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Control of HOD photodissociation dynamics via bond-selective infrared
multiphoton excitation and a femtosecond ultraviolet laser pulse

Bjarne Amstrup and Niels E. Henriksen

Chemistry Department B, The Technical University of Denmark, DTH 301, DK-2800 Lyngby, Denmark

(Received 20 April 1992; accepted 24 August 1992)

A scheme for controlling the outcome of a photodissociation process is studied. It involves
two lasers—one intense laser in the infrared region which is supposed to excite a

particular bond in the electronic ground state, and a second short laser pulse in the ultraviolet
region which, at the right moment, excites the molecule to a dissociative electronic state.

We consider the HOD molecule which is ideal due to the local mode structure of the
vibrational states. It is shown that selective and localized bond stretching can be created

in simple laser fields. When such a nonstationary vibrating HOD molecule is photodissociated
with a short laser pulse (~5 fs) complete selectivity between the channels H+OD and

D+ OH is observed over the entire absorption band covering these channels.

I. INTRODUCTION

Bond-selective excitations and its use in controlling the
outcome of chemical reactions is a subject of much current
interest.! A nice example is the photodissociation of HOD
in the first electronically excited state. The vibrational
eigenstates of the electronic ground state are essentially
local modes in the OH or OD stretch. The states are either
pure OH or OD excitations or combinations thereof. If,
e.g., an excited OH eigenstate is populated in HOD (we
can denote such a molecule as H-OD), an enhanced
branching into the channel H--OD is observed in a sub-
sequent photodissociation process.>® This has been dem-
onstrated theoretically as well as experimentally. The setup
involved two lasers in the cw regime (i.e., pulsed lasers
with a long pulse duration were used in the experiments)—
the first laser prepares the vibrational eigenstate and the
second laser dissociates this state via an excitation to the
first electronically excited state. The branching ratio be-
tween H+OD and D+ OH was analyzed as a function of
the frequency of the second laser. It was shown that this
ratio depends on the frequency. High selectivity could be
obtained, however, only in a narrow frequency region. This
frequency region is broadened when the initial vibrational
excitation is increased but is still relative narrow even at
high vibrational excitation.

The question we are considering in this paper is: Can
we control the branching ratio in HOD photodissociation
completely, i.e.,, at all frequencies obtain the desired
product—and what will it take to do so? The scheme we
are suggesting here is a modified form of the scheme men-
tioned above. In order to obtain complete selectivity ap-
propriate linear combinations of the local mode eigenstates
in HOD must be created. We study therefore first the pos-
sibility of creating selective and localized bond stretching
via simple intense infrared (ir) laser fields. The HOD mol-
ecule seems to be an ideal candidate where, in addition, a
good potential energy surface exists. Using intense ir laser
fields, we will consider bond-selective multiphoton transi-

tions and, in particular, the possibility of creating localized
wave packets in OH/OD, respectively, corresponding as
far as possible to a vibrating bond in a classical sense.

In connection with controlling the outcome of chemi-
cal reactions, a vibrating (nonstationary) molecule impose
restrictions on the optimal timing concerning its subse-
quent use in chemical reactions (e.g., in photodissocia-
tion). The outcome of subsequent reactions can depend on
the bond length as well as the momentum in the excited
bond. This active control scheme should be contrasted
with passive control via bond-selected vibrational eigen-
states which is easier to handle, but, on the other hand, it
does not hold the same potential as active control due to
the delocalized structure of vibrational eigenstates. Thus
the present study looks into a (conceptually) simple way
to extend the control in HOD photodissociation and sim-
ilar processes.

The present study is obviously also related to previous
work on multiphoton excitation of molecules as well as
other control schemes. Like the studies by Manz and co-
workers on multiphoton excitation of water™® (see also
Ref. 9) and the pump—dump scheme suggested by Tannor
and Rice.!%!! The scope and aim of these studies were,
however, somewhat different from the present study. An-
other interesting active control scheme for unimolecular
reactions has been introduced by Brumer and Shapiro.'*!?

This paper is organized in the following way: Section
IT defines the Hamiltonian of HOD in a laser field and
describes the numerical technique used in order to solve
the time-dependent Schrédinger equation. The vibrational
dynamics of the electronic ground state induced by ir mul-
tiphoton excitation is presented and discussed in Sec. IIL
In Sec. IV the nuclear dynamics in the first (dissociative)
electronically excited state is analyzed for photodissocia-
tion out of various initial vibrational states. The results are
summarized in Sec. V.
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. THEORY AND MODEL

We consider the two degree of freedom model of HOD
where bending and rotation is neglected.” The coordinates
describing the O-H and O-D bonds are denoted by 7, and
7,5, respectively. The associated conjugate momenta are p,
and p,. The internal kinetic energy operator is given by

~ P P N o

T_.__.l._ _2+1_7_1_,p_2_ s 6, (1)
2y 2.“2 mo

where

s B0 i=1,2

Pi=Z5- J=La

7 i oy

wy=mpme/ (mg+mg), (2)

wa=momp/(mg+mp),

and 6 is the fixed bending angle of 104.52 deg.

Two electronic states of the molecule are considered:
the electronic ground state and the first electronically ex-
cited state. An intense laser in the infrared (ir) region and
a (weak) laser in the ultraviolet (uv) region of the spec-
trum are interacting with the molecule. The intensity of the
second laser is so low that stimulated emission from the
excited electronic state can be neglected. The time evolu-
tion associated with the nuclear motion can then be calcu-
lated from the time-dependent Schrédinger equation,

‘(,llg ﬁg'f'ﬁir(t) ﬁuv(t) ¢g ‘
haz(zbe) ( () A (d') )

where Y,=1v,(r,r5,2) and ¢, =9.(r,rt) are the wave
functions associated with nuclear motion in the ground
and ﬁrst exmted electronic state, respectively. H T + V
and H o= T+ V are_ the nuclear Hamiltonians 1n the two
states. H, (¢) and Huv(t), to be specified below, describe
the interaction between the molecule and the two lasers.

Equation (3) is solved numerically on two two-
dimensional grids, with the initial condition (£=0) that ¥,
is the vibrational ground state of HOD,

P(r1,72t=0) ={r,1r3| Log=0,nop=0) (4)

and ,=0. The effect of the kinetic energy operator of the
Hamiltonian is evaluated using a two-dimensional fast
Fourier transform (FFT) algorithm.'* The time propaga-
tion is evaluated using the Lanczos scheme.!> The vibra-
tional ground state is obtained via propagation in imagi-
nary time.'®

In the calculations, we have used a time step of the
order of 0.5 a.u. and a grid spacing, 67, which equals 0.042
dy. Atomic units is used throughout this article unless
other units are indicated explicitly.

A. Electronic ground state

The potential energy function associated with the elec-
tronic ground state is represented as two Morse oscillators
and a coupling term,!”!®

Vg(rI:rZ) =D[ l1—e
+f12("1—"o) (7‘2—"0), (5
where D=0.2092 hartree, =1.1327 a5 ', r0=1 81 ay, and

Fpp
fe= 1 ATl (6)

—a(ry—ry) ]2+D[ 1 ﬂe—a(rzfro) ]2

where B=1.0 ¢5’}, and Fj,=—6.76X 10~ hartree/a3.
The interaction with the laser field is described semi-
classically in the electric dipole approximation. Thus

Hio () = — pg(r,0,) Eoa () cos wy, (7)

where a(t) describes the shape of the pulse. We consider a
rectangular pulse, i.e.,

0 ¢<0
a(n)={1 0O<igy, (8)
0 f>f1

where ¢, gives the pulse length and a Gaussian pulse,

8 t2 174
o0=("2) " expl—pu—5] )

which is normalized such that it carries the same energy as
the rectangular pulse of length #. The pulse length of the
Gaussian pulse, defined as the full width at half-maximum
(FWHM), is 41n2/y.

The electric dipole moment function of the electronic
ground state is described by a bond dipole model,*

Bg(ry,12) =T 1o exp(—r/F*) +rug exp(—r/r¥),  (10)
where 110=7.85 D/A and ¥*=0.6 A. The HOD molecule is
placed in the xz plane with the z axis as bisector. With an

x-polarized electric field of the exciting laser, the interac-
tion takes the form,

B () =[1 (1) —5(7) 1o (£) cos wy (11)
where
,u.j(rj) =u0rjexp(—rj/r*), _]= 1,2,
(12)

Ag=Ey cos ¢,

and ¢=(r—0)/2.

Little is known about the exact form of the dipole
moment. Ab initio calculations on the dipole moment of
water seems only to be available in a small region around
the equilibrium configuration.?’ This region is, however,
too narrow for the present conditions where the bonds can
execute large amplitude motion. When we compare the
first derivative with respect to a bond distance (leaving the
other bond in its equilibrium position) at the equilibrium
position the agreement between the model function and the
ab initio calculation is poor. Thus the derivative of the
model function is —0.949 D/A, whereas the ab initio cal-
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culation gives 0.395 D/A. Whether this disagreement is
due to inaccurate ab initio data or a deficiency in the model
function is not clear. The model function was, however,
fitted to some experimental data.!® Anyhow, it is expected
to reproduce nothing but the qualitative behavior of the
dipole moment.

B. Photodissociation in the first excited electronic
state

The potential energy function of the first electronically
excited state, V,, is known from ab initio calculations.?!??
This ab initio surface is used in our calculations. The tran-
sition dipole function was also calculated by ab initio meth-
ods but only in a relatively small region (ry,r,<2.6a,)
which is too small for the present purpose. Therefore, we
use the expression,>

2.225 2.225
Hee=1 L P X T L P *

(13)

which is constructed such that it gives values similar to the
ab initio data and, at the same time, goes smoothly to zero
as the bonds dissociate.

The transition dipole moment vector, pi,,, is perpen-
dicular to the molecular plane.?2 We assume that the elec-
tric field vector of the uv-laser field is parallel to this vector
and the interaction with the laser takes the form,

ﬁuv(t) = '_IJ'ge(rlarz)an(t)COS Wyl (14)
We consider an ultrashort (8 function) pulse,

a(t)=8(t—t,,) (15)
and a Gaussian pulse shape,

a(t)=exp[—y(t—1y)%]. (16)

Ill. DYNAMICS IN THE ELECTRONIC GROUND STATE

We consider here vibrational dynamics induced by the
intense ir laser. In order to find appropriate resonance con-
ditions, the vibrational energies are needed. The energy
and assignment of the first 16 vibrational eigenstates of
HOD as found by integrating the Schrédinger equation in
imaginary time'® is given in Table I. Compared to available
experimental data,!” the deviation is less than 0.25%. The
last two columns gives a comparison to the energy and
wave functions of the corresponding states in the two un-
coupled Morse oscillators. The effect of the coupling terms
in the kinetic energy and the potential for HOD is, accord-
ingly, very small for the states considered here. The effect
on the energy spacing is negligible. When contour plots of
the higher vibrational states are inspected the effect of the
coupling is seen as a small rotation of the eigenstates, they
are not completely parallel to the OH and OD axis, respec-
tively. The vibrational ground state {0,0) superimposed on

the associated potential energy surface (dashed lines) is

shown in Fig. 1. This is the initial state (z=0) for. the
vibrational dynamics considered in the following.

‘We consider first a laser pulse with a rectangular pulse
shape as defined by Eq. (8). The effective intensity
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TABLE 1. Energy and assignment of the first 16 vibrational eigenstates
in HOD. The energy is measured relative to the vibrational ground state.
noy and ngp denotes the number of vibrational quanta in OH and
OD, respectively. AE is the energy of the two corresponding uncoupled
Morse oscillator states, minus E,,OH,,, oD The last column gives the over-
lap between the eigenstate and the product of the two corresponding
states in the uncoupled Morse oscillators, ie, S

"o oD
= |{nou | {nop| nomMnop? |

Enopunop (6m™Y)  Mow  nop  {row)  {rop) AE(em™") Sy non

0 0 0 1.84 1.83 0 1.000

2728 0 1 1.84 1.87 -2 0.999

3706 1 0 190 1.83 1 0.999

5369 0 2 1.84 192 —4 0.997

6433 1 1 1.90  1.87 -2 0.994

7250 2 0 196 1.83 3 0.997

7925 0 3 1.84 196 -5 0.997

9073 1 2 1.90 192 -5 0.990

9975 2 1 1.96 1.87 -2 0.987

10 395 0 4 1.84 201 —6 0.996

10 632 3 0 202 1.83 5 0.993

11 628 1 3 190 196 -7 0.988

12614 2 2 1.96 1.92 —6 0.980

12778 0 5 1.84  2.06 -7 0.996

13 354 3 1 202 1.87 -2 0.975

13 852 4 0 209 1.83 9 0.987

[eoc(Eq cos $)?/2] is 50 TW/cm® and the (central) fre-
quency w;,==E,;q/4=23463 cm™!. The pulse length is 7
=500 fs=0.5 ps. Figure 2 shows (r) and (r;), i.e., the
expectation value of the OH and the OD bond length,
respectively, and the associated uncertainties (Ar;
= J(?,-)—(r,-)z, i = 1,2) as a function of time. We ob-
serve a strong and highly selective excitation of the OH
bond. Small oscillations in the OD bond are also seen.
During excitation of the OH bond the population in the
eigenstates |noy, nop=0) changes as a function of time.
The change in the OD bond length is a reflection of the
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.15 1.65 2.15 2.65 3,15 --3.65

FIG. 1. Absolute square of the wave function for the vibrational ground
state |0,0) on'the potential energy surface of the electronic ground state
of HOD (dashed lines).

J. Chem. Phys., Vol. 97, No. 11, 1 December 1992
Downloaded 23 Oct 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http:/jcp.aip.org/jcp/copyright.jsp



8288 B. Amstrup and N. E. Henriksen: Control of HOD photodissociation

i nﬁl WA i

st e \ Ay

i u‘l'-\'l ‘a "‘“ !‘|,",“\"', i
¥ Wb

0 100 200 300 400 500

AT AT A A T v o e e SO AN A

0 r L L A 1 4 1 5 1
0 100 200. 300 400 500
19)] time [fs]

FIG. 2. (&) Average bond lengths and (b) associated uncertainties (OH
full line, OD dashed line) as a function of time (femtoseconds) under
multiphoton excitation usmg a laser with rectangular pulse shape. The
frequency is (u‘,—-3463 cm™

small couphng between the two degrees of freedom which
affects the eigenstates increasingly as the excitation in the
OH bond is increased. The OH bond oscillates for short
times (f<40 fs) much like a (linearly) forced harmonic
oscillator whereas the dynamics for longer times gets more
and more influenced by the anharmonicity of the potential,
which implies that the coherence in the wave packet is lost.
This behavior has been observed before?® for the dynamics
of a Morse oscillator under multiphoton excitation. In Fig.
3 the frequency is changed to w;,=E;,/4=2599 em™!,
Now the OD stretch is selectively excited.

A Gaussian pulse (FWHM =50 fs, #,=100 fs) as de-
fined by Eq. (9) is considered next. Figure 4 shows the
expectation value of the OH and OD bond length, respec-

tively, and the associated uncertainties as a function of

time when w;=3463 cm ™. Again a strong and selective
excitation of the OH bond is observed. The excitation is
particularly strong at the peak of the pulse. When this
result is compared to Fig. 2, it is clear that the short Gauss-
ian pulse gives a stronger excitation than the rectangular
pulse. Figure 5 shows the same picture as in Fig. 4 when
@y=2599 cm™}, except that the roles of OH and OD are
interchanged. Figures 6-8 give further details of the exci-
tation in Fig. 5. Figure 6 shows the energy of the HOD
molecule, (H,), as a function of time. The energy depos-
ited in the OD bond is close to 50% of the dissociation

.

2.1t

2k

1.9}

i B
l‘.
i ey u.u.l,'r.iv i

1.8 ¢

1.7}

1.6
0

0.4 N s B

03}

0.2

0.1 P

O0 . 160 I 2(')0" 3(30 400 500
time [fs]

FIG. 3. Same as Fig. 2, except that ©;,=2599 cm™, the full and dashed
lines are associated with the OD bond and OH bond, respectively.

energy. The time evolution of the wave packet projections
on the first 16 vibrational eigenstates (Table I) is shown in
Fig. 7. Eigenstates with several vibrational quanta get a
high population as a result of the high intensity of the laser.
Note that only pure OD local modes are noticeably excited
and that the populations are constant when the pulse has
decayed. Figure 8 shows the wave packet created by the
Gaussian pulse at 100, 102.5, 105, and 107.5 fs. The OD
bond is first compressed and stretches subsequently. At
102.5 and 105 fs a pure OD excitation has been created
which corresponds to a highly elongated OD bond with a
very localized bond length distribution. At 107.5 fs the
bond is stretched even more, some of the localization is,
however, lost. ,

The structure of the vibrational eigenstates is highly
suggestive of the fact that we can selectively excite the OH
or OD bond in HOD. In view of the very intense (and
short) laser pulses considered above, the result is neverthe-
less not trivial. The frequency broadening due to the high
intensity and the short duration could have spoiled the
selectivity. In the following, the molecule is exposed to the
Gaussian ir-laser pulse of Fig. 5 which selectively excites
the OD bond.

IV. DYNAMICS IN THE FIRST ELECTRONICALLY
EXCITED STATE

We consider now the full setup with two lasers: An
intense ir-laser as in the previous section and a (weak) uv

J. Chem. Phys., Vol. 97, No. 11, 1 December 1992 o
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laser which can take the molecule into the excited (disso-
ciative) electronic state. The chemistry is

(17)

First the dissociative dynamics induced by an ultrashort [6
function, Eq. (15)] pulse is considered.

In order to illustrate the difference between the control
scheme used previously and the one suggested in the
present work, we make a small digression and show in
Figs. 9 and 10 the dissociation dynamics out of two vibra-
tional eigenstates. Figure 9 shows the dissociation dynam-
ics out of the vibrational ground state of HOD. It is clear
that most of the products show up in the channel H4-OD.
For dissociation out of the |0,4) vibrational eigenstate, i.e.,
four vibrational quanta in the OD bond, the picture is
reversed. Now most of the products show up in the chan-
nel D+OH as shown in Fig. 10. We have calculated the
norm of the wave packets in each channel. The results are
given in Table II. For dissociation out of the |0,4) state
36% of the amplitude goes into the H+OD channel. The
overall selectivity between the two dissociation pathways
is, accordingly, still quite modest. Note the small wave
connecting the two channels in Fig. 10(b). This structure
implies that the total breakup channel H4+-O+D can get
some (small) population. In order to get a fully converged

nd N. E. Henriksen: Control of HOD photodissocia
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FIG. 5. Same as Fig. 4, except that w;;=2599 cm ™!, the full and dashed
lines are associated with the OD bond and OH bond, respectively.

result for this channel a very large grid would be required
(larger than the 256256 grid used here).

These results for dissociation out of vibrational eigen-
states using an ultrashort pulse are related to the results
where a cw laser is used.?* Dissociation implies that freely
moving fragments will show up,

exp(—iFLi/#) | $(0)) = |dop(8)) + | don(®), (18)

0.14 e
0.12 y

0.1 \M _

0.08 r .

0.06 t
0.04 t [ _
002y / E

0 ) i L i 1 ) ) 1
0 100 200 300 400 500
time [fs]

FIG. 6. Average energy of the HOD molecule under the same conditions
as in Fig. 5.
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where |Pdop(?)) and |Pou(?)) are asymptotic wave pack-
ets (the atom-diatom potential has decayed to zero) for
the H+OD and the D+OH channels, respectively, and

|$(0)) =L tge| noms10D) (19)

where % is a constant. In the ultrashort pulse limit, the
probability of observing producis in, say, channel H-4OD
is

Pan={¢op(t) |don (1)), (20)

where #; is the final propagation time and we used the fact
that the wave functions associated with the two channels
do not overlap. The corresponding result for a cw laser at
frequency o is

o‘”D(w)=fj dTeimT<¢OD(tf)'¢0D(tf+7')>- 21)

‘We notice,
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FIG. 8. Absolute square of the (nonstationary) state created with the Gaussian pulse of Fig. 5 superimposed on the potential energy surface of the
electronic ground state (dashed lines). The wave packet is shown at 100 fs (upper left panel), 102.5 fs (upper right panel), 105 fs (lower left panel),

and 107.5 fs (lower right panel), respectively.
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f dow Pop(e) =27 fw dr 8(7—0){dop(¢s) |$op(tr+7))

= ZWPgD. ( 22 )

Since equivalent relations holds for the D+ OH channel,
we get

Jdo Pop(w)

on(®)
Thus the branching ratio obtained when an ultrashort (-
function) pulse is applied is equal to the overall branching
ratio obtained when the absorption band is scanned with a
cw laser.

Can we control the reaction pathway such that, say,
only D-+OH is produced? In Fig. 11 the dissociation dy-
namics for the OD local mode (nonstationary) state cre-
ated after 102.5 fs is shown. We observe that, indeed, al-
most complete selectivity is obtained. The question arises
whether other nonstationary local mode excitations of OD
show the same kind of selectivity. The results are presented
in Table IL The states |100 fs) and | 105 fs) show a very

Pop/Pon= (23)
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FIG. 9. (a) The absolute square of the product between the [0,0) state
and the transition dipole function superimposed on the potential energy
surface of the first electronically excited state (dashed lines). (b) Disso-
ciation dynamics in the first electronically excited state of HOD starting
with the state of (a). The absolute square of the wave function is shown
after 15 fs time evolution.

high selectivity, too. The fact that the state | 100 fs) disso-
ciates, almost exclusively, into the D--OH channel seems
at first a little surprising. The average momentum in the
direction of the OD bond in the electronic ground state is
essentially zero since the bond is at the (inner) turning
point. After excitation to the excited electronic state a high
momentum is, however, created because thé wave packet
starts out on a very steep part of the potential energy sur-
face.

The results in Table IT map the selectivity with respect
to the time delay to the second ultrashort ($-function)
pulse. A laser pulse with a finife pulse length creates a
superposition of the packets created by a 5-function pulse.
From Table Il one obtains, accordingly, an indication of
the finite (short) pulse length which is required in order to
obtain a high overall selectivity. This pulse length is of the
order of 5 fs. We have tested the validity of this
reasoning—a short Gaussian laser pulse (FWHM of 5 fs)
centered at £, =103 fs and with a (central) frequency, wy,,
in the uv region was considered explicitly. The results are
presented in Table III. These results demonstrate that, es-
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FIG. 10. (a) Same as Fig. 9(a), except that the initial state is |0,4), i.e., zero quanta in the OH stretch and four quanta in the OD stretch. (b) Same

as Fig. 9(b), except that the initial state is given in Fig. 10(a).

sentially, complete selectivity can be obtained over the en-
tire uv absorption band. Figure 12 shows the dissociation
dynamics at the frequency w,,=54 869 cm™!. The wave
packet is as expected somewhat broadened compared to an
excitation with a §-function pulse. The uncertainty in the

TABLE II. Total branching ratio between D4 OH and H+OD in the
first electronically excited state of HOD. The probability associated with
these channels are given for various initial vibrational states of the elec-
tronic ground state. The nonstationary states, |x. xfs), are electronically
excited by a 8-function pulse. :

Initial state D+OH H4+0D
[0,0) 0.24 0.76 -
10,4) 0.64 0.36

| 100.0f5) 0.98 0.02

| 102.5f5) 0.98 - 0.02

{ 105.0fs) 0.96 ‘ ©0.04
|107.568) - 0.71 0.29

frequency for such a short pulse is substantial, the full
width at half-maximum (FWHM) in the frequency do-
main is 5888 em™), ie., it is about 10% of the central
frequency. Concerning the results in Table III, it should be
noticed that above ~70 000 cm ~! the total breakup chan-
nel, H4-O+D, plays a role. We did not analyze the pop-
ulation in this channel separately, that would require a
large computation (with a grid size larger than 256X256)
and, in addition, the aim of the present study was to con-
trol the competition between the channels H4OD and
D+ OH in the energy regime where only these channels
are open. The numbers in parenthesis are not fully
converged—all products where the O-H distance is larger
than the O-D distance were classified as H4+OD and an
equivalent criterion for the D+4+OH channel was used
throughout this study.

Due to the fast vibrational dynamics of the electronic
ground state, much of the selectivity in the fragmentation
pathway is lost if the dissociation is initiated with a pulse of
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FIG. 11. (a) The (nonstationary) states of Fig. 8 multiplied by the square of the transition dipole function. The wave functions are superimposed on
the potential energy surface of the first electronically excited state (dashed lines). (b) Dissociation dynamics in the first electronically excited state of
HOD starting with the (nonstationary) state created after 102.5 fs time evolution in the electronic ground state [(a), upper right corner]. The figure
shows the absolute square of this function after 15 fs time evolution in the dissociative state.
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TABLE IIL Total electronic transition probability (£2,,) and branching
ratio between D+4-OH and H+OD in the first electronically excited state
of HOD. The excitation is carried out with a Gaussian pulse on a mole-
cule under the ir excitation of Fig. 5. The duration of the pulse is 5 f5
(FWHM), it is centered at ¢,,=103 f5, and the frequency, w,,, is specified
in the table. Numbers in parenthesis are not fully converged due to the
presence of the H+4+ O+ D channel, see the text.

. -1
Dyy (cm ) Ptot

D+OH H+O0D
32921 0.004 1.00 0.00
43 895 0.027 1.00 0.00
54 869 0.100 0.98 0.02
65 842 0.371 0.98 0.02
76 816 0.039 (0.94) 0.06)
87790 0.001 (0.63) (0.37)
much longer duration than ~5 fs. Thus a 10 fs pulse (z,,

=103 5, w,, =54 869 cm™"') gives 83% in the D-+OH
channel and 17% in the H+OD channel. The exact timing
of the second pulse is, indeed, very critical.

Finally, we have in the calculations reported above
assumed that the phase difference between the two fields is
zero—a phase difference cannot affect the branching ratio
in the scheme considered in the present work. Even if this
proposition was wrong, any possible effect of a phase dif-
ference will tend to average out since the frequencies of the
two lasers are highly incommensurate (differs by a factor
of more than 10). Furthermore, in order to test this claim,
we have repeated the calculation for a 5 fs pulse at w,,
=65 842 cm™! (Table III) after introducing a phase shift
in the pulse, i.e., instead of the simple cosine function, we
use cos(wyyt+8). The results for §=3.0 and §=5.0, re-
spectively, are to more than four significant figures identi-
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cal to the result at zero phase difference. Thus a phase
difference between the two laser fields plays a negligible
role for our results.

V. SUMMARY

We have shown that complete control of the fragmen-
tation pathway in the photodissociation of HOD can be
obtained. The method suggested here involves the dissoci-
ation of a nomstationary local mode vibrational state of
HOD. Such a state is created using an intense laser in the
ir region. A second ultrashort laser pulse dissociates the
molecule via an excitation to an excited electronic state.
This laser is fired when the vibrating molecule has a con-
venient position and/or momentum distribution. Com-
pared to the well-established setup where dissociation out
of a stationary local mode eigenstate of HOD is considered,
the method suggested here is superior—essentially due to
the fact that vibrational eigenstates always have some am-
plitude in the Franck-Condon region which-—in an uncon-
trollable way—can evolve into either of the two product
channels. This advantage is, obviously, gained at the ex-
pense of experimental conditions in terms of laser powers,
timing, and pulse durations, which are at the limits of
present technology. Thus ultrashort ( ~5 fs) laser pulses in
the uv are not available at present. The required time delay
with femtosecond accuracy is, however, already experi-
mentally obtainable since the needed micrometer accuracy
in the path length can be handled. Our study has, never-
theless, shown what can be achieved by an active control
scheme in the time domain.

The calculations were based on a well-established two
degrees of freedom model of water using two high quality

FIG. 12. Dissociation dynamics in the first electronically excited state of HOD induced by a 5 fs (FWHM) Gaussian laser pulse. The pulse is centered
at ¢,,=103 fs and the (central) frequency i$ 54 869 cm™!. The vibrational state of the electronic ground state is nonstationary as described in Fig. 5. The

total propagation time is 117.5 fs.
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potential energy surfaces and (numerically) exact quan-
tum solutions to the nuclear dynamics. The electronic di-
pole surfaces used in the coupling terms to the laser fields
are, obviously, not highly accurate but simple model func-
tions. We do not expect that the use of more accurate
dipole surfaces will change the basic features of the results
reported here. We did, in fact, test the importance of the
transition dipole surface on the branching ratio. We found
branching ratios which deviates from the results of Table
II only by a few percent when the transition dipole was
taken to be a constant.

When considering the application of the control
scheme studied in this paper to other photodissociation
processes, it should be noted that the HOD molecule in
many ways is an ideal system. On the other hand, the
strong anharmonicity and the light masses of the molecule
make the timing of the second laser quite critical. Heavier
masses and more harmonic potentials would give slower
vibrations and more coherent wave packets. That would be
easier to handle. Furthermore, bond-selective excitations of
the type studied here are not restricted to simple mole-
cules, which contains local mode eigenstates. It has re-
cently been demonstrated that bond-selective excitations in
molecules without local mode eigenstates can be created
via intense laser pulses with optimized shapes.?®
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