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State-resolved differential cross sections (DCSs) for the inelastic scattering of 
NO(j" = 0.5, fl" = 112) + Ar + NO(j', a' = 112, 312) + Ar were obtained 
at a collision energy of 516 cm-', both experimentally and theoretically. A 
crossed molecular beam ion-imaging apparatus was used t o  measure DCSs for 
20 final (j', a ' )  states, including spin-orbit conserving (An = 0) and changing 
(An = 1) transitions. Quantum close-coupling scattering calculations on ab 
initio coupled-cluster CCSD(T) and CEPA (correlated electron pair approxima- 
tion) potential energy surfaces were also performed. Although small discrep- 
ancies were found for the A n  = 1 transitions, we find marked agreement 
between theory and experiment for the collision dynamics of this system, which 
is the paradigm for the collisional relaxation of a molecular radical. 

Because of the large mass difference between ~ 0 ( ~ 2 n , . j "  = 0.5, w) 
electrons and nuclei, the coupling between 
the electronic and nuclear motion in a mole- 
cule is often ignored (the Born-Oppenheimer 
approximation). However, this so-called non- 
adiabatic coupling cannot be neglected when- 
ever the spacing between electronic states 
becomes comparable to rovibrational spac- 
ings. This situation often occurs in collisions 
involving open-shell molecules with unpaired 
electrons. The effect of the breakdown of the 
Born-Oppenheimer approximation on molec- 
ular dynamics is'an active focus of research. 

The rotationally inelastic scattering of the 
NO(P17) molecule by Ar has emerged as the 
paradigm for nonadiabatic collisions of an 
open-shell molecule. Numerous experimental 
(1-8) and theoretical (9-13) studies of the 
Ar-NO system have been reported. The ener- 
gy splitting between the = 112 and 312 
spin-orbit manifolds of the electronic ground 
state (*17) of NO is only 123 cm-' (14). 
Within each of these manifolds, there is a 
ladder of rotational levels characterized by a 
rotational constant of -1.7 cm-'. Collision- 
induced transitions can occur between rota- 
tional levels associated with a given spin- 
orbit manifold: 

+ Ar + NO(X217, j', nt # nt')+Ar (2) 

State-resolved differential cross sections 
(DCSs) under well-defined collision condi- 
tions are the most sensitive probe of colli- 
sion dynamics (15). The correct framework 
for exact quantum scattering calculations 
for the open-shell N O  + Ar system was 
established in the early 1980s (16). How- 
ever, accurate theoretical predictions were 
hindered by the inaccuracy of the available 
potential energy surfaces (PESs), which 
were determined first within the electron- 
gas model (17) and later from ab initio 
CEPA (correlated electron pair approxima- 
tion) (13). Also, the accuracy and com- 
pleteness of earlier experimental studies 
have not been sufficient to provide a defin- 
itive measurement of the complex oscilla- 
tory structures in the DCSs, which are sen- 
sitive functions of the final-state quantum 
numbers (j ' ,  a ' ) .  In addition, there have 
been no previous experimental determina- 
tions of state-resolved DCSs for the spin- 
orbit changing transitions, which are a di- 
rect probe of nonadiabaticity in the colli- 
sion but which are considerably smaller in 

NO(X217, j" = 0.5, a'') magnitude than the DCSs fo; spin-orbit 
conserving transitions. 

+ Ar+NO(X2n7jt9 a' = at') + Ar (1) We now report state-to-state DCSS for 
and between levels associated with different both spin-orbit conserving and changing tran- 
spin-orbit manifolds: sitions observed by high-resolution ion-imag- 
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Fig. 1. Examples of observed images for the in- 
elastic scattering of NO(j" = 0.5, 0"  = 112) + Ar 
-, NO(j', 0' = 112, 312) + Ar at a collision 
energy of 516 cm-'. The final states are labeled 
by (j', 0') on each image. The (j' = 5.5, 0' = 
112) and (j' = 2.5, 0' = 312) states were ob- 
served without discrimination of the A-doublet 
level (e- and f -state). The f -state was selectively 
observed for all of the other states. A Newton 
diagram is su erimposed in the image of (j' = 
75.0' = 112[ where the collision axis is config- 
ured vertically. The spot at the end the v,, 
vector is an ion signal from rotationally warm, 
unscattered NO in the incident beam. 

tus have been described elsewhere (18-20). 
The NO rotational temperature was 3 K, so 
that about 90% of the NO in the beam is in 
its lowest quantum state, ( j  = 0.5, i2 = 
1/2), with equal population of the two 
A-doublet (e l f )  levels. The collision energy 
between NO and Ar was 516 cm-' with 
full-width at half-maximum (FWHM) of 56 
cm-'. 

These velocity-mapped images (Fig. 1) 
show directly the velocities of the scattered NO 
(21), with the exception of small spots due to 
thermally excited NO molecules in the primary 
beam that move with the NO beam velocity. 
Twenty (j', a ' )  states, including 11 spin-orbit 
conserving (An = 0) transitions and 9 spin- 
orbit changing (An = 1) transitions, were ob- 
served. The asymmetry of observed images 
about the collision axis shows that they are 
strongly influenced by the angle-dependent 
product detection efficiency. The DCSs were 
extracted from these observed images by a sim- 
ulation that took into account the temporal 
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Fig. 2. State-resolved DCSs for 
the inelastic, f l  conserving, scat- 
tering of NO(j" = 0.5, a "  = 
112) + Ar +  NO(^', a' = 
112) + Ar at a nominal collision 
energy of 516 cm-l. The final 
states are labeled by (j', a ' ,  e, 
or f) on each graph. The transi- 
tions for which the final A-dou- 
blet was not resolved are denot- 
ed by e/f. The black lines repre- 
sent the experimental differen- 
tial cross sections. The red and 
blue lines are the theoretical re- 
sults based on the CCSD(T) and 
the CEPA ab initio PESs, respec- 0 
tively. The DCS are normalized 
so that the integrated DCSs, 
both experimental and theoret- 
ical, have the same value in all 
of the subplots. The theoretical 
DCSs are averaged Over the 0 60 120 0 60 120 0 60 120 180 
A-doublet levels of the initial (j" 
= 0.5, LY = 112) state and then Center-of-mass scattering angle (degree) 
smoothed to simulate the ex- 
periment, first over a Gaussian 
distribution in collision energy with 56 cm-' (FWHM), then convoluted over a Gaussian angular window of 8 O  (FWHM). 

Center-of-mass scattering angle (degree) 
Fig. 3. State-resolved DCSs for the inelastic scattering of NO(/" = 0.5, a "  = 112) + Ar + NO(j', 
a' =, 312) + Ar with the collision energy of 516 cm-I (the An = 1 transitions). The detailed 
legend for these plots is identical to that of Fig. 2. 

overlap of the pulsed molecular beams (22). 
The noncollinear approach of the Ar 

atom lifts the degeneracy of the X211 state 
of ,NO in a manner equivalent to the Ren- 
ner-Teller effect in triatomic molecules 
(23, 24). The relevant two electronically 
adiabatic PESs are designated by the elec- 
tronic symmetry of the wave functions, A' 
and A" (in C, geometry) (9). Inelastic col- 
lisions sample both PESs equally. In the 
theoretical treatments, it is necessary to 
transform the A' and A" surfaces to sum 
(V,,,) and difference (Gi,) PESs (9). In 
the Hunds case (a) limit, V,,, and Vdi, are 
responsible, separately, for the A n  = 0 and 

A n  = 1 transitions (10, 16). The most 
important difference between the CEPA 
and CCSD(T) PESs is that the wells in both 
in the A' and the A" CCSD(T) PESs are 
deeper than those predicted by the CEPA 
calculations (10, 25). 

Full quantum close-coupling calcula- 
tions, without any dynamical approxima- 
tions and based on the CEPA and the 
CCSD(T) PESs, were performed with the 
HIBRIDON 4.1 program suite (26). DCSs 
for the scattering of NO from an initial (J", 
a", E") state to a final (j', .a', E') state, 
summed over the projection quantum num- 
bers of the final rotational state and aver- 

aged over the projection quantum numbers 
of the initial rotational state, were obtained 
from the fundamental scattering amplitude. 
The parity index E designates the e (E = 
+ 1) or f (E = - 1) A-doublet levels. Only 
the v = 0 vibrational levels of NO were 
included in the channel expansion because 
the collision energy of our experiments did 
not allow vibrational excitation [o, = 1904 
cm-' (14)l. For comparison with experi- 
ment, the calculated DCSs were convoluted 
over Gaussian distributions in collision en- 
ergy and angle typical of the experimental 
conditions and averaged over the uns- 
elected A-doublet levels of the initial state. 

The experimental DCSs vary substantially 
with the final (j', a ' )  state. For the A n  = 0 
transitions into j' = 5.5 and 6.5, the DCSs in 
Fig. 2 show forward peaks around O,, (cen- 
ter-of-mass scattering angle) = 0". undula- 
tions with a period of -30" are seen in both 
cases. For scattering into the j' = 7.5 to 10.5 
states, the maximum in the DCS shifts pro- 
gressively to larger scattering angles as j' 
increases. Transitions into states with j' high- 
er than 11.5 show substantial backward scat- 
tering intensity (0,- = 180"). By contrast, in 
these cases the forward intensity (O,, = 0") 
decreases almost to zero. 

For the spin-orbit changing (An = 1) 
transitions shown in Fig. 3, we observe 
considerable variation in the scattering a s  a 
function of j'. We find a sharp forward 
peak for the j' = 2.5 to 4.5 transitions. The 
undulations are not as- pronounced as for 
the A n  = 0 transitions. The DCSs for 
transitions into j' states higher than 5.5 do 
not show a forward peak. Broad undula- 
tions with a period of several tens of de- 
grees, or two broad peaks, are seen for the 
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j' = 5.5 to 7.5 states. The intensity at O, , ,  = 

0" drops for the j' states higher than 6.5. 
The DCSs for the j' = 9.5 and 10.5 states 
show substantial backward intensity. 

As seen in Figs. 2 and 3, the theoretical 
predictions based on the CEPA and the 
CCSD(T) PESs are in good agreement with 
expenment, although the high resolution 
achieved in the present experiment reveals a 
slightly better agreement with the CCSD(T) 
predictions. For the ACI = 0 transitions (Fig. 2), 
the position and period of the observed undu- 
lations are reproduced almost exactly. Because 
the close-coupling calculations are free of ap- 
proximation and converged, any inaccuracies in 
the theoretical predictions are the result of in- 
accuracies in the ab initio PESs used. Careful 
comparison of the theoretical DCSs reveals 
how the slight differences between the CEPA 
and the CCSD(T) PESs manifest themselves in 
the state-resolved DCSs. The major differences 
between the DCSs predicted by these two PESs 
are found primarily in the forward direction. 
The sharp forward peak predicted by both the 
CEPA and CCSD(T) surfaces is also seen in 
the experimental DCSs for the ( j ' ,0 ' )  = (5.5, 
1/2), (6.5, 1/2), (2.5, 3/2), (3.5, 3/2), and (4.5, 
312) states. However, for the nonadiabatic 
a-changing transitions, noticeable disagree- 
ment between both the theoretical and the ex- 
perimental results occurs in the forward direc- 
tions for intermediate j' states (5.5 to 8.5). Here 

periment precludes observation of this fea- 
ture. Forward scattering involves interfer- 
ence of a large number of partial waves, 
which results in fast oscillation, whereas a 
relatively limited number of partial waves 
contribute to the sideway or backward scat- 
tering. Thus, we can observe the slow un- 
dulations in the present experiments even 
with a finite collision energy spread. 

The detailed structures in the observed 
state-resolved DCSs obtained by our high-
resolution ion-imaging are quantum features 
reproducible only by rigorous quantum scat- 
tering calculations. Both the cumand &,, 
PESs contribute to spin-orbit changing colli- 
sions. Consequently. these are nonadiabatic 
processes, which cannot be described by con- 
ventional classical trajectory calculations on 
a single PES. The present comparison dem- 
onstrates that quantum scattering calculations 
are now sufficiently accurate to describe the 
fine details of DCSs for collisions involving 
open-shell molecules. 

As an incentive to future work. we point out, 
first, that the ab initio calculations described in 
(10) and (13) were based on the assumption that 
the NO molecule could be fixed at its equilib- 
rium internuclear distance without loss of accu- 
racy. Recent calculations on the A1-H, van der 
Waals molecule (29) have shown that kclusion 
of the dependence of the PESs on the intramo- 
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21. The scattered NO was ionized by [ l  + l ]  resonantly 
enhanced multiphoton ionization via the A2Z- -X2n, 
v'-v" = 0-0 band around 226 nm. The wavelength of 
the probe laser was tuned to individual rotational 
lines to observe the state-resolved DCSs. R branches 
were used to detect a single .l-doublet level (the 
f-state in this case) of each final ( j ' ,R')state The 
Ionized NO molecules were accelerated by an electric 
field toward a microchannel plate (MCP), while the 
velocity components parallel to the detector plane 
were unaffected. A light spot due to each ion impact 
on the phosphor screen behind the MCP was cap-
tured by an intensified charge-coupled device camera 
and accumulated by a computer. 

22. Accurate estimation of the 	errors in the extracted 
DCSs is extremely difficult. To do so, we carried out 
simulations of the ion images with reasonable varia- 
tions of the experimental parameters. We estlmate 
the angular resolution to be 8" and the relative 
accuracy of the DCSs as a function of scattering angle 
to be 210% for strona transitions. The uncertaintv in 

results in sub- DCS is larger than 10% for weak transitions. ~ u ~ p l e -  

the CCSD(T) DCSs are substantially larger 
(relative to other scattering angles) than seen 
experimentally. 

Unfortunately, it is not totally clear yet 
which region(s) of the PES are most respon- 
sible for this discrepancy. The DCSs for the 
1R = 1 transitions are expected to be sensi- 
tive to the anisotropy of V,,, around the 
classical turning point where the potential 
will be steeply rising. The accurate determi- 
nation of the short-ranged, highly anisotropic 
ydlff is difficult because this PES represents 
the small difference between the A' and A" 
PESs, which are already quite similar to each 
other. In contrast, in collisions of a close- 
shell species, forward scattering is due pre- 
dominantly to the long-range, attractive part 
of the PES (27). 

The most notable result of the present ex- 
periments is the slowly varying undulations in 
the DCS found for almost all the observed 
transitions. The width of these undulations and 
their shift to higher angle as the rotational in- 
elasticity increases are markedly similar to 
those earlier predicted for the scattering of Na, 
by He (28). In this work, the undulatory stmc- 
ture was shown to be a manifestation of the 
ellipsoidal nature of any atom-molecule PES. 
Also, in principle, the forward peaks should be 
overlaid by fast oscillations with a period of 
several degrees, which correspond to supernu- 
merary rainbows. However, the collision ener- 
gy spread (10%) in our crossed beam ex- 

stantially (-zO%) deeper wells and a near 
quantitative agreement with the results of spec- 
troscopic experiments, even though the fust 
vibrationally excited state is inaccessible 

= 4395 c m '  (14)i, as is the case here. 
It may well be that the differences seen here 
between the calculated and experimental DCSs 
for the spin-orbit changing traisitionswould be 
reduced if the PES calculations were extended 
to include the dependence on the NO bond 
distance. Concurrently, additional effort should 
be devoted to improving the accuracy and pre- 
cision of the experimental DCSs and to obtain- 
ing the relative (or, better, the absolute) magni- 
tude of the DCSs associated with the various 
inelastic transitions probed here. 
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