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The Differential Interference Angle of A-Related
Quantum Interference of 'II-state Diatom
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Abstract Collisional quantum interference (CQI) on rotational energy transfer was observed by Sha et al.(J. Chem.
Phys., 1995, 102: 2772) in static cell, and the integral interference angle which determines the magnitudes of the
transition cross sections was measured. To obtain more precise information, the experiment in the molecular beam
should be taken, as the integral interference angle is the average effect of the differential interference angle. The
differential interference angle of A-Related Quantum Interference of '[l-state diatom was presented to measure the
degree of coherence, by using the first order Born approximation of time-dependent perturbation theory. The
anisotropic Lennard-Jones interaction potential is employed to simulate their interference angles. The relationships of
the differential interference angle versus the factors of the experiment in the molecular beam, including experimental
temperature, partners, the distance of the interaction and rotational quantum number, are obtained. And the various
factors that influen ce the interference angles are discussed. This theoretical model is important to understand or

perform in the experiment of the molecular beam.

Keywords: Quantum interference, Collision-induced rotational energy transfer, Differential interference

angle, Anisotropic Lennard-Jones interaction potential, ~Experiment of the molecular beam

In 1995, Sha et al."™ reported the evidence for collisional collision with He, Ne and other partners, following which Chen
quantum interference (CQI) in intramolecular rotational energy et al.® also observed CQI in Na,A'3(v=8)~b’I1,,(r=14) system in
transfer within CO A'IT(v=0)~e’3~(v=1) singlet-triplet states in collision with Na (3s). The theoretical simulations have been done,
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from which the experiments were further interpreted and sup-
ported™®. In the experiments mentioned above, the collisional
partners are atoms, and all the interference angles are less than
90°. However, when HCI as the collisional partner, the interfe-
rence angles are larger than 90°, which is a significant comple-
mentarity and also has been interpreted theoretically!*!.

In the mixed electronic states, the CQI was also observed
experimentally"**! which results from the A splits of open-shell
'II-states diatomic molecules, such as the 'II-state alkali dim-
mers Li,y(B'I1,)"", Na,", NaLi(‘IT)"" experiments, rotational
inelastic collisions of LiH with He"", and collision-induced ro-
tational energy transfer of CO(A'Il, v) with He, Ne and Ar'"®.
Based on the experimental studies of Ottinger, Bergmann, Zare,
and their co-workers!"*", Klar"”, Zare™' and Alexander et al.*"!
studied the interaction potential for the interaction of a closed-
shell atom with a molecule in an electronic state of 'II-symmetry
in theory, and the theoretical models of CQI in this case were
also presented =%,

The experiments were taken in a static sample cell, so only
the integral cross sections and the integral interference angles
have been measured. If experiments can be conducted in mole-
cular beams to measure the differential cross section and the dif-
ferential interference angle, the collisional quantum interference
might be observed more precisely, because the integral interfe-
rence angle is the average effect of the differential interference
angle. The ion imaging technique, origina lly developed by
Chandler and Houston®, was significantly improved by Eppink
and Parker®™ by using direct velocity mapping technique. Using
this technique, Kohguchi®" measured fully state-resolved differ-
ential cross sections for the inelastic scattering of the open-shell
NO molecule by Ar. Recently, the direct 3D time sliced ion ve-
locity imaging method” was developed to measure the product
distribution in crossed molecular beam experiment. Similar to
the experiments mentioned above, experiments of the CO (Al
(¥ =0) ~e’3~(r=1)) system in collision with He, Ne and other
partners might be performed in the crossed molecular beams,
using sliced velocity-mapped ion imaging.

In this paper, to study theoretically proposed experiments in
the condition of molecular beams, a theoretical model is presen-
ted, based on the time dependent first order Born approximation,
taking into account the anisotropic Lennard-Jones interacction
potentials, and “straight-line” trajectory approximation. The chang-

ing tendencies of differential interference angle of CO(A'Il, v=3)

with He, Ne and Ar'" are discussed theoretically. The effects of
the factors, including the experimental temperatures, different
partners, rotational quantum numbers, and the distance of the

interactions, that the interference angles depend on, are obtained.

1 Theoretical approach

1.1 Hamiltonian
For the atom-diatom system, the interaction potential V can

be writed as®",

V(R, 6, ¢)=l2k V(R)D,!.(2)C.(6, ¢) )

Where R is the orientation from the atom to the mass center of
diatom, D, ({2) is the Wigner D rotational matrix, the Euler angles
=a, B, y refer to the space fixed by orientation of the diatom,
C,.(0, o) is a Racah spherical harmonic function, the angles 6, ¢
describe the orientation of R in the space frame. In the atom and
'I1 -states diatomic molecules system, k=0 or k=+2!" 2 The

evolution of the interaction potential is,

V(=U(t, 0)VU(z, 0) )
Where U(z, 0) is the time evolution operator,
U(t, 0)=exp(—iHy / ) 3)
and where the Hamiltonian H, can be written as:
1 @& 12
u:—g N —W +H +HAH g+ H, 4)

In this paper, without considering the translational, electronic
and vibrational energy transfer, so H, in Eq.(4) can be simplified

to rotational energy and the rotational kinetic energy of the atom

about the diatom, H,:—%Li;+Hm. To simplify the discussion,

without considering the rotational kinetic energy of the atom

about the diatom, and for the 'II-states diatomic molecules,
H=wn=2whc[BSJ(J+1)-202' A+A?] (5)

Where A=1 and 2'=0=+1 or 2'=—)==+1 .

1.2 Wave function for the 'II-state diatom molecule

For a 'I]-state diatomic molecule, the wave functions are of

definite parity, which may be written as®™/,

\ JMa}:%[IJM 1021 +&lIM, —10)] (6)

where J is the angular momentum quantum number of the diatom,
M is the projection of J along the space-fixed Z-axis, {2=A==1 is
the projection of total angular momentum on the molecul ar
frame, and e==1. The quantity ¢ will be designated as the parity

index. Within the spectroscopic nomenclature, the e=+1 levels
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are designated as e and the e=—1 levels as f*". The rotational
wave function [JM{2) which appears in Eq.(6) can be written as
a rotational matrix element ¥, namely

ML) =[(2J+1)/87%]"2 Dii(aBy) @)
Considering the interaction between a 'IT diatomic molecule and
a spherical atom in a singlet state, the total wave function is usu-
ally expanded in terms of eigenfunctions of the total angular

momentum £, which are defined by"™"

|J.Q£§S>=A% (IMLM¢s)ILM,)|IMs) ®)
Where s is the space-frame projection of ¢, L is the orbital angular
momentum of the atom-molecule pair with space-frame projec-
tion M, and ILM,) is a spherical harmonic®,
1.3 The transition matrix element and probability

According to the first order Born approximation of time

dependent perturbation theory, considering the product of three
rotation matrix element and spherical harmonics and the rela-
tionship between 3 j symbols and 6 j symbols, the transition ma-
trix element s/,

(I Q&' EIVOIQeL s)=(=1Y Y 2J+1) 2T +1)2L+1)RL +1)]2-
L'lL [JLf (J’l I
) (1 0 -1 )

1 1]+J+l
DI I Vs M [
J
0 )expawmr)vu[k(r)]} ©)

1

/
exp(zwm*'r)v,ﬁ[k(t)]w(_1 ,

The unpolarized transition probability can be written as™®,

>

1
2J+1) T

Py=

% [z (J'Q &' LsIVOUQeLs)dt ‘2 10)

Introducing Eq.(9) into Eq.(10), one can obtain an explicit tran-

sition probability formula for the J—J",

—_ Arl:n
PJJ

3426 2L (PP an

Eq.(12) also can be written as,
P=P3" + Py +2e(Py Py ) Pcosd® (12)
With the differential interference angle,

2 [« Jaral 1 1/2[ ( AR 3 12

cosfP=—"! (PXF )i 13)

And if only the rotational energy transfer is considered®,
wy=2mcB[J' (J'+1)-20) A+AH-2mwcB[J(J+1)-20A+A%] (14)
For the 'I]-state diatom, A=1 and (2'=0=+1 or (2’ =—()==+1.
The experiment of CO A'II(v=3) system in collision with
He, Ne and Ar has been done by Sun et al."® in a static sample

cell. However, the differential interference angle, which has

been derived for the partners with uniform collision velocity, is
not appropriate to deal with the static sample cell experiments in
which the gas species have the Maxwell-Boltzmann velocity
distribution. In this case, Sharma et al.”™ have derived a formula

to get velocity-averaged probability,

®

Pa= J: P(V)v:‘exp( 2kT )dv/ J 1/3<=,)<p(J’L—2 T )dv—

2( 44 )" | Powexp( - |av (15)
_huymy

and u= is the reduced mass of the collision system, 7 is

my+n,
the temperature of the static cell. Now, the velocity-averaged
cross-sections can be obtained by introducing Eq.(11) or (12)
into Eq.(15) to get P,;(AV) and then the P;(AV) into Eq.(13):

cosb= | ZKP}’@ PN x| Gy )d”

( ].Pff’:“v’exp( WT )dv) ( ]P“’:“V‘exp( WT )dv)
(16)

2 Results and discussions

In the following sections, we detailed the relationships of
the differential interference angle versus the factors of the expe-
riment in the molecular beam. The differential interference angle
measures the degree of coherence, which originates from the
difference between the two A-related collision potential energy
surfaces. To simplify the discussion, we adopt the anisotropic

Lennard-Jones interaction (/<2 ) in the space frame,

Va(R. 0, @)=Vi(R) 2, [aroDh s (ct. B. Y)Ch(6. @)1+

VA(R) Z [as,D% (e, B, Y)C2(6, 9] an

With®!,
ViR)=4el(p / R)*~(p | RY'] (18)
ViR)=Ael(p | R)*~(p | RY'] (19)

Where a, , is the anisotropic parameters, p is the distance at
which V(R)=0, ¢ is the depth of the potential-well, which is a
measure of how strongly the molecules attract each other.

Simply , we only consider Vs, then the differential interfer-
ence angle can be writed as,

(A)

ROEGL @0

cosBry

where
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Fig.1 Differential interference angles (#) with the ratio
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In Eq.(22), the ratio of a, , / a,, for CO in collision with He, Ne
and Aris 0.08<a, (/ a,,<0.12%.

From Eq.(20)~(23), one can obtain the differential interfe-
rence angle for J'=J+1 . For example, when J'=J+1 , the differen-
tial interference angle can be calculated quantitatively and
some of the derivations can be referenced in Appendix. (the
needed parameters of the theoretical calculation are listed in
Table 1), and four conclusions can be obtained :

1) As presented in Fig.1, resulting from the increase of a, , /
a, o, the differential interference angle increases, so the quantum
interference effect of rotational energy transfer decreases. When

a,,/ a5,=0, the interference is the complete interference.

Fig.2 Differential interference angles (0) with rotational

quantum numbers (J) at b=b,, a1/a,~=0.1 and T=181 K

2) The curve given in Fig.2 exhibits the changing tendency
of the differential interference angles(#), which are consistented
with the experiment"?. Therefore, we give the explainment of
the differential interference angles values as: the collisional in-
teraction increases in the condition of rotational quantum num-
bers’ increasing, and the spin-orbit mixed states will decouple
due to the different energy level shifts of the spin-orbit conser-
ving transition and the spin-orbit changing transition induced by
the collision perturbation. As a result of decoupling, the mixing
degree of corresponding wave functions will become much
smaller than that of the isolated molecule and the interference
effect will become weaker as well.

3) With the increase of experimental temperature, the dif-
ferential interference angle(#) decreases for He and Ne, so the
quantum interference effect of rotational energy transfer increases.
But for Ar, the changing tendency of differential interference
angle with experimental temperature is not monotonic, as pre-
sented in Fig.3.

We suggest that the orbit angular momentum and the rela-
tive velocity depend on the experimental temperature. The former
influences the electrostatic interaction potential V between the
atom and diatom. The mixing degree of corresponding wave
functions will become much bigger than that of the isolated

molecule due to the increasing of the temperature, and the inter-

Table 1 Parameters needed in the theoretical calculation

Collision system  Reduced mass (a.m.u) 10 oo / nm 10 by, / nm L B/cm™
T=77K 7=181 K 7T=253 K

CO-He 3.5 2.5621 2.9 11 17 20 1.5346

CO-Ne 11.759 2,754 3.10 22 33 39 1.5346

CO-Ar 17.59 3.41E4 3.51 30 45 54 1.5346™

B:rotation constant; L=uvb / n=ub / nV/ 8kT/m
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Fig.3 Differential interference angles (#) with experimental

temperatures T at b=b,,, J=7 and a,,, / a,,=0.1

ference effect will become stronger as well. However the latter
not only affects the duration of collision but the ability of the
impact parameter to overcome interactive potential barrier.
Therefore, it can be said that the higher relative velocity, the
shorter duration of collision and the higher energy to access to
each other easier, which will decrease the interference. And the
competition between them was supposed to determine the final
temperature-dependent relationships.

4) In the last section, we will discuss the relation between
the differential interference angle and the impact parameter. The
nonmonotonic changing tendencies for all partner are illustrated
in Fig.4. Two main aspects, we think, contribute to it: a) the pro-
bability of rotational energy transfer and interference will in-
crease with the elongation of the duration of collision, and the
impact parameter just plays a key role in affecting the duration.
b) the energy interval has a large connection with the impact
parame-ter, and larger impact parameter will bring an opposite
effect to the interference when contrasted to aspect a. In Fig.4,
we have taken the two aspects’ element and the curves in it are the
general effects.

Besides, we also get the information which is consistent
with the experiment and the calculated values of the differential
interference angles that with the increase of reduced mass, the
differential interference angle, and hence the quantum interfer-
ence effect of rotational energy transfer decrease. We suspect
that it is closely related to the orbit angular momentum men-

tioned above.

3 Conclusions
Collisional quantum interference of 'Il-state diatomic

molecules on rotational energy transfer, which originates from

90 —=—CO-He
—o—CO-Ne
—— CO-Ar
85

80

6/C)

70 F

65 F

Fig.4 Differential interference angles (#) with impact
parameter b at J=7, a,,/ a,,=0.1 and T=181 K

the difference between the two A-related collision potential en-
ergy surfaces, has been studied theoretically. Based on the time
dependent first order Born approximation, taking into account
the anisotropic Lennard-Jones interaction potentials and
“straight-line” trajectory approximation, the factors that the dif-
ferential interference angle depends on are obtained, and the

changing tendency of the interference with them is discussed.

Appendix:

( J 1l J )zz 2(—1)_HJ(2+]) (A 1)
-1 0 1] (+20)2+20)(3+2J) .

' L 21, 5

_ 2(=1)*(1+L)

( 000/ (1+2L)2+2L)(3+2L) (A.2)
JL ¢ (“)MI(-2+42L)
{L' J'1 } T @+20)(3+2N)L(1+2L) (A.3)

where we set {=J+L—1.

(‘ )20 )zz 12(-1)(2+)) (A.4)
=1 0 1| 1+2H)2+21)(3+2])(4+2J)

(‘L’ I L )2= 3(-1)*(-1+L)’L (A.5)
000 (=3+2L)(-2+2L)(-142L)(1+2L)

J L {2 2(=1)"2j+2L)

{L’ J1 } T (3+20)(4+20)L(1+2L) (A0

where we set {=J+L-1 .
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