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State-resolved differential cross sections for the rotationally inelastic scattering of thG\r
system have been derived from quasiclassical trajectories and quantum close-coupling calculations
on a recentab initio potential energy surface at the collision energy of a recent high resolution
experiment{66 me\). Globally good agreement is obtained between the theoretical predictions and
experimental results, although some of the experimental details are not reproduced in the classical
calculation. The role of attractive and repulsive interactions in the observed dynamical features is
examined. ©2003 American Institute of Physic§DOI: 10.1063/1.1603223

I. INTRODUCTION complex>®®However, under many circumstances, the domi-
) _ i ) . nant structures can be approximately divided into two
The analysis of rainbow structures in the differential types®’® “impact parameter” or ‘L-type” rainbows, analo-

cross sectiong$DCS9 for atom—atom elastic scattering pro-
vides deep insight into the collision dynamics and valuabl
information on the underlying interatomic potentiafsThe

minimum in the interatomic potential gives rise to the clas-
sical rainbow singularity, which corresponds to a minimum
(negative valugin the deflection angle as a function of the

gous to those found in elastic scattering, which are due to
€maxima in the deflection angle as a functionLofand “ori-
entational” (or “rotational”) rainbows caused by extrema in
the final molecular angular momentum as a function of the
orientation angle. Orientational rainbows can occur, even in

orbital angular momenturh (or impact parameteb). In a the absence of a minimum in the potential. Most studies on

guantum mechanical treatment, the singularity is removed. Iﬁainbows in ine!a§tic scatteriqg hgve focgsed on this ;econd
addition, interference between different partial waves ofterfYP€: characteristic of repulsive interactions and leading to
gives rise to a number of secondary oscillations in the DCSPIGN excitations(see, for instance, the references cited in
In the 1970s, a series of systematic features observed fRefs. 3.4. . o ) .
atom-molecule rotationally inelastic cross sections were 1he role of attractive forces in inelastic scattering has
classified as “rainbows’(see, for instance, Refs. 3, 4 and received less attention, although it was stressed in early

references therejnin inelastic collisions, the molecular an- Model studies at thermal energie.In more recent papers,
isotropy complicates the situation, even for the most simpleSchinkeet al® and Mayne and Keéilused the infinite-order-
case of two-dimensional atom—rigid rotor scattering. In gensudden approximatiolOSA) and the quasiclassical trajec-
eral, the structure of the classical DCS will be determined byiory (QCT) method to investigate the combined effects of
the mapping of (,y) into (6,j’), where y is the initial ~ attraction and repulsion on the characteristics of the DCSs
orientation of the molecule with respect to the Jacobi centerfor rotational excitation. These authors found that, depending
of-mass separation vect®, 6 is the scattering angle in the on the potential shape, the collision energy, and the degree of
center-of-mass frame, and is the final rotational angular rotational inelasticity, eithelc-type or orientational rainbows
momentum of the molecule(hereafter primed letters will could dominate the inelastic DCSs. Inelastic collisions in Ar
refer to final state propertigsZeros in the Jacobian of this +HF, a system with a significant attractive well, were inves-
transformation will lead to the appearance of classical raintigated experimentally and theoreticalfy*? Although the
bow singularities. main low-angleL-type rainbows were not resolved in the

The formal classification of these singularities is verymeasurements, some of the features observed in the DCSs
for individual final rotational levels were attributed to QM
dAuthor to whom correspondence should be addressed. Fa#: 91394 interference patterns between the attractive and repulsive
4135; Electronic mail: aciz@legendre.quim.ucm.es parts of the potential.
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Over the past two decades collisions of Ar with whereR and y have been defined in the Introduction. The
NO(X?II) have been the subject of intense indicesA’ andA” correspond to the two lowest CCSD ab
experimentdf 2 and theoreticaP?*~2° investigation. The initio electronic states of the ArNO systeéthSince the po-
open-shell character of the NO molecule has stimulated patential has been calculated only for NO held at its equilib-
ticular interest. As a result, this system has emerged a paraium internuclear distancer., we use the method of
digm for the study of atom—molecule inelastic scattering.Lagrange multipliers to force a rigid rotor constraint (
Several years ago, Alexand®f® reported coupled cluster =r,) in the integration of the classical equations of
[CCSOT)] ab initio calculations of the two lowest Ar—NO motion3334 For the assignment of the final rotational quan-
adiabatic potential energy surfac€B8ESS, designatedA’ tum number,’, the square of the classical angular momen-
andA” (which corresponds to the symmetry of the two low- tum, j’2? is equated tg'(j’+1)/%%. The values off’ thus
est electronic states i@ symmetry. These two PESs arise obtained are then rounded to the nearest integer. In the case
when the electronic degeneracy of the grouXdIl) elec-  of the first excited rotational state, only trajectories leading
tronic state of NO is split by approach of the collision toj’ inthe 1-1.5 range have been assignef tol in order
partner. to avoid a “leaking” of the elastic collisions, which are much

Based on the CCSD) PESs, full quantum close- more probable than inelastic events. This criterion is justified
coupling (CC) calculations of state-resolved rotationally in- by a comparison with experiment and with QM calculations
elastic DCS were carried out. These were found to be iffsee the next sectipn
excellent agreement with the most recent crossed-beam ion To determine the value of the maximum impact param-
imaging experiments for both transitions in which the initial eter b,,,,, used in the calculations, the change in rotational
spin—orbit stat€()=1/2) is conserved as well as for transi- quantum numbed| with an impact parameter was moni-
tions in which rotational excitation is accompanied by spin—tored. The impact parameter was increased until no trajecto-
orbit excitation ((2=1/2—3/2).?>% Since rotational excita- ries leading toAj>0.5 were found. With this procedure a
tion from the ground (=0.5) rotational level of NO up to value of 6.3 A was derived fdb,,,,. The opacity functions
j"=15.5 was investigated, the repulsive wall of the potentialand DCSs have been calculated by the method of moment
is clearly probed in these studies. However, since the nomiexpansion in Legendre polynomiafs.
nal collision energy in the experiment66 me\) is only The full nonadiabatic quantum CC calculations were car-
roughly five times larger than the depth of the potentialried out with theHIBRIDON program suité® as described in
well,?® and since the NO molecule has a small rotationalRefs. 22 and 29. To obtain convergence in the scattering
constant B=1.7cm 1), attractive interactions could also calculations, all rotational levels with’<17.5 have been
play an important role in excitation of the lower rotational used in the expansion of the scattering wave function. For
states. each value ofj’, both parity (\) doublet levels and both

We describe here a combined QCT and CC QM investispin—orbit levelsQ2=1/2 and 3/2 were included. Close-
gation of rotational inelastic scattering of NO in collision coupled calculations were carried out for all partial waves
with Ar at the collision energy of the experiments mentionedwith J,,;<158.5. This corresponds to a maximum impact pa-
in the previous paragraph. Special attention has been paid tameter of~6.8 A, which is comparable to the value needed
the dynamical origin of the various structures appearing irfor convergence in the QCT calculations.
the rotationally state resolved DCSs. The study is limited to  Since the rotational levels of the NO molecule are half-
spin—orbit conserving collisions, which, in the Hund’s caseinteger, there arises an additional ambiguity in the compari-
(a) limit, are governed by a single PE®hich is the average son of the QM and QCT cross sections. In the QCT calcula-
of the A’ andA” PESs, and designatad,,,>°). A classical tions we treat the NO molecule as a rigid rotor, with no
treatment cannot account for multiplet changing processednternal (electronic orbital or spinangular momenta. In our
which are influenced by both PESs, although these processetidy here we assume that QCT cross sections for transitions
can be treated approximately with surface-hopping trajectoryrom the lowest rotational leve]=0 to the level |’ =]
methods’* The results of the present investigation are dis-+Aj can be compared directly with the QM cross sections
cussed and compared to the available experimental data. for transitions from the lowest rotational levgl=0.5,

0=1/2 to the levelj'=0.5+Aj, Q=1/2. In addition, since

the QM transition for eack\j corresponds to four distinct
Il. METHOD A-doublet resolved transitione{e, f—f, e—~f, and f
) ) ) —€), we assume that the QCT cross sectio(l j), should
The QCT calculation method is essentially the same agg compared with the surfover the two finalA-doublet

useO! in previous WPrRZ- We shall give only those specific |gyelg and averageéover the two initial\-doublet levels of
details that are pertinent to the present study. A total numbehe QM cross sections. In other words

of 3.1X 10° trajectories has been calculated on Yhg, PES

of Alexandef® for a collision energy E,) of 532 cm * (66

meV) and with the NO molecule initially in its lowest rota- 1

tional level. TheVg,,, PES, introduced in the preceding para- oocr(Aj)= > E oom(j,e—j",e"), (2
graph, governs rotational transitions within a given spin— &8’

orbit manifold (AQ2=0), and is defined as

Vard R, %)= 3[Var(R,7)+Va (R, )], (1)  wheree==1 is the parity(A-double} index.
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FIG. 1. (a) State-to-state integral cross section for the rotational excitationFIG. 2. (a) Classical deflection function for rotationally inelastic scattering
process At-NO(QL= % j=0)—Ar+NO(Q=%,j +Aj). Closed circles and ~ of NO in its lowest rotational and spin—orbit stat@ € 3,j=0) by Ar. (b)
thick solid line, QCT results; open triangles and thin solid line close- Total, summed on all inelastic transitions, solid angle differential cross sec-
coupling QM calculations(b) Total opacity function for the spin-conserving tion for the same process.
(AQ=0) rotational inelastic excitation of NO in its lowest rotational and
spin—orbit state by Ar as a function of the total angular momentum quantum
number.J, and impact parameter. nounced at low Aj, was previously found in the
experimental results of Joswig all® at 55.5 meV collision
energy, and it was reproduced by coupled state calculations
presented in the same work. As discussed by Joswia),,
Figure Xa) shows a comparison between the QCT andthese oscillations are the effect of a semiclassical interfer-
QM integral cross sections for the variod$ excitations of ence due to the near-homonuclear character of the NO mol-
NO. Both calculations lead to a sudden drop in the cros®cule, first analyzed by Miller and McCurdy.
section betweem\j=2 and Aj=3 followed by a more The total opacity functionP(J), for inelastic scattering
gradual decrease with growinjj. The probability of exci- (obtained by summing over all the inelastic excitatjorss
tation of rotational states withhj=16 is negligible at the shown in Fig. 1b). The classical excitation probability is
collision energy considered. Fdrj =5, the QCT cross sec- close to 0.9 for values of the impact parameter between 0 and
tions are systematically slightly larger than the QM values~3.7 A (J=90), and then drops quickly to zero at abdut
As indicated in the previous section, the QCT cross sectior=4.2 A (J=95). For a narrow range of impact parameters
for Aj=1 is very sensitive to the binning procedure em-(orbital angular momenjaaround this value, no rotational
ployed for the assignment of the final quantum states. Wittexcitation is possible at the collision energy considered. For
the criterion adopted, the classical cross section is in goodigher impact parameters the opacity function has another
agreement with the QM result and with the value measuretbbe extending up td~6 A (J=140). The quantum me-
by Joswiget all® for a somewhat lower collision energy chanicalP(J) is very similar in shape, but is consistently a
(55.5 meV. If trajectories leading to 05j’'<1 are also bit smaller and extends to slightly larger values of the angu-
assigned tg’'=1, the QCT cross section fakj=1 is in- lar momentum.
creased by a factor of about 3. Although our chosen criterion  The two lobes in the opacity function correspond to two
may lead to an underestimation @{Aj=1), it ensures that dynamical regimes. This is clearly illustrated in Fig. 2, where
all the dynamical effects discussed below apply to rotationthe total (summed on allAj>0 transitiong QM and QCT
ally inelastic processes. inelastic DCS and the classical deflection functio(®), are
The quantum CC integral cross sections show oscillashown in the lower and upper panel, respectively. The good
tions as a function oAAj that are not reproduced in the clas- agreement between the QM and QCT DCS is worth noting.
sical calculations. This oscillatory structure, more pro-At first sight, the results displayed are reminiscent of the

IIl. RESULTS AND DISCUSSION
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classical elastic scattering of structureless particles by the effects of the attractive and repulsive forces are nearly
spherical potential, but, as expected, this picture is blurred bjpalanced so that rotational excitation does not occur. A quali-
the anisotropy of the actual Ar—NO potential that leads to &atively similar opacity function, with a minimum for an in-
damping of the main rainbow feature, appearing fat termediate range of impact parameters, was obtained by Bar-
~20°, and disperses the outcome of the classical trajectorigsett and Mayn¥ in a semiclassical calculation of the Ar
into a band of b,#) values lying around the curve that +HF(j=0)—Ar+HF(j’'=1) process. Interestingly, these
would correspond to elastic scattering. authors did not find a minimum in the corresponding classi-
The results illustrated in Fig. 2 are typical of inelastic c3| p(J) and therefore concluded that this minimum was a
scattering in the presence of a significant attractive well, a3uantum effect. In contrast, the present results suggest
discussed by Schinket al® and by Mayne and Kéllin their  strongly that the possible appearance of minimaPid)
theoretical studies of model systems. The concentration of, sed by a near cancellation of attractive and repulsive in-

trajectories with different impact parameters giving rise 0o ractions is well accounted for in a classical description.
the classical rainbow and the crucial, but not exclusive, con- To explore in more detail the origin and implications of

trllburtllon dio f art;riﬁft'vii ttrslijecftion?s t_?_hti?;s{ DC(S t{(raatz\rg ACthe observed cleft between the two lobes of the total opacity
clearly BSC.e. € S figure. . 3”/pe attrac function, it is worthwhile to investigate the inelastic scatter-
rainbow® divides the DCS into a “bright” component for . . “" "> : . .

ing into individual final rotational levels. Classical and quan-

angles lower tharg, and a “dark’ component for angles tum mechanical opacity functions for the excitation of se-

larger thand, , where the probability of scattering is much : pactty . -

lower. lected rotational levels are displayed in Fig. 3. As for the
total opacity function, we observe excellent good global

Note that the dip observed in the total opacity function o .
P(J) [Fig. 1(b)], which is mirrored by a discontinuity in the agreement between the predictions of the two theoretical

calculated deflection function, occurs over a narrow range oftethods. As can be seen, twin lobes in the opacity functions
impact parameters very close to the location of the transitio®PPear only for transitions with small rotational inelasticity
between attractive deflection, characterized by the familiakA] smal). In the QCT calculations the highiobe appears
high impact parameter bulge In(6), and repulsive deflec- only for Aj=<3; in the QM calculations, the excitation prob-
tion, manifest in the other branch of the deflection function,ability for low Aj extends to higheb values and a very
which shows the increase in scattering angle with decreasingmall highb lobe appears, even fakj=5. For largerAj

b. A perfect compensation between attraction and repulsioialues, the highp “attractive” lobe in P(b) disappears since
would result in undeflected classical trajectorigkory scat-  the relatively weak interactions at a large impact parameter
tering), and would also preclude the appearance of inelasti€annot impart the large torques needed for high degrees of
excitation given the absence of a mechanism for the transfeptational excitations.

of energy and angular momentum between the collision part- The similarity in the shapes of the QM and QCT
ners. Although the glory singularity is smeared in the trajec-Aj-resolved opacity functions is reflected, as might be an-
tory calculations by the already mentioned anisotropy of thdicipated, in the corresponding DCSs, which are displayed in
potential, there is a small range of impact parameters, where€ig. 4. For the lower values afj, the angular distributions
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are concentrated in the forward region, but shift graduallycase is due to repulsion leading to smilbsitive) deflec-
to backward angles with growing inelastic excitation. Fortions is still noticeable, but the inelastic flux into large scat-
Aj=2 and 3, the QM DCSs show pronounced fast oscillatering angles begins to prevail. This may not be apparent
tions, caused by interferences between the high number dfom a first inspection of the solid anglee., not weighted
partial waves that contribute for inelastic transitions withby sind) DCS of Fig. 4; nevertheless, the integration of the
these small values &fj. ForAj=2 the classical DCS has a DCS shows that the partial cross section into the 0°-30°
secondary maximum at about 20°. An inspection of Figsangular range is 43% and 41.9% of thg=5 total cross
2(b) and 3 shows that the contribution of attractive interac-sections in the QM and QCT calculations, respectively.
tions leading taAj =2 excitations is concentrated in the an- Therefore, the total flux into angles30° is larger than that
gular range of this maximum, which constitutes a markedn the forward direction. More impulsive collisions are nec-
L-type rainbow. The analysis of the DCS indicates that thisesssary to cause increasing rotational excitation. Conse-
maximum is almost exclusively caused by trajectories perguently, the scattering becomes more backward peaked. As a
taining to the highb “attractive” bulge shown in Fig. 3. result, the DCSs shown in Fig. 4 fakj=9, 11, and 14
Since the cross section is proportional to the integrakexhibit a characteristic structure dominated by orientational
over b of P(b) multiplied by b [or, quantum mechanically, rainbows>>®which shift to larger angles with an increasing
the sum oved of (2J+1)P(J)], one concludes that most of degree of excitation.
the Aj=2 inelastic flux(more than 50% of the trajectories Orientational rainbows rise fairly abruptly from the low
is influenced by attractive excitations. The preponderance aingle side and then decline more slowly toward backward
attractive scattering around 20° would be readily discernibleangles. In other words, the “dark” side of the rainbow cor-
in the corresponding polar DC#ot shown, which is  responds to small angles and the “bright” side, to larger
weighted by sird. In the QM calculation this rainbow feature angles. In the classical case the low angle redgdark side
is smoothed and appears only as a shoulder, as shown in tieforbidden. In the QM calculations, smooth oscillations cor-
inset in the upper left hand panel in Fig. 4. responding to secondary orientational rainbdare also ob-
For Aj=3 transitions, both the magnitude of the QM served, as can be clearly seen in the figureXp+=9. These
fast oscillations and the contribution of attractive scatteringoroad, regular oscillations are absent from the QCT results
(centered now at about 2bare smaller compared to the (the smallest undulations appearing in some of the QCT
scattering at lower angles. This decrease in the importance &CSs displayed in Fig. 4 are within the statistical uncertain-
the attractive(large b) mechanism for inelastic excitation is ties in the expansion of the DCSs in Legendre
responsible for the marked drop in the integral inelastic crospolynomials$?). The narrow QM oscillations disappear
section betweehj=2 andAj=3 [see Fig. 19) of this ar-  gradually with growingA j due to the decrease in the number
ticle and Fig. 5 of Ref. 1p Scattering corresponding to of partial waves, which lead to excitation of the high
Aj=5 is already dominated by repulsive forces. In fact, thestates.
analysis of the trajectory calculations clearly indicates that A comparison of the present QCT and the experimental
the contribution of attractive interactions, which gives rise toDCSs of Kohguchiet al?? is shown in Fig. 5(the corre-
the second lobe in the opacity functions, is almost negligiblesponding comparison with the QM results for these rota-
Forward scattering of the excited molecules, which in thistional levels was presented in Ref. R2Infortunately, the
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experiments did not yield absolute values of the DCSs. ConAj<3, attraction is the dominant excitation mechanism.
sequently, in the comparison we scaled the experimental rédverall, attractive interactions are responsible for about 22%
sults to the theoretical DCS using a least square minimizaef the inelastic trajectories. The differential cross sections for
tion of the deviations. The general evolution from forward totransitions withAj=<3 show prominent impact parameter
backward scattering with increasidg described in the pre- rainbows for center-of-mass scattering angles close to 20°. In
vious paragraph agrees with the experimental observationthe quantum calculations, this rainbow feature is appreciably
The agreement between the experimental and QCT DCSs femoothed, as might be expected. Unfortunately no experi-
individual j’ values is reasonably good, although some ofmental differential cross sections were reported for scattering
the details, such as the broad, smooth oscillations corrénto these low-lying rotational states.

sponding to secondary rainbows discussed in the preceding Both the classical and the quantum mechanical treatment
paragraphs, are not reproduced in the QCT simulations. Urpredict the existence of a small range of impact parameters
fortunately, due likely to the presence of low-lying excited over which rotational excitation does not occur. Here, the
rotational levels in the initial beam, experimental DCSs foreffects of attractive and repulsive interactions cancel each
excitation of the lowesi’ levels in theQ)=1/2 spin—orbit  other out, with the result that a pronounced minimum occurs
manifold, were not reportet. in the opacity function. This feature, which appears only for
transitions with small\ j, provides a clear-cut separation be-
tween the attractive and repulsive dynamical regimes for ro-

A detailed classical and quantum mechanical study o%atlonal excitation. The abrupt disappearance of the attractive

: _ _ _ /of . L hani -
rotationally inelastic scattering of NO by Ar has been carrled( arge impact paramet)arexcnathn mechanism asj in
_creases leads to a marked drop in the calculated values of the

out at the collision energy of a recent high resolution experl-gc.l. and QM integral cross sections betweeyj=2

ment. State-resolved integral and differential cross section o . : : .
. : and Aj=3, in agreement with previous experimental
were calculated for all the excited levels of NO in the IoweStobservations

spin—orbit manifold. Repulsive interactions were seen to be The good agreement between the QM and QCT differ-

S|lm|larlly responsible for thg exqtaﬂonlof rotatlonaI. levels ential and integral cross sections reveals that the essential
with Aj=5. The corresponding differential cross sections are

. : . ) . . details of the spin—orbit conserving transitions of NO in col-
dominated by rotational rainbows that shift to mcreasmglyIiSions with Ar are fully retained in the QCT simulations.

backward angles with an increasing degree of rotational eXAdditionaIIy, the QCT calculations provide more direct in-

citation. The quasiclassical trajectory approach can repro-

. : . ight into the interplay between the forces that lead to rota-
duce satisfactorily the overall shapes and trends seen in bo o e .
onal excitation of this diatomic molecule.

the experimental and quantum mechanical state-resolved dif-

fgrermal cross sections, but. fails to account for the fast 053 CKNOWLEDGMENTS
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IV. SUMMARY AND CONCLUSIONS
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