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The laser-induced reaction, K+NaCl+hv—KCl+Na*, has been studied quantum-mechanically, with
consideration of only collinear geometries. Laser-dressed equations are numerically solved by the R-matrix
propagation method. Quantum reaction probabilities are dominated by many resonances corresponding to
the vibrational states of the reaction complex formed in the reaction. The results obtained are compared
with surface hopping trajectory calculations. The trajectory surface hopping model fails in predicting the
translational energy dependence of the reaction probabilities but a Landau—Zener model is qualitatively
correct in the calculation of the laser wavelength dependence of the reaction probabilities. These results
suggest that the dynamics of the laser-induced reaction can be divided into two independent processes; the
ground state reaction K+NaCl—KCl+Na and the non-adiabatic transition from the laser-dressed ground

state to the excited state.

Recent developments in molecular beam techniques
and laser spectroscopy have opened a new field of “tran-
sition-state spectroscopy”. The first attempt at spec-
troscopic probing of the transition-states was carried
out by Polanyi and his co-workers.) They have stud-
ied the F+Nay reaction and observed a broad “wing”
emission around the Na D-line, which they ascribed to
the emission from the FNay, transition-states. Brooks
and his co-workers>® have reported evidence for ab-
sorption from the intermediate configurations in the
K+NaX (X=Cl, Br, I) reactions. Neumark and his co-
workers*—% have utilized photodetachment processes
of negative ions XHY ™ to study the transition-states
for the neutral X+HY reactions, where X and Y are
halogen atoms. Zewail and his co-workers™® have suc-
ceeded in real-time probing of transition-states by using
a femtosecond pump-probe technique. Although the ex-
perimental spectra observed by using these techniques
give important information about the transition regions
in potential energy surfaces, it is generally difficult to
obtain the potential energy surfaces directly from the
spectra. Therefore, a theoretical simulation of the ex-
perimental spectra is a very important step for under-
standing the characteristics of the potential energy sur-
faces.

In this paper, we address the transition-state spec-
trum for the K+NaCl reaction system which have been
experimentally obtained by Maguire et al.? They have
obtained the excitation spectrum by monitoring emis-
sion from Na*. The spectrum obtained possesses a
higher energy shoulder that increases in the direction
of the Na D-line and a broad peak around 640 nm. The

origin of this spectrum is attributed to the following
laser-induced reaction:

K 4+ NaCl+ hv — KCl+Na*.

Several theoretical studies have been carried out to
simulate the experimental spectrum. Yamashita and
Morokuma®!? have carried out ab initio calculations
for the ground and first two excited states of the KCINa
molecule. They have constructed global analytical po-
tential surfaces only for the ground and the second ex-
cited states, since the absorption to the first excited
state was found to be negligible in the wavelength region
of the experiments. They carried out surface hopping
trajectory calculations where the non-adiabatic transi-
tion probability between two potential surfaces is es-
timated by the Landau—Zener approximation. Later,
Barnes et al.®> have performed similar calculations on
slightly modified potential surfaces of Yamashita and
Morokuma. The agreement between the theoretical cal-
culations and the experimental results was found to be
poor. Barnes et al.®) could not confirm if the surface
hopping trajectory model is inadequate or the potential
energy surfaces employed are inadequate. Thus, an ex-
act quantum calculation is clearly desirable. Johnson'®)
has carried out collinear quantum calculations on the
potential surfaces of Yamashita and Morokuma using a
time-dependent formalism. However, converging results
could not be obtained because of the small number of
grid points and the short propagation times.

Motivated by these studies, we here compare accurate
quantum calculations with the surface hopping trajec-
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tory calculations. Three-dimensional calculations are of
course desirable. However, the masses of the K+NaCl
system are too large to perform three-dimensional quan-
tum calculations because of the huge number of ro-vi-
brational states. For this reason, only collinear geome-
tries are considered in the present investigation. Al-
though we cannot confirm whether the conclusions ob-
tained from the reduced dimensionality calculations are
still valid in higher dimensionality ones, the theoretical
calculations presented here will still provide valuable
insight into spectral studies of transition-states.

Computational Procedure

In order to calculate
12,13)

A. Quantum Calculations.
the transition state spectra, a laser-dressed picture
is introduced. In this formalism, both photoabsorption
and photoemission processes are treated as non-adia-
batic transitions between the laser-dressed ground and
excited states. The equation to be solved can be written

as
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Here ¢, and ¢, are the scattering wave functions in the
dressed ground and excited state, respectively. V7 and
Vy are the ground and excited potential energy sur-
faces, respectively. R is the scaled distance between the
K atom and the center of mass of the NaCl molecule.
r is the scaled internuclear distance of NaCl. p is the
reduced mass of the system. pi2FE is the laser coupling
matrix element between two surfaces and is set at a
constant value of 0.1 kcalmol~!. This value is the same
as that used by Yamashita and Morokuma.!” Equa-
tion 1 is similar to those for ordinary non-adiabatic re-
actions. In the present study the hyperspherical coordi-
nates (p, 6) are employed in order to solve Eq. 1 numer-
ically. Standard R-matrix propagation method is used
for scattering calculations. In the R-matrix propagation
method, it is necessary to solve an eigenvalue problem
on a grid of fixed values of hyperradius p. This was done
by adopting a standard finite-difference method. The
number of grid points used was 5000, which has been de-
termined from convergence tests. The deep well in the
potential energy surfaces for the KNaCl system implies
that a large number of basis functions in the coupled-
channel expansion is needed to converge the reaction
probabilities. The calculation was carried out with 30
channels for each potential surface and well converged
results were obtained in the energy range considered
here.

Our computational code was checked by comparing
with the results for the collinear F(?P; /2,1/2) +Ha reac-
tion in Ref. 15. An excellent agreement was obtained.

B. Surface Hopping Trajectory Calculations.
The surface hopping trajectory model is based on a
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classical trajectory calculation performed on a single
potential surface. The difference is that the non-adia-
batic transition is incorporated with this model. Two
methods have been developed to calculate surface hop-
ping trajectories. One has been proposed by Stine and
Muckerman'® and the other by Blais and Truhlar.!”
Although it is still unsettled which method is more ac-
curate, the method by Stine and Muckerman is more
frequently employed in practical calculations. This is
because their method is very simple and the modifi-
cations from a computer program for a single surface
calculation may be straightforward. Recent calcula-
tions by Yamashita and Morokuma'® and by Barnes et
al.? also employed their method. Thus, we here adopt
the same method, although our calculations are within
collinear configurations.

The non-adiabatic transition probability was esti-
mated using a standard Landau-Zener equation.®'®
Typically, 500 trajectories were sampled for a specific
laser wavelength and a specific translational energy. In-
tegration of the classical equations of motion was car-
ried out by a variable step-size Runge-Kutta—Fehrberg
method.

C. Potential Energy Surfaces.  As mentioned
in the Introduction, the analytical potential surfaces
based on ab initio results are available.!® At first, we
employed the potential surfaces. However, well con-
verged results could not be obtained. This is probably
because the surfaces have small potential wells in the
asymptotic region for both entrance and exit arrange-
ment channels. Since only collinear geometries were
considered in the present study, we employed simple
LEPS (London-Eyring—Polanyi-Sato) potentials'® for
both the ground and the excited states. For the excited
states, a one body term were also added to the LEPS
potential so as to reproduce the experimental endother-
micity. The explicit expression and the parameters are
described in the paper of Yamashita and Morokuma.!®

The parameters for the LEPS potentials are summa-
rized in Table 1. The adjustable Sato parameters are
determined so as to reproduce roughly the character-
istics of the reaction complex, such as the location of
complex and the depth of the well, which have been

Table 1. LEPS Parameters Used in the Present Cal-
culations

Molecule KCl NaCl NaK

De® JeV 4.3570 4.2530 0.6277
Re¥ /A 2.6667 2.3608 3.5890
b /A 0.7842 0.8969 0.8084
AP 0.3500 0.3500 0.3500
A9 0.5000 0.5000 0.5000

a) The same values are used for both the ground and
excited states. b) Sato parameters for the ground state
potential. ¢) Sato parameters for the excited state
potential.
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calculated by Yamashita and Morokuma.®'? Figure 1
shows the contour plots for both the ground and excited
state potentials employed in the present calculations.

Results

Figure 2 shows the total reaction probabilities for the
K+NaCl (v=0) +hv—KCI+Na* reaction at the laser
wavelength of 593.3 nm. The reactant NaCl molecule
is in the ground vibrational state and the probabili-
ties were summed over all open vibrational states of
the product KCI molecule. The solid line stands for
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Fig. 1. Contour plots of potential energy surfaces used

in the present calculations. (a) is for the ground state
and (b) for the excited state. Numbers in the figures
indicate the height of contours in unit of eV.

Transition-State Spectrum of K+NaCl

the quantum calculations and the solid circles stand for
the surface hopping trajectory calculations. The quan-
tum calculations clearly show oscillatory structures,
i.e., about sixty resonances are observed in this energy
range. These resonances correspond to the vibrational
states of the reaction complex formed in the reaction,
since the potential energy surfaces of this reaction have
deep wells. On the other hand, the probabilities cal-
culated using the surface hopping trajectory are nearly
constant in this energy range, and the values are found
to be about 0.4. It is also interesting to compare the
lifetimes of the reaction complex calculated by the two
methods. From the resonance linewidth in Fig. 2, we
can roughly estimate the quantum lifetime of the reac-
tion complex. The resonance linewidth observed lies in
the range of about 0.0001 to 0.001 eV and these values
correspond to the lifetime of about 1 to 10 ps. On the
other hand, the classical lifetimes can roughly be esti-
mated from the total integration time for the reactive
trajectories. The orders of the classical lifetimes were
found to be almost the same as the quantum results.

Figure 3 shows the laser wavelength dependence of
the total reaction probabilities for the K+NaCl (v=0)
+hv—KCl+Na* reaction. The same result is shown
in Fig. 4 in the three-dimensional perspective plots.
Although small differences are seen at some transla-
tional energies, the figures show that the probabilities
decrease with the increase of laser wavelength. In addi-
tion, Figs. 3 and 4 also show that the shape of proba-
bility curve does not depend on the laser wavelength
and only the magnitude of the probability is differ-
ent. These behaviors suggest that the reaction dynam-
ics may be determined by a single potential surface. In
order to check the validity of this suggestion, we calcu-
lated the total reaction probabilities for the K+ NaCl
(v=0) —»KCl+Na reaction on the ground-state poten-
tial energy surface. In Fig. 5, the results for the single
surface calculations are shown. Although the detailed
structures of resonance are slightly different, the figure
clearly shows that the probability curve obtained by
the single surface calculations agrees very well with the
results obtained by the two surface calculations.

Figure 6 shows the laser wavelength dependence of
quantum reaction probabilities for the K+NaCl (v=0)
+hv—KCl+Na* process at several translational ener-
gies. The figure also includes the probabilities calcu-
lated from the following one-dimensional Landau—Zener
approximation:

p=1—exp[-2ndi,/(lw|AF)), (2)

where dio=pu12F and AF'is a slope difference between
the dressed ground and excited potentials. v is the
translational velocity. In order to calculate AF, we em-
ployed one-dimensional potentials which were obtained
from the vibronic curve of the ground and excited po-
tential surfaces. The laser wavelength dependence of
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Fig. 2.

Translational energy dependence of the total reaction probabilities for the K4+NaCl (v=0) +hv—KCl+Na*

reaction at the laser wavelength of 593.3 nm. Solid lines show the results from quantum calculations and the solid
squares the results from the surface hopping trajectory calculations.
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Fig. 3.
reaction at several laser wavelengths.

probabilities calculated using the surface hopping tra-
jectory method is also given in Fig. 6. For both the
Landau—~Zener and surface hopping trajectory calcula-
tions, the results were found to be almost independent
of the translational energy considered here (0.04—0.13
eV). All the probabilities monotonously decrease with
the increase in the laser wavelength. It is not impor-
tant to compare the absolute values of the quantum
probabilities with those of other methods, because the
quantum probabilities are strongly dependent on the
translational energy, as shown in Fig. 2.

Translational energy dependence of the total reaction probabilities for the K4+NaCl (v=0) +hv—KCl4+Na*

Discussion

The quantum results described in the previous section
suggest that the reaction probabilities Py % (Et, A)
for the laser-induced K+NaCl+hv—KCl+Na* process
can be approximated as a simple product of two prob-
abilities:

P —Nax (Et,\) ~ Pk—Na(Et) Prna—nNar (Et, ),  (3)
where Fi is the translational energy and A is the laser
wavelength. Equation 3 clearly shows that the K+



768  Bull. Chem. Soc. Jpn., 68, No. 3 (1995)

L S
- 3‘\«“ Rk
% 600 \\\\ \\\\ \\\\\ LR

\\‘ \\\\\\\\

N

0.078

@\&\\\ “\\\%\A\}
\\\ \\\\\ \ N \\\ \

RN \\\\\
N Q\\\Q\?\\\\\\\‘

UM

\\V \\\ \
\\\\\\ \\§\\\\\\\\\\\\ \\\\ ~\\ &Q\\\\\\\ \\i\\\\\\
0
* \\§\»\\\\\\\\\\\\\\

WR \\\\\ \\\\\\\\\\\\

Transition-State Spectrum of K+NaCl

AN '
X\
\\\\ \ *\\\\\ \\

R

\\\\\\\\\\\\\\\

Fig. 4. Three-dimensional perspective plots of Fig. 3.
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Fig. 5.
on the ground state potential energy surface.

NaCl+ hv—KCl+Na* process can be divided into two
steps. The first step is the K+NaCl—KCl+Na reaction
on the ground-state potential and the reaction probabil-
ity for this process is denoted as Px_,na (Et). Of course,
this process does not depend on the laser wavelength
and the reaction dynamics is governed by the many
resonances, since the potential surface for the ground
state has a complex well, as shown in Fig. 5. The sec-
ond step is the non-adiabatic transition from the laser-
dressed ground state to the excited state. The transi-
tion probability for this process is denoted as Py, y.*
(Ft, A). This transition is caused by the strong laser
field and is strongly dependent on the laser wavelength.
Consequently, the reaction dynamics for the laser-in-
duced K+NaCl+hv—KCl+Na* process can be treated
as a combination of two independent processes.

Figure 6 indicates that Py (Et, A) in Eq. 3

a—Na*

Translational energy dependence of the total reaction probabilities for the K+NaCl (v=0) —KCIl+Na reaction

can be qualitatively approximated by the Landau—Zener
probability. This suggests that the non-adiabatic tran-
sition probability is determined at the restricted regions
of the potential energy surfaces, viz., around the cross-
ing seam. In other words, the reaction on the ground
state and the non-adiabatic transition between two sur-
faces occur in different regions of the potential energy
surface. Figure 7 shows the crossing seams for several
laser wavelengths. The crossing seams are located in the
direction of the exit channel of the K+NaCl—KCIl+Na
reaction. As the laser wavelength becomes shorter, the
crossing seam moves toward the product channel away
from the interaction region. The transition probabil-
ity between the dressed ground and excited states be-
comes large because the slope difference in Eq. 2 be-
comes small. On the other hand, as the laser wave-
length increases, the crossing seam moves to the inter-
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The laser wavelength dependence of reaction probabilities for the K+NaCl (v=0) +hy—KCl4+Na* process.

Solid triangles, squares, and circles stand for the quantum results and the numbers in the figure indicate the transla-
tional energy. Open circles represent the Landau-Zener results and crosses represent the surface hopping trajectory

results.
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Fig. 7. The crossing seams for several laser wave-

lengths. Contours are drawn for the ground state
potential energy surface.

action region; however, the transition probability de-
creases because of the large crossing angle between two
surfaces. Thus, the laser wavelength dependence of the
reaction probabilities does not reflect the dynamics on
the ground-state surface nor the dynamics on the ex-
cited state surface. The main factor determining the
laser wavelength dependence of the reaction probabil-
ities is the non-adiabatic transition between the two
surfaces. Jiang and Hutchinson'® have also studied the
transition-state spectrum of the K+NaCl reaction by a

time-dependent wave packet calculation in one dimen-
sion. They concluded that the Landau—Zener model is
quantitatively incorrect but a Franck—-Condon model is
valid in predicting the transition-state spectrum. How-
ever, the laser wavelength region investigated in their
study was very different; they have studied the longer
wavelength region in which the absorption is mainly due
to the free-bound transitions.

Although only collinear collisions were considered in
the present calculations, it is still informative to com-
pare our results with the experimental spectrum?® and
with the three-dimensional surface hopping trajectory
results.®>'®) The experimental spectrum shows that the
intensity at 595 nm is about three times as large as that
at 600 nm. On the other hand, the three-dimensional
surface hopping trajectory calculations on the potential
surfaces of Yamashita and Morokuma did not show such
a sharp variation; the calculated difference between 595
and 600 nm is only 5%. As shown in Fig. 6, our quan-
tum results qualitatively reproduce the experimental re-
sults although the probabilities depend on the transla-
tional energy. These results suggest that the model po-
tential energy surfaces employed in the present study
have a reasonable crossing behavior on the exit chan-
nel. Barnes et al.® have already pointed out. that the
potential surfaces of Yamashita and Morokuma have
no such crossing behavior. Nevertheless, the qualita-
tive agreement is probably, in part, fortuitous since our
quantum results were not averaged over initial trans-
lational energies, initial impact parameters, or initial
internal states of the reactants. In addition, the origin
of the broad peak around 640 nm observed in the exper-
iments is still unknown. Barnes et al.®) have reported
that such a feature is well resolved for other reaction
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systems: K+NaBr and K+ Nal. They have suggested
that other excited states may play an important role.
However, there are no ab initio studies concerning the
excited potential energy surfaces for the K+ NaBr and
K+Nal reactions.

It is important to study the effect of non-collinear
collisions on the reaction probabilities. In fact, for a
non-linear configuration, Yamashita and Morokuma'®
have reported that the crossing seams move toward the
reactant side, on the basis of ab initio calculations. In
order to study the non-linear effect, one must use the
analytical potential surfaces developed by Yamashita
and Morokuma, because the LEPS potentials employed
in the present study are constructed only for collinear
calculations. Such calculations are currently under in-
vestigation.

In summary, the quantum reaction probabilities
have been calculated for the laser-induced K+ NaCl+
hv—KCl+Na* process within collinear geometries. It
has been found that the surface hopping trajectory
model does not reproduce the quantum results, but the
Landau—Zener approximation is qualitatively valid in
predicting the laser wavelength dependence of reaction
probabilities. This behavior suggests that the non-adia-
batic transition between the dressed ground and excited
surfaces occurs predominantly at the crossing seam of
these surfaces.
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