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Abstract The influence of the dynamic Stark effect on the
dissociation of Csl is theoretically studied by the time-
dependent wave-packet method. After a pump pulse induces
a dissociating wave packet that propagates through both the
ionic channel X0*(Cs*('So)+1"('S,)) and the covalent channel
A0*(Cs(Sy0)+I(*P3p)), a Stark pulse is applied to control the
diabatic-dissociation dynamics. The first-order non-resonant
non-perturbative dynamic Stark effect gives control over the
break up, the dissociation probabilities in the two channels
being controlled by the delay between the pump and Stark
pulses. With a 720-fs delay, the dissociation probability
through channel 4 is greatly enhanced.

Keywords Strong field - Photoelectron spectrum -
Wave-packet dynamics - Femtochemistry

1 Introduction

The dynamics of molecular reactions has become progressively
more important in recent years, and the dissociation of alkali
halides has become a subject of major interest in chemical
reaction dynamics. The advent and common availability of
ultrashort (fs) laser pulses and the rapid development of ultra-
short pulse techniques has opened an exciting new domain of
studies aimed at determining and controlling the ultrafast chem-
ical and physical rearrangement of atoms and molecules [1-9].
During the past two decades, Nal has been studied as a proto-
type molecule, both experimentally and theoretically [10-16].
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In the diabatic-coupling region, delimited by the dashed
box in Fig. 1, two are the possible fates of alkali-halide
systems excited to the covalent state: either the wave packet
is trapped and oscillates in the adiabatic potential curves, or it
goes on to the diabatic potential curves, which leads to disso-
ciation [15]. As Fig. 1a shows, the adiabatic curves disregard
the coupling between the ground and excited states at the cross
area, an approximation that largely simplifies the potential
matrix.

Recently, Benjamin et al. [17] developed a new method to
control the outcome of dissociation of Brl by the second order
[17—19] non-resonant [20—22] non-perturbative [23-25] dynam-
ic Stark effect (DSE) and validated the results experimentally. On
the basis of the first order non-resonant non-perturbative DSE,
Cong et al. [16] controlled theoretically the dissociation proba-
bilities and the branching ratio of the products from the ionic
channel Nal—Na"+1") and the covalent channel (Nal—Na+1)
by modulating the Stark pulse parameters.

Recent applications of Csl in functional optics have raised
interest in its physical and chemical properties. Motivated by
such applications, in this work, we have calculated the influ-
ence of the time delay between the pump and Stark pulses on
the population of two dissociation channels of Csl with the
time-dependent wave-packet method. Given the similarity
between Csl and Nal, we use the first-order non-resonant
non-perturbative DSE to explain the results. Our findings
may guide future experimental work on the system.

2 Theoretical Method

The diabatic potential energy curves of the CsI molecule are
shown in Fig. la [26]. The ionic and the covalent potential
energy curves, which are denoted as X and A4, respectively,
cross at R,=12.0 A. The diabatic coupling between the two
states is given by the equality [27]
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Fig. 1 Potential energy curves for Csl. Panel a shows the diabatic
ground- and lowest-excited states X0'(Cs"('So)+I"('S,) and
A0"(Cs(S1,2)+1(>P5)), respectively. Panel b displays the adiabatic
ground- and lowest-excited states X" and A". The dashed box marks the
crossing area at 12 A

Coupy, = Apexp(~A(RR,)?), (1)

where R is the internuclear distance, and 4,, denotes the
effective coupling, given by the expression [28]

[V1=Va| =2|Vy| = 2|412]. (2)

The time evolution of the system starts with a pump pulse,
which prepares a wave packet on the potential energy curve of
the excited state 40". The excited wave packet propagates on
the 40" potential energy curve until it reaches the diabatic-
coupling area. Here, the coupling between the X0* and 40"
states forms two dissociation channels: channel I
X0 (Cs*("So)+I'('So)) and channel 2 A0"(Cs(*S, )+
I(*P5)). To study its effect upon the population of two chan-
nels, we apply a Stark pulse a certain time delay after the
pump pulse.

Our analysis is based on two-state quantum-mechanical
calculations, the ground state X0* being henceforth denoted
as X and the excited state 40" being denoted as 4. We invoke
the Born-Oppenheimer approximation and neglect the
coupling between the core and the photoelectron to write the
Hamiltonian for the vibrational motion of Csl in the form

Y/ aou
H=————-1+V(Rt 1
2 O + V(R 1), (1)

@ Springer

where 7 is the identity matrix, R is the internuclear separation,
and g is the reduced mass of the Csl molecule, while the
potential matrix V(R, f) can be explicitly written in the form

_(Vx 0 Vix Vaxa 0 Coup
V(R’t) o ( 0 VA) * <VAX VAA) + (CoupAX 0 ’
(2)

where the subscripts X and 4 represent the ground and excited
states, respectively, V; (J=X, 4) are the two potential energies,
and the second matrix on the right-hand side describes the
interaction between the external field and the ground and
excited states.

Each interaction matrix element is of the form V= V= ;-
E(1), (i=X, A), where p; and E(f) represent the dipole matrix
elements and the external field, respectively. The dipole mo-
ment matrix element 11y, which induces transitions between
the ground state X and the excited state A4, is assumed to be a
function of the internuclear distance. The diagonal elements
wii (i=X, A) denote the permanent dipole moment in the X and
A states, respectively. We adopt the dipole matrix elements 1;;
computed in [26].

The total laser field E(#), which includes the pump E,,,,,,,,,(7)
and Stark Eg,,«(?), is given by the equality

E(t) = Epump(t) + Estark (1), (3)
with

Er (1) = Eorf  (t—tor)cos(wor (t—tr0 )~ ), kK = pump, Stark,

4)
where Eo, tor fi» Wor and ¢, denote the peak amplitude,
central time, envelope shape, and central frequency and
carrier-envelope phase (CEP) of the i-th pulse, respectively.
The envelope is given by the Gaussian

Fili—tro) = exp (—41112 (t=iko) ) 5)

Ok

where oy, is the full width at half maximum (FWHM).

The time-dependent Schrodinger equation is solved
by the split-operator Fourier method [28-36]. Briefly
stated, the time evolution of the wave packets is
expressed in the form

U(R, 1+ AVRULR, 1+ A)UyULR, 1+ ADW(R, 1),
(6)

where Ur and Uy denote the kinetic and potential energy
evolution operators, respectively.
The kinetic evolution operator is given by the equality

. -
Ur = exp <—l?tTR> = F_lexp (—lﬁguﬂt> F, (7)
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where F denotes the Fourier transform

) dR exp(ikR")f (R'). (8)

The potential operator is calculated from the equality [29,
30]

Uy = exp (— AL V) ~ Mewp( -2yt VMAt)MT
exp (—l)\lﬁAt V) 0 ,
_ T
M i At M
0 exp| — 7 V

©)

where M and M7 denote the matrix that diagonalizes the
potential matrix J on the right-hand side of Eq. (2) and its
transpose, respectively, and A\; and ), are the eigenvalues of V.

After n time intervals, Eq. (6) yields the following expres-
sion for the wave function:

W(R, 1+ nANT U (R, t + kANUyUS(R, t + kAT (R, 1).
(10)
Once the wave function Y(R,?) is determined, the popula-
tion in each electronic state can be found from the expression

Pi(1) = (11)

de\\IliKR,t}\z, i=X,A

Preliminary analysis of Eq. (10) having shown that the
interval A7=0.2 fs is sufficiently small to insure ade-
quate convergence, all numerical results reported in the
following section have been computed with that time
interval.

3 Results and Discussion

The pump and Stark pulses are shown in Fig. 2. In our
calculation, the following values were chosen for the central
time, peak intensity, central wavelength, FWHM, and CEP of
the pump pulse: 60 fs, 2.0x 10" W/em?, 355 nm, 30 fs, and 0,
respectively, and the following values for the peak intensity,
central wavelength, FWHM, and CEP of the pump of the
Stark control pulse: 8.0% 10" W/em?, 10 pum, 60 fs, and 0,
respectively. These parameters were kept fixed; we have stud-
ied the DSE as a function of the central time, i.e., the time
delay. To maximize the effects of dynamic Stark control, we
set the pulse intensity to a value just below the ionization
threshold, i.e., below 1.0x10"* W/em? [17].

Figure 3 shows the spatio-temporal population of the X and
A states for four different conditions. For additional insight,
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Fig. 2 Pump and Stark pulses. The central time, peak intensity, central
wavelength, FWHM, and CEP of the pump pulse are 60 s, 2.0x10'" W/
cm?, 355 nm, 30 fs, and 0, respectively. The peak intensity, central
wavelength, FWHM, and CEP of the pump of the Stark control pulse
are 8.0x10'? W/cmz, 10 um, 60 fs, and 0, respectively
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Fig.3 Spatio-temporal populations of the X and A states. The left and the
right three-dimensional plots show the wave packets remaining at the X
and 4 states for 0 (top), 360 fs (middle), and 720 fs (bottom) time delays
between the pump and Stark pulses. While the X state components
oscillate around the equilibrium position, the excited wave packet at the
A state evolves with time. When the excited wave packet reaches the
coupling area, the X and 4 states exchange population
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we show in Fig. 4 the population of each electronic state,
computed by Eq. (11). Figure 4a shows that, in the absence of
a Stark pulse, the pump pulse excites roughly 60 % of the
ground-state wave packet to state 4. Around =720 fs, when
the 4 state wave packet reaches the diabatic-coupling area,
most of the population is transferred back to channel 1, little
remaining in channel 2. In other words, notwithstanding the
strong immediate effect of the pump pulse, in the absence of
modulation, only a small fraction of the wave packet ends up
in the dissociation channel.

This understood, we now want to monitor the effect of the
Stark pulse upon the population of the permeating state 4. To
this end, we have considered three delays between the Stark
and the pump pulses. Figure 4b shows that simultaneous
application of the Stark and pump pulses restrains the excita-
tion. Moreover, when the diabatic-coupling area is reached, as
in Fig. 4a, most of the wave packet that has been excited to
state 4 is transferred back to channel 1. We see that the 0-delay
Stark pulse is unable to increase the final population of the 4
state. Likewise, the 360-fs delay Stark pulse in Fig. 4c makes
no appreciable contribution to the final 4 state wave. Once the
Stark pulse is over, the 4 state population is first reduced to
nearly 35 % and then, at the crossing area, decays to insignif-
icant levels. Attention to the spatial population of the X state in
Fig. 3 shows that the intensified wave in the X state oscillates
in the X state potential well, not in the diabatic-coupling area.

This suggests that the Stark pulse be delayed until the
traveling wave packet reaches the diabatic-coupling area. We
have therefore calculated the wave-packet population for a
Stark pulse applied at /=720 fs. Figure 4d shows the result.
Prominent after the Stark pulse, the permeating state 4 now
amounts to approximately 50 % of the total wave packet, and
the abundance of the product of dissociation from channel 2 is
sharply enhanced.

The Landau-Zener (LZ) formalism [37] offers insight into
how dynamic Stark control affects the curve-crossing proba-
bility. The simple LZ expression gives the probability for non-
adiabatic hopping from one surface to another [37]:

27V215(R,)
ma(vz—m)
OR,

Py =exp| — (12)

where R, is the reaction coordinate, v, is the reaction coordi-
nate velocity, V}, is the coupling between the channels, and
the V; are the diabatic potential energy surfaces.

In Csl, the two electronic states have different permanent
dipole moments and can therefore lead to different Stark
shifts. When the Stark pulse is switched on at different delay
times, since the excited wave packet moves to different R
locations, the evolution of the wave packet and the dissocia-
tion probability will be different. Because the permanent
dipole moment of the X state is much larger [26], we can
ignore the effect of the permanent dipole moment of 4 and
rely on the adiabatic picture to explain the numerical results.
The adiabatic potential curves are shown in Fig. 1b [26].

When the pump and Stark pulses overlap, as in Fig. 4b, the
energy shifts of the two electronic states follow the instanta-
neous electric field due to the first-order DSE according to
Eq. (3). The energy difference between the ground and excited
states at the equilibrium internuclear distance of the X’ state
grows when the Stark pulse field is positive; when the Stark
pulse field turns negative, the energy difference between the
two electronic states will be reduced. In either case, whether
the energy difference grows or diminishes, the pump pulse no
longer meets the resonant condition. As a result, the excitation

Fig. 4 Time-dependent (a) ( b)
populations of the X and A states 1.0 10 —
under four different conditions 0.8 0.8 r X
defined by distinct pump-Stark A
pulse sequences. In all cases, as in 0.6 061
Fig. 2, the pump pulse is centered 0.4 0.4-
at t=60 fs. Panel a depicts the X
evolution of the populations in the 5 02 021 L A
absence of the Stark pulse. Panel “5 0.0 0.0 4
b shows the time of evolution g o 200 400 600 800 0 200 400 600 800
following simultaneous £
application of the pump and Stark 8 1.0 (c) 1.0+ (d)
pulses. Panels ¢ and d represent 0.8 0.8-
the evolution for 360 and 720 fs A A
delays, respectively 0.6 0.6 :::}a
0.4 0.4
0.2 X 0.2 X
0.0 i i . . 0.0+ i i i i
0 200 400 600 800 0 200 400 600 800
Time (fs)
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process is restrained, and the dissociation population in chan-
nel 2 becomes as small as in the absence of a Stark pulse.

By contrast, with the center of the Stark pulse at /=720 fs,
when the excited wave packet enters the diabatic-coupling
area, the dissociation probability through channel 1 decreases,
while the dissociation probability through channel 2 rises
sharply, as Fig. 4d shows.

In the absence of external fields, the energy gap between
the X’ and A’ states at the avoided crossing point is constant.
When the Stark pulse is positive, the 4" potential energy
surface will be shifted down; the energy gap at the avoided
crossing point will decrease and may even be eliminated. As a
result, much more population can be transferred between the
A’ and X states, i.e., the probability of dissociation through
channel 2 will be enhanced.

When the Stark field turns negative, the energy gap will
grow, because the two potential surfaces will be shifted up-
wards. The probability for population hopping from the A4’
state to the X’ state will now decrease. Nonetheless, the de-
crease in the pre-dissociation probability due to the negative
Stark electric field may be very small because the pre-
dissociation probability is already very small in the absence
of the Stark pulse. In other words, in this first-order non-
resonant non-perturbative DSE case, the dynamics of diabatic
dissociation is chiefly affected by the positive part of the Stark
field.

4 Conclusion

We have applied the time-dependent wave-packet dynamical
method to study the effect of the time delay between a pump
and a Stark pulses on the populations of the ionic state X and
covalent state 4 of Csl. For 720 fs delay time, i.e., for a Stark
pulse that is switched on when the excited wave packet
reaches the diabatic-coupling area, the 4 state population rises
sharply to approximately 50 % of the total wave packet. From
a physical viewpoint, we have found in the potential energy
curves in Fig. 1 a simple explanation for the catalytic effect of
the Stark pulse at this delay time: applied at t=720 fs, the Stark
pulse closes the gap between the 4 and X states at the avoided
crossing and therefore enhances the population of the X’ state.
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