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The problem of vibrational wave packet dynamics in the system of two electronic states of
a diatomic molecule, where the states are coupled by infinitely short light pulses, is solved. The
electronic states were modeled by shifted harmonic oscillators with different frequencies. Exact
expressions for the probability densities of the wave packets in the ground and excited states
were derived. The spatial, spectral, and temporal characteristics of the wave packets, namely,
the range of motion, spatial width, mean energy, spectral width (the mean number of
vibrational states in a wave packet), and the autocorrelation function, were calculated as
functions of the molecular parameters (the frequency ratio and the distance between the
potential minima) and of the delay time between the light pulses. The possibility of controlling
the mean energy and spectral width of the wave packets in the ground electronic state by
varying the delay time is considered. It was shown that "squeezed" wave packets can be
prepared in the ground electronic state if the upper electronic state is shallow.
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Advances in femtosecond laser spectroscopy have
stimulated the emergence of a new frontier area of
scientific exploration between physics and chemistry,
which studies selective cleavage and formation of chemi-
cal bonds under the action of ultrashort laser pulses in
the real time scale.1=3 Advanced methods for investiga-
tion of the intramolecular dynamics employ multi-pulse
sequences. Typically, the pump pulse interacting with a
molecule transfers it to the non-stationary state, thus
creating a wave packet (a coherent superposition of
vibrational states). Temporal evolution of the wave packet
can be monitored by the probe light pulses, which cause

the experimentally observed light emission or photoion-
ization current.

In most femtochemical studies carried out in the last
decade, wave packets were prepared in the excited elec-
tronic states which are of prime interest for femto-
chemistry. However, chemical reactions can also pro-
ceed in the ground electronic state, especially in systems
with several vibrational degrees of freedom. A wave
packet in the ground state can be prepared using a
multi-pulse "pump—dump"” technique via an intermedi-
ate excited electronic state.$5 In this case, the wave
packet dynamics reflects the properties of both the ground
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state in which it moves and the excited state involved in
the wave packet formation. Such experiments have been
carried out for a number of diatomic molecules. For
instance, ground-state wave packets were prepared in
the K, molecule using stimulated Raman scattering and
in the I, molecule by coherent anti-Stokes Raman scat-
tering.%7 The wave packet dynamics was monitored by
probe pulses, which had led to ionization of the mol-
ecule? or to polarization of the emitted light.67 In all
experiments, information on the dynamics was extracted
from the dependences of the signal intensities on the
delay time between the pump and probe pulses.

The spectral and spatial width of a wave packet, as
well as specific features of its long-time evolution, are
determined by a number of factors including molecular
constants and parameters of the pump and probe pulses.
In this work, we will consider the dynamics of a wave
packet created in the ground electronic state of a di-
atomic molecule using a sequence of two infinitely short
pulses ("white light" pulses). Despite an apparent exotic
nature, this approximation is of both theoretical and
practical significance, since it allows the intramolecular
dynamics to be analyzed without taking into account the
spectral composition of the light pulses.8

The aim of this work is (i) to analyze the spatial,
spectral, and temporal characteristics of wave packets in
the ground and intermediate excited electronic states of
a diatomic molecule and (ii) to study the dependences of
these parameters on the molecular constants and the
delay time between the pulses. Electronic terms of the
molecule are described using a model of two shifted
harmonic oscillators. Neglecting the anharmonicity of
the terms implies that we consider only short-time in-
tramolecular dynamics (time intervals are of the order of
several vibrational periods), so that the effects of phase
dispersion are insignificant. Preliminary results for the
case of oscillators with equal frequencies have been
reported earlier.? In this work, a general case of oscilla-
tors with different frequencies is considered in detail.

Model

The model used in this work is very simple. It
considers transitions between two electronic states,
namely, the ground state and an excited state. Each of
them is described by the harmonic oscillator potential
(Fig. 1). The frequencies of the lower and upper oscilla-
tors are equal to 1 and w, respectively. The distance
between the potential minima is R and the origin is at
the potential minimum of the ground state. Therefore,
the potentials for the ground (U,) and excited (U,) states
are given by the expressions

Uy(x) = 0.5x2, Uu(x) = 0.502(x — R)2 + T,

(T, is the electronic excitation energy).
The electronic states are coupled by infinitely short
light pulses. Initially, the molecule is assumed to be in
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Fig. 1. Model of two shifted harmonic oscillators with different
frequencies.

the nth vibrational level of the ground electronic state.
The first pulse transfers the molecule to the excited
electronic state and creates there a vibrational wave
packet. The second pulse, sent some delay time, t, after
the first pulse, causes stimulated emission from the
excited state and the formation of a wave packet in the
ground electronic state.

Such a simple model makes it possible to analyze the
wave packet dynamics without taking into account the
shape of light pulses, vibrational anharmonicity, and the
dependence of the electronic transition moment on the
internuclear distance. The model contains three main
parameters, viz., the ratio of vibrational frequencies (®),
the distance between potential minima (R), and the
delay time between the pulses (t). The first two param-
eters are molecular constants, while the third parameter
characterizes the experimental conditions.

Wave packet dynamics in the excited electronic state

Wave-packet evolution in the excited state is de-
scribed in the first-order perturbation theory by the wave
function

¥.(x,0) = | Go(x,t:x",1") Wt ), (x Yexp(—ie,t’) dx’dt’,

where ¢,(x") and ¢, are the wave function and energy of
the initial vibrational state, respectively; W(¢") is the
operator of the interaction between the molecule and the
electromagnetic field of the light pulse; and G.(x,%,x",t")
is the time-dependent Green’s function for the excited
electronic state. Hereafter, # = u = 1 (% is the Planck
constant and p is the reduced mass of the molecule). If
the pulse duration is negligibly small compared to the
vibration period of atomic nuclei, the function V(") can
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be replaced by the delta function, that is, V(¢") = 8(¢"),
and the expression for W.(x,?) takes the form

Wo(x,0) = | Go(x,5x7,0) 0(x")dx". (1)

In this approximation we ignore the dependence of the
electronic transition moment on the spatial coordinates.
Substituting the ground-state wave function of the
harmonic oscillator and Green’s function of an excited
electronic state!® into Eq. (1) and using the method of
generating functions, one can obtain a general closed-
form expression for the wave packet excited from the nth
vibrational level. Hereafter, we will consider only the
case n = 0. The probability density of the wave packet
excited from the zeroth vibrational level of the ground
electronic state is described by a Gaussian function:

1 [x — R(1 - cos(wt))]?
2 L . _
H‘e(xst)| [nG(t)]l/2 CXD{ G(f) } (2)
with its center at point x = R(1 — cos wf) and the width

o(f) = cos?(of) + sin%(of)/w?. 3)

The wave packet oscillates periodically with the fre-
quency of the excited state, . The range of motion of
the wave packet center is frequency independent and
equals 2R and during one period the wave packet can
move up to =R with respect to the equilibrium position
of the upper oscillator. Generally, the width of the wave
packet, o(#), depends on time and varies between 1 and
1/w?. The energy of the wave packet in the excited
state is:

E=025w?+ 1) + 0.50?R? = 0.25(0? + 1) + U,(0). (4)

The spectral composition of the wave packet is char-
acterized by the mean number of vibrational states,
which can be estimated from the contributions of indi-
vidual states. The statistical weight of the nth vibrational
state is defined as the square modulus of the overlap
between the wave packet (Eq. (2)) and the wave func-
tion of the nth state:

Jo = K0, (0)|%

The mean, or effective, number of vibrational states
in the wave packet (n.g4) can be calculated using the
statistical weights of the states, f, 11:

_ < r2
nete = 1/ %, fy
n=0

or, which is equivalent, using the generating function for
the statistical weights. If the generating function is de-
fined as a power series:

D(2) = iof,,z",

the effective number of vibrational states in the wave
packet is given by the integral:

2n
Refr = 27/[ [loge™” )2df] : (5)
0

For the wave packet in the excited electronic state
the statistical weights of vibrational states can be defined
by the method of generating functions:

n

| _ Ry 2

= 1 2Vo(l-o . H2 ® exp—wR (6
2 o+l 1+to ‘/170)2 o+1

where H, are the Hermite polynomials. If @ =
statistical weights are?:

1, the

2 n
fy = exp(~Ry/2) K2,

n.
and the effective number of states in the wave packet
depends on the distance R between the potential minima
as follows:

Nty = exp(R?)/Ip(R?), )

where [, is the modified Bessel function of the zeroth
order.

Despite the fact that an infinitely short light pulse
has an infinite spectral width, the number of states in the
wave packet is finite. This is due to two reasons respon-
sible for the spectral composition of the wave packet,
namely, the spectral composition of the light pulse and
the Franck—Condon factors, which describe the prob-
abilities of electronic-vibrational transitions.1>? The
Franck—Condon factors corresponding to the classically
forbidden electronic-vibrational transitions are exponen-
tially small; therefore, these transitions are not involved
in the formation of the vibrational wave packet.

With increasing R, the number of states (7) asymp-
totically tends to a linear function of R

Nogp — 2225 J27R. (8)

In the general case (o # 1), a closed-form expression for
negr can be obtained only if R is small or if ® ~ 1, i.e., if
the wave packet is composed of the lowest vibrational
states. If the » values in formula (6) are small, the
Hermite polynomial can be replaced by the highest
degree of the argument, that is, H,(x) = (2x)". Then, the
number of states in the wave packet equals

. exp[20R*/(0 + 1)]
I,[40R% /(0 + 1)*]”

S B (0 + 1)
eff T = -

zfnz 4o
n=0

The mean energy and the effective number of states
in the wave packet can be readily assessed using the
classical quasi-energy representation of electronic-vibra-
tional transitions.® Figure 2 schematically represents the
ground-state electronic term and quasi-terms of the
excited state obtained by vertical shift of the potential by
the energy of the Franck—Condon transition from the
right and left turning points in the ground-state elec-
tronic term. Transitions to the vibrational states of the
electronic term of the excited state with the energies ¢,
lying between €, and &, where ¢g; U.(1) and
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Fig. 2. Franck—Condon transitions between electronic terms of
the ground (U,) and excited (U,) electronic states in conven-
tional (a) and quasi-energy representations (b); o; and ®, are
the frequencies of the Franck—Condon transitions from the
right and left turning points of the electronic term of the ground
state, respectively; €, and &, are the minimum and maximum
energy of vibrational states to which transition is classically
allowed. Dotted lines denote the quasi-terms of the excited
state, which are shifted relative to U, by w; and ,, respectively.

g, = U,(—1), are classically allowed, and it is these states
of which the wave packet is composed. The classical
estimate of the mean energy of the wave packet is given
by the following expression:

E=0.5(e; + &) = 0.502(R2 + 1) = 0.502 + U,(0),

which coincides with the exact value (¢f. formula (4)) for
o = 1. The number of states is estimated at

negr = (€ — €1)/0 = 20R.

Comparison with the exact result (expression (8)) ob-
tained for ® = 1 shows that, qualitatively, this estimate
correctly describes the dependence of the spectral width
of the wave packet on the distance R between the
potential minima if the frequency ratio is close to 1.

Wave packet dynamics in the ground electronic state

The second light pulse sent after a delay time t with
respect to the first pulse can cause (i) an additional
excitation of the molecule from the ground state to the
excited state, which can be accompanied by interference
effects; (ii) the formation of a wave packet in a higher
excited electronic state; and (iii) a stimulated emission
from the excited state with the formation of a wave
packet in the ground state. In this work, we will consider
only the last-mentioned case.

The wave packet in the ground state is described in
the second-order perturbation theory by the following
expression:

we(x,,1) = I Gyl t5x,0) Gl 13x,0) @ (") dx"d” =
= [ Gylxtx",0) Welx 1) dx”,

where the current time ¢ starts from the second pulse. By
substituting the expressions for the probability density of
the wave packet in the excited state (formula (2)) and for
Green’s function of the ground electronic state and
integrating one can obtain the probability density of a
wave packet in the ground electronic state:

_ 1 Cx = at, D)
|‘"I"g(x,f’1;)|2 = \/TEB— HeXP{ —ﬁ(t! o) } . )

The wave packet described by formula (9) has a Gaussian
shape and oscillates with the frequency of the ground
state. The motion of the center of the wave packet is
described by the function

o(t,1) = R|wsin(wt)sint — cos(wt)cost + cost], (10)

and the dependence of the width of the wave packet on
the current time ¢ and delay time t is given by the
formula:

B(2,7) = {wsin%t + [(0? — 1)sin(wt)cos(wt)sint —
— wo(t)cost]?}/[w?a(1)], (11)

where the function o(t) is given by expression (3).

The formulas (9)—(11) describe the dynamics of the
wave packet created in the ground electronic state of a
diatomic molecule using a sequence of two ultrashort
light pulses.

The model employed contains three parameters,
namely, the distance between the potential minima (R),
the ratio of vibrational frequencies (w), and the delay
time between pulses (t). The first two parameters char-
acterize the molecular structure and, hence, are molecu-
lar constants. In contrast to this, the third parameter can
be varied under the experimental conditions and is in
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fact a control parameter. All parameters of the wave
packet in the ground state depend on the delay time.
This causes some qualitative effects distinguishing the
intramolecular dynamics in the ground electronic state
from that in the excited state.

First of all, consider the range of motion of the
center of the wave packet. In the general case (o # 1), at
a given 1t the center of the wave packet oscillates
periodically with respect to the equilibrium posi-
tion (x = 0) between the points with coordinates

i2Rsir1((ot/2)\/m2 cos?(wt/2)+sin’(wt/2) correspond-
ing to the maximum and minimum of expression (10).
The range of motion, given by the expression

Omax(T) = Omin(T) =
= 4Risin(w1/2)|{ 0? cos? (w1/2) + sin®(wt/2)  (12)

is a periodic function of the delay time between the
pulses (Fig. 3). The minimum value (0) is reached at
delay times multiple to integer numbers of the vibra-
tional periods in the excited state, Tt = (2rn/w)k. In this
case, the wave packet is just a stationary vibrational wave
function. The maximum value of function (12) depends
on the frequency ratio:

4Rifw <2
max(omax(T) = Opin(T)) = 4Rw2/(2\/ﬁ) ifo> ‘/5

If the upper potential is not very steep (® < \/5), the
maximum amplitude of vibrations is reached at delay
times multiple to half-integer numbers of the vibrational
periods in the excited state, T = (2n/w)(k + 1/2).
Physically, this is the most real situation, since usually
the vibrational frequencies of diatomic molecules in the
excited electronic state are lower than those in the
ground state.

Omax(T) = Omin(7)

6L
2
4l
1
2 -
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Fig. 3. The range of motion of the wave packet in the ground
electronic state as a function of the delay time between the
pulses: a shallow upper potential (o = 0.8) (/) and a steep upper
potential (w = ¥6) (2). Time is given in units of the vibrational
period in the excited electronic state (7 = 2n/w) and the range
is given in units of R.

Thus, choosing an appropriate delay time between
the light pulses allows the range of motion of the wave
packet in the ground state to be extended (depending
on ) by two or more times as compared to the range of
motion in the excited state (2R).

Generally, at a given delay time 7 the spatial width of
the wave packet (expression (11)) periodically varies
between the following values:

Bmax,min(®) = [1/20d)][20? + (0? = 1)?sin*(o1)]+

+[(w? — 1)/(20)2)]sin(0)r)\/((n2 + 1)?sin®(wr) + 4w?cos(wr).

At sin(wt) = 0, i.e., at delay times multiple to half
the vibrational period in the excited electronic state,
these two values coincide and, hence, the width of the
wave packet does not depend on the current time ¢. The
largest difference between the maximum and minimum
width of the wave packet (from B, = @2 t0 By = 1/@?
for < 1 and from B, = 1/0? t0 By = ©2 for @ > 1)
is achieved if sin(wt) = *1, which corresponds to the
action of the second pulse on the wave packet in the
equilibrium position of the excited state.

Thus, if ® < 1 (the case of real diatomic molecules),
the maximum widths of the wave packets in the ground
and excited state coincide and are equal to 1/m?, whereas
the minimum width of the wave packet in the ground
state is by a factor of 1/w? smaller than that of the wave
packet in the excited state. This means that one can
prepare strongly localized wave packets in the ground
state by choosing an allowed electronic transition to the
excited state with a shallow potential (o << 1) and using
a sequence of two pulses for creating the wave packet.

The mean energy of the wave packet is calculated as
the mean value of the ground-state Hamiltonian with
wave packet (9):

E(t) = 0.5 + [(0? — 1)(0? + 2R2 02 — 1)/(40?)]sin?(o1) +
+ 2R sin2(wt/2). (13)

The dependence of E on t has a period equal to the
vibrational period in the excited state, 7 = 2n/w. The
maximum mean energy (E,,,,) and the type of the E(t)
dependence are determined by the ratio of the param-
eters of Eq. (13). If the upper potentials are both not
very shallow and not very steep (o ~ 1), Eqay = 0.5 + 2R%;
this value is independent of w and is achieved at delay
times multiple to half-integer numbers of the vibrational
periods in the excited state, t = (n + 0.5)7 (Fig. 4,
curve [). If the upper potential is very steep or very
shallow, the value £ = 0.5 + 2R? corresponds to a local
minimum (Fig. 4, curve 2), while the E,,, value is
determined by the frequency ratio, .

In all cases, correct choice of the delay time T makes
it possible to prepare a wave packet in the ground state,
the energy of which is much higher than that of the wave
packet in the excited state (see expression (4)). A salient
feature of this procedure is that the energy difference
increases as the distance R between the potential minima
increases.



The influence of ultrashort excitations

Russ.Chem.Bull., Int.Ed., Vol. 49, No. 12, December, 2000 1965

E

3.5
3.0
2.5
2.0
1.5
1.0
0.5

0 0.2 0.4 0.6 0.8 T

Fig. 4. Dependence of the mean energy of the wave packet in
the ground electronic state on the delay time between the
pulses: close frequencies of the electronic terms of the ground
and excited states (o = 0.8, R = 1) (/) and a shallow upper
potential (o = 0.3, R = 1) (2). The delay time is given in units
of the vibrational period in the excited electronic state.

The spectral width of the wave packet in the ground
electronic state can be assessed similarly to the case of
the wave packet in the excited state. Since the general
expression for the statistical weights of vibrational states
is too complicated, we will consider a number of par-
ticular cases.

For equal frequencies (o = 1) the generating func-
tion for statistical weights has the form

00 = LS, = expl-R(1 ~ cos (1 - 2,

and the statistical weights of vibrational states are given
by the following expression:

() = {[R%(1 — cost)]"/n'}exp[—R2(1 — cos 1)].

The effective number of states depends on the delay time
as follows:

_ L exp[2R*(1 - cos1)]
R T AP 19
n=0

This is a periodic function. Its maximum value is achieved
at T = w, when the second light pulse acts on the wave
packet in the excited state, which is at the right turning
point. At large values of the argument, R2(1 — cos 1), the
number of states asymptotically tends to

Ner(t) —E2=—5 221 R sin(t/2)|. (15)

At t = 7, this value is twice as large as the number of
states in the wave packet moving in the excited state (cf.
expression (8)). It is noteworthy that the twofold in-
crease in the number of vibrational states in the wave
packet is due to the changes in the statistical weights of
individual vibrational states rather than to changes in its
spatial width, which is constant and equals 1 for ® = 1.
This means that there is no one-to-one correspondence
between the spatial width of the wave packet and its
spectral width.

In the general case (o # 1), the effective number of
states can be numerically calculated using formula (5)
and the method of generating function for the statistical
weights (Fig. 5). As can be seen in Fig. 5, the type of the
dependence n.g(t) is determined by the frequency ratio,
. If o < 1, which is typical of diatomic molecules, this
dependence has a double-humped shape with a local
minimum at T = n/w (see Fig. 5, a). If o > 1, the
number of states in the wave packet moving in the
ground state at T = n/w is maximum (see Fig. 5, b) and
does not depend on the frequency ratio. In this case, the
statistical weights can be calculated using the formula

Ju(m/@) = [(2R?)"/n!]exp(=2R?),

and the number of states equals:
ner(n/o) = I 317 = exp(R/Uy(4R2)].

At large distances R between the potential minima, the
number of states corresponding to T = w/®w asymptoti-
cally tends to

Neg (n/@) —B== 5 22nR. (16)

Comparison of the spectral widths of the wave pack-
ets in the excited and ground states suggests that (i) at
o = 1 the maximum spectral width of the wave packet in
the ground state is twice as large as that of the wave

0 02 04 06 08 =

Fig. 5. Dependence of the number of states in the wave packet
moving in the ground state on the delay time between the
pulses: a shallow upper potential (o = 0.6, R = 3.5) (a) and a
steep upper potential (w = 1.2, R = 3.5) (b). The results of exact
quantum-mechanical calculations (7), the classical estimate by
formula (18) (2), and the number of states in the wave packet
moving in the excited state (3). The delay time is given in units
of the vibrational period in the excited electronic state.
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packet in the excited state; (ii) at o < 1 the ratio of the
spectral widths in the ground and excited states is greater
than two (see Fig. 5, a) and increases with decreasing o;
and (iii) at ® > 1 this ratio is less than two (see Fig. 5, b)
and decreases as @ increases.

These results are confirmed by the classical estimate
of the mean energy and the number of states in the wave
packet moving in the ground state (Fig. 6). When the
second pulse at time t acts on the wave packet in the
excited state (expression (2)), the center of the wave
packet is at the point r(t) = R[1 — cos(ot)] and its
spatial width is o(t) = cos?(wt) + (1/w?)sin?(wt). This
means that the wave packet is spread between the points
r12 = r(t)xo(t). Transitions to vibrational states of the
ground electronic state are classically allowed if the
vibrational energies ¢, lie between €; and e&,, where
e = min[Uy(ry), Uy(ry)] and &, = max|Uy(ry), Ug(ry)],
and it is these vibrational states of which the wave packet
in the ground electronic state is composed. The mean
energy of the wave packet equals

E=0.5( +g)=050r2+0?) =
= 0.5R[1 — cos(wr)]? + 0.5[cos?(wr) + (1/2)sin?(wr)]2. (17)

For equal frequencies (o = 1), this result coincides
with the exact value given by formula (13). If the
frequencies of the excited and ground states are close
(w ~1), the first term in expression (17) is dominant and
the dependence E(7) is identical to that shown in Fig. 4
(curve 1), while the maximum energy (E,, = 0.5 + 2R?)
is achieved at half the vibrational period in the excited
state (cos(wt) = —1), which is in complete agreement
with the results of quantum-mechanical calculations.

If the upper potential is sufficiently shallow (o << 1),
the second term in expression (17) is dominant and the

Fig. 6. Classical estimate of the mean energy and spectral width
of the wave packet in the ground electronic state. Transitions to
the vibrational states with energies lying between &, and &, are
classically allowed.

dependence E(t) passes through two maxima (see Fig. 4,
curve 2).

The difference between the classical energies gives an
estimate of the number of states in the wave packet
moving in the ground state:

nepe(T) = &3 — & = 2r(1)o (1) =
= 2R[1 — cos(wt)][cos2(wt) + (1/od)sin2(wr)].  (18)

As for the mean energy, the dependence of the number
of states in the wave packet on the delay time can pass
through one or two maxima, which depends on the
frequency ratio o (see Fig. 5).

If the upper potential is steep (o > 1), the maximum
number of states in the wave packet is achieved at half
the vibrational period in the excited state (see Fig. 5, b),
does not depend on the frequency ratio, and equals 4R,
which is confirmed by the exact result obtained from
quantum-mechanical calculations (see expression (16)).
If the upper potential is shallow, the same number of
states in the wave packet (4R) is also achieved at T = 1t/w;
however, it corresponds now to a local minimum (see
Fig. 5, a). The maximum number of states is inversely
proportional to the square of the frequency ratio and is
much greater than the spectral width of the wave packet
in the excited state, which is proportional to w.

In the particular case of equal frequencies, expres-
sion (18) for the number of states is simplified:

Ne(t) = 2R(1 — cos 1) = 4Rsin2(1/2).

Comparison with the exact result obtained from quan-
tum-mechanical calculations (see expression (15)) shows
that, qualitatively, the classical estimate correctly de-
scribes the dependence of the spectral width of the wave
packet on both the distance between the potential minima
and the delay time between the pulses.

The autocorrelation function, S(z,t), is an important
temporal characteristic of the wave packet. The function
S(#,7) is defined!! as the square of the overlap between
the wave packet at time ¢ and the initial wave packet:

2

S(1,1) = [(Fx, 1,0 Wg(x,0,0)|> = . (19)

> fu(t)exp(—int)

This is a periodic function of the current time ¢ with a
period of 2r. Qualitative features of the autocorrelation
function depend on the molecular constants. Since the
range of motion of the wave packet at large R and o
values is rather wide (see Fig. 3, curve 2), most of the
time the wave packet is far from the initial position and
the autocorrelation function is close to zero. Another
picture is observed at low frequencies and short dis-
tances between the potential minima (Fig. 7). In this
case, at any delay time the wave packet is located for
some time near the initial position and the auto-
correlation function can have several maxima and
minima, which indicates a rather complex pattern of the
motion of the wave packet.
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Fig. 7. Autocorrelation functions S(#) of the wave packets in the
ground electronic state (formula (19)); molecular constants:
o = 0.4, R =1, the delay time between pulses (in units of the
vibrational period in the excited state) T =0 (), 0.1 (2), 0.2 (3),
and 0.5 (4). The current time ¢ is given in units of the vibra-
tional periods in the ground state (7 = 2m).

Thus, in this work we obtained a solution of the
problem of the wave packet dynamics in the system of
two shifted harmonic oscillators with different frequen-
cies. The states of the system were assumed to be
coupled by infinitely short light pulses, which made it
possible to analyze the wave packet dynamics without
taking into account the pulse shape effects.

We derived exact expressions for the wave functions
of the wave packets in the ground and excited electronic
states and calculated dynamic parameters of the wave
packets, namely, the range of motion, the spatial width,
mean energy, spectral width (the mean number of vibra-
tional states in the wave packet), and the autocorrelation
function.

Analysis of the expressions obtained suggests that the
delay time can be used as an efficient tool for controlling
the dynamics of the wave packets in the ground state. All
parameters of such wave packets are periodic functions
of the delay time and their periods are equal to the
vibrational period in the excited state.

By varying the delay time it is possible to change the
range of motion of the wave packet in the ground
electronic state from 0 up to double the range of oscilla-
tions in the excited state. The spatial width of the wave
packet can vary from ®? to 1/w?; this indicates the
possibility of creating strongly "squeezed" (compared to
the initial vibrational state and excited state) wave pack-
ets if the upper potential is shallow (® << 1).

In the case of equal frequencies (o = 1) the spectral
width of the wave packet in the ground state changes
periodically with delay time between 1 and 2\/ﬂR, the
latter value being twice as large as the number of states
in the wave packet moving in the excited state. The
increase in the spectral width of the wave packet is due
to only the increase in the amplitude of its motion rather
than to a change in its spatial width. If = 1 and the
upper potential is shallow, both numerical quantum-
mechanical calculations and the classical estimates show

that the maximum spectral width of the wave packet in
the ground state can be several times larger than that of
the wave packet in the excited state.

Yet another important aspect of the intramolecular
dynamics is related to the features of the dependence of
the parameters of the wave packet in the ground state on
the delay time 1. The dependences of all the wave packet
parameters (except for the spatial width) on t can pass
through one or two maxima (see Figs. 3—5). In all cases,
parameters of the wave packet in the ground electronic
state reach their extreme values (either global maxima or
local minima) at the delay time tT = ©/m corresponding
to the time when the second light pulse acts on the wave
packet in the excited state, which is in the right turning
point. The type of extremum is determined by the ratio
of vibrational frequencies, . If ® < 1 (a shallow upper
potential), the dependences of the mean energy and
spectral width of the wave packet on the delay time pass
through two maxima. Since for most real diatomic mol-
ecules the excited electronic state is characterized by a
more shallow potential than the ground state, there is a
possibility of fine control of the mean energy and spec-
tral width of the wave packet in the ground state by
varying the delay time between the light pulses.
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