensiona@nd Nakamura_ furnishes the (;olr;]glete set of "’_‘”"’T‘yt'ca' for-
wave packet calculations. The numerical results are comulas to describe the process.”***The transmission am-

pared with the prediction by the semiclassical theory ofPlitude T is given by
Zhu—Nakamura. In Sec. IV two-dimensional systems based _

on the model potentials of the HOD molecule are treated T=|Tle'%r=
numerically by using the two-dimensional wave packet
propagation method. A comparison between the numericaVith

results and the predictions from the one-dimensional theory X,

is made, and favorable conditions for selective control of 5T=f ky(x)dx+o—tan *
photodissociation branching are presented. Section V is de- Xo

)

1.5F .

Energy [a.u.]

Transmission prob.

1/2

4 cos ¢ e'or (2.9

4 cog y+p?l(1—-p)

(1—p)sin(2¢)
1+(1-p)cog2y)

voted to concluding remarks. + 7@ —sgn(cosy)], (2.2

Il. COMPLETE REFLECTION IN NONADIABATIC wherep and represent, respectively, the nonadiabatic tran-
TUNNELING TYPE TRANSITION AND BASIC IDEA sition probability for one passage of the crossing point and
OF CONTROL SCHEME the phase along the upper adiabatic potertigl), and are

given explicitly by
Let us first explain the complete reflection phenomenon,

summarize the basic semiclassical theory to formulate the m
phenomenon and present briefly the basic idea of our control eXp ~ 4@
scheme with use of this phenomenon. In the case of NT type
curve crossing in which the two diabatic potential curves ¢¥=0—¢s—0, (2.4
cross with different signs of slopg¢see Fig. 1a)], the trans- | i
mission probability at energies higher than the bottom of the
upper adiabatic potential oscillates as a function of energy as —iln(i) _J aral
is shown in Fig. 1b). We note that there are following inter- ¢S_7-r T 9

2 1/2
l+(l_ﬁ*2f )1/2> ‘|’ (23)

0 T
I;)_Z’ (25)
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05 T T T T T
—
=
Q 03l \\ Q _ FIG. 2. One-dimensional model of the control scheme.
S s s Solid line: ground electronic staté(r), dotted line:
8 Q ! AB+C the excited electronic stai,(r). Two circles represent
[ A+BC N ’I' the NT type crossings created between the excited elec-
TS 02 \\ S tronic state and the dressed ground electronic state
= S (dashed ling The 14th vibrational eigenstatthin line)
o 1 and its dressed stafthin dashed lingof V,(r) are also
L depicted.
DO-‘ o1l h(l) 7

K(r)

0.0 L 1 1 1

Coordinate 7 [a.u.]

o= Jtzkz(x)dx, (2.6)
ty
0.2%
9= o0 " @7
f=0.72-0.62227%5 (2.9
s T (6+10y1—p 212 29
16Vap 1+\1-p2 '
(182
%o —x)AEp—E) 19
_E—(EptEp/2
T BB @13
_ Eb_Et
Y= Xp+ X4 Xp+ X (212
and
V2m(E-E;
kj(x)=M. 2.13

The function®(x) is a step function defined by

0 for x<0
1 for x>0’

®(X)={

E;1(x) (Ex(x)) is the lower (upped adiabatic potential.
X{(xp) andE;(E) are the position of the tofbottom) of the
lower (uppep adiabatic potential and the energyxatx,,). t;
andt, are the turning points o&,(x) at energyE. mis the
mass of a transmitting particle.

As is easily seen from Eq2.1), the complete reflection
(IT|?=0) occurs at discrete energies which satisfy

y=(n+3Hm (n=0,1,2,3,.). (2.14

which simply crosses the barrier along the lower adiabatic
potential without any transition to the upper adiabatic poten-
tial and the transmitting wave which is trapped by the upper
adiabatic potential. At the energies of complete reflection,
these waves interfere destructively at the exit whatever the
nonadiabatic transition probabilitp is, and the incident
wave is completely reflected back. In a periodic potential
system we can utilize this complete reflection phenomenon
together with the complete transmission to propose a new
model of molecular switching’~??> By somehow changing
some of the potential units in the array so that the condition
of complete reflection is satisfied, switching of transmission
can be realized.

Here we try to use this phenomenon to control molecular
photodissociation. Taking a simple one-dimensional model
of a triatomic molecule ABC consisting of a bound ground
electronic state and a dissociative excited electronic state
with two dissociation channels-ABC and AB+C, we dem-
onstrate our idea. We first prepare an appropriate vibra-
tionally excited state in the ground electronic state. Then we
apply a stationary laser field with the laser frequencyhis
laser dresses up the ground electronic state by the photon
energyfhw and the NT type avoided crossings are created in
the two dissociative channels,#BC and AB+C (see Fig.

2). By adjusting the laser frequenay, we can create the
complete reflection condition in either one of the two disso-
ciation channels, that is to say, we can switch off the corre-
sponding dissociation channel and let the molecule dissociate
into the other channel. This cannot be realized, however,
with the ground vibrational state, because the corresponding
phaseys is not enough to satisfy E¢2.14).

With use of the semiclassical theory, we can further
clarify the above-mentioned control scheme analytically. It is
convenient to use the following transfer matNixwhich be-
longs to theSWU(1,1) Lie group and connect the coefficients
A, B, G andD of the wave functions on both sides of the
crossing as followgsee Fig. 1a)]:2%?

This phenomenon can be interpreted as the quantum-
mechanical interference effect between the transmitting wave
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> FIG. 3. Two units of the NT type crossing potentials.
?_P The left-side (right-side unit is refered to as KlI).
15y 'k . . " Solid (dotted line: adiabatigdiabatig potential. Poten-
= . RYV (x-x) Ae'k(x‘xo) tials for x<x}, x,<x=x}J, andx=x} are assumed to
84} De—tk(x—xo) s —_— ik(x-x") be flat. The barrier in the middle is taken to be high
-— i i Ce enough so that the tunneling there can be neglected.
~ik(x-x) —ik(x— 2™
< <
1 [ T T}
Xo X . Xo X
Coordinate x
where 1 Rj*
T*  T*
1 R T
= = N=| ] G=nn. (2.23
™ T IR 1
N= . 2.1 = =
R 1 (210 T T
T T

The quantitiek andl are, respectively, the wave number at

Here R=|R|e'= represents the reflection amplitude and isZero potential in the middle and the distangge- x} between
the two units.

given by
From Egs.(2.20—(2.22), we have
IR|=V1-[TJ%, (2.17 .
ol
and B=—RjA= e 2THIA, (2.24
1
X t
5R=—g+2j tkl(x)dx+2f2k2(x)dx+200 C=TA, (2.29
X X
° ° and
1-p)sin(2
—tan ! 1_5_ 1p) " l/;) }, (2.18 T
(1-p)cog2y) DzﬁeﬂklA_ (2.26

whereT, p, and ¢ are given before, and

Xp— Xt 1 [ka(x)) —Ka(xp)]?
2 {kl(xt)+k2(xb)+ 3 kl(xt)+k2(xb) ]
(2.19

Now let us consider the two NT-type of curve crossings 2.27
shown in Fig. 3, where the potential barrier in the middle is
assumed to be high enough for the tunneling to be negligibléW/hat is required is an appropriate choice of the laser fre-
Suppose we prepare an initial wave in the middle, and n@uency and the initial vibrational state to satisfy the complete
incoming waves from outside of the system. Then we haveeflection condition at the right side NT type crossing. Simi-
the following equations: larly, if we want to dissociate the molecule completely into
the right sideD =0, then we have to satisfy the condition,

If we want to stop the dissociation into the right side and
make the molecule dissociate completely into the left side,
i.e.,, C=0, then we naturally obtain the following condition
from Eq.(2.25:

Oo=

T|| =0.

C A
(O):NH(B)’ (2.20 T,=0, (2.28
A 0 which is satisfied at different laser frequencies from those of
(B’) :N'(D)’ (2.2 Eq. (2.26. Thus, by appropriately adjusting the laser fre-
quency, we can switch on and off the dissociation as we
Al (e 0 \/ar desire. When the conditiori@.27) and(2.28 are satisfied at
B =< 0 e—ikl) ( B’)’ (222 the same time, the initial wave is trapped in between the two

potential units and bound states in the continuum can be
created. This is possible when the two potential units are the
same and the condition of quantization is satisfled.

whereN,(N,,) represents th&l matrix at the left(right) side
curve crossing, and is given ljgee Eq(2.16)]
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Vardi and Shapirtf proposed an idea of laser catalysis R Vi(r) = uE(t)
in which an electronically ground state with a potential bar- V=| _ E) V() | (3.6
rier has two crossings with a well type excited state in the K 2
dressed state picture and complete suppression of tunneling

occurs. Depending on the parameters, the complete reflection 2 d?

and transmission coexist at energies very close to each other, T omar?

indicating 4tr21at this i§ a spe_:cial case of the Fano-type K= 52 g2 (3.7
resonancé?*?° Interestingly, this phenomenon can be ana- 0 v 2

lyzed analytically by the Zhu—Nakamura theory at@he 2mdr?

complete reflection phenomenon in this case is induced by

the two curve crossings and is quite different from the The dissociation flux is integrated over time at a certain

ina. Th A . ile. si h E:‘;1symptotic position to obtain the corresponding dissociation
€rossing. TNe present one 1S more versatiie, since the co yrobability. In order to prevent the unphysical reflection of
plete reflection can be controlled independently from th

| S he wave packet at the edges, the negative imaginary poten-
complete transmission. tial (absorption potentialis put at both end® We have
prepared the 14th vibrational eigenstate of the ground elec-
lIl. SWITCHING OF PHOTODISSOCIATION IN ONE- tronic state(the quar_1tum number=13) as an initial state
DIMENSIONAL MODEL and l_Jsed the following parameters for the wave packet cal-
culation: m (reduced mags-1.0 a.m.u.,u=1.0 a.u.,I=1.0
In order to demonstrate the present idea clearly, numeriTw/cn?, At (time step=1.0 a.u., and\r (spatial grid sizg
cal calculations of wave packet propagation are carried out0.016 a.u.. The total number of the spatial grid points is
for a one-dimensional potential system shown in Fig. 2. Thes12,
potential functions employed are The complete reflection positions can be analytically
_ 152 predicted as is shown in Fig(@. Once the laser intensity
Va(r)=0A1-e ). @D is selected, the shapes of the adiabatic potential curves, i.e.,
0_15372.0070.232_*_0.25“>0.25 52 i?e grom;ind elc(ajcttrr]onic s_‘E[atéa slhif;ed up ?y one photc(;ntenergy
) r)+7%w and the excited electronic s r), are deter-
0.18 290251 9 22(r<0.25 (1) +ho ar atg(r) i
mined for a fixed laser frequeney and then the positions of
in atomic units. The molecule-laser interaction is taken to beeomplete reflection can be easily estimated by solving Eq.
_ _ (2.14). The solid (dashedl line in Fig. 4a) represents the
Vin(t) = = pE(t)= /| cog wt+3), (33 complete reflection position at the left-sittgght-side chan-
where w is the transition dipole moment between the twonel. The dotted line represents the relevant vibrational level,
electronic states arid(t) is the stationary laser field with the which is shifted up by one photon enerdy», namely a
frequencyw and the intensityf. The one-dimensional time- linear function of the frequency. Thus the crossing points
dependent Schdinger equation to be solved is marked by solid(dotted circles give the positions of the
complete reflection for this vibrational state on the (efjht)

Vy(r)=

i b(r.1) side. The calculated dissociation probabilities against laser
gt ¥a(r,t) frequency are depicted in Fig(B). In order to concentrate
72 g2 on the important dissociation dynamics, here, we have as-
—%WJer(r) — pE(t) sumed that the initial vibrational state was prepared. The
— solid (dotted line represents the dissociation into the right
—LE®) h? d? V(1) (left) channel; the zero probability positions of the sdfidt-
2mdr2 ' U2 ted line coincide with the soliddotted circles in Fig. 4a).

The highest dip at»~48000cm*® is not complete because
P’l(r't)} (3.4) of tunneling. Wave packet dynamics are shown in Fig. 5 for
Wo(r,H)) ' the laser frequencies corresponding(& the complete re-
where W, (r,t) (¥,(r,t)) is the nuclear wave function on flection on the right side¢= 31000 cm*) and(b) the com-
the ground(excited electronic state. Eq3.4) is solved by Plete reflection on the left¢=35000cm*). The ground
using the split operator meth®dwith the fast Fourier trans- State componerjt¥ ;| ? which represents the initial eigenstate

form: att=0 decays as time goes, while the excited state compo-
) nent|W,|? completely moves out into the leftight) disso-
Wo(r,t+At) Y . ciation channel, ABC (AB+C), as seen in Figs.(8 and
[\Pz(r,HAt) - p(_%im)em(_%“t) 5(b).
R As is demonstrated above, within the one-dimensional
% exp( B '_ X )[‘I’l(f,t)} +o(AE) model our control scheme can be perfect and a molecule can
h 2 Wy(r,t) ' be made to dissociate into any channel as we desire by ad-

(3.5 justing the laser frequency for a given vibrational state. The
. . ' initial vibrational state should, however, be appropriately an
whereV andK are the 22 matrices, excited one, since the phageshould satisfy Eq(2.14).
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FIG. 4. (a) Analytical prediction of the complete reflec-
tion positions. Soliddashed lines: complete reflection
positions at the left-siddright-side channel. Dotted
line: the dressed 14th vibrational eigen statevefr).
Solid (dashed circles represent the complete reflection
of the vibrational state at the left-sideght-side cross-
ing. (b) Dissociation probability as a function of laser
frequency. Solid line: dissociation into the right-side
(AB+C) channel, dotted line: dissociation into the left-
side (A+BC) channel, dashed line: sum of the two dis-
sociation probabilities to guarantee the unitarity.

=
<

o
()

.°
a

Dissociation probability
° )
() -3

e
°

Laser frequency [cni’ ]

IV. CONTROL OF MOLECULAR PHOTODISSOCIATION sents the mode coupling, and the parametersnd B are

IN TWO-DIMENSIONAL MODEL assumed to be larger than the values used in Ref(A29
— -1 — H

A. Switching of photodissociation =1.0a.u-! and B=0.006 76 hartree/a3).in order to dem- _
onstrate the present control scheme more clearly. The excited

Let us next consider a two—dimensi_onal model. As anglectronic state/,(ry,rp) shown in Fig. €b) is taken to be
example, we take the HOD molecule with two dissociationihe analytical function of Engedt al,*® which was fitted to

channels: HOD and HO+D. We consider the ground elec- the ab initio calculations by Staemmlet al.3! The mass-
tronic stateX and the excited electronic state The bending scaled Jacobi coordinatesfor O—H distance andR for
and rotational motions are neglected for simplicity with theOH-D distance are introduced,

bending angle fixed at the equilibrium structure of

the ground electronic state, i.e., at 104.52 deg. The ground [ Moy 1/4| | 4.2
electronic state potentiaV,(ry,rp) [shown by dotted B Mp oK fl, ’
lines in Fig. &a)] is taken to be two coupled Morse
oscillators?® Mpon| ¥4 My
. 2 i B L “3
Vi(ry,rp)=D(1—e " ")+ D(1—e *'p7"0)") OH HTTO

wherery (rp) is the vector from O atom to HD) atom,
(4. mop=memy/(Mo+my), Mp,on=[Mp(Mo+my) 1/(mp

+mg+my), andmy, mg, andmp are the mass of H, O,
wherery (rp) represents the H—-@-0) bond length, and and D, respectively. With use of these coordingteR) the
D=0.2092 hartree, y=1.1327a.u.}, ro=1.8lau., A two-dimensional time-dependent Sctimger equation is
=3.0a.u. !, andB=0.25 hartree/a.t. The last term repre- written as

(ru=ro)(rp—ro)
TP Aty F(rp=Tg)
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(a)

. 1
ft-side chann®
Le A+BC

: 1
. : 1 Right—slde channe
hi-side channe
Rig AB+C AB+C

. 1
ft-side chann®
Le A+BC

S mm&.

= A
Q')e) 15 2
? -05 0 0.5 1 k

2 -8

-
Coordinate " [a.u.}

FIG. 5. Time-dependent dynamics of wave packet when the laser freque(@)8is 000 cm* and (b) 35 000 cm™. The upperlowen part of each figure
shows the dynamics of the excitéground state wave packdsolid line). The dotteddashedl line represents the uppéower) adiabatic potential.

ﬁ2 (92 (92
— —| =5+ = | +V4(r,R — wE(t)
g [Wy(r,RY] Zm(ar2 &RZ) 1(1,R) K ¥.(r,R,t) 42
| Walr R _ B2 R P “lwor R 44
— t | -
HE() Zm(&r2+ Rz TVarR)
x
Herem is the reduced mass of the system, composed of the 17th vibrational state of the O—H bond and
— the 23rd vibrational state of the O—D bond and spreads into
m= \/ MyMoMp _ (4. both bonds due to the coupling, as is depicted by solid lines
my+ Mo+ mp in Fig. 6(@). The laser intensity and the various grid sizes

W, (r,R,t) (W,(r,R,t)) represents the wavefunction of the @re taken to be 1.0 TW/c%nAtzl.O a.u,Ar=0.029a.u.,
ground(excited electronic state. Equatio.4) is solved by ~and AR=0.034a.u., respectively. The total number of the
using the split operator method with the two-dimensionalSPatial grid points is 256 256. Figure 7a) depicts the cal-
fast Fourier transform in the same way as in Sec. IIl. Theculated dissociation probabilities against laser frequency.
dissociation flux is integrated over time in a certain The solid(dotted line represents the dissociation probability
asymptotic region before the negative imaginary potentialgnto the H-OD (HO+D) channel. The dissociation prob-
which are put at both ends. The transition dipole moment abilities change alternatively as a function of the laser fre-
is assumed to be 1.0 a.u. and the stationary laserHiglfis  quency , and the dissociation into the +HOD (HO+D)
taken to be|l cos@t+8). An initial state is prepared at the channel is preferential when the laser frequendy ~7000,
145th vibrational eigenstate f,(r,R) by solving the two- 8000, 10000, and 11500 ¢rh (9000, 11000, and 14 000
dimensional eigenvalue problem by the DV&screte vari- cm™%). The control is not perfect this time because of multi-
able representationmethod®® This initial state is mainly dimensionality, but is still quite selective. The molecule can
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(a) 65 __ ~7200cm ! and the peak ab~13500cm?! in the H+OD

: dissociation channel. The former is shallow and shifted to
higher frequency~7500 cm?) in Fig. 7(a), and the latter
has almost disappeared. This is due to the topography of the
potential energy surface, representing the difficulty of multi-

55

45 dimensionality. The wave packet dynamics on the excited
';' state are shown in Fig. 8. The wave packet is depicted by
.2.. as b solid lines at various times. The dashed lines in these figures
represent the crossing seam lines between the dressed ground
a4 vs state and the excited state. Figur@)8corresponds to the

laser frequency 9000 cm, and thus the wave packet moves
out into the HOFD channel. Figure @) corresponds to the
laser frequency 11500 cm, and the wave packet almost
dissociates into the HHOD channelsee Fig. 7a)].
: - - : As the above results demonstrate, the selective dissocia-
tion based on the complete reflection phenomenon can be
realized even in two-dimensional systems. The control natu-
rally cannot be perfect like in the one-dimensional case, but
can still be quite effective. The dissociation into a certain
channel is stopped by the complete reflection phenomenon
and the reflected wave packet is transfered into the other
channel due to the mode-coupling via the ground electronic
state and is finally dissociated into the latter channel. No
analytical theory exists for two-dimensional problems, but
the one-dimensional theory can be used to some extent in the
above-mentioned way to roughly estimate the appropriate
conditions. The favorable conditions of the selective control
in the two-dimensional system may be summarized as fol-
lows: The mode-coupling in the ground electronic state
should be localized around the equilibrium position and
should be negligible in the region of crossing seam created
by the laser field. Otherwise the mode-coupling potential de-
- s ) - stroys the complete reflection condition. In other words, the
08 '8 28 88 8 53 initial vibrational state should have the one mode character
7 [a,u.] around the region of crossing seam, and the L-shape wave
function like that in Fig. € is favorable.

15

(b)

R [au]

FIG. 6. (a) Contour plots of the ground electronic state of HQdbtted
line). The contour spacing is 8500 ¢ The density of the 145th vibra-
tional eigenstate is superimposéxblid ling). (b) Contour plots of the ex-

cited electronic state of HOD. The contour spacing is 5000%cm B. Dissociation into non-dissociative channel

Our control scheme can also be applied to such a two-

dimensional system that the excited electronic state has a
be made to dissociate preferentially into any channel as wpotential barrier which is shifted very much to one of the
desire by choosing the laser frequency and the vibrationathannels and prohibits the dissociation into that channel. As
state appropriately. The complete reflection positions in thesuch a model system, we have employed the same potentials
H+0OD (HO+D) channel can be roughly estimated analyti- as those used in the previous subsection and slightly modi-
cally by taking a one-dimensional cut of the potential energyfied the excited state potential so that the saddle point is
surface along the minimum energy path of the O¢@+-D)  located in the H@-D channel(see Fig. 9. The only one
bond into account and using the one-dimensional formulderm of the excited electronic state, 0.244 35880
Eq. (2.14). The vibrational state is taken to be=17(23) for ><(sls§+ $2S,) in Ref. 30, is changed to 0.144 35890
the O—H(O-D) channel. Figure (b) depicts these estimates. X (S,S3+0.855S;). With this modification the dissociation
The solid (dashed lines represent the complete reflection into the HO+D channel is not possible anymore along the
positions in the H-OD (HO+D) channel. The dotte@ash—  excited state potential surface, if the initial vibrational state
dotted line shows the vibrational state=17 of the O—H s localized in the H-OD channel. The same initial state and
bond (v=23 of the O—D bongshifted up by one photon method of wave packet propagation are used as those in the
energy. Thus the soli(Hotted circles indicate the positions previous subsection. The calculated dissociation probabilities
of complete reflection in the HOD (HO+D) channel. Asis  against the laser frequency are shown in FigalOrhe solid
seen in Fig. 7a), the dips of calculated dissociation prob- (dotted line stands for the dissociation probability into the
abilities correspond well to the complete reflection positionsH+OD (HO+D) channel. When the laser frequency is either
predicted analytically. Exceptions are the dip at one of ~10000 cm?!, ~12500 cm?, ~17 000 cm?, and
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dissociation probabilities(b) Analytical prediction of
the complete reflection positions. Solidashed lines:
the complete reflection positions in theHdD(HO+D)
channel. Dotteddash—dotteline: the vibrational state

v =17 of the O—H bondv =23 of the O-D bong The
solid (dotted circles represent the complete reflection
positions when the 145th vibrational eigenstate is pre-
pared as an initial state on thetfDD(HO+D) side.
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~19000 cm?, the dissociation into the HHOD channel is  this subsection in the sense that the saddle point of the ex-
preferential, while the dissociation into the H® channel  cCited electronic state is located in the &HSH channel and
is preferential when the laser frequency is set~8000 blocks the C—S bond breakirfg.This molecule is actually
cm 1, ~11000 cm?, or ~13500 cmt. As is clearly seen, known not to be dissociated into this channel by the ordinary
the control is quite selective and the dissociation even intg@hotodissociation. The similar type of two-dimensional wave
the non-dissociative H®D channel is possible by adjusting packet calculations are performed with use of the potential
the laser frequency appropriately. The analytical predictiorenergy surfaces available in the literatdt@he initial vibra-
of the complete reflection positions is shown in Fig(ldaGn  tional state used is the 123rd one which corresponds to the
the same way as in Fig. 7. The soldhshedl lines depict the v =38 local mode of the S—H bond. In the same way as be-
complete reflection positions in thetHDD(HO+D) channel,  fore, Fig. 11a) presents the analytical prediction of the com-
and the dotteddash—dottexline represents the vibrational plete reflection positions in the GB+H channel based on
statev =17 of the O—H bondv =23 of the O-D bong the one-dimensional cut of the potential energy surface along
shifted up by one photon energy. The salitbtted circles  the minimum energy path of the S—H bond and the vibra-
show the position of the complete reflection in thetional statev =8 of the S—H bond. Figure 14) shows the
H+OD(HO+D) channel. The dissociation probability dips dissociation flux accumulated over the time interval of 1 ps
in Fig. 10@) coincide quite well with these analytical predic- for the S—H bond breaking, i.e., the dissociation into the
tions. Some of the dipéw~16 000cm® and 18000 cm')  CH5;S+H channel, as a function of the laser frequency. There
and the peak ab~ 15000 cm? are, however, not complete are some conspicuous dips which correspond to the circles in
because of the multi-dimensional topography of potential enFig. 11(a). These dips are, of course, due to the complete
ergy surface. reflection in the CHS+H channel and indicate that the re-
The CHSH molecule resembles the model studied inflected wave packet can be transfered into the other channel
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CHs+SH via the ground electronic state through the mode- 65
coupling. In the present model potential, however, there is no
mode-coupling between the two channels in the ground elec-
tronic state; thus the wave packet stays inside and does not
dissociate into the Ci+SH channel. If there were an appro-
priate coupling between the two channels, we could dissoci- 45
ate this molecule into the unusual channel of ,@I3H by
using the present control scheme.

35

V. CONCLUDING REMARKS

R [au]

) 25
In this paper, a new control scheme of molecular photo-

dissociation with use of the complete reflection phenomenon

was proposed and demonstrated numerically in the one- and 15
two-dimensional models. In the present control scheme, an
appropriate vibrational excited state is prepared at first and L L L L
then by applying the stationary laser field with the laser fre- 05 18 28 85 48 55
quency o the two NT type avoided crossings are created

between the ground electronic bound state dressed up by one r lau]

photon energyhiw and the excited dissociative electronic FIG. 9. Contour plots of the modified excited electronic state of HOD. The

State-_ If the complete reflection OCCUFS at the NT type CUNV&addie point is located in the HED channel. The contour spacing is 5000
crossing in one channel, that channel is switched off and them™™.
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FIG. 10. (a) Dissociation probability against laser fre-
quency in the case of the 145th vibrational state of

(b

N’

HOD. Solid (dotted line: dissociation into the
H+OD(HO+D) channel. Dashed line: sum of the two
dissociation probabilities(b) Analytical prediction of
the complete reflection positions. Solidashed lines:

Energy [a.u.]

the complete reflection positions in theH®D(HO+D)
channel. Dotteddash—dottedline: the vibrational state
v =17 of the O—H bondv =23 of the O—D bongd The
solid (dotted circles represent the complete reflection
positions for the 145th vibrational eigenstate.
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dissociation into the other channel becomes preferential. By
adjusting the laser frequency, we can create the complete
reflection condition at any one of the two dissociation chan-
nels, and thus we can selectively switch on and off the dis¢3)
sociation. Within the one-dimensional model this scheme
can be completely realized. In the two-dimensional models,
the control cannot be complete because of multidimension-
ality, but can still be effective and selective, as was demon-
strated with use of the model mimicking the HOD molecule.
The selective dissociation even into a non-dissociative chang
nel is demonstrated to be possible. Good points of the
present new control scheme may be summarized as follows:

(1) Stationary laser field is good enough and only the fre-
quency is required to be adjusted. )

(2) Strong laser field is not necessarily needed and the
present scheme is not very sensitive to small fluctuation
of the laser intensity, because the complete reflection
position is mainly dependent on the laser frequency and
is much less dependent on the laser intensity. The sensi-
tivity to the laser frequency becomes less at lower inten-
sity. This is because the complete reflection dip becomes

wider for the weaker diabatic coupling, i.e., for the
weaker laser intensity, although the transmission on the
other side becomes a bit less effecttie’

The control can be selective because of the complete
reflection phenomenon. The wave which is reflected at
one NT type curve crossing due to the complete reflec-
tion is transfered via the ground electronic state and dis-
sociated into the other channel by the mode-coupling
potential.

) Selective dissociation can be made even into such a non-

dissociative channel that cannot be attained in the usual
photodissociation method because of a potential barrier
in the excited electronic state.

Analytical prediction of the complete reflection positions
can be easily made with use of the one-dimensional
semiclassical theory and the appropriate selection of ini-
tial state and laser frequency can be carried out analyti-
cally. Even in a two-dimensional model such analytical
prediction can be performed to a good extent with use of
the one-dimensional theory, when the initial vibrational
state has local mode character in the region of the cross-
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FIG. 11. (a) Analytical prediction of the complete re-
flection positions in the case of two-dimensional model
of CH5;SH. Solid line: the complete reflection positions
45000 50000 in the CHS+H channel. Dashed line: the vibrational
statev =8 of the S—H bond. The solid circles represent
the complete reflection positions for the 123rd vibra-
tional eigenstate(b) Dissociation probability against
the laser frequency for C3H—CH,S+H in the case

1 4
\/ \ / ‘ , \ of the 123rd vibrational state.

08 |

(

2
:
:
:
:
:
g

06 - 1

04 | 4

02 R

Dissociation probability

" " A L

' '
15000 20000 25000 30000 35000 40000 45000 50000

Laser frequency [cni']

ing seam created by the laser field, i.e., when the modeome other potential crossing systems as reported in Ref. 26
coupling is localized away from the crossing seam.and those cases can also be used to control some other type
These are the favorable conditions for the selective conef molecular processes.

trol in two-dimensional cases.
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