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Relative integrated cross sections are measured for rotationally inelastic scattering %1 JNJD(
hexapole selected in the uppgrdoublet level of the ground rotational stafe<0.5), in collisions

with He at a nominal energy of 514 crh Application of a static electric fielé& in the scattering
region, directed parallel or antiparallel to the relative velocity veet@ilows the state-selected NO
molecule to be oriented with either the N end or the O end towards the incoming He atom.
Laser-induced fluorescence detection of the final state of the NO molecule is used to determine the
experimental steric asymmetry, $Xo; e~ oy;1e)/ (0 g+ 0yy1e), Which is equal to within a
factor of (—1) to the molecular steric effec§ 1= (0he N0~ THe-oN)/ (THeNOT THeON) - ThE
dependence of the integral inelastic cross section on the incoridgublet component is also
observed as a function of the final rotation@l)( spin-orbit(€}’), and A-doublet(e’) state. The
measured steric asymmetries are significantly larger than previously observed for NO-Ar scattering,
supporting earlier proposals that the repulsive part of the interaction potential is responsible for the
steric asymmetry. In contrast to the case of scattering with Ar, the steric asymmetry of NO-He
collisions is not very sensitive to the value 9f . However, theA-doublet propensities are very
different for [Q=0.5(F;)—Q'=15(F,)] and [Q=0.5(F;)—Q'=0.5(F;)] transitions.
Spin-orbit manifold conserving collisions exhibit a propensity for parity conservation aAjovaut
spin-orbit manifold changing collisions do not show this propensity. In conjunction with the
experiments, state-to-state cross sections for scattering of orientelIj@folecules with He
atoms are predicted from close-coupling calculations on restricted coupled-cluster methods
including single, double, and noniterated triple excitatiphKlos, G. Chalasinski, M. T. Berry, R.
Bukowski, and S. M. Cybulski, J. Chem. Phykl2 2195 (2000] and correlated electron-pair
approximatiorfM. Yang and M. H. Alexander, J. Chem. Phyi€3 6973(1995] potential energy
surfaces. The calculated steric asymméyy; of the inelastic cross sections Bt =514 cm ! is

in reasonable agreement with that derived from the present experimental measurements for both
spin-manifold conservingK;— F4) and spin-manifold changing=(— F») collisions, except that

the overall sign of the effect is opposite. Additionally, calculated field-free integral cross sections for
collisions atE,, =508 cm ! are compared to the experimental data of Josatigl.[J. Chem. Phys.

85, 1904 (1986]. Finally, the calculated differential cross section for collision eneEyy

=491 cm ! is compared to experimental data of Westégyal. [J. Chem. Phys114, 2669(2001)]

for the spin-orbit conserving transitidfy, (j =0.5)—F;f (j'=3.5). © 2004 American Institute of
Physics. [DOI: 10.1063/1.1818123

I. INTRODUCTION evolution on coupled surfaces. Scattering of NO from rare

. , . . gas atoms has served as a convenient prototype for investi-
The inelastic scattering of open-shell molecules is aa'

rce of detailed information about eneray exchange durin ations of open-shell molecular energy transfer. The spec-
source ot detaile ormation about energy exchange du oscopy of NO is well-developed and state-specific detec-

tion of scattered products is readily achievable. Additionally,
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scattering, that is, the difference in scattering efficiency becitations[RCCSO(T)]. Alexandef? calculated steric effects
tween collisions on the N and O ends of the moleéafe. for several inelastic scattering transitions of NO-He using the
The NO-Ar system has been the most thoroughly invesCEPA surfac& and predicted large steric asymmetries and
tigated of the NO rare gas collision systems. State-specifioscillations withAj similar to those seen in NO-Ar scatter-
integral 2 and differential®*=!’ cross section measurements ing.
for inelastic scattering of ground state NO have been com- This work reports the experimental measurements of the
pared with high-level quantum calculatiotfs ®and the vec-  steric asymmetry for inelastic scattering of N@(y,,]
tor correlations in the final products mapped in exquisite=0.5) with He. Distinct alternations in the sign of the steric
detail’®~?* The steric asymmetry for spin-orbit conserving asymmetry appear in both spin-orbit changing and spin-orbit
scattering of NO-Ar shows striking oscillations withyj; for conserving transitions. The propensity fdrdoublet chang-
Aj even, collisions with the N end of the molecule are pre-ing or conserving collisions is also measured. The experi-
ferred, and forAj odd, collisions with the O end are more mental results are compared to quantum scattering calcula-
effective®® Although it is reproduced in quantum scattering tions on the CEPA surface of Yang and Alexarfdend the
calculation&2223 (to within the overall sign of the effe®, ~ RCCSOT) surface of Kioset al®® Calculations on both sur-
there is at present no simple physical picture of the source daces reproduce the experimental results with reasonable ac-
this alternation. Examination of th&-matrix description of ~curacy to within the overall sign, with somewhat poorer
the collision process shows that the difference between scaggreement for spin-orbit changing collisions than for spin-
tering from the N and O end of the molecule is dependent o®rbit conserving collisions.
interference terms between transitions fremand f initial
A-doublet levels:?® The alternation between even and oddIl. CALCULATIONS
Aj is reminiscent of other interference effects in near-
homonuclear moleculés?® Calculation of the steric effect in
rotationally inelastic collisions of NO and Ar on modified In scattering involving radicals in A1 state the relative
test potentials suggests that scattering from the repulsivésanslational motion of the collision partner can change the
core is most important in producing the alternation withrotational and also internal electronic motion. The NO mol-
Aj.2 ecule in the groundIT state is split into two spin-orbit com-
The present work investigates steric effects in inelastid?onents with projectio of the total angular momentum on
scattering of NO and He, a system where repulsive interacthe internuclear axis d2=0.5[labeled in Hund's cas@) as
tions dominate. Much is already known about NO-He scatFi] and Q=1.5 (labeled asF,). Then each rotational level
tering, although it has been less comprehensively studiet$ split into two closely separatesi-doublet levels of spec-
than NO-Ar. Integral and differential cross sections fortroscopic parity e (symmetry quantum numbee=-+1)
NO-He scattering have been measured by several groupdnd f (e=—1). The total parity p is related toe by
Using crossed molecular beams and laser-induced fluores=P(—1)!~°, whereSis the total spin §=1/2). The pres-
cence(LIF) detection, Joswig, Andresen, and Schiffikde- ~ ence of a structureless collision partner, in this case a He
termined state-resolved integral cross sections for NO scatom, removes the cylindrical degeneracy of thestate of
tering from rare gas partners. Me$Rrscattered counter- the NO molecule. The full description of the collision there-
propagating beams of NO and He and detected the inelastiore involves two adiabatic potential energy surfaces, one of
cally scattered products with resonant multiphoton ionizatior®” @nd one ofA” symmetry with respect to the reflection in
and ion time-of-flight analysis. He derived state-resolvedhe plane of the three atoms.
relative integral and differential cross sections and measured These adiabatic surfaces are obtained fedmnitio cal-
angular momentum alignment of the produ@s<Chandler ~Culations. The expansion of the potential surfaces for van der
and co-worker® measured differential cross sections for Waals complexes between rare gas atoms and molecules in
scattering of initially cold NORIL,5) to individual final ro- 11 States is descrlbseed37by Alexana?e.and generally in the
tational andA-doublet levels in both théll,, and 2[15, Work of Zeimenet al=>""Briefly, the intermolecular poten-
manifolds. Smith and co-workérsused a rotating-source tial energy operatov is expanded mthe'set ofdlabatlc states
crossed molecular beam apparatus to measure final rotatioridy’ Where the projection of the electronic orbital angular mo-
state populations for NO-He and NO-Ar inelastic scatteringMentumA==1. These diabatic states are components of the

as a function of collision energy. State-to-state rate coeffill State and are defined in coordinaté ¢, ¢) that specify

cients for rotational energy transfer in vibrationally excited € POsition of the He atom relative to the NO center of mass

NO rare gas collisions have been measured by Smithrand the molecule-fixed axis pointing from the O gtom to
groug®-3! at temperatures dowm 7 K and for the ground thg N atom along the molecular bond. The expansions can be
vibrational state by Ball and De Lucia at 4.2%KDrabbels ~ Written down as follows:

et al3* measured parity-resolved state-to-state cross sections .

for scattering of NO ¢ =20, j=0.5) and compared to close- V:AEA [ADVA, A, (RO(A. D
coupled scattering calculations on the correlated electron- 12

pair approximatiofCEPA) surface of Yang and Alexand&.  The matrix element¥,  (R,6) are the diabatic potential
More recently anotheab initio He-NO surface has been cal- energy surfaces for the He-N&I{) system. These diabatic
culated by Kiosetal3® using restricted coupled-cluster matrix elements can be expanded in a series of Racah nor-
methods including single, double, and noniterated triple exmalized spherical harmonids;,,( 6, ¢):

A. Formalism of oriented molecule scattering
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FIG. 1. Contour plots of the sum and difference poten-
tials (energy in cm?) for NO-He from the RCCSDT)
calculations of Ktoset al. (Ref. 35. The angle§=0°
corresponds to the collinear He-NO configuration and
0#=180° to He-ON. Dashed contours represent attrac-
tive regions of the surface and solid contours represent
repulsive regions. The dashed contours are spaced by 2
cm ! and the solid contours by 100 cthfor V, ; (left
pane). The contour spacing is 10 crhfor the differ-
ence potentiaV, _; (right pane).

R/ay

a9

where the polar and azimuthal angle. (¢.) describe the
ViR, 6’):% oi™ 5 (R)Cim(6,0). (2 orientation of the NO axis with respect to the laboratory
' collision frame, for which the axis is chosen parallel to the
From the invariance properties of the electronic Hamiltoniannitial relative velocity vectorv=(vye— Vno) =dR/dt. The
under rotations of the entire systéiri’ one can derive that |A,S Q) basis function describes the electronic angular mo-
all expansion coefficientSJ'A'TvAz(R) vanish except those mentum and spin of the NO molecule. Tjheenotes the total
with m=A,— A ;. The connection between the adiabatic po-angular momentum quantum number of NO. Theguantum
tentials of A’ andA” symmetry and the diabatic potentials is number is the projection of total angular momentum of NO
B NV on its internuclear axis anah; is its projection on the labo-
Var=(+V[+)=V11= Vi1, ratory z axis. In this caseA=+1 andS=1/2. The elements
Var=(—|V|=)=V11+V; 1, 3) of the WignerD matrix describe the rotation of the NO mol-

. . ) ) ) ecule. From this basis one can construct the parity-adapted
where the adiabatic states are given in terms of the d'abat'ﬁasis party P

basis by |A)=|+)=2"%|~1)-[1)) and |A")=|-)
=2"Y%(|=1)+|1)). For the?II state of NO it gives non- _ Y _
vanishing diagonal expansion coefficients with=0 and ||A|'S'Q’J1mi’5>:2 2[|A,S,Q,J,mj>
off-diagonal coefficients witm= =2. _ _ +p(— 1178 = A,S,—Q,j,m)],
Using Egs.(2) and (3) one can obtain the expansion
formulas®®for diabatic potentials used in the scattering cal- (6)
culations:
consisting of eigenfunctions of the inversion operator with
E v!"%R)C, o 6,0), eigenvaluep=*1. The spectroscopic parityis related to
[ ' the total parity bye=p(—1)'~S. The basis functions with
(4) e=+1 are labeled with the labeland those withe=—1 with
the labelf. The interaction with other electronic states gives

VA! + VAN

ViR, 0)= >

Vi-1(R,)=V_14(R,0)

Var—Var - a splitting between states @& and f symmetry, which is
= TZZ v A(R)C —2(6,0). called theA-doublet splitting, and is on the order of 0.012
cm ! for the 2I1,,, ground state of the NO molecuie.
The V;4(R,6) surface is also calledVs,, and the The electric fieldE, applied in the experiment to orient

Vi_1(R,0) is calledVy;; .22 In the work of Alexander and NO molecules before collisions with the He beam, mixes

Stolte?® the expansion o¥/; (R, ) differs only in the nor-  field-free states oé andf parity,

malization constant of the spherical harmonics. The

Vi 1(R,6) and theV; (R, §) surfaces from the RCCSID) j,mi,Q,=E)=alj.m;,Q,f)=a]j,m ,Q.e) (7)

calculations of Ktoset al®® are shown in Fig. 1. s B sl
The NOEII) molecule can be described in the Hund's . I

coupling casea), with a relatively large spin-orbit splitting ith the normalizatione®+8*=1 and where theA|=1 and

betweer?Il,,, (ground and?Il, states. The NO spin-orbit S=1/2 .Iabels are omitted for brevity. Thg direction Ef_

splitting isAso=123.14 cmi %, and the rotational constant of determines which end of the molecule points preferentially

the molecule iB=1.696 11 cm®. 3 The states of NO can towards the He atom. The real mixing parameterand g3
be expanded in the following basis functions: are obtained from the solution of ax2 Stark mixing

Hamiltonian®® Similarly, mixing of field-free scattering am-
2j+1 plitudes is employed to evaluate the scattering amplitude
417 from the initial mixed state in the presence of the electric
(5) field to the final states of NO molecule in the field-free basis:

1/2
|A18191J1mj>:|A1810> D%;,Q((ﬁC’HC’O)’
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fimosej e = afimor-j mare =594ms?! andv,.=1764ms?, yield a nominal center-
of-mass collision energy of-514 cm L. The state-selected
* Bfjmj0e— moe - (8 NO molecules are oriented by a 10 kV chdc electric field,

. . _applied parallel or antiparallel to the relative velocity veétor.
The calculated integral cross sections from these scattering . e o . :
) s . his applied field creates a superposition of parity states with
amplitudes for collisions of oriented NO molecules are used

! : o . .. “a definite laboratory frame orientation; the negatively
to define the steric asymmetry for the transition from initial . ;
statei to final statef-232% charged end of the NO molecule points preferentially to-

wards the negative electrodes. The coefficients describing
this superposition have been experimentally deduced from
measurements of LIF intensities of field-induced transitfbns.

L . The scattered NO molecules are monitored as a function
The theory applied in these calculations was also presentedf final nturm state via LIF. using the fr nev doubled
earlie? and incorporated in theiBrIDON packag&® which ~ ©' 1na quantum state via LI, using the irequency double
is used in this work. (~226 nm output of a Nd:YAG(YAG—yttrium aluminum

garnej pumped dye laser operating at 10 Hz. The pulse en-
B. Outline of scattering calculations ergy of the laser is typically several hundreds of microjoules

Full close-coupling calculations are performed for colli- and the frequency bandwidth is 0.15 chifull width at half
sion energyE,, =514 cni %, corresponding to the present ex- maximurm). The propagation direction and the linear polar-
perimental conditions. The mixing parametersand 3 are ization of the laser lie in the plane of the molecular beams;
«=0.883 andB=0.470. In the initial beam of NO only one the laser makes an angle 6f30° with the relative velocity
state is significantly populate§i=0.5 andQ2=0.5 (F;). The  Vector. The fluorescence is collected perpendicular to the
hexapole selects the upper state— 1 (f) A doublet of NO,  plane of the molecular and laser beams, filtered by a cell of
so this is chosen as the initial state in the field-free calculaliquid CH,Cl,, and imaged onto a solar-blind photomuiti-
tion. The average orientation of the NO molecule, given byplier tube(PMT). The PMT voltage can be gated in time to
the mean value of the cosine of the angle between the discriminate against scattered laser light.
molecular axis and the direction of the applied electric field  The output of the PMT is collected by a gated integrator
E, can be expressed as a function of the mixing parametem@nd boxcar averager, and transferred to a personal computer
and the maximum degree of orientatid¢ség)n.,=1/3 for  (PO). The repetition rate of the secondary beam is half of that
aj=0.5 stat@ (cosbg)=2aB{cosb:)ma- The experimental of the NO beam and of the laser so that the signal with and
mixing parameters correspond to an averaged orientation afithout the He beam is measured on alternate laser shots.
83% of the maximum value. The subtraction of the scattered signal and the baseline sig-

The calculations are performed with theBRIDON  nal, yielding the LIF signal for molecules scattered from the
packagé using a log-derivative propagator in the radial prepared initial state to the probed final SthteQ’ '), is
range (4.0-12.@), with a step size of 0.1} and an Airy  carried out for successive pairs of laser shots in the PC. After
propagator in the long range f&>12Q, with a seven-times 100 pairs of laser pulses in the absence of the orientation
larger step. To ensure proper convergence of the calculategb|g (probing the scattered signal of the pure upper
cross sections the summation over total angular momentury-doublet componeiit voltage is applied to the orientation
quantum numbedy is carried out up @i ma=120.5. Al electrodes. The scattered signal at one orientation is then
channels of the NO molecule are included up {a,=20.5.  collected for 100 pairs of pulses, followed by reversal of the
Calculations are performed on the recently published,jentation field, a pause of 2 s, and collection of signal for
coupled-cluster [RCCSOT)] potential energy surfaé%_ 100 pairs of pulses at the opposite direction. Finally the volt-
(PES and on the older correlated electron-pair approximazge of the orientation field is again set to 0 kV. This cycle is
tion (CEPA) PES of Yang and Alexandét. repeated 12—15 times. To eliminate possible bias if the de-
termination of the scattered signal for one orientation was
always preceded by the zero field measurements, the order of

The measurements are carried out using a crossethe measurements of the two orientations is switched on al-
pulsed, molecular-beam scattering apparatus, similar to th&ernate cycles. For the selected state, with a positive Stark
described in earlier studi@s’ NO molecules are expanded effect, the positively charged end of the molecule will point
through a 0.8 mm diameter puls¢#il0 H2) nozzle from a towards the positive electrode. With the electric field defined
16% mixture of NO in Ar at a stagnation pressure of 3.5 baras pointing from positive to negative polarity, the relative
The skimmed beam passes through a 167 cm long hexapoldF signals for the two orientations of the electric field,
assembly that focuses the molecules in the selectet{v]TE)=1" andl(v]|E)=I", are proportional to the rela-
|im;Qe)=|1/2+1/21/2- 1) state into the scattering center, tive inelastic cross sections for collisions of He with the
293 cm from the pulsed nozzle souft@he NO beam is positive and negative end of the NO dipole.
crossed at 90° by a beam of He, expanded from a stagnation The apparatus function relating the relative LIF intensi-
pressure of 3 bar through a 0.9 mm pulsed nozzle at 5 Hties to relative inelastic scattering cross sections has been
and collimated by a 1.9 mm skimmer placed 1.4 cm from theevaluated based on the geometry and beam velocities of the
nozzle. The distance from the He pulsed nozzle to the scapresent experimental configuratibhThe measurement of
tering center is 8.4 cm. The speeds of both beaws, the steric effect is insignificantly affected by the apparatus

~ OHe~NO™ UHe—ON

=

©)

OHe—NOT OHe—ON

IIl. EXPERIMENT
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--- /=155 cation in Eq.(10) uses the directly measured orientation of
qal— =15 i the applied static field and the sign of the dipole moment
from ab initio calculations, N~ 0O°* %2 and assumes no long-
& 12 L range collision-induced reorientation. As will be seen below,
S e this assignment results in a disagreement of a factor bf
& 100 e 7 between theory and experiment. The statistical spread in the
§  |oaeemeemmT individual measurements of the steric efféict., the 12—-15
:8 08~ N cycles of the orientation of the applied figid used to derive
a 06 the experimental precision of the determination of SA.
.f'zj The measurement of the zero-field signal, proportional to
;:73 04 v the scattering from the selected pwe —1 state, can be
combined with the orientation measurements to derive the
0.2~ relative state-to-state inelastic cross sections from individual
A-doublet levels. The average of the signals at the two ori-
Wr——— 7 T T entations is proportional to the average of the cross sections
1.0 -05 0.0 05 1.0 for scattering from the two initia\-doublet states:

cos.$ ) )

|7+I+Oca0':__>'r reryt Te=1_1i . 11
FIG. 2. The normalized calculated relative LIF detection probability as a e=—1=lirarer) B 70’ ( )
function of center-of-mass scattering angldor scattered NO molecules in - Combining this with the measured zero-field signaq,

final stateF,(j’=1.5) (solid line) and F,(j'=15.5) (dashed ling in the T g (jrarery s and assuming that the apparatus function
present experimental arrangement. The inset shows a Newton diagram ch)J' €= F Jh €') ith lied dc figice. th fi |
the experiment, with a Newton sphere corresponding to a nearly-elasti 0€s not change with applie c fieice., the proportionail-

collision. ity constants are equalthe ratio of cross sections from the
different initial A-doublet states to the probed final state can
be estimated as

function, because most possible confounding factors relateto |, |+ 2 2
I +| _a UE=*1~>|]"Q’€’>+ﬁ 0‘5:+1ﬁ>‘j’()’5’>

the dependence of the final velocity on the scattering angle . (12
and are insensitive to the direction of the electric field. The 1° Oe=-1-]j'Q'¢")

apparatus function slightly favors detection of forward scat- .

tered products, as shown in Fig. 2, but the field-dependent I+l —a?

ratio of LIF signals should still closely approximate the | Terinliiare) 10 13

angle-averaged steric asymmetry. Effects of the polarized la-
ser detection are expected to be minimal, despite the fact that
the angular momentum vector of the scattered product mayhe derived ratio ofA-doublet cross sections,,,, is least

be alignec??" The detection probability using linear po- reliable neai..=0. For values of (" +1*)/1° close toa?,
larization, even for anisotropic finah{ distributions, should L. is very sensitive to inaccuracies in the computed mixing
be invariant to a change in the direction of the dc field. It iscoefficients and to possible inhomogeneities in the orienta-
possible that detection on different rotational transitionstion field. A 10% error in the square of the mixing coefficient
could preferentially probe different scattering angles becausgould correspond to an uncertainty in the ratio of cross sec-
of product alignment, and provide a glimpse of possibletions of ~0.4 nearl ., =0.

scattering-angle dependent steric effects. However, measure-

men_t§ of steric effegts oQ gnd P, R branches showgd N0 |/ RESULTS AND DISCUSSION

significant systematic variation under the presgrartially

saturategl conditions. More sophisticated measurements willA. Calculated integral and differential cross sections

be required to obtain information on orientation-resolved dif-  pggicted integral cross sections By, =508 cmi ! are

ferential cross sections. . _ o presented in Fig. 3 together with the experimental data from
The experimentally accessible steric effect is given byjogyiget all® The absolute value of the integral cross sec-
the difference between the LIF signals for opposite orientasjons was estimated by Joswag al° from a comparison to
tions of the static field, normalized by their sum: the total attenuation of the primary beam. In Fig. 3, the ex-
perimental results are scaled to the total calculated cross sec-
tion, i.e., the sum of the experimental cross sections matches
the sum of the calculated cross sections on the RGTHED
surface. The agreement is quite satisfactory for both spin-
=i o g =S_+. (100 orbit conserving and spin-orbit changing collisions. The
He=NO © THe—ON RCCSOT) and the CEPA surfaces give slightly different
The relationship of the experimental quantity SA with thebranching between the;—F,; andF,;—F, scattering, with
molecular steric effec§_ ; requires knowledge of which the RCCSDT) results in closer agreement with the experi-
end of the NO molecule is selected in the collision frame.ment; however, the shapes of the fijal distributions are
This in turn enables comparison with the calculations of thevery similar for the two surfaces. The differential cross sec-
steric effect, which should yiel&_.; directly. The identifi-  tions (DCS) for the spin-orbit conserving transition from

Ufi-l—»\j’Q’e’) ,82

SA= Oy [E~ Ovi1E
oy et OyiiE

- +
I __ OHe~NO™ 9He—~ON

Downloaded 13 Mar 2011 to 130.37.129.78. Redistribution subject to AIP license or copyright; see http:/jcp.aip.org/about/rights_and_permissions



11696  J. Chem. Phys., Vol. 121, No. 23, 15 December 2004
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FIG. 3. Comparison of the calculated and experime(faf. 10 integral
cross sections for scattering of N§(j =0.5) by He atE,, =508 cnm ! into
final rotational stateg’ of the F; and F, manifolds. The experimental

de Lange et al.

tial and the experimental DCS. Based on a fit of their experi-
mental rainbow maxima results to scattering from a hard
ellipsoid model potential, they suggested that the repulsive
core in the CEPA surface was insufficiently anisotropic. The
anisotropy of the repulsive part of the RCCSI sum po-
tential is greater than that on the CEPA PES, and the maxi-
mum in the DCS for scattering on the RCCSD surface is
indeed closer to the experimental value.

B. Steric effects and A-doublet propensities
for F;— F, transitions

The experimental and calculated steric asymmetries
(SA,S_¢) and A-doublet propensitiesL(,/) for transitions
to theF, state are given in Table I. The experimental uncer-
tainties in Table | represent 1o precision based on the sta-
tistical uncertainty in the steric effect determination, and do
not include possible systematic errors, such as inhomogene-
ities in the orientation field or errors in the assumed mixing
coefficients. Where several experiments have been per-
formed for a final rotational state, the individual values and
uncertainties are listed.

The highest final rotational state detected]is=12.5,
with a rotational energy oE,,;=281cm !, well below the
nominal translational energy of 514 cth By comparison,

results are scaled so that the sum of the experimental cross sections matcte@gperiments in which Ng(=0.5) scattered from Ar at simi-

the sum of the calculated cross sections on the RQT B Ref. 35 surface.

=0.5 to final stat§ ' =3.5 atE,, =491 cm ?, calculated us-
ing the RCCSDT) (Ref. 35 and CEPA(Ref. 39 surfaces,

are shown in Fig. 4. The results are compared to the expergurfacegzt,ss

mental results of Westleyet al?® The results on the

lar collision energy detected rotational states up to £6.5.
This phenomenon was also noted in previous scattering
experiment$?%28 and attributed to an angular momentum
constraint on the rotational energy dispdsahis constraint
may indicate that the anisotropy of the He-NO potential
is too weak to achieve a facilElassically al-
lowed conversion of all translational energy to rotational

RCCSOT) surface show a maximum in the differential cross energy’®

section closer to the experimental maximum than do the cal-

The steric asymmetry for scattering into tandf lev-

culations on the CEPA PES. However, calculations on bo“?els of theF, manifold is plotted in Fig. 5. As in the case of

surfaces predict the maximum at larger scattering angles. T%O—Ar scattering

experimental maximum of the DCS occurs~ati=45°, and

the RCCSOT) maximum is near 50°. The differential cross Aj. The *
section on the CEPA surface has its maximum at 60° .

Westleyet al®

culated scattering on the Yang and Alexaril&@EPA poten-

—e— Experiment (Westley et al.)

0.25 - — RCCSD(T) surface |
- - CEPA surface
0.20 - _
q.; 0.15 -
S
k=]
% 0.10 -
o
0.05 _

I I [ I T
0 30 60 90 120 150
Scattering Angle 9 (degrees)

FIG. 4. Differential cross sections for scattering from thgj =0.5) state
into the F,f(j’=3.5) state in collisions with He &, =491 cm !, calcu-
lated on the RCCSO) (Ref. 35 (solid line) and CEPA(Ref. 34 (dashed
line) surfaces, compared to the experimental measurements of Westy
(Ref. 28 (filled circles.

reported this same discrepancy between cal

the steric asymmetry exhibits a striking
oscillation with the change in rotational quantum number
phase” of the oscillation is the same as in NOAr,
i.e., SA is negative for odd\j and positive for even\j.
However, the amplitude of the oscillations is much larger for
NO-He than for NO-Ar, which supports the suggestion of
Alexander and Stolfé that the alternation in steric asymme-
try originates from scattering off the repulsive shell. The in-
teraction of NO with He is considerably less attractive
[Do(NO-He)~25cnmi ] (Ref. 35 than NO with Ar
[Do(NO-Ar)~116 cm 1].1® Scattering intof states shows
smaller absolute values of the steric asymmetry than scatter-
ing into e states for nearly alj’.

The calculated steric asymmetries for both the
RCCSOT) and CEPA surfaces are also shown in Fig. 5. The
calculations agree well with the measurements, except for
the absolute sign of the steric asymmetry. The comparison of
the sign of the experimental steric effect with calculated
steric effects remains somewhat open to quesfidrne sign
of the experimental steric effect SA is fixed by directly mea-
suring the applied voltages and spectroscopically establish-
ing that the low-field seekingd-doublet state is preserved in
the scattering centéf.The sign of the steric asymmet8y__;
in the calculations depends on the definition of the coordi-
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TABLE I. Steric asymmetries and-doublet propensities fdf,— F, scattering. Uncertainty estimates reflect
the precision of the individual determinations and do not include possible systematic errors.

Steric asymmetry A-doublet propensity

Experiment RCCSOT) CEPA Experiment RCCSOT) CEPA

i€ SA (+10) S S Lo(+10) Lo Lo
15 1  —0.082:0.009 0.0604 00432  0.7D.06 05506  0.4518
15 1  —0.060:0.009 0.65-0.06
15 -1 0.03:0.01 0.1001 00861  180.2 1.9009  2.3387
25 1 01660007 -02075  —0.2219  3.230.09 39405 47811
25 1 0.20:0.01 3.2:0.2
25 -1 00920005  -0.0755  —0.0715  0520.05 02594  0.2131
35 1 —0.070:0.006 0.1274 0121  0.770.04 07732 0.6835
35 -1  —0.097:0.008 0.1602 01687 1.1 13275 15118
45 1 0.400:0.007  —0.4163  -0.4548  2380.08 21753 2.3983
45 1 0.398:0.005 2.3:0.1
45 -1 02800008  —0.2328  —0.2384 - 04904  0.4522
55 1  —0.381x0.007 0.3800 0.4065  1.240.06 1.3015  1.1866
55 1  —0.323:0.007 1.01:0.08
55 -1  —0.391+0.006 0.3167 03562  1.10.07 07484 08173
65 1  0570:0.009 —0.4470  —0.4454  150.1 1.3664  1.6735
65 -1 043:0.04  -03368  —0.2824  0.380.15 07766 0.6553
65 -1  0.492:0.007 0.72:0.08
65 -1 0.42+0.01 0.83:0.10
75 1 —0.66+0.01 0.6334 0.6322 = 21606  1.9475
75 -1  —0.484-0.008 0.3713 0.4067 -~ 04799 0.5307
75 -1  —0.500:0.007 0.51-0.08
75 -1 —0.48:0.01 0.70:0.09
85 1 052:0.01  -04334  —0.3865 = 14756 24577
85 -1 030:001  -02318  -0.1241  0.69:0.07 06311  0.4443
85 -1 0.30:0.02 0.6:0.1
95 1 —0.49:0.03 0.7334 06887 1803 29224 2.2983
95 -1 —0.49:0.02 0.3940 04392  0#80.1 04613  0.6532
105 1 045003  —0.5007  —-0.0890  1.30.4 23874 4.6323
105 1 0.43:0.03 1.8:0.3
105 -1 0.09:0.05  —0.0469 01148 0803 02329  0.3224
115 1 -05:01 05274 00818 2814 43352 0.7603
115 -1 —0.33:0.09 0.5073 0.3407
125 1 -0.42:0.08 0.72:0.7 0.354
125 1 0.2:0.1 17512

nates of the collision frame. The two quantities can be rescribed by Hund’s casg) for low j, the inelastic cross sec-
lated by using the calculated direction of the NO dipoletion should be unchanged upon reversing the parity index of
moment}? which causes the sign of the experimentally de-both initial and final state¥ This invariance in turn implies
rived steric effect to oppose that of the calculati6h&.reso-  the following relationship:
lution of the sign disagreement remains elusive; for the
present comparisons, the calculated steric asymmetries are . Ojesjre  Ojiojnt
referenced to the right axis, which is simply the left axis €'= - -
multiplied by —1, to emphasize the agreement of the calcu-
lated magnitude with the experimental determination. TheThat is, in the Hund’s casén) limit the values ofL .. for
calculations on both surfaces reproduce the alternation in SAutgoinge and f levels should be reciprocal. Both experi-
with even and odad j. The RCCSDT) surface gives a larger mental and theoretical data obey Et4) reasonably well for
magnitude of the steric asymmetry at hidlp than does the spin-orbit conserving transitions.
CEPA surface, in better agreement with experiment. This dif- For Aj<6 there appears to be a preference for overall
ference may be attributable to the greater anisotropy of thparity [p=e(—1)'~*?] conservation, i.e.l...>1 for odd
repulsive core in the RCCSID) potential. Aj transitions tof levels and for evem\j transitions toe
The dependence of the ratiq, for the spin-orbit mani- levels, L. <1 otherwise. Parity conservation has also been
fold conserving collisions is displayed in Fig. 6 for outgoing observed by Drabbelst al. in collisions of NO @ =20, j
e andf levels. The computed-doublet propensities are in =0.5) with He>3 The parity conserving transitions are facili-
relatively good agreement with the experimental determinatated by even terms in the angular expansion of the poten-
tions. The calculations on the RCCSI) surface match the tial energy surfacéEq. (4)],*° and so are a manifestation of
experimental values slightly more closely than those on thé¢he “nearly homonuclear” character of NO. Farj>6 the
CEPA surface for high\j. Because NO(1,,,) is well de-  A-doublet quantum number is preferentially preserved, with

=(La-—p % (19

Ojf=j’e  Ojesj f
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FIG. 5. Steric asymmetries for inelastic scattering fré(j=0.5) into 4
final rotational state$,(j’,€’). The present experimental values for SA
(®) are referenced to the left axis, and calculations Spf; on the FIG. 6. Ratio of initialA-doublet cross sections for inelastic scattering from

RCCSOT) surface(Ref. 35 () and on the CEPA surfad®ef. 34 () are F,(j=0.5) into final rotational stateB,(j’,e"): present experimental val-
referenced to the right axis. ues(®), calculations on the RCCSD) surface(Ref. 39 (OJ), and calcula-
tions on the CEPA surfac@Ref. 39 ().

Oosel=e> O rer=—e, OF La>1 for € =1 (e) states and
L. <1 fore'=—1 (f) states. A propensity for overall parity

conservation may also be manifested in the steric asymmes iier in €,—F,) than in (F,—F,) scattering, suggesting

tries. In the Hund's C‘?‘S@) limit, smtgd (o thej :0'5_ initial a tendency for parity breaking transitions. Comparison of the
state, the numerator in the expression for the steric asymm%-pper and lower panels of Fig. 7 reveals that the overall
try, (0ne—No— THe—oN): Should not change with the outgo-

ina A-doublet level® and - il d d preference for N-end collisions compared to O-end collisions
mgl i CZJ. € teve, aBn (‘THe—’tNho dUHe—’ON) fW'. .eper; h is greater forF,e than for F,f outgoing states. As earlier
only on 4], not one. because he degree ot mixing of € 0 5teqd by Yang and Alexand@rthe F,e states, which
initial state in the electric orientation field is relatively low correlate with departure along t¢ PES, are favored in an
(B%=0.221), Eq.(10) suggests that for pure casa mol- F.—F. transiti : ’

) X ansition, and~,f is preferred oveF e when the
ecules ifL>1, then SA/>SA__ and if L,<1, then L2 ! P !

: . . spin-orbit state is conserved.
SA. <SA__ . A propensity for overall parity conservation P

further implies that th entati © The steric asymmetry exhibits an oscillatory behavior
urther implies that the overalprienta on av_erage) f0SS  \ith the same phase as observed for the spin-orbit conserv-
section for scattering out of the field-induced state,

. ) ing NO-He collisions. For 4 Aj=<10 (except for scattering
(The-.not Oe-.on)/2, will be larger for states with the same ot oyl of j” = 10.5) the sign of the steric effect appears
overall parity as the hexapole selectge-Q.5, e=—1) state. ., yonend simply on whethevj is odd or even. By compari-
Thus, the magnitude Qf. SA will be greatgr for firmbtates son, the steric asymmetry for spin-orbit manifold changing
than forf state; V.Vhemj IS even andsA| W'I! be.greater for NO-Ar collisions shows significantly attenuated alternations
f states wherj is odd, if parity conservation in the outgo-

) : ) L with Aj.222341480r NO-He the alternation is equally strong
ing state prevails and the Hund'’s cdsg coupling is appro- for (F,—F,) and (F,—F,) scattering, perhaps because of
priate. '

the dominance of repulsive interactions in the rotational en-
ergy transfer. The agreement between calculated and experi-
mental steric asymmetries is slightly worse for the spin-orbit
changing collisions than for the spin-orbit conserving colli-
The steric asymmetries antl-doublet propensities for sions. Because the change in spin-orbit state is governed by
spin-orbit manifold changing transitions{—F,) are given the difference potential, the discrepancy in the steric asym-
in Table Il. The dependence of the steric asymmetry on thenetry may arise from inaccuracies of the difference poten-
final rotational state is plotted in Fig. 7. Overall, N-end col- tial. For NO-Ar the difference potential has been thought to
lisions are calculated to be more likely to produce a changée less reliable than the sum potentfat!
in the spin-orbit level. The dependence of the steric asym- The dependence of the cross section on the incoming

metry upon the\-doublet component in the outgoing state is

C. Steric effects and A-doublet propensities
for F;—F, transitions
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TABLE Il. Steric asymmetries and-doublet propensities fdf,—F, scattering. Uncertainty estimates reflect

Scattering of NO with He

the precision of the individual determinations and do not include possible systematic errors.

Steric asymmetry

A-doublet propensity

11699

Experiment RCCSOT) CEPA Experiment RCCSOT) CEPA
i’ € SA (*10) Si_ St Lo (+10) Lo Lo
15 1 -0.12+0.02 0.0628 0.0608 1:90.2 5.2371 0.0554
15 -1 e 0.3668 0.3542 e 13.8044 13.2418
25 1 -0.09:0.02 0.0661 0.0843 1:90.2 0.7528 0.9205
25 -1  —0.03:0.03 0.1985 0.1857 2:40.3 1.8771 1.4766
35 1 -0.17x0.02 0.1459 0.1158 -0.2+0.1 0.2556 0.0934
35 -1  —0.22£0.02 0.363 0.3384 170.1 45743 5.9394
45 1 0.13-0.01 -0.1081  -0.1538 0.43:0.06 0.4388 0.5471
45 -1 0.14+0.02 -0.1306  —0.2018 4.20.3 2.8428 2.1383
55 1 -0.41+0.02 0.4474 0.3979 080.2 1.1511 0.8953
55 1 -0.45-0.01 1.2:0.1
55 -1  —0.46x0.02 0.3638 0.4097 2:50.2 0.9258 1.2156
6.5 1 0.17:0.01 -0.0790  -0.1308 -0.4+0.1 0.3118 0.4174
65 -1 0.13+0.01 -0.2252  —0.3051 10.60.6 4.1141 2.8998
75 1 -0.51x0.01 0.5751 0.5590 0.280.15 1.9187 1.5286
75 -1  -0.52:0.01 0.3036 0.3557 0:80.1 0.4678 0.6143
8.5 1 0.1:-0.01 -0.0548  —0.0957 0.25:0.06 0.3811 0.5222
85 -1 0.14+0.03 -0.2349  —0.2683 5.7:0.6 3.5774 2.4648
85 -1 0.10+0.01 8.5:0.4
9.5 1 -0.49:0.01 0.5202 0.5473 3:€0.2 2.2981 1.9457
95 -1  —0.34:0.02 0.2318 0.2855 0:0.1 0.3682 0.4416
95 -1  —0.38:0.02 0.3:0.1
10.5 1 0.16:0.02 -0.0673  —0.1058 0.50.1 0.5587 0.8585
105 -1 0.12+0.03 -0.2097  —0.2352 3.20.4 2.4998 1.6668
11.5 1 —0.25:0.04 0.4148 0.4943 2:50.5 2.7536 2.8755
115 -1  —0.230.03 0.1416 0.1947 050.2 0.3038 0.2721
0857 Sr o J06 A-dpublet component, .., is given m_TabIe Il and plotted
< ouf T2 1 04 @ against the final rotational state in Fig. 8. The apparent ex-
‘g “E 1 =3 perimental ratios for scattering into tleestates withAj=3
7.53 02 —-02 5 and Aj=6 are negative, a nonphysical result for positive
E oof 73, ? & 00 3 cross sections. As discussed above, for17)/1° close to
2 w Vo 3 a a?, the effect of systematic uncertainty in the mixing param-
o 02f L 02 S o ) . D
2 c ] o eters, which is not included in the stated precision, can be
o 04r 04 % significant. These negative ratios are therefore best inter-
06E 106 preted asL.<1. Note the widely different values for
T T L.—1(j'=1.5) predicted by calculations on the CEPA and
2 4 j, & 10 RCCSOT) surfaces. Comparison with experiment for this
Y transition must also account for final-state mixing of the
0.8 C(F,»F,0 —-06 A-doublet levels by the orientation field. This effect, which is
S 04F J04 2 gxpected. to be significant onI_y fat,j = 1.5, has not been
2 oF 1 02 = included in the present analysis. In all other cases the results
2 “r % ] /%\ 5' ' § on the CEPA and RCCSD) surfaces agree rather well. For
% 00—= ' | 00 3 Aj=<4, parity conservation plays at most a minor role. For
Z 02F {1 \{ 102 % Aj=6 the scattering exhibits a propensity for total parity
3 o4k X o4 © changing collisions. For the highest final statA$=9, the
¢ E ° = 5 ratiosL ., for outgoinge levels are nearly equal to the recip-
0.6 — T 06 rocals of the ratios for outgoiniglevels. The calculations are
> 4 6 8 10 in qualitative agreement with the experimental determina-

FIG. 7. Steric asymmetries for inelastic scattering frén(j=0.5) into
final rotational state$,(j’,€’). The present experimental values for SA
(@) are referenced to the left axis, and calculations Spf.; on the
RCCSOT) surface(Ref. 395 () and on the CEPA surfad®ef. 39 (<) are

referenced to the right axis.

tions.

Transitions that preserve the overall parity are governed
by terms of even angular symmetry in the potential energy
surface®® A preference for parity changing in the spin-orbit
changing collisions is directly explicable from inspection of
the potentials in Fig. 1. Where&s — F, scattering is gov-
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