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For many years the collision dynamics of the vibrational 
energy transfer of I2 have been studied by various experi
mental techniques. Most of these studies have employed the 
vibrational and rotational states of the excited electronic 
state of I2 because the experiments within the excited elec
tronic state are relatively easier than those within the ground 
electronic state. Relatively a few workers have reported the 
vibrational energy transfer of the ground electronic state of 
I2(X11g+) which is of experimental1~9 and theoretical1043 inter
est for understanding of fundamental, microscopic kinetic pro
cesses.

In recent years Ma et al.4 have reported the vibrational 
excitation and deexcitation energy transfer cross sections 
from the u =5 excitation state of I2(X1Xg+) resulting from 
collision with He. They have measured the microscopic 
cross section as functions of kinetic energy using the 
crossed-beam technique. In their previous papers,2,3,6 they 
interpreted the gross features of their results for I2+He, 
I2+H2, and I2+D2 collision systems in terms of a simple 
dynamical mechanism in which most of the vibrational exci
tations come from nearly impulsive collisions along the 
steeply repulsive part of the interaction potential playing a 
dominant role. For h(u = 5)+He they also interpreted their 
experimental results using a simple theory.14」5 In this simple 
method calculating the vibrational energy transfer probabil
ity by perturbation theory a linear energy dependence is pre
dicted. But the experimental observations for both 05* and 
05-6 exhibit non-linear dependence on collision energy.

The purpose of this work is to study the kinetic energy 
dependence of the vibrational excitation and deexcitation 
energy transfer of h(u = 5)+He collision system using an 
operator solution of the time dependent Schrodinger equa
tion with both the exact collision trajectory and rotation tra
jectory numerically from the equation of motion. Also, in 
order to compare with the cross sections, we have calculated 
the probability for u = 0 — 1.

Interaction Model and Transition Probability

The potential energy between I2 and He is expressed as the 
sum of two I-He interactions:

V(Ri，R2) = 2 DX{ exp [(Re -R»/a] (1)
-2exp[(Re — R,.)/2시]}; i= 1, 2

where Ri,2=[R2±R(d+x)cos0+4 (d+x)2]1/2, Re is the equilib
rium separation to be determined, and D and a are the inter

action parameters. Here R is the distance between He and the 
center of mass of I2, 0 is the angle between the molecular 
axis and the direction of approach of He, and x is the dis
placement of I2 bond distance from its equilibrium value d. 
When these two atom-atom distances are introduced in Eq. 
(1), the potential becomes V(Ri, R2)=V(R, x, 0), The 
straightforward expansion of R1,2 in the exponent of V(R, x, 
0) yields the interaction potential in the form

V(R, x, O)=Vo(R, 0)+V1(R, 0)x+ … (2)

where

)(R,0 )= 2DX{exp [(Re — R,。)/a]

—2exp [(Re — Rio)/2a] }

l(R,0 )= 2D£{bi1exp[(R。— Ri0)/a]

-c“exp[(Re — R[0)/2a] }

1 1

J0= (R2— Rd cos0 + 1-d)2 , R20= (R2— Rd cos0 + 4d),

1

11= (R cos0 —2 d)/ 2시(R2— Rd cos 0+4- d2)2 ,

L 1_,

?11= (R cos0+2d)/ 2a(R2— Rdcos0+；d2/ , etc.

In the present semiclassical procedure, we consider the 
translation to be classical and determine the collision trajec
tory from Vo(R, 0) given in Eq. (2): i.e., R三R(t) and 0 三0 (t). 
Since the x dependent terms in Eq. (2) are responsible for 
one-quantum vibrational transition, we can express the 
Hamiltonian in terms of ladder operators (a+, a) in the form

1

H(t) =hcD( a+ a +2) + (h/2m 折 V1( t )(a+ + a). (3)

where m and a) are the reduced mass and the angular fre
quence of I2, respectively. Then the time dependent Schro
dinger equation can be written as

.t d . _ 一，- ，八ih의 中(t) >=H(t) 丨 中(t)> (4)
dt

Since the operators a+, a, a+a, and I form a close family 
with respect to commutation, we look for the solution of this 
equation in the form16,17

邮t)> = eg °"e吳也成宀舟以li> (5) 
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where I is the identity operator and | i > represents the initial 
state |中(t°) >. Here g(t)'s are complex-valued functions of 
time to be determined for the Hamiltonian given by Eq. (4). 
In Eq. (5), the product of exponential operators plays the role 
of a time development operators transforming the initial 
state into various states at time t. After the initial state has 
evolved into the asymptotic region, the transition probability 
can be obtained by projecting onto the known asymptotic 
state | f>:

P.tf= lim I <f\興t)>\2= lim I <f]

egi (t)a+eg2 (t)a*" a+aegi(t) /Ii>|2 (6)

For 0 t 1, 5 t 4, and 5 t 6, the exponential operation 
gives the transition probabilities

P0 t 1 = lim|gi(t)e知叩， (7a)
t T 8

P5 T 4= lim 5|[1 + 2g1(t) g2+g；( t) g2(t) + 6 g3 (t)g2 (t) 
t T 8 6

+ 焉 g4(t)g4(t)]e明(t)+g4(t)]£ (7b)

P5 T6= lim 6| [1+2 g1(t )g2 (t) + 5 g2(t) g2 (t) + 으 g3 (t)g2(t) 
t T 8 4 12

+ 24 g4(t) g4(t) +矗 g5( t) g2(t)]g1 (t)e庇3眼4叫2. (7c)

To determine g(t)'s, we derive a linear relation between the 
coefficients of a+, a, a+a, and I in the Hamiltonian and those 
in 히中(t) >/d t by substituting Eqs. (3) and (5) in Eq. (4):

----- = -®g1(t) 
dt 1

- -2
—i(2hm0) V1(t), (8a)

쏘S = -i^g2(t) 
dt w

1

—i(2hm0) 2 V1(t),
(8b)

dg3
---- = —1^, dt

(8c)

1dg i - "2
으읙 = — -0 — i(2hm⑦) V1 (t) g1(t), 
dt 2 1 1

(8d)

Thus, gi's can be determined by solving four first-order 
differential equations subject to the initial conditions gi(t0) 
=0. These equations will be solved for F“t) numerically 
using the fourth-order Runge-Kutta method.

The trajectory needed to parameterize V1 will be obtained 
from the solutions of the equations of motion 卩d2R/dt2=- 
dV/dR, md项dt= -dV/dx, and Id20/dt2=-dV/dO for the ini
tial conditions (at t=to):18

R(to) =2a ln ][cosh(To/시/2)

-7 (D/E + D) ]4( D/E) + (D/E )2}, (9a)

x(to) = (2Eu/m ⑦2)1/2 sin(飮+&)) , (9b)

O(to) = Qto+O。， (9c)

where T0=(E/卩)1/2(to/a), E is the initial collision energy, Ev is 
the initial vibrational energy, Q is the angular velocity (rad/ 
s), and 80 and O0 are the initial vibrational and rotational 
phases, respectively. Since the classical expression for the 
rotational energy of I2 is Er = 2 IQ2, we express Q = (2ER/I)1/2. 
At a given collision energy E, we take the most probable 
rotation energy for the present calculation. For example, at 
E=0.02 eV, ER=6.51x10-3 eV

Results and Discussion

The potential parameters employed in the calculations19,20 
are D=52.1 cm-1, a=0.278 A, and ^2.6635 A. Using the 
spectroscopic constants given in Ref. 20, we find the vibra
tional energy spacings AE10, AE54, and AE56 to be 213.30, 
208.34, and 207.08 cm-1, respectively. We sample 1000 tra
jectories for various set of 80 and O0, and integrate the dif
ferential equations for a time step of 0.5 fs or approximately 
1/20th the period of I2 vibration. Trajectories are initiated at 
a distance of 15 A, and the equations are integrated until tra
jectories reach at least the same distance after the collision.

In addition to the collision energy E, the transition proba
bilities obtained above are dependent on the impact parame
ter b and the initial phase 80 and O0. To calculate transition 
probabilities, it is necessary to make some modifications to 
the expressions given above. First, the energy E will have to 
be symmetrized because it does not represent the collision 
energy after energy transfer. We take the symmetrized 
energy21 to be Es= 4[(E士 | AEf|)1/2+ E1/2]2 for i t f, where 
AEif is the VT energy transfer for i t f and the upper and 
lower signs are for exothermic and endothermic directions, 
respectively. Second, we consider the colliding partners 
approaching each other from noncollinear direction by intro
ducing the impacter parameter. For this consideration, we 
modify the collision energy as E(1-b2/R*2) in the range 
0 < b < R*. Thus, the initial collision energy can be replaced 
by ES(E, b)=4 ( [E(1-b2/R*2) 士 AEf]1/2 + [E(1-b2/R*2)]1/2}2;
i.e ., PiTf (E)三Pif (E, b, 80, O0) . With these modifications, 
we average the probability over impact parameters from 0 to 
R* and over the initial phases as

Pif(E) = (2兀)-2(nR*2)-1 J d80J dO 
J0 J0

J 2nb db Pif (E, b, 8(), 0()).

(10)

The calculated values of the transition probabilities for 
u = 0T1, 5t4, and 5t6 are plotted in Figure 1, where the 
experimental data are reproduced from Ref. 4. In order to 
compare with normalized cross sections, we have reduced 
the calculated probabilities by a factor of 0.08. As shown in 
Figure 1, the slopes of calculated results are in resonable 
agreement with the experimental data. The magnitudes, 
however, are little different. This discrepancy is understand
able from the fact that the calculated results take into 
account one-dimensional collision trajectory. The actual 
dynamics even for this collision system is much more com-
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Figure 1. Collision energy dependence of the vibrational transition 
probabilities. The solid curves are the present calculations. All 
experimental data are reproduced from Ref： 4. Experimental data: 
O for U = 5 T 4; • for U = 5 T 6; △ for U = 0 T 1.

plicated, but the present calculation gives the transition prob
abilities which agree with experimental data, in despite of 
one-dimensional collision trajectory and the simple collision 
model. The other point worth noting is that although there is 
a large experimental scatter, the experimental result for 05—4 

tends to exceed that for 05—6 at the higher end of the colli
sion energies. However, the calculation does not show such 
a reversal. This result can be explained in terms of the sign 
of NE and the impact parameter b in the symmetrized energy 
Es. In this calculation the collision energy is replaced by 
Es= 4 {[E(1 -y2)±AE]1/2+[E(1 -y2)]1/2 }2, where y=b/R*. In the 
case of u=5t6 transition, y have to be smaller than 1- AE/E 
because in the endothermic process the sign of AE is nega
tive. As this result also brings about the reduction to the 
upper integral limit for b in Eq. (10), the calculated probabil
ity P5T6 becomes less efficient than P5t4 at the collision 
energy range of20-200 meV.

Table 1. Comparison of P5—6/P5t4 for the collinear collision and 
the result of Eq. (10)

P5T4 / P5T6

E (meV) Eq. (10) b = 0
40 4.19 1.63
60 2.11 1.24
80 1.62 1.11

100 1.41 1.05
120 1.29 1.02
140 1.21 1.00
160 1.17 0.99
180 1.14 0.99
200 1.11 0.99

On the other hand, when only collinear collisions are con
sidered, we can set b = 0 and define the calculated probability 
simply as P(E) = (2n)-2£戏° J：財。°P^E,花，们),with 
Es = 4 [(E士AE)1/2+E1/2]2. This expression leads to the rever
sal between P5t4 and P5T6. The values of P5T4/P5T6 from 
Eq. (10) and the collinear (b = 0) collision are listed in Table
I. At higher collision energies, P5T4/P5T6 for the collinear 
collision is about 0.99, indicating that the collinear treatment 
is a valid approach. But at all collision energy range the col
linear collision probability is nearly two times that obtained 
from Eq. (10) including b 丰 0 collisions. Therefore, it may 
be too early to conclude the validity of the collinear treat
ment.

In summary, a semiclassical calculation using an operator 
solution of the time-dependent Schrodinger equation has been 
performed for the I2(U = 5) + He collision system. Even 
though the collision model and potential used in this study is 
very simple, it can explain essential features of the vibrational 
excitation and deexcitation energy transfer of h(u = 5) + He.
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