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Cross sections were determined for collisions of Ar with oriented X&{), based on full
close-coupled calculations and nel initio potential energy surfacé®ESg. Collisions in which

the NO molecules are initially oriented so that the O end preferentially points toward the Ar atom
are more effective in promoting spin—orbit changing transitions. The magnitude of the steric
asymmetry is consistent with earlier calculations based on a previous PES, and agrees well with
experiment. Various modifications of the full PESs were used to explore the origin of the observed
features in the steric asymmetries, in particular the striking oscillatory pattern seen in the variation
of the steric asymmetry with final state. @000 American Institute of Physics.
[S0021-960600)01017-5

I. INTRODUCTION used a homogeneous electric field to orient state-selected NO

L . : molecules’!? so that either the “N” or “O” end of the
Collisions involving molecular free radicals play a key lecule i ¢ tiall inted t dthe Art ¢ Simi
role in chemical kinetics. These processes are complicate'a]0 ecule s preterentially pointed toward the Ar target. simi-

by the presence of electronic spin and/or orbital angular mo!@"y oriented beams of NO have been used in surface scat-

mentum, which can couple with the orbital angular momen-€ring experiment$? which have been investigated theoreti-
lly by Lemoine and Core¥/:*8In closely related work, ter

tum of the collision partnersFor collisions of molecules in €2
a Il electronic state, two potential energy surfaceES'9 ~ Meulen and co-workers have investigaft® the depen-

are accessed during the collisibrFrom a semiclassical dence on the orientation of cross sections for the scattering of
viewpoint, the underlying collision “trajectories” evolve si- OH, which also has &1 electronic ground state.
multaneously and coherently on the coupled PES's. The sensitivity of collisional inelasticity to the initial ori-

As in other areas of physical chemistry, the greatesentation of the NQlor OH) molecule is an additional probe
progress in the understanding of molecular reaction dynamef the underlying potential energy surface, which can
ics involving open-shell species comes from the detailed incomplement or even extend the information furnished by
vestigation of exemplary systems, which are simultaneouslyonventional integral inelastic cross sections. Stolte, ter
tractable by both theoreticians and experimentalists. For inneulen, and their co-worket$*°report steric asymmetries
elastic scattering, collisions of noble gases with NO haveor various inelastic transitions. These are defined as the dif-
emerged as the paradighExperimental interest goes back ference between the inelastic cross section for an initial
nearly two decadé$ and continues unabated to this day’  heads” (NO) as opposed to an initial “tails(ON) orien-

In almost all of the prior experimental studies, both
A-doublet(parity) levels of the lowestj(= = 0.5) rotation-
spin—orbit level of NO were present initially. However
Stolte and co-workers have used an electric hexapole to
pare a beam of NO{) solely in the upper\-doublet levef
Scattering of this single state revesl$ oscillations in the . ,
magnitudes of the cross sections for scattering into particular Snudersl and Bul_thws have uset close-_coupled
final states, which are more pronounced than seen in Scatteqalcula_tloné to _determlne the integral cross sections for _the
ing out of a statistical mixture of botth-doublet levels. Scattering of oriented NO molecules by Ar. The underlying
More recently, Drabbelst al. used stimulated emission €Xpressions involve multiple summations over products of
pumping to prepare a sing|e rotational-doublet state in a T-matrix elements and vyield little direct insight into the un-
vibrationally excited ¢ = 20) level of NO™ which was then ~ derlying collisional propensities. To gain a better under-
scattered by He. standing of the origin and magnitude of the observed steric

In subsequent experiments Stolte and co-workers haveffects, we have advocatédhe determination first of differ-

ential cross sections for the scattering of an oriented mol-
aEjectronic mail: mha@mha-ibm4.umd.edu ecule. Integral cross sections, and the steric asymmetries, can
DElectronic mail: stolte@chem.vu.nl then be determined by integration over all scattering angles.

tation, normalized by the sum of these two cross sections,
and multiplied by 100 to convert the fraction to a percentage.
,r For collisions of NO with Ar, the steric asymmetries are
P ?arge and display a persistent alternation in sign as a function
of the final staté?
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The investigation of Snijders and Bulthii€ was based In terms of the fundamental-matrix elements, calcu-
on our earlier ArNO PES'$! determined with the coupled- lated in a fully coupled bas®?'?’the scattering amplitude
electron-pair (CEPA method®>?* We have subsequently for a transition between two rotation-parity-projection states
reported® more accurate PES'’s, determined with a largercan be written &3+*°
atomic orbital basis set and a coupled-cluster treatment in- .
cluding the perturbative inclusion of triple excitations fimas—j'mars'(K")

[CCSOT)]. In the present paper we use these new CO3$D ,

PES's to _redetermine the magnitude of th_e Ar—NO s_teric =12 (2I+1)1/2(2J+1)i""< ) J |>
asymmetries and to explore how the magnitude and sign of n m —-m O

these steric asymmetries is governed by the PESs.

4 ’
The organization of the present paper is as follows: In « J J I Y, (R/)TJ(j Qe Qe)
the next two sections we review briefly the scattering formal- m -m m-m oM ' '
ism and its application to collisions of orientédl mol- )

ecules. In Secs. IV and V we then present calculated Ar—NO
integral steric asymmetries and compare these with the exwhere (:::) is a Wigner 3 symbof® and the sum extends
perimental results of Stolte and co-workéfsThe pro- over all allowed values of the initial and final orbital angular
nounced sign alternation of the steric asymmetries is invesnomentd andl’. In Eq.(2), k andk’ indicate the initial and
tigated in Sec. VI. In Sec. VIl we present the dependence ofinal collision wave vector. The direction of the initial wave
the differential scattering cross sections on the initial NOvector k, which is also the direction of the initial relative
orientation. This is followed with a prediction of steric asym- velocity vector, defines the axis oh quantization in the
metries in cross sections for spin—orbit changing transitionsso-called “collision frame.” As defined by Eq(12), the
We close with a brief discussion. scattering amplitude is dimensionless, so that the differential
cross section is given by

Il. SCATTERING FORMALISM

A 1 .
i im0 el ! = i irm/ O ol ! 2.
We present here only those details that are directly per- doimas—jrmrarer (KA FlmeQ‘HJ mavrer(K')|

tinent to the present investigation; more complete informa- 3
tion is available in several earlier publications:?1252"The

rotational levels of a molecule in4l electronic state can be 2
written ag®

The approach of a structureless atom to a molecule in a
electronic state gives rise to two PES’s, &f and A’
symmetry with respect to reflection in the triatomic pl&ne.
[imQeAS)=2"Y7|jmQ)|AS) The PES’s are a function of the three Jacobi coordinates used
. to describe the triatomic system(the NO bond distangeR
+eljm—Q)[-A-2)]. @) (the distance between the Ar atom and the center of mass of
Herej denotes the total angular momentum of the diatomidhe NO moleculg and ¢ (the angle between andR), with
molecule, with projectionsn and () along, respectively, the 6=0 corresponding to colinear ArNO. In both the sets of
space- and molecule-fixedaxes. Also|AS) designates the PESs:*?*which we use herfCEPA and CCSDT)], the NO
electronic component of the wave function, whéveand >, bond distance was held fixed at its equilibrium value
denote, respectively, the molecule-frame projections of thé1.15077 RY.
electronic orbital and spin angular momenta. The (or In the treatment of the scattering, it is convenient to
“parity” ) doublet levels are distinguished by the symmetrywork with the average and half-difference of the PES’s for
index e that can take the value 1 (e-labeled levelsor —1  the states oA” andA’ reflection symmetry, defined as
(f-labeled levels?® The total parity of the wave functions is

given by e(—1)’"¥2.2° For simplicity in what follows, we Vaunf R, 0)=0.9Var(R, ) +Var (R, 6)] (48
will suppress the electronic wave functioh). and

For the NO molecule, which is well described in Hund’s
case(a)?® for all rotational levels that are accessed in the  Vgir(R,0)=0.9Va/(R,0)—Va/(R,0)]. (4b)

collision studies of Stolte and co-workér& Q is a good
guantum number. Th@ = 0.5 spin—orbit manifold lies lower
in energy, so that the lowest rotational stateg #s()=0.5.

The dependence ofiis then expandédn terms of reduced
rotation matrix element¥:

For reference, for a givepthe lower and higher in energy Mmax
spin—orbit states are often designated and F,, respec- VeaurdR,0)= >, Vyo(R)d¥( ), 5)
tively. So, for NO, theF, states correspond 1@ =0.5 and r=0
the F, states, td)=1.5. and
The wave function for the ArNO system is expanded in
a basis formed by taking products of the NO rotational-fine- \max \
structure wave functions of Eq1) multiplied by functions Vdif(Rﬂ):gz Vi2(R)dzo( ), (6)

that describe the Ar—NO orbital rotation. The expansion co-
efficients are solutions to the standard close-cougeé@)  where the upper limit ., is imposed by the size of the
equations. angular grid on whictab initio points are availabl&*2°
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1000 ' persion forces, is deeper than the well in the corresponding
800 CEPAV(R). The various anisotropic terms are extremely
E 500 similar in both magnitude and dependenceRon
§> 400 Ill. ORIENTED MOLECULE SCATTERING
c
wt

A hexapole electric field state selector will focus the
upper(f) A-doublet level of the NO molecufe® If a static
electric field E) is then imposed, this state will evolve into
a linear combination of the field-fre@ andf) states’*°

200 1

1000 ‘ .
800 | Vao ] imQE)=2""] a|jmQe)+ gljmQf)], (7)
E 1 where the real coefficientg and 8 are given by solution of a
600
> 2x2 Stark mixing Hamiltoniar® In the high-field limit,
g 400 1 |a|=|B]=1; in general,
W 200 ] a’+ B?=2. )
0 . ‘ — Under the conditions of the experiments of Stolte and co-
50 80 RZB(C))hr) 80 90 workers, whenE is parallel to thez axis, |«|=0.785 and

|8|=1.176%° The relative signs ofr and 8 depend on the

FIG. 1. A comparison of the dependence on the Ar—NO center—of—mas%riemation OfE with respect to th&-axis®1° For simplicity
separation of the largest of thg ((R) terms in the Legendre expansion of

the sum PESEQq. (5)], as predicted by our earlier CEPA calculations this will be s.upprefssed hereafter, except Wher.e needed. The
(circles, Ref. 14and more recent CCSD) calculations(solid curves, Ref.  degree of orientation of the NO molecule that is prepared is
25). given by

mq)

Figures 1 and 2 present plots of the larygn(R) and <C°5®>:aﬁj(jT1)’ ©
V,,(R) terms in the expansion of the sum and difference ) o
potentials[Eqs. (5) and (6)], as determined by our earlier where® is the gngle of the NO moIg_cuIar axis with respect
correlated electron paifCEPAZ24 and more recent to the electric field. Undgr thg conditions of.the Amsterdam
coupled-clustefCCSDT)]*® calculations. By far the largest 9rOUP, the NO molecule is oriented so that-#75% of col-
difference in the two PES’s appears in the isotropic=0) I|5|ons.the N end points preferentially towgrd the Ar' tarﬁet.
component of the sum PES. Because the CO3$Balcula- (The S|tu§1t|o'n can be reversed by changing the direction of
tions recover a larger fraction of the correlation energy, thdhe electric field. ,
well in the isotropic term, which is a manifestation of dis-  FOr scattering of an oriented beam of NO molecules the

appropriate scattering amplitude is

0 —s fimaE—jmare (K"
£ 1007 1 =2 atimaejrmare (K')+ Bfimas—jrmare (K],
< 200+ (10
g_soo L The corresponding oriented differential cross section
w 200l ] dojgg_,j,ﬂ,.a/(k’) is obtained by analogy with Ed4). In .
the experiments of Stolte, ter Meulen and their
-500 co-worker$'*°the hexapole field selects states corresponding
to a definite sign of the produat(}. Since, in the scattering
0 ¢ calculations, we use a definite-parity badts). (1)] in which
- 100l both signed values of) appear, in the calculation of the
E oriented, differential cross sections we need to average over
3, ~200 1 both values ofm= +|m|. However, one can show that the
2 -300 il square of Eq(10) is unchanged when the initial and final
] projection quantum numbersn(m’) are replaced by their
-400 | negatives £ m,—m’). Thus, we have

-50 : : : - .
50 6.0 R(75%hr) 8.0 9.0 do—jmﬂéﬂj’ﬂ’s’(k,):% dojmoe—jrmare(K), (11

FIG. 2. A comparison of the dependence on the Ar-NO center-of-masgyvhere m is a positive number. In the experiments of the
separation of the largest of thg ,(R) terms in the Legendre expansion of

the difference PE$EQ. (6)], as predicted by our earlier CEPA calculations Ams.tefd_a[“ group the hexap0|e state SefleCted NO mOI?CUIeS
(circles, Ref. 14and more recent CCSID) calculations(solid curves, Ref. @€ N j=13, so that one needs to consider only the single

25). projection quantum numben=3%. The expression for the

Downloaded 09 Aug 2011 to 130.37.129.78. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



8020 J. Chem. Phys., Vol. 112, No. 18, 8 May 2000 M. H. Alexander and S. Stolte

integral oriented cross sections is obtained by multiplying 60 —————

doimﬂgﬁj,ws/(ﬁ’) by the sine of the angle and integrating a0l /}\\ A A 1
0 &I

over all scattering angles.
Following earlier notatiof;° we will designate the dif- L Y K
¥ |
-30 | y v . _.
60 [ ]

.

ferential, oriented-molecule cross sectionsckaé\'O(IZ’) or
da®N(k’) depending on whether the direction of the electric
field is chosen to orient preferentially the N or O end toward
the Ar target. We shall hereafter suppress the indj@é 90 L
—j'Q'e’, unless explicitly necessary. We shall use a simi- 05 25 45 6.5 85 105125145 16.5
lar superscript indexing for the integral oriented-molecule j

cross sectionss™© and o°N. The dimensionless “steric

steric asymmetry (%)

asymmetry” is defined b%/ FIG. 3. A comparison of predicted steric asymmetries for inelastic collisions
of oriented NO with Ar at a collision energy of 442 ¢t The figure refers
100(0-NO— o-ON)/(o-NO+ o-ON)_ (12 to transitions into rotational levels of tHé=0.5(F,) spin—orbit manifold.

o ) ) ) The electric field parameters and 8 were set to the experimental values
From an examination of the underlylng expression In termsrom Ref. 9: 0.785 and 1.176, respectively. The circles and squares desig-

of T-matrix elements, Stolte and co-work&nisave shown nate, respectively, transitions iné@ndf-labeledA-doublet levels. The open

: : symbols, linked by solid lines, indicate predictions based on the GTSD
that the denominator of EG12) is equal to PESs, while the filled symbols indicate predictions based on the CEPA
NO ON_ 2 2 .
o "to T =a O'J'Qe_,errsl"'B U]Qf—»j’Q's" (13) PESs

As the reader can readily show, this relation is also true at
the level of the differential, oriented-molecule cross sectionsture is the strong oscillation in the sign of the steric asym-

namely, metries, particularly for transitions with<SAj<11. The os-
doNO+ doON= 42 dameﬁj,ﬂ,s&ﬁz dojar.jrarer ciIIatf)r)_/ structu.re_ predicted by the CEPA and CGS$p
(14) PES'’s is very similar.
Before presenting the results of additional calculations,
we prefer to make a few general observations, which are
illustrated by Fig. 3. The only difference between the “NO”

Similarly, we find from Eqs(7) and(10) that

dUNO_dUON:ZC’ﬁZ [fj?cmeﬂ—q"m’ﬂ’s’(k,) and “ON” oriented cross sections is the relative signsaof
m and B in Eq. (10).%° Thus the “NO” and “ON” oriented
><fjmmﬁj,m,ﬂ,s,(ﬁr”c_c_], (15) cross sections represent constructive and destructive quan-

tum interference between the scattering out of ¢hand

f A-doublet levels. Consequently, and shown also by Eq.
(15), doNO—doNC will be largest if the amplitudes for scat-
tering out of thee and f A-doublet levels of the initial state
are both significant in magnitude. If, for a givgp-j'e’

IV. CALCULATED STERIC ASYMMETRIES transition, the amplitude for either th’e—>j 'e' or tthf

—]'e’ transition is small, then the steric asymmetry will be
Stolte and co-workers reported close-coupfed’  small.

Ar—NO scattering calculations based on the CEPA PES atan  For collisions of NO with Ar it is knowf?? that for

initial collision energy of Ecq=442cm*(0.0548eV. To  spin—orbit conserving transitions with loj, the cross sec-
assess the effect of the differences between the CEPA anbn is dominated by eithee/f conserving ore/f changing
CCSOT) PES's, we carried out full close-coupled calcula- processes. Thus, as predicted in the preceding paragraph, be-
tions at this same energy, with both sets of PES’s. The sizeause of the large difference in magnitude between the
of the rotational state expansion, as well as the integratiopmOe—j’'m'Q’s’ and jmQf—j’'m’Q’e’ scattering am-
parameters and maximum value of the total angular momerplitudes, we see in Fig. 3 that the steric asymmetries are
tum J, were chosel?**to ensure an accuracy of better than small for low Aj, relative to those for largdj.

1% in the calculated-matrix elements. All scattering calcu- In the pure Hund’s cas@) limit, 2®3°which is valid for

lations were_ based on the formalism we . haveNO at lowj, the coupling between channels is independent
developed; ““"and performed with OURIBRIDON code: of a reversal in the parity index of both the initial and final
The steric asymmetries calculated here with the CEPAstate<?! Thus, the coupling potential, and, consequently, the

PES's agree perfectly with those reported by Stolte andcattering amplitudes will display the following
co-workerst? Since the latter calculations were done entirely symmetries!

differently, by means of a different scattering code

where “c.c.” denotes the complex conjugate, and similarly
to Eq. (11), the cross-section differenakrN°—do®N is in-
dependent of the sign oh.

(MOLSCAT® versusHIBRIDONY), this agreement establishes ~ [ime—j'm'e= fjmf—jrms (163
the accuracy of both calculations. and

Figure 3 compares the calculated steric asymmetries, de- T S (16
termined with the CEPA and CC$D) PES’s. We observe a jme=j'm'f— fjmf—j'm’e-

generally excellent agreement, although there are substantitilfollows from these results and E(L5) that for transitions
differences forAj<4 andAj=12. The most noticeable fea- into the two A-doublet levels(e and f) associated with a
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given final rotational level, the sign of the steric asymmetry 60 ———— T
will be identical. This is also clear from Fig. 3, except, per- £ a0
haps, for the steric asymmetry for the transition into fhe =
=12.5 level. Here the steric asymmetries are both small, B 0
with one positive and the other negative. E
@ -30
V. COMPARISON WITH EXPERIMENT S .60 '
Stolte and co-workers have just reported full set of ’ 90 T
experimentally determined steric asymmetries for inelastic 05 25 45 65 85 105125145165
but spin—orbit conserving collisions of NO with Ar. These J

values complete their earlier preliminary resdlfehe recent _ _ _
xperiments were carried out at a collision ener of 47 IG. 4. Integral steric asymmetries for the scattering of NO by Ar. The
exp gy ircles and squares designate, respectively, transitionseifabeled and

cm ' (0.0589 eV, with a spread in energy of 214 ¢ih  flabeled rotational levels of th@ =0.5(F,) spin—orbit manifold. The open
fwhm. For any given transition, the experimentally deter-symbols, connected by solid lines, correspond to calculations based on the
mined inelastic rate coefficient*s CCSDOT) PESs, averaged over a distribution of collision energies centered
at E=475cm’l, with a fwhm of 214 cm?, while the filled symbols, un-
connected by lines, correspond to the experimental values from Ref. 12.

k:fUO'(U)f(U)dU, (17

where v designates the collision velocity arfdv) is the  =14.5). Since the inelastic cross sections decrease in mag-
distribution of collision velocities in the experiment. In the nitude asAj increase$’ the precision of the experimental
Amsterdam experiments the parallel component of the collimeasurements may decrease for transitions into these high
sion velocity dominates over the perpendicular componentyalues ofj’.

so that Eq.(17) becomes, after conversion from collision Overall, though, agreement with experiment is excellent.

velocity to collision energy, Particularly striking is the pronounced alternation in the sign
112 of the steric asymmetry, which is positive for evAafp and
k=<—) J f(Eco) (Ecol) Egar dEc - (18)  negative for oddAj. As can be seen in Fig. 3, this alterna-
m

tion is equivalently predicted by calculations based on the
To compare with experiment, we have carried out additionagarlier CEPA PESs. In the next section we will focus on
calculations with the CCS@) PESs aE.,=475cm® (the  exploring the origin of this striking alternation. As will be
nominal experimental energyas well asE.,— 368 and 582 seen, no clear explanation emerges of this striking alterna-
cm™ %, which are the fwhm points. Using these cross sectiongion.
and the values we had already calculatéiy. 3) at E,
=442 cm !, and assuming that the distribution of collision VI. DEPENDENCE OF THE STERIC ASYMMETRY ON
energiesf(E.,) is Gaussian, we approximate HE48) by a  FINAL ROTATIONAL STATE

four-point quadrature, To set the stage for further discussion, it will be worth-

2\ 124 while to review briefly some already known qualitative as-
k= (—) > eillzﬂ(Ei)efo—a(Ei—475)2]/ pects of inelastic transitions involving molecules’i elec-
=t tronic states. For rotational-fine-structure states that are well
4 described in the Hund’s cada) limit, transitions between
E exd —a(E;—4752], (19 states in the same spin—orbit manifold are induced primarily
=1 by the sum PES and transitions between states in different
wherem s the Ar—NO collision reduced mass. The constantspin—orbit manifolds, primarily by the difference PES.
ais adjusted so thdt(E.,) has the experimental fwhm, and For collisions involving a molecule in &l electronic
here has the value 1.5%4L0 ° (for energies in wave num- state, there will be no direct coupling between rotational lev-
ber units. elsj andj’ unles$82127
Figure 4 compares the simulated steric asymmetries with -~ :
the exgperimentalpvalues. The effect of the en)érgy averaging se’ (= 1)1T =g (- HTAT=—1, (209
is significant for rotationally inelastic transitions witH and, further, unless
;12_.5. A_s a consequence_of their high mte_rnal energy, cross i —jl=a=<j+’, (20b)
sections into these states increase dramatically with increas-
ing E.o . Indeed, thg’=16.5 level is not even energetically Consequently, as discussed in detail by Werner and
allowed at the nominal collision energy of 475 cinThe  co-workers*! when eventerms dominate in the Legendre
overall agreement between experiment and theory is exceéxpansion of the PES/f conserving transitionse( =¢)
lent, with several noticeable discrepancies: An overall trendvill be stronger thare/f changing transitions foevenAj,
is seen for the experimental steric asymmetries to be someavhile e/f changing transitionse( = —¢) will be stronger
what smaller in magnitude than the predicted values. This ithane/f conserving transitions foodd Aj. In cases where
particularly apparent for the lowest transitiop=0.5—1.5)  the interaction potential is symmetric abo@# 90°, which
and also for transitions into high final rotational levejs (  would be the case for a homonuclear diatomic, all odd terms

m
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4000 T T T T 60 . . . . : ] .
R = 5.8 bohr A=0-3 =
3000 < 30
=
- IR
£ 2000 E
° s,
~ o -30
> &
1000 ©
o -60
@
0 -90 I I I I L I I
. . . . 05 25 45 65 85 105125145165
800 . . . J
R = 6.5 bohr A=03 , - ,

600 FIG. 6. Integral steric asymmetries for the scattering of NO by AEat
=475cm! for scattering intoe-labeled final rotational levels of the
=0.5(F,;) spin—orbit manifold, from calculations based on our new

'TE 400 CCSOT) PESs. The open and filled circles designate, respectively, calcu-
S g lations based on the full PESs and calculations in which difference\RES
> 200 Py, was set to zero.
0
— encapsulated in Eq20), if even\ terms dominate, then the

FIG. 5. Plot of the ArNO sum potentigEg. (5)] as a function of the ArNO

200 ; L
180 140 100 60 20

angle (degrees)

scattering amplitude will be small for one or the other of
final-stateA-doublet levels. Thus we anticipate small steric
asymmetries for transitions where the near-homonuclear pro-
pensity rules are the most pronounced. This prediction is

angle 4 at two values of the Ar—NO center-of-mass separation. Note thatmost obvious for thej =0.5—2.5 transition, where calcula-
6=0 corresponds to colinear ArNO. In both panels the solid curves corretions with both sets of PESs as well as experiment yieId

spond to the full set of Legendre expansion coefficientss{6<9), the
short-dash curves correspond to retention of only Xke0—3 expansion
coefficients, and the long-dash—short-dash curves, to retention of only the

A=0-2 expansion coefficients.

small steric asymmetriegigs. 3 and 4

This result is not surprising, physically. The lofj,
spin—orbit conserving transitions are governed by the strong
V,o term in the potentia(Fig. 1). If the interaction potential

is completely homonuclear, then the scattering will be inde-

in the Legendre expansion will vanish. If the system is “nearpendent of the heads/tails orientation of the molecule. Con-
homonuclear,” the odd terms will not vanish, but will be sequently, we anticipate small steric asymmetries for transi-
noticeably smaller than the even terms. tions for which the near homonuclearity is strongly apparent

The classical turning point for Ar—NO collisions &  in the calculated integral cross sections.
=475cm s imposed by the spherically symmetric expan-  To explore further the origin of the alternation in the
sion term {/oo) in the expansion o¥,, and occurs at-6  steric asymmetries, we have carried out a series of additional
bohr. Outside of this point, the dominant expansion term incalculations in which the CCSD) PESs were successively
VsumiS Voo, @s can be seen in Fig. 1. Because of this “nearsimplified. The first of these simplifications was to remove
homonuclear” character there should occur a propensity tothe Vy4; PES. The predicted steric asymmetries By,
ward e/f conservation for evenj transitions, as discussed =475cm ! are shown in Fig. 6. Since the steric asymme-
in the preceding paragraph. This has been seen both in earligies are seen from Figs. 3 and 4 to be nearly independent of
experimental work from the Stolte grotips well as in our thee/f level of the final state, for clarity we only display in
calculations?® It is most pronounced for th¢=0.5-2.5, Fig. 6 (and in the subsequent figujesteric asymmetries for
3.5, and 4.5 transitionsA(j =2, 3, and 4.8 scattering intce-labeled final states.

The “near-homonuclear” character of the potential is We observe in Fig. 6 that the steric asymmetries are
further illustrated by Fig. 5, which shows the angular depenunaffected by the absence of thig; PES for all final states
dence of the CCSO) V¢ (R, 6) for two values ofR, 5.8  with j'<10.5. As stated earlier, for a molecule in the Hund'’s
and 6.5 bohr. The first value corresponds to a point moderease(a) limit, scattering within a given spin—orbit manifold
ately high on the repulsive wall, with the second value someis governed only by th¥,,, PES? However, ag increases
what farther out. Both points will be accessed in the experithe molecule becomes increasingly described in intermediate
ments of Stolte and co-workers. The near symmetry aboutoupling?® so that the difference PES contributes increas-
0=90° is apparent. ingly to the scattering within th€)=0.5 spin—orbit mani-

One is naturally tempted to inquire whether the strongfold, and, consequently, to the steric asymmetries. Compatri-
alternation in the steric asymmetries seen in Figs. 3 and 4 ison of Figs. 4 and 6 also suggests that the significant
a consequence of the near-homonuclear character of the sufiscrepancy between the experimental and theoretically pre-
PES. As seen in Eq15), the difference in the “head” ver- dicted steric asymmetries fgf >12.5 (see Fig. 4 might be
sus “tails” oriented-molecule cross sections is proportionalattributed, at least partially, to residual inaccuracies in the
to the product of the amplitudes for scattering into bothehe difference PES.
andf A-doublet levels of a particular final state. However, as  We observe in Fig. 3 that significant differences between
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FIG. 7. Integral steric asymmetries for the scattering of NO by AEat [iG, 8. Integral steric asymmetries for the scattering of NO by AEat
=475cm* for scattering intoe-labeled final rotational levels of the =475cmt for scattering intoe-labeled final rotational levels of th@
=0.5(F;) spin—orbit manifold, from calculations based on our new —q5(F,) spin—orbit manifold, from calculations based on our new
CCSDOT) PESs. The filled and open circles designate, respectively, calcuccsm-) PESs. The open and filled circles, both connected by solid lines,
lations based on th¥,, PESs and calculations in which all anisotropic and filled squares, connected by dashed lines, designate, respectively, cal-
terms inV,, were damped to zero beyond the well in the isotropic term cylations based on thé,,,, PESs, calculations in which only the=0, 1, 2,
(see Fig. 1 In both cases the difference PEg; was set to zero. and 3 expansion terms Mg, [Eq. (48] were retained, and calculations in
which only thex=0, 1, and 2 terms iV, were retained.

the CEPA and CCSDT steric asymmetries occur fOr i ncation of the highek terms leads to some quantitative,
=10.5. From the discussion in the preceding paragraph, Wg jittle qualitative, change in the potentials in the region of
can likely attribute these differences to the knowny,. assical turning point. In particular, the near-

inaccgracieg’ in the CEPAV . _ homonuclear character is well preserved.
Since we have now established that the steric asymme- 1 corresponding steric asymmetries, again just for

tries for j’<10.5 are governed solely by the sum PES, We5nsitions intoe-labeled final states and B,=475cm
retain hereafter only the sum PES. The second simplificatiol .« shown in Fig. 8. FoAj<7 the even—odd alternation is

we shall make in the PES is the elimination of the long-range, eserved in the calculations based on the truncated poten-

component in all the anisotropic expansion terms>0). a5, However, for largefAj, the phase in the alternation is
This will allow the assessment of the relative role of thereversed particularly for the whel is truncated to
I sum

long-range attractive versus short-range repulsive part of thg ~ _5 This suggests that the finer details in the structure of

sum PES. To eliminate the long-range component of the arype steric asymmetries, particularly for transitions with large

isotropy, we damp alk #0 terms in Eq(5) rapidly to zero  Aj cannot be explained fully by simple models of the ArNO

beyond the well in the spherically symmetric term by multi- jyieraction, even if they contain a godhut not completely

plication by the factor accuratg description of the near-homonuclear character of
3{1—-tanf3(R—6.845]}. (21)  the interaction potential.

The calculated steric asymmetries are displayed in Fig. 7.
We observe that the steric asymmetries most affected by th IIl. ORIENTATION DEPENDENCE OF DIFFERENTIAL
. . . CROSS SECTIONS

damping of the long-range component of the anisotropy in
the PES are those for transitions wittj <5 andAj>11. The steric asymmetries discussed above, and those mea-
We would certainly anticipate that the smalj transitions, sured in the experiments in Stolte’s laboratory, are averages,
which involve the smallest changes in internal energy, wouldver all scattering angles, of the differential oriented mol-
be sensitive to weak long-range forces. In addition, at largecule cross sectiori&q. (11)]. The sign of the steric asym-
Aj, more than 50% of the initial translational energy is metry is an indication of a greater efficiency of the N- or
transferred into rotation. As pointed out first by Snijders andO-end approach in causing the particular transition in ques-
co-workers? in this case the departing NO molecule will tion. To examine whether this propensity is constant over all
recede significantly slower. Consequently, its rotational moscattering angles, we plot in Fig. 9 the difference between
tion will be more sensitive to weak long-range forces. the N- and O-end differential, oriented-molecule cross sec-

To explore further the sensitivity of the steric asymme-tions[Eq. (15)] for several representative transitions.
tries on the deviation from the dominating homonuclear  For smallAj (j'=1.5 and 2.5 the major contribution to
character(see Fig. 5 we have carried out two additional the steric asymmetry comes from forward scattering. Be-
calculations, in which the range of Legendre terms in thecause inelastic forward scattering is due primarily to the
expansion oV, [Eq. (4a)] was limited to\,,,=2 and 3, long-range, attractive, anisotropic component of the PES,
respectively[We recall that\ ,,,,=9 in the expansion of the Fig. 9 helps to explain the observati¢8ec. VI and Fig. ¥
CCSOT) Vgm-]1 Since the expansion involves orthogonal that the steric asymmetries for lodj are most affected by
polynomials, the low-order terms are unaffected by a reducthe truncation of the long-range component of the anisot-
tion of A 4. Figure 5 shows the angular dependence of theseopy. We see in the lower panel of Fig. 9 that sideways
truncated potentials, for two values Bf and compares these scattering makes the major contribution to the observed ori-
to the angular dependence of the Mdll,,,. As can be seen, ented molecule cross sections for transitions with ladger
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FIG. 10. Integral inelastic cross sections for the scattering out ofj the
=0.5,Q2=0.5f level of NO by Ar atE=475 cni?, from calculations based
-0.4 on our new CCSDI) PESs. The open squares designate spin—orbit conserv-
ing transitions intd-labeled final states of th@ =0.5(F;) spin—orbit mani-
fold, while the open and filled circles designate, respectively, transitions into
0.15 ' ; ' ' ; e- andf-labeled rotational levels of th@ =1.5(F,) spin—orbit manifold.
. 01}
@ . . . . .
:%’ sections for spin—orbit-changing cross sections are roughly
x 0.05r five to ten times smaller than for spin—orbit-conserving tran-
%w sitions. Despite this smaller magnitude we anticipate that in-
© 0 creasing experimental sophistication will soon allow steric
% effects to be measured for spin—orbit changing transitions in
©.0.05 collisions of NO.
To guide these future experiments, we present in Fig. 11
-0.1 calculated steric asymmetries for Ar—N®=0.5—1.5 tran-
sitions atE=475 cn *. As can be seen, there is considerable

5 5 = ™ 0 = T80 structure, although _the_ steric asymmetries are negative for
O/ degree the most part. This indicates that O-end collisions are, over-
all, more effective in causing spin—orbit changing transi-
g_'f?- 9. t_TTe diﬁerenct? bet;Nee” tge _“headfdf'_oh?eggdéta”os;(IdUTN)f tions. In addition, transitions into th€=1.5 spin—orbit
imrerenti r on r rin . =0. 'V . .
Noeir?to ?hecj ?isl.sfae,czg,i.g, asﬁz g.&lgblﬁeg rgtation’al levels sf (tahﬁo r.nameId m.) Ionger obey SFnCtly th.e cas symmetry r.e.la_
=0.5 spin—orbit manifold;E=475cnT™. In all cases, the differential, tONS contained in Eq5). Itis for this reason that transitions
oriented-molecule cross sections have been weighted by the sine of tHéom low-j levels in the() =0.5 spin—orbit manifold show a
scattering angle. To avoid COﬂf'USiOH with the Jacobi arﬂgﬂEqs.(3)—_(6)], propensit%llvl‘l'zsfor the popu|ation ofA-doublet levels of
\r/]v:reuse an upper cad® to designate the center-of-mass scattering angIeAu reflection symmetl’ﬁf (the elabeled levels in theQ)
' =1.5 spin-orbit manifold It may be that this propensity,
which is hardly apparent for transitions within tée=0.5
The final, and important, observation from Fig. 9 is thatspin—orbit manifold, is responsible for the observed differ-
(with the possible exception of the=0.5— ' =4.5 differen- ~ ence(Fig. 11) between the steric asymmetries for transitions
tial cross section at small angléhe relative(heads versus into e- andf-labeled final states, which is, overall, substan-
tails) sizes of the oriented molecule cross sections appear tdally larger than the difference seéfig. 3, for examplgfor
be little changed over the range of scattering angles whiclransitions within theQ=0.5 spin—orbit manifold.
make the major contributions to the integral cross sections.
Consequently, even if a particular experimental configuration
is less sensitive to a range of scattering angles, little error 60 ————
will be introduced into the measured sign of the steric asym-

g a0l ]
metry. =
g o0
VIll. STERIC ASYMMETRIES FOR SPIN-ORBIT E
CHANGING TRANSITIONS @ -30 - ]
Q
Our focus in this article has been transitions within the g 60t .
[

Q) =0.5 spin—orbit manifold, which correspond to the transi-

tions that have been observed by Stolte and co-worRers. 905 25 45 65 85 105125145765
Cross sections for transitions into the=1.5(F,) spin—orbit I%

manifold are weaker in magnitude, but nonetheless not neg-

ligible. Figure 10 compares cross sections out of fhe FIG. 11. Integral_ steric_asymm_etries for_ _the s_cattgring of NO by AE at
=0.5, j=0.5f level into j',f levels of theQ=0.5 spin— =475 cn7* for spin—orbit changing transitions into final rotational levels of

. . . . the Q=1.5(F,) spin—orbit manifold, from calculations based on our new
orbit manifold and intoe andf levels of theQ2=1.5 spin—  ccspT) PESs. The open and filled circles designate, respectively, transi-

orbit manifold. We observe that, for a givgn, the cross tions intof- ande-labeled final states.
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IX. DISCUSSION contrast, the overall inelastic cross sections—integral as well

The magnitude and sign of the steric asymmetry in thef'S differential—are sensitive to both the even and odd Leg-

scattering of NO by Ar observed by Stolte and co-workers endre terms.

are well predicted by calculations, based on both our e&tlier

CEPA PESs and the more rec@€CSDT) PESs. The most , - N OWLEDGMENTS
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