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Wave packet propagation techniques are used to find experimentally reliable laser parameters that yield
optimal production. The photoionization and photodissociation dynamics of sodium iodine molecules are
interpreted into several channels. Several frequencies are found to be suitable for Nal molecules during
the photoionization and dissociation processes. Photon-dressed excited states and electron-dressed ionic
continuum states facilitate the search for available laser parameters.
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The quantum control of transition is now possible, and
optimized techniques for achieving desired outcomes are
currently available[!=8]. The ultrafast photo-dynamics
of a chemical reaction, such as the direct dissociation
process, has been observed in recent years with the de-
velopment of increasingly short laser pulses with dura-
tions of several femtoseconds®>~0. Likewise, it is now
possible to monitor elementary chemical and physi-
cal processes, such as the reaction dynamic process!®,
the electron transport process® 'Y the ultra-cold
dynamic process!'>13] in molecules, the photoioniza-
tion micro-mechanisms of atoms under the condensed
conditions'*~2% and the biophysical processes in organic
bodies?3] as a function of time on a femtosecond or pi-
cosecond time scale. Moreover, real-time femtosecond
transition state spectroscopy in dissociation processes
that allows bond breaks to be observed has also be-
come a reality! 8], The laser pump-probe technique
has become a powerful method used in studying the
dynamic processes. In the laser pump-probe technique,
the single or multi-photon excitation scheme prepares an
excited state, and an additional photon from the same or
from an independently tunable source ionizes the excited
statel!=8:24=33] ' The pump pulse triggers the dynamics,
and the probe pulse records snapshots of the ultrafast
processes at times set by the time delay between the two
pulses!’ 9. The transition states depend on the posi-
tion of the wave packet on the excited potential energy
surface; in turn, these provide information about the
dissociation processes involved!!—8:24-33]

Two sequential coherent laser pulses control the ioniza-
tion and dissociation reaction process of sodium iodine
molecules, forming sodium and iodine atoms by exciting
the reactants in the transition state through a two-step
processl®.  Since the first dynamical study of the Nal
molecule on a femtosecond time scale by Rose et al. in
1988134 numerous experimental and theoretical research
on the system have been performed(24=3% . Many factors
influence the experiments and the accurate potentials of
the electronic states of molecules. Therefore, theoretical
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studies must choose suitable parameters in the experi-
ments. In this letter, we develop a theoretical scheme
that searches for suitable parameters.

The femtosecond pulse, time-resolved photodissocia-
tion, and photoionization processes of Nal are simulated
using the time-dependent wave packet method[31:32],
Sodium iodide is a classic example of a diatomic molecule.
The femtosecond pump-probe study conducted by Ze-
wail provides insights into dissociation dynamics!?®!. For
sodium iodide, all available calculations of quantum con-
trol are performed for only a single probe wavelength.
The accurate treatments of the photoionization and dis-
sociation dynamics of Nal are scarce. Thus, we create
a well-defined quantum mechanical wave-packet using a
short laser pulse on a molecule in its equilibrium state.
We then used another probe pulse to study the dissoci-
ation and ionization processes (Fig. 1). Aside from the
typical frequency used, we find that several frequencies
can be applied to molecule that, in turn, can be used to
enhance or control chemical reactions through the careful
application of pulses of light with optimal frequencies,
intensities, durations, and timings!33.

Figure 1 shows the schematic representation of the
photon-induced ionization and dissociation processes
of molecular Nal. The potential energy curves for the
low-lying and the ionic ground electronic states were
calculated using the well-known Molpro package. The
combination of pump and probe laser pulses reveals the
nature of the initial photon absorption step and the sub-
sequent dissociation processes. The entire Nal molecule
is distributed on the ground electronic state XX T (Figs.
1 and 2). When the pump pulse triggers the dynamics
at time t = 0, the population declines from the X'¥*
to A'S7T states, until the steady state at approximately
t = 150 fs. The molecule then starts to populate from
the A'Yt to I?2Y1 ionic states when the other pulse
occurs at approximately ¢ = 250 fs. The ultra-short
pulses then prepare a particular state of the system,
and trigger some characteristic dynamic behaviors. Us-
ing the aforementioned technique, we studied the pho-
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Fig. 1. Schematic representation of the dynamics on the po-
tential energy surfaces of Nal, the ground state XX, the ex-
cited state A'X, and the ionic state 25" . The snapshots of
the photodissociation and femtosecond photoionization pro-
cesses at different delay time as well as the distance between
Na and I atoms are also shown.
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Fig. 2. Population pumping scheme of Nal on three electronic
states using 2-fs laser pulses.

todissociation processes [NatlI=(X!¥+) — Na® 41—,
Nal(A'S") — Na(2S)/2) 4+ I(*Ps/2)] and photoioniza-
tion processes [Nal™(I?Y*) + e~ — Nat + 1+ e~ or
I- — I+ e ] shown in Fig. 1.

The time-dependent Schrodinger equation must first
be solved in order to study the dynamic processes on
a femtosecond scale. Engholm®3 reported the time-
dependent formulation for nuclear dynamics in molecules

induced by electronic excitation in a radiation field.
When a molecule interacts with a radiation field, the
time evolution of the molecular states is given by the
following time-dependent Schrédinger equation®3!:

2L (Rr, )

ot :HW) (ervt»a

(1)

where r and R denote the electronic and nuclear coor-
dinates, respectively. The total Hamiltonian H includes
the molecular Har}\liltonian H,o1 and the external electric
field interaction Hiy(t). The total Hamiltonian H is

H = Hpo + H (). (2)
For actual calculations, H mol 18 separated in the adiabatic
representation as

~

Huol = Tn(R) + Ha(R; 7). (3)

Within the dipole approximation, the termﬁl(t) is cal-
culated as

~

~1
Hi(t) = —d E ¢ coswt,

(4)

where d is the dipole electric operator of the molecule,
1
and F o = Ey(t) € is the electric field vector along polar-

1
ization e. In addition, |¢ (R, t)) is the state vector of
molecule at time ¢, and is obtained as

n

WJ (R, t)> = Z Xi(R7 t)i(r; R),

i=1

()

where ¢;(r; R) is an electronic eigenstate obtained for
fixed values R from the following eigenequation:

Hey(R;r)i(r; R) = Ei(R)$i(r; R), (6)
and x;(R,t) is a vibrational-rotational eigenstate in the
1 electronic eigenstate. The population variation of Nal
in one electronic state XXt (Fig. 3) was studied us-

ing |[¢ (R, r,t))|? in the wavepacket form when the first
pulse was applied to the molecule earlier shown in Fig. 2.
If the pump pulse time was long enough, the population
was entirely pumped into the upper electronic state.

By substituting Eq. (6) into Eq. (1) in the Nal
molecule cases, the time-dependent Schrodinger equation
can be written as

xx(R,t) I?\XX I?\XA AO 0 AO xx (R, t)
o | xa(B;1) Hax Haa  Har 0 Hia xa(R,t)
ihg xn (R.t) | = 0 Hyr Hir+Ern O 0 xrn (R, t) |, (7)
M M M M M M M
XIn (R’t) 0 ﬁ]A 0 0 ﬁ[[ + Ern X, (R,t)

where xx(R,t) and xa(R,t) denote the wave func-
tions of the ground state X't and the exited state
A'St of the nuclei of neutral Nal molecules, respec-
tively. |xr,(R,t))(n=1-50) denotes the wavefunction of

the quasi-continuum states of the ionic Nal molecule.
The diagonal element can be expressed as

~ h? 92

H[] = _%ﬁ + EZ(R)

(8)
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Fig. 3. Variations of the population of Nal in the X% elec-
tronic state as a function of time.
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Fig. 4. Evolution of the population of Nal on A'S* state
at different wavelengths after the pump pulse. The popula-
tion pumped onto A*ST state has 2 maximum signals at laser
wavelengths of approximately 283 and 312 nm, respectively.

The off-diagonal element is expressed as

ﬁ[J:/,L]JE(t). (9)

The matrix equation is solved using the split operator
Fourier method®¥. In the adiabatic representation, the
wave packets are initialized as

x (Rt =0)) = o,
{ aa(R.t=0)) =0

|XI(R7t = O)>

where |¢,,) is usually the ground vibrational eigenfunc-
tion of the ground electronic state corresponding to the
vibrational quantum number v. Using Eq. (7), under
the diabatic representation with a diagonal kinetic en-
ergy operator for the nuclear motion, the couplings are
restricted to the off-diagonal elements of the potential
energy matrix. The restriction of the couplings is more
convenient for numerical calculations, because the dy-
namic revolution processes of ionization and dissociation
in Nal molecules can be studied on a femtosecond scale.

The coupled channel equations were solved by the
split-operator method, which employed a symmetric
splitting of the kinetic and potential energy operators. A
1 024-point space grid in [2.0, 15.0] atomic units was used
to represent the wave functions on the three potential
curves. The probability in each dissociative channel was
obtained by integrating the corresponding flux over the
time interval in which it was recorded. Then, an absorb-
ing potential was placed at an inter-nuclear separation of
R > 15.0 au to avoid wave packet reflection from the grid
boundaries. The full-width at half-maximum (FWHM)
intensities of the pump and probe pulses were both 40

)
: (10)

fs. Therefore, only few vibrational energy levels of Nal
were included. The delay time between the two pulses is
200 fs. The intensities of the pump and probe pulses are
1.0 x 10*3 and 1.0 x 10'2 VV/cmz7 respectively.

A previous Nal excitation experiment[*6! used laser
pump wavelengths of 300, 310, and 328 nm. The 310-nm
wavelength has been obtained from the difference be-
tween the corresponding potentials used. The obtained
difference between the potentials of A'YT and X'¥+
is 312 nm and pumped the largest population to the
XY electronic state. Another experiment also used
a wavelength of 312 nm3%. In this letter, we observed
another strong signal when a 283-nm wavelength laser
pulse is applied to the X'+ state. In the region be-
tween the 271- and 362-nm wavelengths, the population
of Nal is distributed onto the A'Y* state and remained
steady (Fig. 4). The laser pulse within the wavelength
regions efficiently populate the Nal molecules onto the
excited state A'XT. Further, the 283- and 312-nm laser
pulses pumped the maximum population onto the ex-
cited states. Wider and more accurate wavelengths can
be chosen from the wavelength region between 271 and
362 nm. Therefore, more wavelengths are usable in the
experiments.

Figure 5 shows the evolution of the Nal population
on the excited state A'ST at different laser wavelengths
after the probe pulse at 280 fs. Several regions of the
laser wavelength efficiently triggered the photoionization
process. Increased amounts of short laser wavelengths
populated the Nal molecules onto more high-energy ionic
states, and less ionic continuum states are included. In
the region between 365 and 435 nm, the Nal molecules
are promoted onto some excited vibrational states and
lower-lying continuum states; therefore, the region is
wider. Different probe states must use different laser
wavelengths. If the ground or some low-lying states are
probed, the wavelength becomes longer. Previous ex-
periments have used probe lasers with wavelengths of at
least 600 nm[%.

Figure 6 shows all the available wavelengths for pump
and probe laser pulses. As can be seen, the wavelength
primarily depends on the difference between the poten-
tials of A’ and X2t for photodissociation processes.
Photoionization processes, meanwhile, depend on the
difference between the potentials of theA!>+ and 12X+
states; however, the latter depends on the energy of the
photo-electrons. In the experiment, we used 52 poten-
tials of the I?Xtstate from the photo-electronic energies
ranging from 0 to 5 eV. All the wavelengths in each
band were available for the femtosecond dissociation and
ionization processes of Nal molecules. The states or re-
gions are called the electron-dressed ionic I2XT states
and photon-dressed excited states A'S 1. The states aid
in the study of femtosecond processes.

In conclusions, the photodissociation dynamics of
sodium iodide are theoretically studied using the time-
dependent wave packet method. The transition states of
Nal are modeled as a function of the probe wavelength
for a wide region between 323 and 254 nm. The electronic
state is called the photon-dressed excited state. Between
the 271- and 362-nm wavelength region, the population
of Nal is distributed onto the A'X* state and remains
steady. The laser pulse within the wavelength region
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Fig. 5. Evolution of the population of Nal on the A>T state
at different wavelengths after the probe pulse. Several wave-
length regions efficiently triggered the photoionization pro-
cess.

43000 |,
- ’

1

g |

& 41000 | 2000 cm™
) Fion 500 e
Pt

<] 0%
% Na'+1
=

-~

5 37000 | photon-dressed Nal

‘5‘ adiabatic excited state

[a W)

35 000 L L L

2 4 6 8 10 12
Internuclear distance (Angstrom)

Fig. 6. Photon- and electron-dressed electronic states repre-
sent the available laser wavelength region used in preparing
the particular states.

efficiently populates the Nal molecules onto the excited
state A'3F. The 283- and 312-nm laser pulses pump the
maximum population onto the excited states. Wider and
more accurate wavelengths can be chosen from the region
between 271 and 362 nm. Therefore, many wavelengths
are considered usable in the experiments. Furthermore,
several frequencies are found to be useful in the study of
the photoionization and photodissociation processes of
Nal molecules.
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