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The polarization of the XeX* (B) and XeX* (C) emissions in the reactions of oriented Xe* (3P2, MJ )
2) + halogen (X)-containing molecules (CCl4, CF3Br, CF3I, CH3I, NF3) has been measured as a function
of each magnetic MJ′ substate in the collision frame. The parallel polarization of the XeX* (B, C) emissions
to the relative velocity vector is commonly observed for all magnetic MJ′ substates. The correlation
between the atomic alignment (MJ′) and the MJ′-dependent alignment (AMJ′) of the XeX* (B, C) rotation
is found to be extremely different between the XeX* (B) and XeX* (C) channels: For XeX* (B), AMJ′ is
highest for the MJ′ ) 0 state, except CCl4, whereas the |MJ′| ) 2 states give the highest AMJ′ for XeX*
(C). Alternatively, the correlation between the configuration (LZ′) of the inner 5p orbital and the LZ′-
dependent alignment (ALZ′) of the XeX* (B, C) rotations is revealed. The collision with |LZ′| ) 1 causes
a similar positive alignment ALZ′ for the XeX* (B) and XeX* (C) channels. The alignment ALZ′ at the
collision with |LZ′| ) 0 is extremely different between the XeX* (B) and XeX* (C) channels. The collision
with LZ′ ) 0 induces no alignment of XeX* (C) except CF3I, that is, ALZ′)0 ≈ 0, whereas it induces the
higher positive ALZ′ of XeX* (B). The different MJ′ dependence on the alignment of the XeX* (B, C)
rotation between the XeX* (B) and XeX* (C) channels can be recognized as the change of reaction
mechanism due to the difference in the favorable impact parameter for each MJ′ state between the XeX*
(B) and XeX* (C) channels, which reflects the Ω′ conservation in the course of ion-pair (Xe+-RX-)
formation.

1. Introduction

The effect of reactant approach geometry on chemical
reactions is an important field of dynamical stereochemistry.1-10

The study on the reaction process involving aligned states
of atoms is one of the well-explored fields in dynamical
stereochemistry. For the naked outer atomic orbital prepared
by optical pumping, the significant alignment dependences
have been widely studied.11-14 However, the direct inter-
rogation of reactive geometric requirements for the multiplet
atoms is difficult by optical pumping method, and little is
known about the stereoselectivity on the triplet system such
as metastable rare gas atoms Rg* (np5(n + 1)s1), which have
the unpaired inner atomic orbital shielded by the outer
extended orbital.

The RgX* formation in the reaction of Rg*(3P) with
polyatomic halogen (X)-containing molecules RX has been
widely studied as a benchmark system for the harpooning
mechanism such as the formation of metal halide MX for
the alkali-metal atoms.15-21 Because the excited ion-pair
potential V (Rg+, RX-) differs from that of the alkali metal
atom case, the nonclosed shell nature of the positive ion-
core Rg+ with the spin-orbit coupling gives rise to two
different excited rare gas halide product states, RgX* (B)
and RgX* (C), that correlate with Rg+ (2P3/2) and X- (1S0).21

Generally speaking, it is expected that the configuration of
the ion core of Rg*(3P2) in the collision frame should play an
important role in controlling the branching to each reaction
channel. Despite the numerous studies on the RgX* formation,
however, the steric effect due to the nonclosed shell nature of
the positive ion-core Rg+ is still an unresolved problem.23,24

Recently, we have studied the atomic alignment effect for
the RgX* (B, Ω ) 1/2) and RgX* (C, Ω ) 3/2) formations in
the reactions of oriented Rg (3P2, MJ ) 2) (Rg ) Xe, Kr, Ar)
with halogen (X)-containing molecules (RX).24 We have
reported that the reactant (RX) dependence of the atomic
alignment effect is extremely different between the RgX* (B)
and RgX* (C) channels. (For the RgX* (C) channel, an
analogous atomic alignment effect is commonly observed
despite the difference of RX and Rg. In contrast, for the RgX*
(B) channel, the atomic alignment effect shows a diverse
dependence on RX and Rg). To explain these atomic alignment
effects, we have proposed an Ω′ conservation model in which
the angular momentum Ω′ of the Rg+ ion core of Rg (3P2) in
the collision frame is assumed to be conserved in the course of
ion-pair (Rg+-RX-) formation. According to this model, we
have suggested that the atomic alignment effect for the excimer
formation is dominantly controlled by the rotational coupling* Corresponding author.

Rg*(3P2) + XR f (Rg+, RX-) f RgX*(B,Ω ) 1/2) + R
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of the angular momentum Ω′ due to the change of quantization
axis from collision frame (Ω′) to the ion-pair (Rg+-RX-) frame
(ΩI). In particular, the atomic alignment effect for the RgX*
(C, Ω ) 3/2) formation can be explained by only the rotational
coupling through the ion-pair (Rg+-RX-) formation. The
collision under the |MJ

′| ) 2 configurations of Rg(3P2) with a
small impact parameter is exceptionally reactive for the RgX*
(B, Ω ) 1/2) formation without the conservation of the ΩI

component in the ion-pair (Rg+-RX-) frame. Although the
proposed model can explain the atomic alignment effect for the
RgX* (B, Ω ) 1/2) and RgX* (C, Ω ) 3/2) formations well,
there is no proof that Ω′ is really conserved in the course of
RgX* formation. To make clear whether Ω′ is conserved in
the course of RgX* formation, it is of great important to know
the correlation between the alignment of RgX* rotation and the
atomic alignment (MJ

′) because such experiments give particu-
larly detailed information on the disposal of angular momentum
in reactive collisions. In particular, it is expected that the Ω′
conservation should cause the difference in the alignment of
RgX* rotation between the RgX* (B) and RgX* (C) channels
because the alignment of RgX* rotation should be affected by
the difference in the favorable impact parameter for each MJ

′

state between the RgX* (B) and RgX* (C) channels.
The alignment of products from reactive collision has been

studied since the early 1970s.25 The Legendre moment
〈P2(ĵ · V̂R)〉has been determined as a function not only of
collision energy26,27 but also of reagent molecule orientation14,28,29

and product internal states.30-33 (Here ĵ is the unit vector
corresponding to the product rotational angular momentum,
jb, and VbR is the unit vector corresponding to the relative
velocity VbR). For the reactions of Xe (3P0,2) with halogenated
methanes, Martin et al. have studied the XeX* rotational
alignment as a function of collision energy.34 Unfortunately,
however, their study gives no information on how the
unpaired inner orbital of Xe* plays a role in the XeX*
rotational alignment.

In the present study, we studied the correlation between the
atomic alignment MJ′ and the alignment of XeX* (B, C)
rotations in the oriented Xe (3P2) + RX f XeX* (B, C) + R
reactions (RX ) CCl4, CF3Br, CF3I, CH3I, NF3). It was found
that the correlation between the atomic alignment MJ′ and the
alignment of XeX* (B, C) rotations is extremely different
between the XeX* (B) and XeX* (C) channels.

2. Experimental Section

Details of the experimental apparatus and the procedure are
described elsewhere.35,36 In brief, we generated a pure Xe (3P2,
MJ ) 2) atomic beam by using an inhomogeneous magnetic
hexapole. An RX molecular beam (RX: CCl4, CF3Br, CF3I,
CH3I, NF3) was injected from a pulsed valve with a stagnation
pressure of 10 Torr. In a homogeneous magnetic orientation
field B, the MJ state-selected Xe (3P2, MJ ) 2) atomic beam
collides with the RX molecular beam. The emission from each
product, XeX* (B) and XeX* (C), is selected by a suitable band-
pass filter and detected by a cooled and magnetic shielded
photomultiplier (Hamamatsu R943-02) mounted at 30 cm apart
from the beam crossing point. The emission was viewed at right
angle through a polarizer (SIGMA KOKI, SPF-30C-32). The
polarizer was set at two positions: The parallel configuration
(Φ|) passes the light polarized along the relative velocity
(VR), and the perpendicular configuration (Φ⊥) passes the light
polarized perpendicular to VR. The emission of XeX* (B, C)
was measured as a function of the direction of the magnetic
orientation field B in the laboratory frame (angle Θ). The

magnetic orientation field was rotated around the beam
crossing point over the angular range -45 e Θ e 165° by
an interval of 15°. The origin of Θ is the direction of the Xe
(3P2, MJ ) 2) beam velocity vector. The signal from the
photomultiplier was counted by a multichannel scaler (Stan-
ford SR430).

3. Results and Discussion

3.1. Atomic Alignment Effect for the Polarization of
XeX*(B, C) Emission. For the Xe (3P2, MJ ) 2) + RX
reactions, the emission intensity I||,(⊥)(Θ) from the products XeX*
(B, C) was measured under two polarization conditions (Φ| and
Φ⊥) as a function of the orientation field direction Θ. The Θ
dependences of the XeX* (B, C) emissions at two polarization
conditions, I||(Θ) and I⊥(Θ), are shown in Figure 1. A significant
parallel polarization of XeX* (B, C) emissions with respect to
the relative velocity vector is observed for all reaction systems.
We can observe a notable difference between I||(Θ) and I⊥(Θ)

Figure 1. Emission intensities of XeX* (B, C), I||,⊥(Θ), as a function
of the magnetic orientation field direction Θ at two polarization
conditions Φ⊥ (b) and Φ⊥ (O). The longitudinal axis was scaled by
the intensity of I⊥ (Θ) averaged over Θ (i.e., the a0

⊥ coefficient in eq
2). The Θ dependences reproduced by eq 3 are shown as the solid
lines.
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in both the intensity and the Θ dependence. These differences
show that atomic alignment plays an important role in the
alignment of the product rotation.

In the present study, the Xe (3P2, MJ ) 2) atomic beam is
oriented in a homogeneous magnetic orientation field, B. For
the collision processes, however, the relative velocity vector
serves as the other relevant quantization axis. The cross
section is then a function of the angle between those two
quantization axes. In the following discussion, we use the
notation of MJ for projections in the laboratory frame (the
quantization axis is the magnetic orientation field, B). Primed
symbols such as MJ′ and Ω′ are used for projections in the
collision frame. (The quantization axis is the relative velocity
vector.)

3.2. MJ′-Dependent Cross Section at Each Polarization,
σ||,(⊥)

|MJ′|
. To extract the quantitative information on the steric effect,

we accommodate the evolution procedure based on an irreduc-
ible representation of the density matrix. The detail of the
analytical procedures and the derivation of all the algebra are
reported elsewhere.35 The Θ dependence of the emission
intensity at each polarization, I||,(⊥)(Θ), can be simplified as the
following equation using the relative cross sections, σ||,(⊥)

|MJ′| , in
the collision frame

where ΘVR
Z is the direction of relative velocity, VR, in the

laboratory coordinate. Because this angle has a distribution by
the misalignment caused by the velocity distribution of the RX
molecular beam, we must use the cos 2n(ΘVR

- Θ) factors
averaged over the Maxwell-Boltzmann velocity distribution of
the RX molecular beam at room temperature, 〈cos(2n(ΘVR

- Θ))〉.
This equation is equivalent to the following multipole moment form

As a whole, it was found that no notable a4 term is recognized for
all reaction systems, indicating that the excimer formation is
dominantly controlled by the alignment of the inner 5p electron of
Xe (3P2, MJ ) 2) in the collision frame. Therefore, the parameters,
a2

||,(⊥)/a0
||,(⊥), can be determined by the fitting of I||,(⊥)(Θ) using eq 3

through a �2 analysis

The resultant parameters a2
||,(⊥)/a0

||,(⊥) were shown in Figure 2. It is
found that the reactant (RX) dependence of the atomic alignment
effect is extremely different between the XeX* (B) and XeX* (C)
channels. For XeX* (C), an analogous atomic alignment effect is
commonly observed despite the difference between RX. In contrast,
the atomic alignment effect shows a diverse dependence on RX
for XeX* (B). A similar result has been reported in our previous
study on the atomic alignment effect without polarization analysis.24

It is found that a2
||/a0

|| is larger than a2
⊥/a0

⊥ for XeX* (C), whereas,
a2

⊥/a0
⊥ is larger than a2

||/a0
|| for XeX* (B) except for CCl4.

3.3. MJ′-Dependent Alignment, AMJ′. The cross sections σ||,(⊥)
MJ′

can be derived from the experimental coefficient ratios a2
||,(⊥)/

a0
||,(⊥)in Figure 2. They were shown in Figure 3A. An extremely

different MJ′ dependence of σ||,(⊥)
MJ′ is recognized between the

XeX* (C) and XeX* (B) channels. For the XeX* (C) channel,
it is found that σ|,(⊥)

|MJ′|)2 is the largest and σ||,(⊥)
MJ′)0 is the smallest

for all reaction systems. In contrast, the magnitude correlation
among σ||,(⊥)

MJ′ shows a diverse dependence on RX for the RgX*
(B) channel. The CCl4 and CF3Br systems have a similar
correlation to that for the XeX* (C) channel. For the CF3I and
NF3 systems, σ||,(⊥)

MJ′)0 is the largest and σ||,(⊥)
|MJ′|)2 is the smallest.

CH3I shows an opposite magnitude correlation between the
different polarization conditions: Φ| and Φ⊥.

On the basis of σ||,(⊥)
MJ′ under each polarization condition,

we can determine the MJ′-dependent alignment (AMJ′) for the
product angular momentum j to the relative velocity VR as
follows25

They were plotted in Figure 3B. The correlation between AMJ′

and MJ′ is significantly different between the XeX* (B) and
XeX* (C) channels except for CCl4. For the XeX* (B)
channel, AMJ′ is largest for the MJ′ ) 0 state, whereas, the
|MJ′| ) 2 states give the largest AMJ′ in the XeX* (C) channel.
For CCl4, the |MJ′| ) 2 states give the largest AMJ′ in both
the XeX* (C) and XeX* (B) channels. These differences
strongly suggest that the atomic alignment (MJ′) of Xe (3P2,

I||,(⊥)(Θ) ) 1
280

(39σ||,(⊥)
MJ′)0 + 88σ||,(⊥)

|MJ′|)1 + 153σ||,(⊥)
|MJ′|)2) +

1
16

(-3σ||,(⊥)
MJ′)0 - 4σ||,(⊥)

|MJ′|)1 + 7σ||,(⊥)
|MJ′|)2) cos 2(ΘVR

- Θ) +

1
64

(3σ||,(⊥)
MJ′)0 - 4σ||,(⊥)

|MJ′|)1 + σ||,(⊥)
|MJ′|)2) cos 4(ΘVR

- Θ)

(1)

I||,(⊥)(Θ) ) a0
||,(⊥) + a2

||,(⊥)〈cos(2(ΘVR
- Θ))〉 +

a4
||,(⊥)〈cos(4(ΘVR

- Θ))〉 (2)

I||,(⊥)(Θ) ) a0
||,(⊥) + a2

||,(⊥)〈cos 2(ΘVR
- Θ)〉 (3)

Figure 2. a2
||,(⊥)/a0

||,(⊥) parameters determined by the fitting of I||,(⊥)(Θ)
using eq 3 under the two polarization conditions: Φ⊥ (b) and Φ⊥ (O).
The errors for a2

||,(⊥)/a0
||,(⊥) are typically less than (0.005. The abscissa

axis is the branching fraction for each XeX* (B, C) channel, which is
cited from refs 15-21.

AMJ′ ) -2〈P2(ĵ · VR̂)〉MJ′
) 4(σ||

MJ′ - σ⊥
MJ′)/(σ||

MJ′ + 2σ⊥
MJ′)

(4)

Oriented Xe + Halogen (X)-Containing Molecules J. Phys. Chem. A, Vol. 113, No. 40, 2009 10643



MJ ) 2) in the collision frame should make a difference on
the reaction mechanism between the XeX* (B) and XeX*
(C) channels.

3.4. LZ′-Dependent Alignment, ALZ′. As mentioned above,
no notable a4 term is recognized for all reaction systems. The
minor contribution of rank 4 moment (a4) directly signifies that
J () 2) is not the proper quantum number to describe the
essential dynamics of the present system. Rather, the physics
of the process is dominantly determined by the orbital angular
momentum L () 1) and its components LZ′ in the collision
frame.35 In such a case, the cross section σ||,(⊥)

MJ′ can be
alternatively expressed by the cross section σ||,(⊥)

|LZ′| on the basis
of the |L,S,LZ′,SZ′〉 basis using a standard recoupling procedure
through the Clebsch-Gordan coefficients.35,37 Because the SZ′
and the sign of LZ′ give no effect for the reactivity, the σ||,(⊥)

MJ′

can be directly related to σ||,(⊥)
|LZ′| by

By using σ||,(⊥)
|LZ′| , we can alternatively define the LZ′-dependent

alignment (ALZ′) for the product angular momentum j to the
relative velocity VR by

They were shown in Figure 4 as a function of the rate constant
for XeX* formation. It is found that the alignment of the product

Figure 3. (A) MJ′-dependent cross section σ||,(⊥)
MJ′ for the XeX* (C) (closed symbols) and XeX* (B) (open symbols) channels under two polarization

conditions: Φ| (circle) and Φ⊥(square). The errors for σ||,(⊥)
MJ′ are estimated to be less than (0.01 from the law of propagation of errors. (B) MJ′-

dependent alignment parameters AMJ′ for the product angular momentum j to the relative velocity VR for the XeX* (C) (b) and XeX* (B) (O)
channels. The estimated errors are shown for A|MJ′|)2 and AMJ′)0 as the references.

σ||,(⊥)
|MJ′|)2 ) σ||,(⊥)

|LZ′|)1

σ||,(⊥)
|MJ′|)1 ) 1

2
× σ||,(⊥)

|LZ′|)1 + 1
2

× σ||,(⊥)
LZ′)0

σ||,(⊥)
MJ′)0 ) 1

3
× σ||,(⊥)

|LZ′|)1 + 2
3

× σ||,(⊥)
LZ′)0

(5)

ALZ′ ) -2〈P2(ĵ · VR̂)〉LZ
) 4(σ||

LZ′ - σ⊥
LZ′)/(σ||

LZ′ + 2σ⊥
LZ′)

(6)
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angular momentum j strongly depends on the configuration (LZ′)
of the 5p orbital in the collision frame. As a whole, the collision
with |LZ′| ) 1 causes a similar positive alignment ALZ′ for the
XeX* (B) and XeX* (C) channels. On the other hand, the
alignment (ALZ′) at the collision with LZ′ ) 0 is extremely
different between the XeX* (B) and XeX* (C) channels. The
collision with LZ′ ) 0 induces no alignment for XeX* (C), that
is, ALZ′)0 ≈ 0, whereas, it causes the higher positive alignment
for XeX* (B) as compared with that at the collision with |LZ′|
) 1. These results strongly suggest that the reaction mechanism
is switched by the configuration (LZ′) of 5p orbital in the
collision frame.

3.5. Comparison with the Ω′-Conservation Model. In the
Ω′-conservation model,24 the angular momentum Ω′ of the Xe+

(2P3/2) ion core in each Xe (3P2, MJ′) state in the collision frame
is assumed to be preserved into the configuration of the hole in
the 5p shell of Xe+ (2P3/2) in the ion pair (Xe+-RX-) in the
collision frame at the distance RET, where the ion pair is formed
via the 6s electron transfer. In addition, the cross section for
the XeX* (Ω) formation is assumed to be controlled by the ΩI

component in the ion pair (Xe+(2P3/2)-RX+) frame that is
determined by the nonadiabatic switching of the quantization
axis (i.e., rotational coupling) from the collision frame to the
ion pair (Xe+(2P3/2)-RX+) frame (i.e., the electrostatic field
along the ion pair axis) at the distance RET.

According to the Ω′ conservation in the course of ion-pair
formation, the fraction of Ω′ component in each Xe(3P2, MJ′)
state, WΩ′(MJ′), can be calculated by using a standard recoupling
procedure of angular momentum in terms of the Clebsch-Gordan
coefficients for the case of J ) 2, j ) 3/2 (for the ion core),
and s ) 1/2 (for the 6s electron) as follows37

Because the Xe+(2P3/2) core has two spin-orbit states, Ω′ )
3/2 and Ω′ )1/2, in the collision frame, the MJ′-dependent cross
section for the XeX*(Ω) formation generally can be expressed
by

where σΩ′)Ω
Ω is the cross section for the Ω′ ) Ω case (i.e.,

XeX*(Ω) formation from the configuration of Xe+ (2P3/2, Ω′ )
Ω) in the collision frame) and σΩ′ * Ω

Ω is the cross section for
the Ω′ * Ω case (i.e., XeX*(Ω) formation from the configu-
ration of Xe+ (2P3/2, Ω′ * Ω) in the collision frame). In this
case, we can express σΩ′)Ω

Ω and σΩ′*Ω
Ω by the following

relationship

Therefore, A|MJ′|)2 corresponds to the rotational alignment for
the Ω′ ) 3/2case, whereas AMJ′)0 corresponds to that for the
Ω′ ) 1/2 case. From Figure 3, it is found that the rotational
alignment for the Ω′ ) 1/2 configuration (AMJ′)0) is largest for
the XeX* (B, Ω ) 1/2) channel, whereas the Ω′ ) 3/2
configuration (A|MJ′|)2) gives the largest rotational alignment in
the XeX* (C, Ω ) 3/2) channel. For the CCl4, the Ω′ ) 3/2
configuration exceptionally gives the largest rotational alignment
in both the XeX* (C) and XeX* (B) channels. Moreover, it is
found that the rotational alignment for the Ω′ ) 3/2 configu-
ration (A|MJ′|)2) is similar in both the XeX* (C) and XeX* (B)
channels, whereas the rotational alignment for the Ω′ ) 1/2
configuration (AMJ′)0) is significantly different between the XeX*
(C) and XeX* (B) channels. These differences strongly suggest
that the angular momentum Ω′ of Xe (3P2, MJ ) 2) in the
collision frame should make a difference on the reaction
mechanism between the XeX* (B) and XeX* (C) channels. The
Ω′ dependence can be alternatively related to the LZ′ depen-
dence. The similar positive rotational alignment (A|MJ′|)2) for the
Ω′ ) 3/2 configuration in both the XeX* (C) and XeX* (B)
channels is related to the similar positive alignment A|LZ′|)1

between the XeX* (B) and XeX* (C) channels (Figure 4)
because the |LZ′| ) 1 configuration directly correlates with the
Ω′ ) 3/2 configuration (i.e., |Xe+(2P3/2, Ω′ ) 3/2)> ) |Xe+

(2P3/2, LZ′′ ) 1, SZ′ ) 1/2)>), whereas the different rotational
alignment (AMJ′)0) for the Ω′ ) 1/2 configuration between the
XeX* (C) and XeX* (B) channels can be related to the
difference in the alignment A|LZ′|)0 between the XeX* (B) and
XeX* (C) channels (Figure 4) because the |LZ′| ) 0 configuration
dominantly correlates with the Ω′ ) 1/2 configuration (i.e., |Xe+

(2P3/2, Ω′ ) 1/2)> ) (2/3)1/2 × |Xe+(2P3/2, LZ′ ) 0, SZ′ ) 1/2)>
+ (1/3)1/2 × |Xe+(2P3/2, LZ′ ) 1, SZ′ ) -1/2)>).37

According to the Ω′-conservation model, the cross section
of XeX* (Ω) formation from the MJ′ state at the angle φ (φ )
arcsin(b/RET)) can be estimated by considering the rotational
coupling using the Wigner’s d function, dΩ′,ΩI

3/2 (φ), as follows37

where σΩIfΩ(φ) is the cross section for the XeX*(Ω) formation
from the ΩI component in the ion pair (Xe+ (2P3/2)-RX+) frame
at the angle φ and the bracket means the averaging over the
angle φ that depends on the impact parameter (b) distribution.

Figure 4. LZ′-dependent alignment parameters ALZ′ at the two
configurations of the 5p orbital (LZ′) of Xe (3P2, MJ ) 2) in the collision
frame: |LZ′| ) 1 (b), LZ′ ) 0 (O). The errors for ALZ′ were estimated
from the standard law of propagation of errors. The abscissa axis is
the rate constant for XeX* formation, which is cited from refs 15-21.

WΩ′(MJ′) ) |〈2, MJ′|3/2, Ω′ ) (MJ′ - ms′), 1/2, ms′〉|
2

(7)

σΩ(MJ′) ) σΩ′)Ω
Ω × WΩ′)Ω(MJ′) + σΩ′*Ω

Ω × WΩ′*Ω(MJ′)
(8)

σ|MJ′|)2(Ω) ) σΩ′)3/2
Ω , σ|MJ′|)1(Ω) ) 0.25 × σΩ′)3/2

Ω +

0.75 × σΩ′)1/2
Ω , σMJ′)0(Ω) ) σΩ′)1/2

Ω

σΩ(MJ′) ) [〈σ1/2fΩ(φ) × |d1/2,1/2
3/2 (φ)|2〉 +

[〈σ3/2fΩ(φ) × |d1/2,3/2
3/2 (φ)|2〉] ×

W1/2(MJ′) + [〈σ1/2fΩ(φ) × |d3/2,1/2
3/2 (φ)|2〉 +

〈σ3/2fΩ(φ) × |d3/2,3/2
3/2 (φ)|2〉] × W3/2(MJ′)

(9)
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According to the rotational coupling, we can estimate the Ω′
dependence of the favorable impact parameter (b) in the XeX*
(B, Ω ) 1/2) and XeX* (C, Ω ) 3/2) channels. |dΩ′,ΩI

3/2 (φ)| has
a large value for Ω′ ) ΩI ) Ω at the small φ (i.e., small impact
parameter), whereas it has a large value for Ω′ * ΩI ) Ω at
the large φ (i.e., large impact parameter). For the XeX* (Ω)
channel, the collision with Ω′ ) Ω should be favorable at the
small impact parameter, whereas the collision with Ω′ * Ω
should be favorable at the relatively large impact parameter.
For a more simple case in which the isotropic electron transfer
takes place at the constant intermolecular distance RET and the
straight-line trajectories with a uniform impact parameter
distribution over the range from 0 to RET, 〈|dΩ′,ΩI)Ω′

3/2 (φ)|2〉 and
〈|dΩ′,ΩI*Ω′

3/2 (φ)|2〉 have been calculated to be 0.625 and 0.375,
respectively. The averaged 〈|dΩ′,ΩI)Ω′

3/2 (φ)|2〉 has a maximum at
φ ≈ 30°, and the averaged 〈|dΩ′,ΩI*Ω′

3/2 (φ)|2〉 has a maximum at φ

≈ 65°.24

In our previous study,24 it has been suggested that the atomic
alignment effect for the XeX* (C, Ω ) 3/2) formation is
dominantly controlled by the ΩI distribution in the ion-pair
(Xe+-RX-) frame via the rotational coupling. The collisions
under the |MJ′| ) 2 (|LZ′| ) 1) configurations of Xe (3P2) with
the small impact parameters can produce the XeX* (B, Ω )
1/2) without following the ΩI conservation because of the
dynamical effect in the eximer formation process from the ion
pair (Xe+-RX-). These situations are schematically shown in
Figure 5. In addition, we have reported that the fraction of the
ΩI-changing process in the RgX* formation has no dependence
on the reactant; σ1/2f3/2/σRgX* ≈ 0 and σ3/2f1/2/σRgX* ) 0.375.
According to the Ω′-conservation model, the exceptional feature

in the CCl4 reaction can be recognized as the large contribution
of the ΩI-changing process σ3/2f1/2 in the XeX* (B, Ω ) 1/2)
formation.

Because the reaction mechanisms of many of the alkali-halide
systems have been well studied by differential scattering, it is
instructive to discuss the present results in terms of these
mechanisms. In general, the reaction mechanisms are classified
into three types: rebound, stripping, and sideways scattering.38-42

The alignment of product rotation in each mechanism can be
characterized as below. A rebound mechanism is dominated by
the collisions with small impact parameters, and the large
repulsive energy releases between the products. Because the
product’s relative velocity vector k′ is opposed to the initial
relative velocity k in this mechanism, the product’s angular
momentum j′ is constrained to the preferential alignment
perpendicular to k, resulting in the large positive alignment. A
stripping mechanism is dominated by the collisions with large
impact parameters and releases small repulsive energy between
the products. In this mechanism, the products with k′ parallel
to k are scattered predominantly into the forward hemisphere.
As a result, a large positive alignment of j′ is expected. A
sideways mechanism is dominated by the collisions with middle
impact parameters, and the repulsive energy is released off-
axis with respect to k, resulting in the negative or small positive
alignment due to a tipping of the reaction plane.

According to the rotational coupling, the collision with |LZ′|
) 1 (Ω′ ) 3/2) should be favorable at the small impact
parameter for the XeX* (C, Ω ) 3/2) channel. Therefore, the
collision with |LZ′| ) 1 should be favorable for the rebound
mechanism and causes a high positive alignment (A|LZ′|)1). This
type of mechanism has been known in the reactive scattering
of the alkali metals by CH3I.38-40 The collision with LZ′ ) 0
(Ω′ ) 1/2) should be favorable at relatively large impact
parameter. Therefore, the collision with LZ′ ) 0 is expected to
be favorable for the sideways scattering. This mechanism should
cause a low alignment ALZ′)0 ≈ 0. As an exception, CF3I shows
a high alignment, even for the collision with LZ′ ) 0. This result
might indicate that XeI* (C) is produced via the stripping-type
mechanism by the collisions with large impact parameters,
because CF3I has a large cross section as compared with the
other reactants.16-18

For the XeX* (B, Ω ) 1/2) channel, the collision with LZ′ )
0 (Ω′ ) 1/2) should be favorable at the small impact parameter
according to the rotational coupling. In this case, the rebound
mechanism should be favorable and causes a large positive
alignment (ALZ′)0). By way of exception, CCl4 shows no
alignment for the collision with LZ′ ) 0. This exceptional feature
might be attributed to the off-axis repulsive energy release with
respect to the initial relative velocity due to the large misalign-
ment between the ion-pair (Xe+-RX-) frame with the XeX*
axis because CCl4 has four potentially reactive sites. This might
reflect the fact that the CCl4 reaction is dominated via a
mechanism like the sideways mechanism because this type of
mechanism has been known in the reactive scattering of the
alkali metals by CCl4.41 In contrast with the XeX* (C, Ω )
3/2) channel, the collision with |LZ′| ) 1 (Ω′ ) 3/2) is
exceptionally favorable at both small and large impact param-
eters for the XeX* (B, Ω ) 1/2) channel without following the
ΩI conservation because of the dynamical effect in the eximer
formation process; that is, a high positive alignment (A|LZ′|)1) is
possible even for the |LZ′| ) 1 configuration.

As a result, it is found that the Ω′-conservation model can
fairly explain the main characteristics of the LZ′-dependent
alignment (ALZ′) in both the XeX* (B) and XeX* (C) channels.

Figure 5. Schematic drawing of the LZ′-dependent alignment parameter
ALZ′ and the reaction mechanism expected for each XeX* (B, C) channel
as a function of impact parameter (b). The favorable impact parameter
for each XeX* (B, C) channel is controlled by the rotational coupling
under the Ω′ conservation in the course of XeX* (B, C) formation.
The atomic alignment effect for RgX* (C, Ω ) 3/2) formation is
controlled by the rotational coupling without considering the dynamical
effect, whereas the collision with |LZ′| ) 1 with a small impact parameter
is exceptionally reactive for the RgX* (B, Ω ) 1/2) formation without
the conservation of the ΩI component in the ion-pair (Rg+-RX-) frame.
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In other words, the difference in the alignment (ALZ′) between
the XeX* (B) and XeX* (C) channels can be recognized as the
change of reaction mechanism due to the difference in the
favorable impact parameter for each MJ′ state between the XeX*
(B) and XeX* (C) channels, which reflects the Ω′ conservation
in the course of ion-pair (Rg+-RX-) formation.

4. Conclusions

For the reactions of oriented Xe* (3P2, MJ ) 2) + halogen
(X)-containing molecules (CCl4, CF3Br, CF3I, CH3I, NF3), the
alignment (AMJ′) of the XeX* (B, C) rotations has been measured
as a function of each magnetic MJ′ substate in the collision
frame. The correlation between the atomic alignment (MJ′) and
the alignment (AMJ′) of the XeX* (B, C) rotations is found to
be extremely different between the XeX* (B) and XeX* (C)
channels. (For XeX* (B), AMJ′ is highest for the MJ′ ) 0 state,
except CCl4, whereas the |MJ′| ) 2 states give the highest AMJ′

for XeX* (C).) The correlation between the configuration (LZ′)
of the inner 5p orbital and the LZ′-dependent alignment (ALZ′)
of the XeX* (B, C) rotations is also revealed. For XeX* (C),
the LZ′ ) 0 configuration causes no alignment (i.e., ALZ′ ≈ 0)
except CF3I, and only the |LZ′| ) 1 configuration induces the
alignment ALZ′ of the XeX* (C) rotation. In contrast with XeX*
(C), both the |LZ′| ) 1 and LZ′ ) 0 configurations cause the
alignment ALZ′ of the XeX* (B) rotation. The difference in the
alignment (ALZ′) between the XeX* (B) and XeX* (C) channels
can be recognized as the change of reaction mechanism because
of the difference of favorable impact parameters for each MJ′
state between the XeX* (B) and XeX* (C) channels if the Ω′
is conserved in the course of ion-pair (Rg+-RX-) formation.
That is, the present study confirms the proposal that the Ω′
component in the collision frame is really conserved in the
course of RgX* formation.
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