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Abstract

The sign of the theoretically predicted steric asymmetry S in rotational inelastic state resolved molecule–atom collisions is

questioned. It is shown that the sign of the T-matrix obtained on a basis of non-oriented rotational states of the molecule depends on

the choice of the Jacobi coordinates in which the collision problem is solved. Explicit expressions for the state-to-state dependence of

the integral and differential cross-sections for oriented and non-oriented molecules are presented. The effect of the choice of Jacobi

angles and the inertial frame of reference on the sign of S are discussed in detail. The sign of the earliest obtained expression for the

steric asymmetry of the integral cross-section (as reported by van Leuken et al.) is found to be correct, whereas that of the ori-

entational-dependent contribution of the differential cross-section (as reported by Alexander and Stolte) requires a negative mul-

tiplication factor. Quantum mechanical calculations on collisions of OH with Ar are performed. These calculations do not agree

with the experimental sign of S and cannot be interpreted in terms of a simple ball and stick model. Inspection of the HIBRIDON

source code shows that the prepared wavefunction carries an orientation that is opposite to the one assumed. This could offer an

explanation for the disagreement for S. For collisions of NO with Ar, the signs of the quantum mechanically calculated and the

experimental values of S appear to disagree with the simple ball and stick model. The experimental sign of S has been reinvestigated.

Previous experimental results are confirmed.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Orientation effects in atom–molecule collisions are commonly described using the steric asymmetry S, that is defined as
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rHead þ rTail
: ð1Þ
Here rHead and rTail denote the cross-sections for molecules oriented preferentially with their head or tail towards the

atom. The first striking experimental evidence for large orientation effects in rotationally inelastic state-resolved NO

(ON) and Ar collisions, was performed by van Leuken et al. [1]. In their convention, the N-end and the O-end of the

NO molecule were defined as head and tail, respectively. In addition, quantum mechanical scattering calculations were

performed. Van Leuken and coworkers succeeded in deriving a contracted equation that expresses the difference

between the integral cross-sections for N-end preferred and O-end preferred collisions (respectively, rNO
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and rON

j;mj;X;E!j0;m0j;X
0
;�0
) into a weighted sum over products of T-matrix elements. The total angular momentum of a

diatomic (or a symmetric top alike) molecule is denoted by j, having projections X and mj along, respectively, the

molecular axis and the space-fixed Z-axis. The absolute value of X is written as X and � (¼ �1; 1) gives the symmetry

index that distinguishes between the two components of the K-doublet [2]. The index E indicates the electric orientation

field at the scattering region.
In NO–Ar collisions the O-end was reported to be preferred for high rotational final states [1,3–5]. This is not what

one would expect from a simple ball and stick model that seems to apply very well in OH–Ar collisions [6]: the O-end is

more round (ball) than the H-end (stick) that extends further from the center-of-mass (CM) of the OH molecule. As a

consequence, high rotational final states prefer H-end collisions.

This paper focusses on the sign of the steric asymmetry. It is organized in the following way. Section 2 consists of a

number of relevant experimental and theoretical considerations. In Section 3, the sign issue concerning the steric

asymmetry is introduced. Experimental results for collisions of OH with Ar serve as a benchmark system here, as

experimentally observed rotational state transitions exhibit a propensity in S that can qualitatively be understood in a
simple ball and stick model. These experimental results for S are compared to those obtained from new close coupling

calculations (HIBRIDON [7]) that have been carried out on the most recent UMP4 ab initio PESs for OH–Ar, de-

veloped by Kłos et al. [8]. Section 4 focusses on the parameters that are involved in defining the sign of the steric effect.

We will show that the T-transition matrix that results from HIBRIDON, T J
j0;l0;X

0
;�0;j;l;X;�

, depends on the choice of Jacobi

coordinates that parameterize the interaction PESs. The resulting scattering amplitude depends also on the actual

choice of the inertial coordinate frame of the corresponding center-of-mass system (CMS). The cases of the space fixed

Z-axis parallel and anti-parallel to the incoming relative velocity vector are considered.

If one chooses the Jacobi coordinates such that the displacement vector R points from the atom to the molecule, the

relative velocity vector points oppositely to the conventional case in which R points from the molecule to the atom. The
outcome for the T-matrix will depend upon this choice of R. This dependence is typically unimportant in cases other

than those in which steric effects are concerned. In Section 5, an experimental investigation is reported that confirms

the sign and magnitude of S that was found in earlier experiments. In Section 6, we will close with a brief discussion

and concluding remarks.
2. Experimental and theoretical considerations

To be experimentally observable, the determination of the steric asymmetry requires the application of a homo-

geneous electric orientation field E in a direction parallel or anti-parallel to the relative velocity vector of the colliding

particles. The NO-beam can be state selected in the upper component (u) of the K-doublet (2P1=2, j ¼ 1
2
; � ¼ �u ¼ �1)

by hexapole focussing. All focussed molecules reside in a low field seeking state for which mj ¼ þmj and mj ¼ �mj

have equal probability. Having applied E at the scattering volume, either the O-end (tail) or the N-end (head) pre-

dominantly points towards the incoming Ar atom. The field strength is chosen such (E � 16 kV/cm) that it is suffi-

ciently large to mix the selected jj;mj;X; �ui and the jj;mj;X;��ui components of the K-doublet of opposite parity with
(positive) mixing coefficients aðEÞ and bðEÞ. The oriented wavefunction as follows as
j;mj;X;E
�� �

¼ aðEÞ j;mj;X; �u
�� �

� bðEÞ j;mj;X;
�� � �u

�
; ð2Þ
with aðEÞ2 þ bðEÞ2 ¼ 1 [9]. Note that this convention deviates from that of [4] in which the role of a and b is reversed

and their absolute value is multiplied by
ffiffiffi
2
p

. Because one has to do with a low field seeking state, aðEÞ > bðEÞP 0. The
� denotes which molecular end is preferred to point along E. Neglecting Hund case b mixing for the moment, the

rotational wavefunction can, for arbitrary values of �, be written as [10]
j;mj;X; �
�� �

� 1ffiffiffi
2
p j;mj;

��� þ X
�
þ � j;mj;
�� � X

��
: ð3Þ
Besides large enough for mixing, we assume E to remain small enough to keep the Stark shift of the spacing between

the rotational energy levels minor. Test calculations showed that these shifts (in the order of K-doublet splitting) had
negligible effect on the calculated cross-sections [1]. As the energy may be assumed independent of the actual values of

aðEÞ and bðEÞ, van Leuken et al. [1] expressed the T-matrix elements for an incoming oriented rotational state

jj;mj;X;Ei and non-oriented outgoing state jj0;m0j;X
0; �0i as
T
j0;m0j;l

0 ;m0l;X
0
;�0 ;j;mj;l;ml;X;E

¼ aðEÞT
j0;m0j;l

0 ;m0l;X
0
;�0 ;j;mj;l;ml;X;�u

� bðEÞT
j0;m0j;l

0 ;m0l;X
0
;�0 ;j;mj;l;ml;X;��u

: ð4Þ
The orbital angular momentum of the incoming and outgoing state are, respectively, represented by the quantum

numbers l and l0, with projections ml and m0l on the Z-axis. The uncoupled representation of the T-matrix
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T
j0;m0j;l

0 ;m0l;X
0
;�0 ;j;mj;l;ml;X;�

, where the T-matrix relates to the scattering S-matrix as T ¼ 1� S, assumes incoming and out-

going waves with a single direction of the space fixed quantization axis. The uncoupled representation of the T-matrix

relates to the coupled representation as
T
j0;m0j;l

0 ;m0l;X
0
;�0 ;j;mj;l;ml;X;�

¼
X
J ;MJ

T J
j0;l0 ;X

0
;�0 ;j;l;X;�

hJ MJ jj0 m0j l0 m0li hJ MJ jj mj l mli: ð5Þ
The coupled T-matrix T J
j0 ;l0;X

0
;�0 ;j;l;X;�

is independent of M ¼ mj þ ml ¼ m0j þ m0l and diagonal in J [11]. Unlike Alexander,

who uses T J
j0 ;l0 ;X

0
;�0;j;l;X;�

[12], van Leuken et al. use the coupled representation T J
l0;j0 ;X

0
;�0 ;l;j;X;�

[1]. Some algebra with Wigner
3j symbols leads to the straightforward relation between Alexander’s and van Leuken et al. coupled representations as
T J
j0;l0 ;X

0
;�0;j;l;X;�

¼ ð�1Þl
0þlþj0þjþ2JT J

l0 ;j0;X
0
;�0 ;l;j;X;�

: ð6Þ
Alexander relates the T-matrix expression of Eq. (5) to the dimensionless scattering amplitude for a transition between

two states [4]
f
j;mj;X;�!j0;m0j;X

0
;�0
ðk̂0Þ ¼

ffiffiffi
p
p X

J ;l;l0
ð2lþ 1Þ1=2ð2J þ 1Þil�l0 j J l

mj �mj 0

� �

� j0 J l0

m0j �mj mj � m0j

� �
Yl0 ;mj�m0jðk̂

0ÞT J
j0 ;l0;X

0
;�0;j;l;X;�

ð7Þ
where ð : : : Þ is a Wigner 3j-symbol [10]. The sum extends over all allowed values of the initial and final orbital angular

momenta l and l0. The initial and final wave vectors are denoted by k and k0. The direction of the initial velocity vector

k̂, defines the axis of mj quantization in the so-called ‘‘collision frame’’. Combination of Eqs. (4) and (7) gives
f
j;mj;X;E!j0 ;m0j;X

0
;�0
ðk̂0Þ ¼ aðEÞf

j;mj;X;�u ;j0;m0j;X
0
;�0
� bðEÞf

j;mj;X;��u ;j0;m0j;X
0
;�0
: ð8Þ
Eq. (8) relates directly to the differential scattering cross-section of an oriented molecule [4]:
dr
j;mj;X;E!j0 ;m0j;X

0
;�0
=dx ¼ 1

k2
f
j;mj;X;E!j0 ;m0j;X

0
;�0
ðk̂0Þ

����
����
2

: ð9Þ
Integration of the differential cross-section dr
j;mj;X;E!j0;m0j;X

0
;�0
=dx in Eq. (9) over all scattering angles, provides the in-

tegral scattering cross-section r
j;mj;X;E!j0;m0j;X

0
;�0
. Using the scattering amplitude instead of the T-matrix for the treatment

of molecular orientation offers a more direct insight into the underlying collision properties, leading to a better un-

derstanding of the origin and magnitude of the observed steric effects [1,5–6,13–17].
3. Considerations regarding the sign of the steric asymmetry

For NO–Ar, S exhibits a striking undulatory character at a collision energy of Etr ¼ 475 cm�1, as shown in Fig. 1.

When the orientation field is applied such that the N-end of the NO molecule is favored to point towards the Ar, the

collision yields mostly Dj ¼ even. For O-end collisions, Dj ¼ odd is preferred [1,4,5,16]. This effect is seen for both

spin–orbit conserving and spin–orbit changing collisions. The value of the steric asymmetry as a function of Dj ¼ j0 � j
for collisions of both OH and NO with Ar turns out to be insensitive of �0. In the search for a better understanding of

the striking oscillatory behavior of S, a semi-quantum mechanical hard shell model is being developed. Application of

this model [17] to NO–Ar yields a similar undulatory behavior, but S carries an improper sign compared to mea-

surements and quantum mechanically calculated values. Application of this model to OH–Ar yields the ‘‘proper’’ sign

of S compared to the reported measured and calculated values [6,13].

To render insight into the ‘‘proper’’ sign of S, we turn to a recent study of van Beek et al. [6]. This study reports

about the steric dependence of (state resolved) rotational energy transfer for the ‘hetero’ nuclear OH–Ar collision

system. A hexapole is used to select the OH beam predominantly in a j ¼ X ¼ mj ¼ 3
2
, �uðf Þ state, that is oriented in the

collision region using an electric field E. In accordance with their experimental convention Schreel et al. and later van

Beek et al. define S such that according to Eq. (1) the O-end of the molecule corresponds to the head, while the H-end

refers to the tail [6,13]. At a collision energy of 746 cm�1, van Beek et al. observed a general trend that was independent

of the final spin–orbit state and of the K-doublet component. For excitation to low rotational states, S is typically small

and positive, indicating a weak O-end preference. For excitation to a higher rotational state, S becomes large and

negative, implying that H-end collisions are preferred. A simple ball and stick model explains this behavior. In the case

of ‘‘tail’’ (H-end) orientation of the molecule, the H atom will have a much higher probability of pointing towards the
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Fig. 1. Experimental steric asymmetry (� ¼ �u ¼ �0 ¼ �1) as a function of Dj ¼ j0 � j for spin–orbit conserving collisions of NO with Ar at a collision

energy of Etr ¼ 475 cm�1 [16]. Earlier data [5] have been improved using a flux to density transformation that transformed LIF intensities into proper

state-to-state cross-sections. This treatment overall enhanced the amplitude of S, but not its sign.
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Ar atom. For the ‘‘head’’ orientation, the O-end of the molecule is likely to shield off the H-end from the Ar atom. Due

to the shape of the OH molecule, the torque that is exerted on the H-end (‘‘stick’’) is much larger than that on the O-

end (‘‘ball’’) at a similar relative velocity (vrel). A large torque results in a high rotational excitation, as was noticed for
the dependence of S on j0 by van Beek et al. [6].

In addition to van Beek’s measurements, close coupling scattering calculations for OH–Ar were carried out on the

CEPA [18] and on the UMP4 (unrestricted fourth-order Møller–Plesset [8]) ab initio OH–Ar potential energy surfaces

(PESs). For both PESs, the steric asymmetry as well as the integral inelastic cross-sections (depending on X
0
and �0)

have been calculated with HIBRIDON [7]. These results agree reasonably with the experimental values. A close in-

spection of the HIBRIDON code, however, shows that the orientations that correspond with HIBRIDON’s ‘‘heads’’

and ‘‘tails’’ labels relate directly to the choice of the Jacobi coordinates R (displacement vector between atom A and

molecule BC), r̂ (BC bond vector, that points from the tail C towards the head B) and # (angle between r̂ and R). For
NO–Ar, # ¼ 0 corresponds with collinear Ar–NO configuration for both the CEPA [19] and the CCSD(T) [20] PESs.

These PESs have been used to calculate scattering cross-sections and steric asymmetries with HIBRIDON [7] and with

a (modified [1]) version of MOLSCAT [21]. In the case of OH, for both the CEPA and the UMP4 PESs, # ¼ 0

corresponds to the linear Ar–HO geometry. This means that HIBRIDON assumes the H-end of the OH molecule as

being the head, while the H-end of the molecule is defined by van Beek and coworkers as being the tail of the molecule.

Without adapting HIBRIDON’s definition to the experimental one, HIBRIDON is expected to provide results for S
that carry a sign opposite to that of van Beek’s experimental value, which was reported not to be the case [6].

To investigate whether the theoretical results reported by van Beek et al. carry the ‘‘proper’’ sign, steric asymmetries
have been recalculated for OH (m ¼ 0, X 2P3=2 j ¼ 3

2
) scattered by Ar at a collision energy of 451 and 746 cm�1 on the

UMP4 PESs. Calculations have been performed on three different cases: 94% mj ¼ 3
2
and 6% mj ¼ 1

2
, 100% mj ¼ 3

2
and

on a ‘‘hard shell’’ assuming 100% mj ¼ 3
2
. The calculated steric asymmetries for three cases are shown in Table 1. From

this table, one immediately notices a reasonable agreement between the experimental and all theoretical amplitudes of

S, resulting from the UMP4 PESs. The present calculations yield an overall smaller amplitude for S at high j0, than the

measured values. As far as the sign of S is concerned, there is a striking opposite trend for the experimental values (SE)
compared to our theoretically calculated values (SC) based on the UMP4 PESs. The steric asymmetry as defined in the

experiment SE ¼ ðrOH � rHOÞ=ðrOH þ rHOÞ should carry a sign opposite to that calculated by HIBRIDON reflecting
the parameterization of the UMP4 and CEPA PESs SC ¼ ðrHO � rOHÞ=ðrHO þ rOHÞ ¼ �SE. To advance quantum

mechanical calculations closer to the ball and stick model, a hard shell alike system was mimicked for the OH–Ar

system. To damp the attractive well, the sum potential (Vsum) was multiplied with
1
2
½1� tanhf3ðR� 7:08Þg� ð10Þ
and also set Vdif ¼ 0. It should be noted that in this case R is in Bohr. The amplitude of SC for the ‘‘hard shell’’ alike

calculations (shown in Table 1) is much stronger than that for the full PESs, as it is no longer diluted by the attractive

part of VsumðRÞ. SE shows a proper negative sign for nearly all rotational excited states, in accordance with the ball and



Table 1

Experimental and theoretical steric asymmetries for rotational excitation of OH X 2P3=2; j ¼ 3
2
; � ¼ �1 in collisions with Ar at a collision energy of

746 cm�1

Final statea Steric asymmetry (%)

Experimental Theoretical results on UMP4 ‘‘Hard shell’’

X
0

J 0 �0 van Beekb 94% mj ¼ 3
2

b
94% mj ¼ 3

2

c
100% mj ¼ 3

2

c
100% mj ¼ 3

2

c

3
2

5
2

e 1.4� 0.4 5.8 4.9 5.0 )21.4
f 5.0� 1.9 4.9 10.7 11.2 )22.5

7
2

e )19.3� 1.0 )5.7 )12.1 )14.0 )22.2
f )1.3� 3.5 )1.2 0 0.5 )20.5

9
2

e )78.1� 1.3 )82.1 )12.1 )52.6 )50.6
f )23.2� 25.4 )47.5 )5.8 )10.6 )36.8

1
2

1
2

e 9.6� 1.8 11.8 0.4 0.5 9.1

f 22.3� 3.1 )1.3 )7.5 )10.8 8.4
3
2

e 2.9� 2.2d 3.7 )3.6 )11.6 )25.4
f )24.1� 2.6 )18.1 )1.3 )3.3 )35.3

5
2

e 2.9� 2.2d )40.7 )1.3 )8.9 )34.6
f )25.8� 3.0 )34.6 )7.5 )10.9 )28.3

It should be noted that the published [6] steric asymmetry is defined as SE ¼ ðrOH � rHOÞ=ðrOH þ rHOÞ, while the present calculations use the

definition that follows from HIBRIDON in combination with the UMP4 and CEPA parameterization [8,18]: SC ¼ ðrHO � rOHÞ=
ðrHO þ rOHÞ ¼ �SE.

a The label ‘‘e’’ corresponds with �0 ¼ 1 and ‘‘f’’ corresponds with �0 ¼ �1.
bValues from [6].
c Present calculations, this work.
d Transitions for scattering into the 1

2,
3
2, e and 1

2,
5
2, e level cannot be separately resolved. Accordingly, the steric asymmetries in the experimental

column is the combined steric asymmetry for the 3
2
, 3
2
, f! 1

2
, 3
2
, e and 3

2
, 3
2
, f! 1

2
, 5
2
, e excitations.
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stick model. Only the spin–orbit changing transition j ¼ 3
2
;X ¼ 3

2
;E ! j0 ¼ 1

2
;X ¼ 3

2
; �0 ¼ �1 carries an opposite sign

for SE. Comparison of the results of the ‘‘hard shell’’ calculation with the outcome of the ball and stick model makes it

plausible that the present HIBRIDON calculations provide the improper sign for SC. One would not expect that the O-

end is preferred to yield high rotational states. Steric asymmetries are shown in Table 1 and Fig. 2.
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Fig. 2. Steric asymmetries as a function of the final state of OH–Ar at Etr ¼ 781 cm�1. Note that the experimental steric asymmetry is taken conform

[13] and is defined as SE ¼ ðrOH � rHOÞ=ðrOH þ rHOÞ, while the present theoretical results are plotted according to the definition following HI-

BRIDON parameterization and UMP4 and CEPA PESs SC ¼ ðrHO � rOHÞ=ðrHO þ rOHÞ ¼ �SE. Experimental values [6] are indicated with open

circles ‘‘�’’, theoretical results on the UMP4 PESs with 94% mj ¼ 3
2
are given with a dotted line and a cross ‘‘�’’ [6]. Theoretical results from our work

[94% mj ¼ 3
2
and 6% mj ¼ 1

2
] and [100% mj ¼ 3

2
] are respectively given by a solid line and a star ‘‘*’’ and a dashed line in combination with a triangle

‘‘M’’.



Table 2

Theoretical integral state-to-state cross-sections (�A2) for rotational excitation of OH X 2P3=2; j ¼ 3
2
; f in collisions with Ar are listed for comparison

Final state Ecol ¼ 451 cm�1 Ecol ¼ 746 cm�1

X0 J 0 �0 Purea Pureb Purea pureb

3
2

3
2

e 16.5 16.50 11.5 11.40

f – – – –
5
2

e 11.8 11.80 11.2 11.20

f 2.42 2.42 1.62 1.62
7
2

e 2.19 2.19 2.15 2.13

f 0.350 0.35 0.756 0.75
9
2

e 0.553 0.53 0.703 0.70

f 0.013 0.01 0.090 0.09
1
2

1
2

e 2.10 2.10 2.19 2.22

f 0.238 0.24 0.197 0.20
3
2

e 0.524 0.52 0.826 0.83

f 0.711 0.71 0.927 0.90
5
2

e 0.458 0.46 0.598 0.60

f 0.458 0.46 0.598 0.60

Total 37.86 37.73 32.76 32.64

A collision energy of 451 and 746 cm�1 has been used. All calculations are based on the UMP4 PESs.
a Present result.
b van Beek et al. [22].
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As there is not a perfect agreement among the absolute theoretical results for SC on the UMP4 PESs as ob-

tained in this study and in [6], integral state-to-state cross-sections have been calculated to test the integration

procedure. Truncating the summation over the coupled T-matrix elements in Eq. (7) at J > 101 (Ecol ¼ 451 cm�1)
and at J > 130 (Ecol ¼ 781 cm�1), perfect agreement (Table 2) with ‘‘pure’’ theoretical integral state-to-state cross-

sections is reported [22]. We have no answer on the question why our results for SC differ this much from previous

calculations [6].

Although the NO–Ar system is more homo-nuclear than OH–Ar, one can also apply the ball and stick model on this

system. The O-end is more round than the N-end, that extends further from the center-of-mass. From a ball and stick

model, one would conclude that the N-end will be preferred for high rotational states, but this is not what was found in

earlier experiments and theory [1,4,5]. The only exception in respect to this finding is the first (erroneous) measurement

of S by van Leuken, that did not correspond with theoretical results in the same paper [1]. Except this experimental
result, all published results for S of NO–Ar collisions show a negative value for S for high rotational states. This

indicates that molecules with high rotational states mostly carry back on O-end collisions. There is no satisfactory

explanation for this effect that goes against ones natural wit.
4. Theory

4.1. The coupled Schr€odinger equation, T-matrix and scattering amplitude

The CMS in which the collision of an atom A and a diatomic molecule BC can be described allows for two dis-

tinguished conventions regarding the definition of R. The convention followed in most theoretical procedures [7,12,21]

uses the displacement vector of the center of A in respect to the CM of BC:
R ¼ RA�BC ¼ RA � RBC: ð11Þ

Alternatively, the ‘‘opposite’’ convention
R ¼ RBC�A ¼ RBC � RA ð12Þ

provides an equally well-suited definition of R. Both conventions are illustrated in Fig. 3. For the simplest (elastic) case

of the collision between the two particles A and BC, the scattering matrix T reduces to a row of dimensionless scalars.

The value of these scalars does not bear any relation upon the chosen convention of R (see, e.g. [10,23,24]). In the case
of rotationally inelastic scattering this also holds for the value of the CMS scattering angles (h;/), whereas the

scattering matrix and the scattering amplitude could depend on the choice of R ¼ RA�BC or R ¼ RBC�A. In this section,



Fig. 3. Incoming planar wave and outgoing spherical wave that represents a state-to-state collision between a molecule BC and an atom A. The right

panel depicts this process in the (A–BC) CMS with R ¼ RA�BC, the left panel reflects the so-called inverted CMS with R ¼ RBC�A ¼ �RA�BC. This
figure elucidates that a change from one convention to another also alters the Jacobi angles #. The Jacobi angles for both cases are related as

#A�BC ¼ p� #BC�A. Note that the # has to be distinguished from the CMS scattering angle h which denotes the angle between the outgoing and

incoming wave vectors k̂ and k̂0.
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we will show that a change of convention will not cause any problem in relation to the state-to-state differential and

integral cross-sections, as long as one refrains from orientational dependence.

To elucidate the influence of the choice of RA�BC or RBC�A on the T-matrix, the set of (close) coupled differential

equations that substantiate the Schr€odinger equation of the scattering problem will be considered. When denoting the
total wavefunction as
WJ ;MJ

j;l;X;�
ðr̂;RÞ ¼

X
j0 ;l0;X

0
;�0

1

R
UJ ;MJ

j0;l0 ;X
0
;�0
ðRÞ

X
m0j;m

0
l

hj0;m0j; l0;m0ljJ ;MJ ijj0;m0j;X
0
; �0iYl0;m0lðR̂Þ; ð13Þ
the set of close coupled equations that has to be solved numerically becomes [11,12]
�
� �h2

2l
d2

dR2
þ �h2lðlþ 1Þ

2lR2
þ hj; l;X; �; J ;MJ jV jj; l;X; �; J ;MJ i

	
UJ ;MJ

j;l;X;�
ðRÞ þ

X
j0;l0 ;X

0
;�0

ð1� dj;j0dl;l0dX;X0d�;�0 Þ

� hj0; l0;X0; �0; J ;MJ jV jj; l;X; �; J ;MJ iUJ ;MJ

j0 ;l0 ;X
0
;�0
ðRÞ ¼ 0: ð14Þ
The radial part of the wavefunction of Eq. (13) obeys to the boundary condition
lim
R!1

UJ ;MJ

j0;l0 ;X
0
;�0
ðRÞ ¼ dj;j0dl;l0dX;X0d�;�0 exp

h
� i kj;X � R



� l
p
2

�i ffiffiffiffiffiffiffiffiffi
k
j0 ;X

0

kj;X

s
dj;j0dl;l0dX;X0d�;�0
�

� T J
j0;l0 ;X

0
;�0 ;j;l;X;�

�

� exp i kj0 ;X � R

h

� l0
p
2

�i
¼ 0: ð15Þ
When one assumes that the equations above correspond to the convention R � RA�BC, Eq. (14) can easily be adapted

to the case R ¼ RBC�A, applying the inversion operator iR
Yl;mlðR̂A�BCÞ ¼ iRYl;mlðR̂BC�AÞ ¼ ð�1ÞlYl;mlðR̂BC�AÞ: ð16Þ

Eq. (16) leads to
�

� �h2

2l
d2

dR2
þ �h2lðlþ 1Þ

2lR2
þ hj; l;X; �; J ;MJ jV jj; l;X; �; J ;MJ i

	
UJ ;MJ

j;l;X;�
ðRBC�AÞ þ

X
j0 ;l0 ;X

0
;�0

ð1� dj;j0dl;l0dX;X0d�;�0 Þ

� hj0; l0;X0; �0; J ;MJ jV jj; l;X; �; J ;MJ ið�1Þlþl
0
UJ ;MJ

j0 ;l0 ;X
0
;�0
ðRBC�AÞ ¼ 0: ð17Þ
Application of the boundary condition of Eq. (15) onto the solutions of the coupled equations Eqs. (14) and (17) leads

immediately to
T ðJÞ;A�BC
j0;l0 ;X

0
;�0;j;l;X;�

� T J
j0;l0 ;X

0
;�0 ;j;l;X;�

¼ ð�1Þlþl
0
T ðJÞ;BC�A
j0 ;l0 ;X

0
;�0 ;j;l;X;�

: ð18Þ
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As elucidated in Eq. (5) T-matrix elements T ðJÞ;A�BC
j0;l0 ;X

0
;�0 ;j;l;X;�

and T ðJÞ;BC�A
j0;l0 ;X

0
;�0 ;j;l;X;�

may be uncoupled, for example, to the regular

collision frame or to the reversed collision frame. Substitution of Eq. (18) into Eq. (7) yields the scattering amplitude in

the (BC–A) collision frame (Fig. 4):
Fig. 4.

panel)

anti-pa

R ¼ R

to the

leads t

that th

(R ¼ R
f BC�A
j;mj;X;�!j0 ;m0j;X

0
;�0
ðk̂0Þ ¼

ffiffiffi
p
p X

J ;l;l0
ð2lþ 1Þ1=2ð2J þ 1Þil�l0

j J l

mj �mj 0

� �
j0 J l0

m0j �mj mj � m0j

 !

� Yl0 ;mj�m0jðk̂
0Þð�1Þlþl

0
T ðJÞ;A�BC
j0 ;l0 ;X

0
;�0;j;l;X;�

: ð19Þ
As noted by Alexander [3], the absence of coupling between incoming and outgoing states of different total parity leads
to
T ðJÞ
j0;l0 ;X

0
;�0 ;j;l;X;�

¼ 0 unless ð�1Þlþl
0
¼ ��0ð�1Þj

0�j
: ð20Þ
Application of Eq. (20) in Eq. (19) yields
f BC�A
j;mj;X;�!j0 ;m0j;X

0
;�0
ðk̂0Þ ¼ f A�BC

j;mj;X;�!j0 ;m0j;X
0
;�0
ðk̂0Þ��0ð�1Þj

0�j
: ð21Þ
As illustrated in Fig. 4, the relation between the scattering amplitudes of Eq. (21) remains valid either within the

regular or within the reversed collision frame.

4.2. The mj-dependent state-to-state collision cross-section for non-oriented molecules

Application of Eq. (21) into Eq. (8) with bðEÞ ¼ 0 and substituting this result in Eq. (9) gives
dr
j;mj;X;�!j0 ;m0j;X

0
;�0
=dx ¼ 1

k2
f A�BC
j;mj;X;�!j0;m0j;X

0
;�0
ðk̂0Þ

����
����
2

¼ 1

k2
f BC�A
j;mj;X;�!j0 ;m0j;X

0
;�0
ðk̂0Þ

����
����
2

: ð22Þ
Depending on the A–BC or BC–A sign convention for the intermolecular displacement vector, the scattering ampli-

tudes and coupled T-matrix elements do not have to be equal in sign. Eq. (22) however, shows that their relation to the

differential cross-section dr
j;mj;X;�!j0 ;m0j;X

0
;�0
=dx does not depend on the choice of the A–BC or BC–A convention. In

addition to this, the insensitivity of the differential cross-section to the sense of rotation in the (regular or reversed)

collision frame dr
j;mj;X;�!j0 ;m0j;X

0
;�0
=dx ¼ dr

j;�mj;X;�!j0 ;�m0j;X
0
;�0
=dx [3] infers that non-oriented molecules do not yield a

different outcome for scattering calculations in the collision and in the reversed collision frame.

Not only the dependence of the differential cross-section on the scattering angle that is treated above, but also the

dependence of the total cross-section on the final state has experimentally been investigated [16,22]. The total cross-

section can be obtained by numerical integration of the differential cross-section dr
j;mj;X;�!j0;m0j;X

0
;�0
=dx over the full

range of dx. The rapid diffraction oscillations in the differential cross-section can cause this integration to be cum-

bersome [3]. Alternatively, the integral cross-section can be obtained directly as an exact summation over products of
Two convenient CM inertial frames in which a collision between a molecule and an atom can be described. In the regular collision frame (left

the relative velocity vrel is directed parallel to the Z axis of mj and ml quantization. In the reversed collision frame (right panel) vrel is directed

rallel to the Z-axis, thus giving the opposite sign for all mj and ml quantum numbers. Both panels depict the A–BC CM system with

A�BC. The T-matrix elements themselves do not depend on the choice of the coordinate frame. Eq. (29) of [25] relates the scattering amplitudes

T-matrix for arbitrary orientation of the coordinate frame of which the Z axis provides the quantization axis. Application of this expression

o an extra multiplication factor ð�1Þlþl
0
to the T matrix elements in Eq. (7) when one applies this formula for the reversed collision frame. Note

e same multiplication factor ð�1Þlþl
0
appears in Eq. (18) when one switches from the (A–BC) CMS (R ¼ RA�BC) to the inverted CMS

BC�A).
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T-matrix elements by making use of the orthogonality properties of the spherical harmonics Yl0;mj�m0jðk̂
0Þ. The con-

tributions to this summation are restricted by Eq. (20):
r
j;mj;X;�!j0;m0j;X

0
;�0
¼ p

k2
X

J ;J 0l;l0;l00 ;ðlþl00 evenÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2lþ 1
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2l00 þ 1
p

ð2J þ 1Þð2J 0 þ 1Þ j J l
mj �mj 0

� �
j0 J 0 l00

mj �mj 0

� �

� j0 J l0

m0j �mj mj � m0j

� �
j0 J 0 l0

m0j �mj mj � m0j

� �
ð�1Þðl�l

00Þ=2 T J	
j0;l0 ;X

0
;�0 ;j;l00 ;X;�

T J 0

j0 ;l0 ;X
0
;�0 ;j;l;X;�

: ð23Þ
Since the detection selectivity for the scattered BC molecules is typically too low to resolve m0j, the experimental ob-
servation relates to
r
j;mj;X;�!j0;X

0
;�0
¼
X
m0j

r
j;mj;X;�!j0 ;m0j;X

0
;�0
: ð24Þ
This allows one to contract Eq. (23) to
r
j;mj;X;�!j0;X

0
;�0
¼ p

k2
X

J ;l;l0;l00 ;ðlþl00 evenÞ
CJ

l;l00 ðj;mjÞð�1Þðl�l
00Þ=2 T J	

j0 ;l0;X
0
;�0;j;l00;X;�

T J
j0;l0 ;X

0
;�0 ;j;l;X;�

; ð25Þ
with
CJ
l;l00 ðj;mjÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2lþ 1
p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2l00 þ 1
p

ð2J þ 1Þ j J l
mj �mj 0

� �
j J l00

mj �mj 0

� �
: ð26Þ
Note that CJ
l;l00 ðj;mjÞ ¼ CJ

l00;lðj;mjÞ ¼ ð�1Þlþl
0
CJ

l;l00 ðj;�mjÞ. In experiments with NO [1,5] the initial state is selected in
j ¼ 1

2
, which leads to mj ¼ 1

2
. Because of Eq. (26), l00 ¼ l0 ¼ J � 1

2
:

CJ
J�1

2
;J�1

2

1

2
;mj

� �
¼ CJ

Jþ1
2
;Jþ1

2

1

2
;mj

� �
¼ 2J þ 1

2
: ð27Þ
Combination of Eq. (27) with Eq. (23) gives a convenient expression for the integral cross-section:
r1
2
;mj;X;�!j0 ;X

0
;�0
¼ p

2k2
X

J ;l0 ;l¼J�1
2

ð2J þ 1Þ T J	
j0 ;l0;X

0
;�0 ;1

2
;l;X;�

T J
j0 ;l0;X

0
;�0 ;1

2
;l;X;�

� 	
: ð28Þ
The explicit expression for the integral cross-section of Eq. (28) for j ¼ 3
2
with mj ¼ 3

2
and/or mj ¼ 1

2
(OH experiments

[13,14,22]) contains a more extended summation over l and l00. Non-zero contributions may occur in Eq. (26) when

l ¼ l00 ¼ J � 3
2
, l ¼ l00 ¼ J � 1

2
and l ¼ J � 3

2
; l00 ¼ J 
 1

2
or l ¼ J 
 1

2
; l00 ¼ J � 3

2
. Application of Eq. (26) for mj ¼ 3

2
leads

to
CJ
J�3

2
;J�3

2

3

2
;
3

2

� �
¼ ð2J þ 1
 2Þð2J þ 1Þ

8ð2J þ 1� 1Þ ; ð29Þ

CJ
J�1

2
;J�1

2

3

2
;
3

2

� �
¼ 3ð2J þ 1
 2Þð2J þ 1Þ

8ð2J þ 1
 1Þ ; ð30Þ

CJ
J�3

2
;J
1

2

3

2
;
3

2

� �
¼ CJ

J
1
2
;J�3

2

3

2
;
3

2

� �
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð2J � 1Þð2J þ 3Þ

p
ð2J þ 1Þ

8ð2J þ 1� 1Þ : ð31Þ
The integral cross-section can be calculated after substitution of Eqs. (29)–(31) in Eq. (25):
r3
2
;mj¼3

2
;X;�!j0 ;X

0
;�0
¼ p

2k2
X
l0;J

ð2J þ 1Þ 1

4

X
l¼J�3

2

ð2J þ 1
 1Þ
ð2J þ 1� 1Þ T

J	
j0 ;l0 ;X

0
;�0;3

2
;l;X;�

T J
j0 ;l0 ;X

0
;�0;3

2
;l;X;�

2
4

þ 3

4

X
l¼J�1

2

ð2J þ 1
 2Þ
ð2J þ 1
 1Þ T

J	
j0;l0 ;X

0
;�0 ;3

2
;l;X;�

T J
j0;l0 ;X

0
;�0 ;3

2
;l;X;�
�

ffiffiffi
3
p

2

X
l¼J�3

2
;l00¼J
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2J � 1Þð2J þ 3Þ

p
2J þ 1� 1

�Re T J	
j0 ;l0 ;X

0
;�0;3

2
;l;X;�

T J
j0 ;l0 ;X

0
;�0;3

2
;l00 ;X;�

� �35: ð32Þ
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To complete the treatment for OH, application of Eq. (26) for mj ¼ 1
2
leads to
CJ
J�3

2
;J�3

2

3

2
;
1

2

� �
¼ 3ð2J þ 1� 2Þð2J þ 1Þ

8ð2J þ 1� 1Þ ; ð33Þ

CJ
J�1

2
;J�1

2

3

2
;
1

2

� �
¼ ð2J þ 1� 2Þð2J þ 1Þ

8ð2J þ 1
 1Þ ; ð34Þ

CJ
J�3

2
;J
1

2

3

2
;
1

2

� �
¼ CJ

J
1
2
;J�3

2

3

2
;
1

2

� �
¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð2J � 1Þð2J þ 3Þ

p
ð2J þ 1Þ

8ð2J þ 1� 1Þ : ð35Þ
The total cross-section can be calculated after substitution of Eqs. (33)–(35) in Eq. (25):
r3
2
;mj¼1

2
;X�!j0 ;X

0
;�0
¼ p

2k2
X
l0 ;J

ð2J þ 1Þ 3

4

X
l¼J�3

2

ð2J þ 1� 2Þ
ð2J þ 1� 1Þ T

J	
j0;l0 ;X

0
;�0 ;3

2
;l;X;�

T J
j0;l0 ;X

0
;�0 ;3

2
;l;X;�

2
4

þ 1

4

X
l¼J�1

2

ð2J þ 1� 2Þ
ð2J þ 1
 1Þ T

J	
j0;l0 ;X

0
;�0 ;3

2
;l;X;�

T J
j0;l0 ;X

0
;�0 ;3

2
;l;X;�

þ
ffiffiffi
3
p

2

X
l¼J�3

2
;l00¼J
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2J � 1Þð2J þ 3Þ

p
2J þ 1� 1

Re T J	
j0 ;l0 ;X

0
;�0;3

2
;l;X;�

T J
j0 ;l0 ;X

0
;�0;3

2
;l00 ;X;�

� �35: ð36Þ
4.3. The mj-dependent state-to-state collision cross-section for oriented molecules

The next issue that will be addressed is whether the choice for either the RA�BC or the RBC�A displacement vector

affects the orientational dependence of the collision cross-section. As a first step notice that jj;�mj;�Xi and
jj;
mj;
Xi correspond to wavefunctions that, respectively, favor head and tail orientation of the BC molecule along

the Z-axis (which is the quantization axis). As pointed out by Loesch [26] collisions on the C-end of the BC molecule

are preferred when the B-end favors to point along vrel in the (A–BC) CMS. In the (BC–A) CMS used by Stolte et al.

[27,28], collisions impinging onto the B-end of the BC molecule are preferred when the B-end favors points along vrel.

Depending on the direction of the orientation field in the scattering region (E "" vrel or E "# vrel) collisions on the

head or on the tail of BC are preferred. The oriented wavefunction in the regular collision frame may be written as
j;
�� � mj;X;E

�
¼ aðEÞ j;

�� � mj;X; �u
�
þ bðEÞ j;

�� � mj;X;� �u
�

ð37Þ
or as
j;
�� � mj;X;E

�
¼ aðEÞ j;

�� � mj;X; �u
�
� bðEÞ j;

�� � mj;X;� �u
�
: ð38Þ
Taking the limit for a high field E (aðEÞ ¼ bðEÞ ¼ 1
2

ffiffiffi
2
p

) and subsequent substitution of these states in Eq. (3) leads to
lim
E!1

j;
�� � mj;X;E

�
¼ j;
�� � mj;þ X

�
ð39Þ
or � �

lim
E!1

j;� � mj;X;E
�
¼ �u j;� � mj;� X

�
ð40Þ
The pairs of oriented wavefunctions that favor collisions onto the head (B) of BC in the regular frame of the (A–BC)

CMS and onto the tail (C) in the regular frame of the (BC–A) CMS are represented by

aðEÞjj;mj;X; �ui � bðEÞjj;mj;X;��ui and aðEÞjj;�mj;X; �ui þ bðEÞjj;�mj;X;��ui. The pair of wavefunctions

aðEÞjj;mj;X; �ui þ bðEÞjj;mj;X;��ui and aðEÞjj;�mj;X; �ui � bðEÞjj;�mj;X;��ui favor collisions onto the tail (C) of

the molecule in the regular frame (A–BC) CMS and on the head in the regular frame of the (BC–A) CMS.

The orientation-dependent contribution
1

2
ðdrHead=dx� drTail=dxÞ � d

dx
Dr

j;mj;X;E!j0 ;m0j;X
0
;�0

ð41Þ
of the cross-section follows from Eqs. (8) and (9), upon insertion of the proper sign for bðEÞ. In the A–BC CMS one

obtains
d

dx
Dr

j;mj;X;E!j0;m0j;X
0
;�0
¼ �mj

mj
aðEÞbðEÞ 1

k2
f ðA�BCÞ	
j;mj;X;�u;j0 ;m0j;X

0
;�0
ðk̂0Þf ðA�BCÞ

j;mj;X;��u;j0 ;m0j;X
0
;�0
ðk̂0Þ

"
þ cc

#
: ð42Þ
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The complex conjugate is indicated by cc. Note that initial states with mj ¼ 0 cannot be oriented because of mj � X ¼ 0.

When one compares Eq. (42) with Eq. (15) from [4], a sign mismatch appears when one assumes positive values for a
and b conform the caption of Fig. 3 of [4]. In HIBRIDON, it is assumed that one works in the A–BC CMS, but the

oriented wavefunction is taken with respect to the BC–A CMS similar to [1]. In the BC–A CMS, one gets
d

dx
Dr

j;mj;X;E!j0 ;m0j;X
0
;�0
¼ mj

mj
aðEÞbðEÞ 1

k2
f ðBC�AÞ	
j;mj;X;�u ;j0;m0j;X

0
;�0
ðk̂0Þf ðBC�AÞ

j;mj;X;��u ;j0;m0j;X
0
;�0
ðk̂0Þ

"
þ cc

#
; ð43Þ
which yields the incorrect sign of S when one ignores the A–BC and BC–A dependence of the scattering amplitude that

is based on the coupled T-matrix of Eq. (20). When taking this dependence into account by combining Eqs. (22), (42)

and (43), identical outcome in the A–BC and the BC–A collision system results in 1
2
ðdrHead=dx� drTail=dxÞ. This can

offer an explanation for the discrepancy between the experimental and the theoretically calculated values of S for OH–

Ar as presented in Section 3.
The expressions of Eqs. (42) and (43) both relate to the regular collision system. A switch from the regular to the

reversed collision system also induces an additional sign change in Eqs. (42) and (43). The oriented states as defined in

[1, Eqs. (8)–(11)] relate to the collision frame of the BC–A CMS. The m0j summed orientational dependence of the

integral A–BC collision cross-sections becomes
1

2
ðrHead � rTailÞ ¼

Z
4p
dx
X
m0j

d

dx
Dr

j;mj;X;E!j0;m0j;X
0
;�0
; ð44Þ
which, after defining Drj;mj;X;E!j;X;�0 �
P

m0j
Dr

j;mj;X;E!j0 ;m0j;X
0
;�0

and making use of Eqs. (1.58) and (2.32) of [10] can be
expressed as
Drj;mj;X;E!j;X;�0 ¼
�2p
k2

aðEÞbðEÞ
X

J ;l;l0 ;l00 ðlþl00oddÞ

CJ
l;l00 ðj;mjÞ � ð�1Þ

l�l00�1
2 Im T J ;ðA�BCÞ	

j0 ;l0;X
0
;�0 ;j;l;X;�u

T J ;ðA�BCÞ
j0 ;l0;X

0
;�0;j;l00 ;X;��u

� �
: ð45Þ
In experiments studying the orientational dependence of state-to-state rotational energy transfer of NO [1,5], a state

with j ¼ 1
2
and mj ¼ 1

2
is selected. In this case, the summation over l and l00 restricts to l ¼ J � 1

2
, l00 ¼ J 
 1

2
. From Eq.

(26) it follows that
CJ
J�1

2
;J
1

2

1

2
;
1

2

� �
¼ 1

2
ð2J þ 1Þ: ð46Þ
Consequently, Eq. (45) can be reduced to
Dr1
2
;mj;X;E!j0;X

0
;�0
¼ �p

k2
aðEÞbðEÞ

X
J ;l0;�

ð2J þ 1ÞIm T J ;ðA�BCÞ	
j0;l0 ;X

0
;�0 ;1

2
;Jþ1

2
;X;�

T J ;ðA�BCÞ
j0 ;l0 ;X

0
;�0 ;1

2
;J�1

2
;X;��

� �
: ð47Þ
This result can be transformed to the T-matrix lþ j! J coupling scheme of van Leuken et al., using Eq. (6):
Dr1
2
;mj;X;E!j0;X

0
;�0
¼ p

k2
aðEÞbðEÞ

X
J ;l0 ;�

ð2J þ 1ÞIm T J ;ðA�BCÞ	
l0;j0 ;X

0
;�0 ;Jþ1

2
;1
2
;X;�

T J ;ðA�BCÞ
l0 ;j0;X

0
;�0 ;J�1

2
;1
2
;X;��

� �
: ð48Þ
Comparison of Eq. (48) with Eq. (21) of [1] shows that for the theoretical results
ðrHead � rTailÞThis work ¼ ðrHead � rTailÞvan Leuken: ð49Þ

This implies that the theoretical sign of S as obtained by van Leuken et al. [1] is correct.

The orientational dependence of OH in collisions has been studied for incoming oriented molecules with

X ¼ j ¼ mj ¼ 3
2

[6,13,14]. In this case, the summation over l and l00 in Eq. (45) reduces to respectively:

l ¼ J � 3
2
; l00 ¼ J 
 3

2
; l ¼ J � 1

2
; l00 ¼ J 
 1

2
; l ¼ J þ 1� 1

2
; l00 ¼ J þ 1
 1

2
and l ¼ J � 1� 1

2
; l00 ¼ J � 1
 1

2
. Applica-

tion of Eq. (26) for mj ¼ 3
2
yields for these special cases
CJ
J�3

2
;J
3

2

3

2
;
3

2

� �
¼ 1

8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2J � 1Þð2J þ 3Þ

2Jð2J þ 2Þ

s
ð2J þ 1Þ; ð50Þ

CJ
J�1

2
;J
1

2

3

2
;
3

2

� �
¼ 3

8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2J � 1Þð2J þ 3Þ

2Jð2J þ 2Þ

s
ð2J þ 1Þ; ð51Þ
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CJ
Jþ1�1

2
;Jþ1
1

2

3

2
;
3

2

� �
¼

ffiffiffi
3
p

8

ð2J � 1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Jð2J þ 2Þ

p ð2J þ 1Þ ð52Þ
and
CJ
J�1�1

2
;J�1
1

2

3

2
;
3

2

� �
¼

ffiffiffi
3
p

8

ð2J þ 3Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Jð2J þ 2Þ

p ð2J þ 1Þ: ð53Þ
Subsequent substitution of Eqs. (50)–(53) into Eq. (45) gives
Dr3
2
;mj¼3
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ð2J þ 3Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Jð2J þ 2Þ

p T J ;ðA�BCÞ	
j0;l0 ;X

0
;�0 ;3

2
;J�1

2
;X;�

T J ;ðA�BCÞ
j0 ;l0 ;X

0
;�0 ;3

2
;J�3

2
;X;��

#
: ð54Þ
Similar to the case of mj ¼ 3
2
(yielding Eqs. (50)–(60)) application of Eq. (26) for mj ¼ 1

2
gives
CJ
J�3

2
;J
3

2

3

2
;
1

2

� �
¼ � 3

8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2J � 1Þð2J þ 3Þ

2Jð2J þ 2Þ
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ð2J þ 1Þ; ð55Þ
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� �
¼ � 1
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2J � 1Þð2J þ 3Þ

2Jð2J þ 2Þ

s
ð2J þ 1Þ; ð56Þ
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2Jð2J þ 2Þ

p ð2J þ 1Þ ð57Þ
and
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J�1�1

2
;J�1
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2

3

2
;
1

2

� �
¼

ffiffiffi
3
p

8

ð2J � 1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Jð2J þ 2Þ

p ð2J þ 1Þ: ð58Þ
Subsequent substitution of Eqs. (55)–(58) into Eq. (45) for mj ¼ 1
2
results in
Dr3
2
;mj¼1

2
;X;E!j0 ;X
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;�0
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2
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ð2J � 1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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#
: ð59Þ
The equations above describe a recipe to calculate 1
2
ðrHead � rTailÞ, which presents the numerator of S as defined in Eq.

(1). Its denominator 1
2
ðrHead þ rTailÞ can be calculated using Eq. (42) as
1

2
ðrHead þ rTailÞ ¼ a2ðEÞr

j;mj;X;�u!j0 ;X
0
;�0
þ b2ðEÞr

j;mj;X;��u!j0 ;X
0
;�0
: ð60Þ
In the case of j ¼ 1
2
and j ¼ 3

2
, Eqs. (28), (32) and (36) provide a recipe for calculation of r

j;mj;X;�!j0 ;X
0
;�0
. Substitution of

r
j;mj;X;�!j0 ;X

0
;�0

in Eq. (60) yields S.
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5. Re-evaluation of the experimental sign of the steric asymmetry

Except for the very first tentative observations [1], the experimentally obtained values of S for NO–Ar confirmed the

theoretical predictions [3–5]. Both calculated and experimental values of S for high j0 are in disagreement with a ball

and stick model. The present (close-coupling) HIBRIDON calculations for OH–Ar result in a sign for S that is im-
proper compared to earlier measurements and which is also opposite to the ball and stick model. As argued in Section

4.3 below Eq. (43), this can be explained by the fact that the oriented wavefunction in HIBRIDON carries an actual

orientation that is opposite to the denoted one. The assumption that the ball and stick model is correct for OH–Ar,

implies that the sign of S for HIBRIDON calculations (probably also for NO–Ar) has to be reversed. This raises the

question whether the experimental results for NO–Ar have to be revised, possibly due to errors in the experimental

procedure. Therefore the experimental sign of S has been reinvestigated to explore this possibility. As a first step, the

direction of the orientation field in relation to the data acquisition and control software has been checked. Using a

voltmeter, the voltage on the rods of the orientation field was measured and found to be in correspondence with the
assumed value in the software.

To exclude the possibility that the previous experiments had been carried out incorrectly, the steric asymmetry has

been remeasured for NO–He (at Etr ¼ 514 cm�1) for a transition to the final state j0 ¼ 4:5, X
0 ¼ 1

2
, �0 ¼ �1. This re-

measurement has been carried out under similar conditions as in earlier measurements for NO–Ar and NO–He [5,16],

but with a more powerful laser and a new data acquisition program. The earlier measurements on NO–Ar and NO–He

showed that NO–He yields the same sign for S as NO–Ar [16]. In both measurements laser induced fluorescence from

the A 2Rþðv ¼ 0Þ state was used to determine the total number of molecules scattered into the j0 ¼ 4 1
2
;X
0 ¼ 1

2
; �0 ¼ �1

level of the vibrational ground state.
The laser system that was used in earlier work has been replaced by a more powerful excimer pumped dye laser

system (Lambda Physik EMG 201/FL 3002) equipped with a frequency doubling unit to generate the tunable k ¼ 226

nm (output 1.5 mJ/pulse). This new laser system required a new timing and control system for which new software was

developed. New software for data acquisition was also developed and the orientation voltages were tested once again

and found to be correct. A value of S ¼ 0:28� 0:02 was obtained earlier by de Lange et al. in the case described above

[5]. Our remeasurement yielded a value of S ¼ 0:39� 0:15 which confirms the correctness of de Lange’s NO–Ar data

collection procedure.

The next step in our re-evaluation was to look for physical explanations for an orientation of the NO molecule in the
scattering region, opposite to the expected orientation. Opposite orientation of the NO molecule would change the sign

of the theoretical predicted S, so N-end collisions are preferred for excitation to high rotational states. If a molecule in
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Fig. 5. LIF excitation spectrum of A 2Rþðv ¼ 0Þ  X 2P1=2ðv ¼ 0Þ transition of the hexapole state selected NO beam, taken under the same con-

ditions at which S was remeasured. The spectrum is somewhat saturated and an orientation field of E � 16 kV/cm is applied that is expected to induce

about 25% mixing with the lower component (� ¼ 1) of the K-doublet [9]. The R21 and the Q11 originate from the hexapole selected upper � ¼ �1
component of the j¼ 1

2
K-doublet. The R11=Q21 transition, that originates from the lower component of the K-doublet is due to the mixing of the K-

doublet, caused by the orientation field. When the field is switched off, the center peak (R11=Q21 branch) disappears, while the other peaks remain. In

absence of saturation and at equal population of both components of the K-doublet component, LIF intensities will be proportional to H€onl-London

factors giving a ratio of R21 : Q11 : R11=Q21 as 1 : 2 : 3. Clearly the spectrum shows approximately 25% mixing in the lower K-doublet component.

This means that the NO molecules in the scattering region are in a low field seeking state. A Majorana flop is excluded.
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a low field seeking state undergoes a rapid change of the electric field along its path, this can result in a sudden change

of the low field seeking state into that of a high field seeking state. This phenomenon is known under the name

Majorana flop [27,29]. When such an effect would occur in our setup the sign of the experimental reported S would

reverse and agree with the proper sign (in accordance to the ball and stick model) of the theoretical S, as argued in this

work. The presence of an orientational Majorana flop has been investigated experimentally by examining the LIF
spectrum of the A 2Rþðv ¼ 0Þ  X 2P1

2
ðv ¼ 0Þ, under the same conditions at which S was remeasured (Fig. 5). When no

orientation field is present, one expects to see only two peaks for the hexapole state selected beam, the R21 and the Q11

branch. If a field is applied, mixing of K-doublet as defined in Eq. (8) will take place and the peak of the R11=Q21

branches appears. Peaks belonging to the lower and high field seeking K-doublet state will occur and grow with in-

creasing orientation field strength. This effect is seen, but in the case of a Majorana flop, the high field seeking R11=Q21

peak ought to dominate the spectrum. In the experiment it does not. The experiment shows that it is the low field

seeking component of the K-doublet that is present in the collision region. This component orients with its negative end

towards the negative electrode of the orientation field rods.
6. Discussion and concluding remarks

Theoretical and experimental results for S in NO–Ar collisions showed an O-end preference for transitions to high

final rotational states [1,5]. From a (classical) ball and stick model one would expect the N-end to be preferred, as the

torque that can be applied on the N-end is larger. For collisions of the less homo-nuclear OH molecule with Ar, the

simple ball and stick model does apply. The H-end is preferred for high rotational states in both experiments and
theoretical results [6]. To our knowledge, there is no satisfactory answer to the question why S for OH–Ar does behave

as expected, while for NO–Ar it behaves oppositely. Application of a newly developed semi-quantum mechanical

model [17] yields reasonable values for the amplitude of S, but gives a sign for NO–Ar that is opposite to experimental

one. For OH–Ar it yields the proper sign, so its result can in both cases be explained by the ball and stick model. The

present quantum mechanical (HIBRIDON) calculations on collisions of OH–Ar (this work) yield an opposite sign of

S: a preference for O-end collisions for transitions to high rotational states. Although this does not correspond to the

ball and stick model, it is consonant with the NO–Ar results.

Assuming that the OH–Ar measurements are correct (as they can easily be understood), then HIBRIDON calcu-
lations yield the wrong sign for S. A sign error in the expressions of van Leuken [1] for collisions involving NO is

excluded, as can be concluded from the outcome of Section 4.3. A feasible possibility is an error in the implementation

of HIBRIDON. In HIBRIDON it is assumed that one works in the A-BC CM system, while the oriented wave-

functions are taken in respect to the BC-A CMS. This inconsistency induces a switch of the sign of S. Implementation

problems in the adapted version of MOLSCAT could not be explored, as its originator Prof. J. Snijders sadly passed

away in 2003 and no documentation was left.

When for NO–Ar the sign of quantum mechanical calculations has to switch as well, all theoretical results are

consonant with the ball and stick model. The experimental results for NO–Ar have been checked and were found to be
opposite to the ball and stick model. Experimentally, it has been shown that molecules in the collision region are in the

low field seeking state. The negative end is assumed to correspond to the head (N-end) and the positive end to the tail

(O-end) of the NO molecule. Under this assumption, the actually observed steric asymmetry S is given by:
S ¼ r� � rþ

r� þ rþ
: ð61Þ
The cross-sections r� and rþ, respectively, indicate the cases in which the negative and the positive end of the molecule

preferentially point towards the incoming atom. If the sign of the NO(v ¼ 0, X 2P) dipole moment would be reversed,
NþO� instead of N�Oþ, the experimental sign of S would be in agreement with the ball and stick model.

The absolute value of the small electric dipole of NO(v ¼ 0, X 2P) has been measured with high precision

(0:1574� 0:014 D) by Hoy et al. [31], whose result is in reasonable agreement with the ab initio value: 0.1732 D [32].

Although the absolute value of the NO dipole moment is well known, even the highest precision experiments cannot

determine the sign of the NO dipole moment, i.e., N�Oþ or NþO� [33]. In past experiments [33–36], the assumed sign

of the NO(v ¼ 0, X 2P) dipole is based on the outcome of large series of ab initio calculations that all reported N�Oþ

[32,37–40]. Taking into account recent experiments by Matsiev and coworkers [41] and predictions by Drabbels and

Wodtke [33], a flip of the sign of the dipole moment seems not to be feasible.
Except for the sign of S, there is a good quantitative agreement regarding the amplitude of S between NO–Ar

collision experiments and their theory. Thus the possibility that the CEPA and CCSD(T) PESs are not accurate en-

ough, can be excluded. Besides this, the observed excitation spectrum of the bound Ar–NO(v ¼ 0, X 2P) van der Waals
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complex has been found to agree very well with its theoretical prediction based on the CEPA and on the CCSD(T)

PESs [30]. This does not exclude that the labels for the N- and the O-end in the PESs might be wrong. However, it is

very unlikely to assume that the heavier O-end extends further from the center-of-mass than the N-end.

A very unlikely option is that van Beek et al. made an experimental error and that also their previous theoretical

calculations carry the wrong sign for S [6]. In this case both NO–Ar and OH–Ar behave oppositely to the ball and stick
model. The previous theoretical calculations [1,3,4] for NO–Ar and the present calculated values of Table 1 for OH–Ar

are found to agree with experiments.

The last option is that only the present HIBRIDON calculations (as listed in Table 1) are erroneous, due to errors

outside the actual program (e.g. input parameters). Previous calculations for both NO–Ar and OH–Ar could not carry

these errors, which would explain the agreement between the theoretical and experimental sign for both cases. This

cannot explain the opposite behavior of S for NO–Ar and OH–Ar, where OH–Ar does and NO–Ar does not behave as

expected from a ball and stick model. Although this last option can never be excluded completely, no errors could be

found.
Clearly, to render a satisfactory explanation for the sign issue concerning the steric asymmetry and to resolve the

disagreement between the experimental and predicted theoretical values for S, further work is required.
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