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The collision dynamics of the N®Ne system is investigated in a molecular beam scattering
experiment at a collision energy of 1055¢ch Employing resonance enhanced multiphoton
ionization of NO, we measured state-resolved integral and differential cross sections for the
excitation to various levels of both spin-orbit manifolds. The dependence of the scattered intensity
on the laser polarization is used to extract differential quadrupole moments for the collision induced
angular momentum alignment. The set of cross section data is compared with results of a full
quantum mechanical close coupling calculation using the sabafitio potential energy surfaces

of Alexanderet al. [J. Chem. Phys114, 5588 (2001)]. In previous work, it was found that the
positions and rotational substructures for the lowest bend-stretch vibrational states derived from
these surfaces agree very well with the observed spectrum of the NO—Ne complex. For the same
potential, we find that the calculated cross sections show a less satisfactory agreement with the
experimental data. While the overdll dependence and magnitude of the integral and differential
cross sections are in good agreement, noticeable discrepancies exist for the angle dependence of the
differential cross sections. In general, the calculated rotational rainbow structures are shifted
towards larger scattering angles indicating that the anisotropy of the potential is overestimated in the
fit to the ab initio points or in theab initio calculation itself. For most states, we find the measured
alignment moments to be in excellent agreement with the results of the calculation as well as with
predictions of sudden models. Significant deviations from the sudden models are observed only for
those fine-structure changing collisions which are dominated by forward scattering. Results of the
full quantum calculation confirm the deviations for these state2004 American Institute of
Physics. [DOI: 10.1063/1.1763149

I. INTRODUCTION The incomplete recovery of the correlation energy for

these weakly bound complexes causes the well of the poten-

n .recent years, the interaction of open she!l mqlecule%al to be too shallow and located at slightly too large a
and .‘i'_ff-,ere”t rare gas atoms ha}s been studied in gr.eENO—Rg distance. This results in a rotational constant that is
detail.~ Systems involving the radicals OH or NO and their too small. Discrepancies in the NO—Nesplitting also sug-
interaction with different rare gases have evolved as proto- ost smail deficiencies in the average poterifidihe P-type
typical examples. In particular, the bound s_tate spectroscop oubling, which involves the difference potentidlis pre-
of NO-Ar and OH—Ar complexes has provided much detail icted slightly too small. Despite these small discrepancies,

about the intermediate and long-range parts of th ) i
g ge p the potential predicts most of the observed features correctly.

interaction® 24 The interaction at short range, especially for :
the NO—Ar system, has been probed in numerous moleculdP fact, many of the NO-Ne rotational structures could be
reliably assigned only by using the results of e initio

beam scattering experimertfs?’ Also the collision dynam- _ _ . .
ics with He has been studied extensivdly** calculation as a guide. This and our earlier study of NO—Ar

There have been fewer investigations of the NO—Ne SyS(;omplexe§4 suggest that high-levelb initio calculations of
tem. Several early scattering probes of the interaction poterRotential surfaces combined with full quantum dynamics cal-
tial were limited to the determination of integral and differ- culations provide an extremely accurate description of the
ential cross sections without state resoluffdf® More  spectroscopy of the NO—noble gas complexes.
recently, we reported a spectroscopic investigation of the We might ask if similar accuracy can be obtained for
lowest bend-stretch vibrational states of the NO-NeNO-noble gas scattering dynamics. For the NO—Ar system,
complex?” The observed positions and rotational substruca series of imaging studi#s? indicate that calculations
tures of the measured bands were in excellent agreemehased on high-qualityab initio PESs can provide nearly
with predictions based on a set of high leadl initio poten-  quantitative predictiongat least relative prediction®f the
tial energy surface$PES$.% Analysis suggested only very experimental differential cross sections. We here report a
small deficiencies of the potential in the well region. similar comparison for the scattering of NO by Ne. State-
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resolved integral and differential cross sections are measurdaee, and subsequently fitted by SolddThese were deter-

in a counterpropagating molecular beam scattering experimined by restricted coupled-clust¢tRCCSIOT)] calcula-

ment. A complete set of cross section data is compared witlions with a large basis set and with the NO bond distance

the results of a close coupling calculation using éheinitio  held fixed at 1.1526 Athe equilibrium internuclear separa-

PESs of Soldan and WrigF. tion predicted by a comparable RCC8I calculation on the
We also report differential alignment moments of theisolated NO molecule

final angular momentum distribution. In the past, we mea- In the treatment of the scattering>*>Sit is conve-

sured quadrupole moments of the angular momentum distrinient to work with the average and half difference of the

bution for collisions of NH and CO with He or H.“=*3In  PESs for the states &&” and A’ reflection symmetry, de-

all cases, the observed differential alignment was in excellerfined as

agreement with predictions of the sudden kinematic apse

(KA)4g)r the geometr_lc aps(é;A) models proposed by Khare Veum= 5 (VartVar)

et al.™ The assumption of an instantaneous angular momen-

tum transfer implies that the projection of the rotational an-

gular momentum onto the direction of linear momentum?@"

transfer is conserved in the collision. Since this model does

not invoke any interaction potential, observed deviations  Vgit=3(Var—Var).

from this sudden limit can provide information about details

of the underlying interaction. Full close-coupled scattering calculations involving both
There are two possible origins of a breakdown of thepotential surfaces were carried out at total energies of 1160,

sudden assumption: First, inelastic cross sections dominategh40, and 940 cmt. These energies span the range of col-

by forward scattering are usually sensitive to the weak, longtision energies sampled in the scattering experiments, as de-

range part of the interaction which acts over a considerablgcribed in the following section. To obtain convergence in

distance. Second, cross sections involving simultaneous efne scattering calculations, all rotational levels widh

ergy transfer into other degrees of freedom besides rotatioa o4 5 (26.5 for the calculations at 1160 ¢ were in-

are likely to cause deviations from the sudden limit. ThiScjyded in the expansion of the scattering wave function, and

latter case can occur in collisions involving NO since two )| values of the total angular momentus130.5 were in-

types of rotationally inelastic transitions are possible: fine-c| ded. The calculations were carried out with thBRIDON
structure conserving and fine-structure changing. Since thgrogram suité?

latter are governed by the difference between the two NO—
noble gas PES¥, deviations from a simple sudden model are
more likely. From an experimental point of view the detec-
tion of alignment in a collision process is already a major'“- EXPERIMENT AND DATA ANALYSIS
challenge. To detect any deviations from the sudden limit

. " I te intensit s H Details of the molecular beam apparatus have been de-
requires extremely accurate Intensity measurements. HoVe ipeq previousl§®4° Briefly, two pulsed molecular beam
ever, recent improvements in our experimental setup as we

o o o ources are mounted in a 500 mm diameter source chamber
as the availability ofab initio PESs and the feasibility of a

full ‘ hanical treat ¢ of the d . K umped by an 11 000 I/s diffusion pump. This chamber also
ufl quantum mechanical treatment of the dynamics Mak&,ntains the differentially pumped scattering chamber evacu-
NO+ Ne an ideal model system.

: . . ated by a 3000 I/s diffusion pump. Both diffusion pumps are
. The paper is orggmzed as follows: In _the followm_g S€Chacked by a single roots-rotary pump combination. The mo-
tion, we present details of the CC calculation of the differen ecular beam pulses enter the scattering chamber through
types of cross sections. Section lll provides a summary o #immers on opposite walls of the scattering chamber. Tun-
the experiment and the procedL_Jres used for the ext_ractlon %ble UV light for ion detection through resonance enhanced
center-of-masgc.m,) cross sections from the experimental multiphoton ionization (REMP)) is generated with a
data. Theore_tical and_ experimental cross _section_s are COM4-yAG (YAG—yttrium aluminum garnetoumped dye laser
p_ared and discussed in Sec. IV. We end with a brief ConCIU'system operating at a repetition rate of 10 Hz. The output of
sion. the dye laser is frequency doubled in a potassium dihydrogen
phosphatéKDP) crystal. About 1 mJ/pulse of UV radiation
Il. CLOSE COUPLED SCATTERING CALCULATIONS is focused onto the molecular beam with a 500 mm lens. The
linear laser polarization is controlled with a lag@rswitch
The approach of a structureless atom to a molecule in gCleveland Crystalsto be either parallel or perpendicular to
’I1 electronic state gives rise to two PESs,Aff and A’ the molecular beam axis. lons generated by the focussed la-
symmetry with respect to reflection in the triatomic plane.ser beam are accelerated in a two-field electrode arrange-
The PESs are a function of the three Jacobi coordinates usgflent. A dispersion field is used to separate the ions accord-
to describe the triatomic system(the NO bond distangeR  ing to their velocity component in the direction of the
(the distance between the Ne atom and the center of mass ffolecular beam. In a second field, the ions are accelerated
the NO moleculg andé (the angle between andﬁ). Inthe  towards a combination of two electrostatic mirrors which
calculations presented here, as in our investigation of theeflect them towards a microchannel plé@CP) detector
NO-Ne complex, we use thab initio PESs of Wright and (Del Mar Ventures, San Diego, GAIn comparison with the
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FIG. 1. TOF spectra probing the levét 0.5 of NO in the primary beam witfdashed and without(solid) target beam recorded for the indicated direction
of the laser polarization.

original design, this electrode setup provides an improvedng length. In order to assess the probability for multiple
velocity resolution while maintaining a high detection collisions, we carefully monitor the depletion of the NO ini-
sensitivity>*>! tial state. In Fig. 1, we display time-of-fligfifOF) spectra
The NO beam is generated by expanding a 5% NO/Ameasured with the indicated laser polarization. From the dif-
mixture from a home-built piezoelectric valve at a backingference of spectra taken with and without target beam, we
pressure of 1.4 baf The expansion of NO in Ar results in a deduce a depletion db=0.08 for bothA-doublet compo-
rotational temperature of abb@ K consistent with the al- nents independent of the laser polarization. Assuming a mini-
most exclusive population of th&=0.5 level. Bothx dou- mum mean free path of 25 cm corresponding to a particle
blets are assumed to be equally populated. This assumptiatensity of 18%cm® and a total cross section of 40°An
is consistent with the resonantly enhanced multiphoton ioneombination with a pulse overlap of 2 cm, we find the fol-
ization (REMPI) spectrum for the NO molecular beam which lowing estimates for multiple collisions calculated for a Pois-
yields equal population of the twio doublets with an uncer- son distribution: 8% single collisions and 0.3% secondary
tainty of about 20%. Note that the-doublet components of collisions. The observed depletion reflects the sum of the
probed states can be distinguished in thet@@ REMPI integral cross sections over all final states for the probed
detection step. The next higher energy level corresponding te-doublet component of the initial level with=0.5. For the
J=1.5is reduced in intensity by a factor of at least 20. Theanalysis of the integral cross section data and the TOF spec-
target beam is generated by expanding Ne from a commetra, we must take into account the depletion of the rest popu-
cial molecular beam valvelORDAN CQO at a backing pres- lation in different final states. Although the total cross section
sure of 1.6 bar. The two pulses have a duraffoifi width at ~ for the depletion of different final states can in principle vary
half maximum(FWHM)] of about 60us. The most probable as a function ofl;, we assumé® ;= 0.08 independent qf; .
velocities in the beams are 610 m/s for NO in Ar and 840 m/sB Integral cross sections
for the Ne beam resulting in a collision energy of 1055
+75cm L. Integral cross sectiondCS) are measured using a base
Different final states of NO are probed using42) line subtraction mode which allows us to discriminate the
REMPI detection via the Rydberg staté3{H’?I1.%° De-  signal due to scattering into a final state from a possible rest
tails of the spectroscopy and its application towards the depopulation of the state of interest. The background subtrac-
tection of aligned product ensembles have been presentdin is accomplished by pulsing the target molecular beam
recently>* Although the spectrum is dominated by a zerothsource at half the repetition rate of the laser and measuring
rank tensor component of the two-photon absorption operathe detector signal simultaneously with two identical boxcar
tor, the presence of small second rank tensor components &eraging systems. One boxcar averager operates in a base
responsible for a pronounced polarization dependence of thi#e subtraction mode acquiring the difference sighalas-
signal if an aligned molecular ensemble is probed. sociated with two consecutive pulses while the other boxcar
operates in the standard averaging mode yielding a signal
S;. Care is taken that the gates of both boxcars yield iden-
tical signals when operated in the standard averaging mode.
In a counterpropagating molecular beam scattering exSpectra are measured as a function of the laser frequency
periment, the scattering volume depends critically on thewith the laser polarization parallel to the molecular beam
relative delay of the two molecular beam pulses. The delayxis. In order to increase the signal-to-noise ratio in these
directly determines the overlap and thus the effective scattemeasurements, we use a single electric field of 100 V/cm for

A. NO depletion
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FIG. 2. Scattering signal in the frequency region probing fine-structure cong|g, 3, Scattering signal in the frequency region probing fine-structure
serving collisions. The rotational lines belonging to the bran@gg and  changing collisions. The rotational lines belonging to the bran€hesand
Q2 are marked with §;—0.5). Q. are marked with §;—0.5).

the acceleration of the ions towards the detector. Even with .
the resulting signal enhancement, it was not feasible to mea- _In the _cc_)unterpropagatlng mo]ecula}r beam setup, the de-
sure the polarization dependence of the integral scatterinagecu.on efficiency is not ne_cessanly uniform. I_n most cases,
signal because of the extensive averaging required. Using aartmle; sgattered either into the fOW.V"’Vd or into the back-
30 shot average, we estimate the experimental uncertainty %/c\)/ard Fi|rect|ons are deFected more efﬂqently: Therefore, the
be less than 30% for the smallest cross sections. Valugs of experimentally determined scattered intensity represents a

andsS; for individual final states are determined in a fit to the L‘:‘fg%g%;gostle'ab Wmcﬁomgrséobme Zﬁggﬁﬂ?hesvifﬂotﬁefhe
spectra taking into account the line strength of individual cm- A Prop P lab

" ' ._oretical data involves the convolution of the theoretical dif-
transitions. Because most final states can be probed on lin

S . . .
of different Q branches, the individual results are averaged(?erem'{jll cross sectio(DCS) with an apparatus function that

In the excited state, the spin-uncoupling operator is respon(:_iescrlbes the correlation between scattering angle and the

sible for a strongl-dependent perturbation affecting levels of projeqtion of the finql veIocit.y onto th(.a molecular begm axis.
type 1d and .5 These perturbations are responsible forMOSt importantly, this function describes the velocity- and,

anomalous line strengths and level spacings. In particulawere;ore}sngltla—gepen?erg detecgllon Eff'C'Zﬁ(‘s\}m Fig. 4It
levels with values of] near 5.5 are affected. TH@-branch fei O\(I;Vc € rle al Ive ratio fafb andiem fas;z onineresu Sf
lines that involve these perturbed levels are labeled with ( of the calculation as a function of the energy transter
-0.5) in Figs. 2 and 3. As a consequence, intensities of these

lines are not as well reproduced in the fit as lines belonging

to the unperturbed branches. Typical spectra of Jpare 12
displayed in Figs. 2 and 3 for different types of fine-structure o
transitions. ok .. o o

The rest populatiom;(rst) and the population transfer ' o . o e *
An; are extracted from the signalk and S; taking into « * °
account the depletion of the rest population due to scattering 98 [
from the target bearff g

Ang=(1-3D¢)T;+DsSy, (la 3 oo

1 Hﬁ

ne(rst)=S— 3Ts. (1b) 04 NO-+Ne o ol
As a result of the supersonic expansion, NO is cooled rota: 0 ©=3/2
tionally extremely efficiently, and the population transfer 02F @
An; is approximately proportional to a laboratory 1Cg,

for scattering from the initial level into the final stafe ool—1L ;
. . , 0 50 100 150 200 250 300 350 400

Obviously, this cross section represents the average over th y

different initial states including the twa-doublet compo- AE /cm

nents. In the following, we neglect the small contaminationg|g. 4. Normalized ratio of the calculated laboratory and true ICS as a

due to the 5% population of th&=1.5 level. function of the energy transfexE.
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FIG. 5. Experimental and theoretical laboratory ICSs for the indicated fineFIG. 6. Degeneracy averaged TOF spectra for the indicated final states.
structure conserving collisior(sight pane) and fine structure changing col- Spectra probing levels withe(=0.5¢¢= —1) are recorded on lines of the
lisions (left pane) as a function ofl; . Q,,4 branch while spectra probing levele € 1.5e;=+1) are recorded on
the Q4 branch. All spectra are displayed on the same relative scale consis-
tent with the integral cross sections of the figure.

AE. The ratio varies by almost 20% for the NONe system.

The variations reflect the angle dependence of the detectiog gscilloscope whose output is subsequently transferred to a
efficiency and the DCS. For example, fine-structure conservpc for storage and further analysis. In this way, we simulta-
ing transitions favor large angle scattering with increasing;;neous|y build up polarization dependent TOF spectra avoid-
energy transfer. Since sideways scattering is detected Wity |ong term drifts in the laser power or the molecular beam
lower sensitivity, the corresponding cross sectigg is re-  gensities. From the TOF spectra associated with the two dif-
duced causing the minimum of the ratio for energy transfergerent settings of the laser polarization, we generate a degen-
near 200 cm?. DCSs corresponding to larger energy trans-eraCy averaged SpeCtruﬁhef%(Fh"' 2F,) and a differ-

fers are dominated by backward scattering resulting in thece spectrunf 4i;s=F,—F, . Examples of these types of
relative increase of the laboratory ICS. Obviously, the samg-of spectra for fine-structure conserving and changing col-
argument applies to the cross sections for fine-structurgsions are shown in Figs. 6degeneracy averageand 7
changing collisions. The laboratory ICSs for the p0p“|ati0n(difference.

of different A doublets in both spin-orbit manifolds are dis- DCSs are extracted from the TOF spectra with the help
played n Fig. 5. For a meaningful comparison between thajf an apparatus functiof(v,,cos6) which is determined
theoretical and experimental data we determine an overafl, . y,q scattering kinematics, the characteristics of the mo-
scaling factor that minimizes the differences between the tw?ecular beam pulses, and the relative delays of all pifs&s
sets. The scaled experimental ICSs are used to normalize the ' '

experimental TOF spectra. This not only allows us to com-G(UfZ’C,Ose) describes the cprrelatlon of_the projectiof,
f the final laboratory velocity vector with c@swhere 0

pare directly theoretical and experimental TOF spectra bu? . . .
also the corresponding DCSs, represents the scattering angle in the c.m. frame. The incor-

poration of the different delays defines an effective scattering

C. Differential cross sections and alignment

TOF spectra for different final states of NO are measured ¢
in the velocity dispersion mode: dispersion field 5 V/cm and
acceleration field 70 V/icm. Many of the final states probed 12
show a small but significant rest population due to the in-
complete rotational cooling of NO in the expansion. We dis- o 8
tinguish the rest population from the scattering signal by';'<
determining the difference of two TOF spectra: One mea-/\\4
sured with the target beam overlapping and the other with the <
target beam missing the NO beam pulse. In order to generat 7

a TOF spectrum representing the scattering into a particula " — EBxp by 0=3/2
final state, we subtract the spectrum due to the rest popula ----- KA | 4 W e=t1

tion taking into account the depletion of the latter. The de- 4| ----CC v

pendence on the laser polarization is determined by measui 4, Y 00 105 9.0 95 0.0 10.5
ing pairs of spectraFy(t) and F,(t) with the laser TOF / ps TOF/ s

pOIanzatl.on parallel and. perpendlcular to the _mOIeCU|arFIG. 7. Difference TOF spectra for the indicated final states. The spectra are
beam axis. For each setting of the laser polarization and th&splayed on a relative scale consistent with the integral cross sections of

target beam delay, 500 TOF spectra are averaged with a digFig. 5.
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volume through the spatial and temporal profiles of the mopole moment, i.e.jl'g“), affects an alignment measurement

lecular beam pulses and assures tBét,,cos6é) describes based exclusively on the use of horizontal and vertical laser
correctly the delay dependence of the scattered intensity. THeolarization. Using the predictions of the sudden models, we
apparatus function is defined in such a way that the velocitfind that the difference spectra are completely dominated by
distributionF (vy,) associated with a TOF spectrufi(t) is the quadrupole moment. For some final states contributions

. . (4) i
related to the DCSr(cosé) through a simple convolution: ~ dué to To” can be recognized although they usually are
within the experimental nois¥. In this context it is impor-

tant to emphasize that the momdif) predicted by the sud-
den models is in very good agreement with the results of the

. : CC calculation.
Because we normalize the area of experimental TOF spectra

to the measured laboratory ICSs which in turn are scaled to
the set of theoretical ICSs, the extracted DCSs have the cory. RESULTS AND DISCUSSION
rect relative magnitude allowing us to compare them among
each other but also with theoretical DCSs. Here we assume 1he measured integral cross sections for fine-structure
that the different apparatus functions are normalized in #0nserving and changing collisions are compared with the
consistent manner; for example, by using the same grid fofheoretical values determined fig, = 1040 cn ' in Fig. 5. .
the calculation: 100 points im, and 30 points in CO. The four sets of experimental cross sections were scaled with
Because the radius of the Newton sphere decreases with ig-single factor in order to best match the theoretical values.
creasing energy transfer, the effective angular resolution jAlthough the estimated experimental error is in the order of
lowered accordingly. For some final states, the reduced resg= 15%, we find qualitative agreement for all cross sections.
lution causes an unphysical oscillatory behavior of the DcShe relative magnitudes of the spin-orbit conserving cross
when applying a simple linear least squares fitting proceduréeCtionsv_ and th_eir variation with the final rotati(_)nal q_uantum
These difficulties are avoided by applying the method oftumber is predicted well. However, the predicted integral
single value decompositio(BVD) for the determination of Cross sections for the spin-orbit changing cross sections are
the DCS3? too small. This suggests that the difference potential is too
From the analysis of the polarization dependent TOFsmaII_in the region proped in the scattering experiment. In-
spectra, we find the degeneracy averaged cross sectié@restingly, the comparison of the bound states suggested a
04eg(COSH) and a difference cross sectian;¢(cos). The similar discrepancy for the WeII' region. In thls case, we
latter can be used to derive the differential quadrupole mofound theP-type doubling and, in particular, it3 depen-

F(vsy)= f_lld cos6G(v¢,,c0s6) o(cosh). 2)

mentT{?)(cos6) of the angular momentum distribution de'?cef[_ t|(~°)’8 be noticeably underestimated by #i® initio
potential’
T 4it£(COSH) 3 V2J"+1 By(J",J") T cosg 3 We also observe a marked propensity for excitation of
Oged COSH) 2 Bo(J",J") © (cos). © doublets corresponding to rotational levels witfi elec-

» tronic symmetry’ [the f levels (e=—1) in thew=1/2 spin-
The coefficient8y and B, must be calculated from the an- orbit manifold and the levels (e= +1) in thew=3/2 spin-

gular momenta, the electronic wave functions and the matrix pie manifold). This is seen in both the experimental and
elements involved in the two-photon transition. For the H'Xtheoretical cross sections. This propensity is more pro-

transition, (%)etails arfg discussledrﬁig I;ef. 54. The Ialignmenltlounced in the experimental data. This propensity has its
momentsT, ™ are defined by Blum” They are directly pro- origin in the spin-uncoupling contribution to the diatom

i (Q) ]
p(_)rtlonal to the momenté de_fmed by Green(_a and Zate. Hamiltonian causing the mixing of different Hund’s casg
Since the quadrupole moment involves the ratio of two quanpqjs states as the valuedfincrease® The excitation into

tities with rather large experimental uncertainty, we eXpect & |apeled levels is predicted almost quantitatively for both

corresponding error in the derived alignment moment. NeV'spin—orbit components. However, the calculated cross sec-

ertheless, the resulting data can be compared directly Wity s for transitions into the-labeled levels are too large in
the results of the CC calculation. , the case of fine-structure conserving collisions and too small
As will be shown in the following section, many of the ¢, fine_structure changing collisions. If the NO molecule
observed alignment characteristics can be understood Rere pure Hund’s cas@), then the spin-orbit changing tran-
terms of a sudden collision. The validity of these models issitions would be governed solely by the difference
best checked against experimental da’Fa bY cqmp_aring diﬁetbotential‘.‘s Further, the cross sections would be independent
ence TOF spectra based on the velocity distribution, of the symmetry index of the final state. The large difference
. 1 _ between the cross sections into theand f levels reflects
Fdiff(Ufz):f d costG(vy,,co80)ayits(cosd). (4 quantum interference between the sum and difference
- potentials® The discrepancies seen in Fig. 5 between the
Here o4ist(cosé) is calculated according to E@3). In the  predicted and measuredl’ to A’ ratios suggest that small
case of the sudden models, we use the experimentally detesrors in the difference PESs may be amplified by this inter-
mined degeneracy averaged DCS in the calculation oference effect.
og4itrf(cosé). Therefore, any deviation in the difference spec-  Degeneracy averaged TOF spectra calculated from the
trum can be attributed to the failure of the models. Furthertheoretical DCSs are shown as dashed lines in Fig. 6 together
more, we can check how the next higher-order state multiwith the experimental data. The underlying DCSs are com-
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of J;, we observe a maximum for forward scattering with a
secondary maximum discernible as a shoulder at slightly
larger scattering angles. A third structure is observed for
cosf=0. With increasingl; the structures are also shifted
towards larger angles. In contrast to the results of the theo-
retical calculation, the shifts are considerably smaller. As a
result, experimental TOF spectra or the associated cross sec-
tions for a particular value od; agree well in shape with
NO+Ne 2;‘_’12 i —SVD oy theoretical data corresponding to a lower valuelJof For
---CC example, the general angular dependence of the experimental
165 I data forJ;=7.5,12.5, and 14.5 agree better with the pre-
’ x0.75 1735 dicted cross sections fdr=6.5,10.5, and 12.5, respectively.
' 00 -05 -l0 We note that similar rainbow structures, and similar shifts to
cos larger angles with increasindy were seen in the recent mo-

FIG. 8. Degeneracy averaged differential cross sections for the finelecular beam/imaging experiments on collisions of NO with
structure conservingleft pane) and fine-structure changingight panel Ar.24-26

collisions. All cross sections are shown on the same relative scale estab-
lished through the integral cross sections.

~-

A similar situation is found for fine-structure changing
collisions. For example, we find good agreement in the an-
gular position of the structures in the experimental spectrum

pared in Fig. 8. Again we find good agreement for the overalfor J;=9.5 with the structures predicted féy=7.5. We also

shape of the DCSs. Both sets of cross sections show an imotice a broad maximum in the experimental data Jer
creased probability for large angle scattering with increasing-4.5 and scattering angles with s —0.5 which is absent

Ji. Comparing theJ; dependence of cross sections corre-jn the theoretical prediction. Nevertheless, this maximum

sponding toAw=0 andAw = +1, we notice a similar angu- shows the characteristic shift towards larger scattering angles

lar dependence although the fine structure changing colligjith increasingd; confirming that it is not an artifact, for
sions involve a considerably larger energy transfer for dxample, due to spectroscopic congestion.

given value ofJ;. This trend is also predicted by the theo-  1q jnvestigate further the observed discrepancies in the

retical calculation. position of the maxima, we looked at the effect of varying

A closer inspection of the TOF spectra as well as theye center-of-mass collision energy. Although we could not
DCSs reveals several pronounced maxima. These correspoogry this over a wide range, we were able to measure TOF

to rotational rainbows? Both experiment and theory reveal spectra forJ;=7.5 using different delays within the FWHM

thatl thes;ah maxima a;e Fshn}ited ttowa:rds larger §cattelr NBenter of the target molecular beam pulse. For these delays,
angles with increasing.J. For fine-structure conserving col- collisions result from different regions in the center of the

o o ot 108 bea s A shown n Rl 0, e ocal velocy
to COS¢9=6,5 while a second maximum is shifted towardsdlsmbl“'mn in the Ce””?" part of the pulse as .r.neasur(_ad
backward écattering. Fal;=6.5, a shoulder in the forward th.rough 'on TOF analysis does not chapge S|gn|f|cantly n

' width while the local most probable velocity changes notice-

peak marks the position of the second maximum while, for . . ;
J,=7.5 (see Fig. 9, this maximum is separated from the ably. Furthermore, Monte Carlo simulations of the scattering

forward peak and a third maximum is observed at &0s _I?gtla:mancs revgal that the q ;cattered”ﬂuT contnbutmhg tlo a
=—0.5. In general, we observe the third maximum for Iowf spectrl(er_n IS generaTe mha Sm? V? un;)e near the laser
values ofJ; near cog=—0.3. Similar structures are also '0CUS €xtending=5mm along the molecular beam axis. For

observed in the experimental spectra. At the smallest valuggomparison, the spatial width of the target beam pulse
(FWHM) is 50 mm. As a result the applied target beam delay

variations result in small changes in the average collision

A energy of about-60 cm ! without changing its spread. The
' NO+Ne E _CC ~ measured spectra are analyzed with an apparatus function
8| H-X Q,.(7.5) 1715, 871 appropriate for the relative delay and for the velocity distri-
§ bution of the target beam. The resulting DCSs are displayed
—g L in the left panel of Fig. 9. Although the cross sections are
. —— 940cm™ . . . . g . .
~ -==- 997cm" 30ps oo’ almost identical, we notice small but significant shifts in the
< ___i‘l’ﬁﬁ ﬂz’: == 1160cm’ position of the observed structures; most noticeably for the
\81) shoulder at cog=0.4 and the maximum near c6s —0.1.
& In the right panel of Fig. 9, we display the results of the CC
) calculation for three collision energies. Again the structures
Lo 05 00 05 1.0 1.0 05 00 05  -10 in the DCS exhibit a very similar dependence on the colli-
cos cos sion energy. In both sets of data, the structures shift towards
FIG. 9. DCS for the excitation of the leveb(J; ,e) = (0.5,7.5-1) forthe ~ SMaller scattering angles with increasing collision energy.
indicated collision energies: Experimeffeft pane) and CC(right pane). The larger shifts in the theoretical cross sections are attrib-
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1.0 1.0 1.0
NO+Ne NO+Ne
(0=1/2,Jf=6.5 0)=1/2,Jf=l4.5 0)=3/2,Jf=3-5
osf; e~1| o5 g~-1 osf: g=+1

(cos0)

@
0

A

1.0 0.5 0.0 0.5
cos 0

FIG. 10. Differential quadrupole moments for the indicated final states. TheFIG. 11. Differential quadrupole moments for the indicated final states. The
experimental result is shown as solid line while the predictions of the sudexperimental result is shown as the solid line while the predictions of the
den models are represented as dashed curves. The result of the CC calcdadden models, KA and GA, are represented as dash-dotted and dotted
tion is given as the dotted line. curves. The result of the CC calculation is given as the dashed line.

uted to the larger variation in the collision energy in the
calculations ¢ 120 and— 100 cm 1).

Overall, theory predicts an energy dependence Ve@or high J; values belonging to the excited spin-orbit mani-
similar to that seen experimentally. However, the degree ofold. In the case of the fine-structure changing collisions that
variation is not enough to explain the differences seen in thé'® dominated by forward scattering, we find significant de-

position of the maxima, when the theoretical and experimenviations especially for forward scattering.
tal DCSs are compared. The general behavior of the differential alignment can be

The position of the rotational rainbow maxima can beunderstood in terms of an “apse” sudden motfeThe kine-
related to the anisotropy of the interaction potential. Withinmatic apse modelKA) is based on the assumption that the
the framework of a classical hard ellipsoid model, the rota2ngular momentum transfer happens instantaneously at a
tional rainbow positions are related to the eccentricity of theParticular distance, for example, the classical turning point.
ellipsoid® If we identify the efficiency for angular momen- From the conservation of the total angular momentum, it
tum transfer as being reflected by the anisotropy of the avthian follows that the rotational angular momentum transfer
erage potential, if we assume that the spin-orbit conservingJ must be perpendicular to the linear momentum transfer
transitions can be approximated by hard ellipsoid scattering g: AJ= —FpXAp. If we use the direction of the linear
on a single PES, then we might infer that the effective anmomentum transfer as the quantization axis, the model im-
isotropy of the average potential is overestimated byathe plies that the projection quantum numbdris well defined
initio calculations. in this frame(label KA). Assuming only states with;=0.5

According to Eq.(3), difference cross sections or differ- are present initially, we find the following state multipole
ence TOF spectra involve the quadrupole moment of the denoments for a final state with angular momentum quantum
pendence of the inelastic cross sections on the projectionumberJ; :
guantum number of the final rotational state, as well as the
degeneracy averaged cross section. Since both quantities are
available from the CC calculation, we compare in Fig. 7 the . _ M A~
theoretical difference TOF spectra with the experimental TE)Q)(J“KA)_% (=) 2Q+1
ones. Except for transitions into low values belonging to
the upper spin-orbit manifold, we find very similar polariza- (Jf Ji
tion effects. The polarization effect changes from negative M -M 0
values for forward scattering to positive values for backward
scattering. On the other hand, a reversed sign is observed at 20+ 1(-)" 1,2( I Ji Q) ®)
small scattering angles for fine structure changing collisions i -1 0)
with the lowest values 08;. Obviously, we cannot expect
guantitative agreement because of the discrepancies already
noted in the degeneracy averaged cross section. In order fifter transforming the multipole moments into a scattering
assess differences due to the quadrupole moment itself, wieame (label cm) whosez axis coincides with the molecular-
derive experimental values for the quadrupole moments adseam axis—which is also the direction of the initial relative
cording to Eq.(3). In Figs. 10 and 11, we compare directly velocity vector—and after averaging over the azimuthal
different quadrupole moments. For fine-structure conservingngle associated with the direction of the linear momentum
collisions, we find excellent agreement between the experitransfer, we arrive at the multipole moments referred to the
mental and theoretical data. Similar agreement is found alsscattering framésee the Appendix of Ref. 42 for details

pmm(Jt)
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TE(I55¢.m) =T (I ;KA)Po(cosp) osfe  w@-12,0765,e~1] | 0=1/2,1-14.5, ¢~1

Rcosf—1 ooy

JRZ—2Rcosh+1

Here the quantityR is determined by the relative energy 1o
transfer:R=1— (AE/E). In the case of backward scatter- 03f
ing, i.e., co¥=—1, both types of moments are identical for 02f
all values of AE. In particular, we expect the quadrupole g uif
moment to be negative and at its maximum absolute value. /@25 00|
similar situation arises for inelastic events observed in the ~ ;|
forward direction. For this case, the KA model again yields
the most negative quadrupole moment. This prediction con- 05 00 05 1010 05 00 05 -0

. . . cos O cos 0
trasts the results for elastic scatteririg={1) in the forward
direction. Now, the averaging over the azimuthal angle rey 8, . re o ing calisons wih the precictions of he KA moce
sults in a Slgnlflcantly reduced but positive quadrUp()Ie m()-(Zolid ling). The results of 3’18 CC calculation :re given as the dasked (
ment. o =+1), dotted €= —1), and dash-dottethverage lines.

The predictions of the KA model for small angle scatter-
ing contrast with those of the geometric ap&A) model**
which is based on the assumption of a negligible energy The situation is different for the moments characterizing
transfer. Both models predict strong negative alignment fofine-structure changing transitions. In this case both types of
backward scattering, but they clearly deviate for small anglgarity transitions show strong oscillations over a wide range
scattering. Predictions of the quadrupole moment for botlof scattering angles. Although the individual moments show
models are also displayed in Figs. 10 and 11. large deviations from the sudden model, in contrast to

For transitions with the largesiE, the GA model is  w-conserving transitions, parity averaging damps these oscil-
clearly not appropriate. On the other hand, the KA model idations(and consequently deviations from the sudden model
in nearly perfect agreement with experiment and the CC calexcept for the smallest J-transitions.
culations. Only in the case of those fine-structure changing As a result, we find that for the differential alignment
collisions which are dominated by forward scattering, do wemomentsA{?) andA§? major deviations from the KA model
find significant deviations between the predictions of theoccur mainly for transitions which are governed by the weak
sudden models and the CC calculations. Particularly at smalbng-range interaction, and are therefore not well described
scattering angles, the CC results exhibit several strong osciks a sudden impact, or for transitions which are sensitive to
lations indicative of interference effects. The experimentaboth PESs, for which the assumption of a single instanta-
data show clear deviations from the predictions of the twoneous angular momentum transfer is invalid.
sudden models. Although the experimental data in this region
show an oscillation, the sign and magnitude does not agreg CONCLUSION
with the results of the CC calculation. The situation should . )
be contrasted here with NO—Ar, where the experiments of T.he collision dyngmlcs of the N@Ne system was char.-
Chandler, Cline, and their co-work@?dind excellent agree- acterized by measuring and calculating st.ate resolved inte-
ment between the measured orientatidipole momentsof gral (ICS) and differential(DCS) cross sections as well as
the projection quantum number and CC calculations based
on high-qualityab initio PESs.

Although our experimental data represent an average
over the two\ doublets associated with the initial levé|
=0.5, it is instructive to compare the calculated parity re-
solved differential alignment moments with predictions of
the sudden model. Examples of the momeh§® and A§"
are shown in Figs. 12 and 13 fow-conserving and
w-changing collisions, respectively.

In the case of fine structure conserving transitions, we
find excellent agreement with the predictions of the KA
model. Noticeable deviations occur for small angle scatter-%t;o 0.0F

with  cospB=

(6)

@

A,(cosB)

05}

0s0)

®=3/2,1=9.5, e~+1
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ing. As shown clearly by the work of Aoiz and co-workers ol TR
on NO—-Ar, large-impact parameter collisions, which sample Ty Py E
the long-range part of the potential, contribute significantly ) S cesg P Moo  cos®

to transitions with lowA J.®* For these transitions the sudden _ _ o
FIG. 13. Comparison of the calculatédC) differential alignment moments

approximation will be least appropriate. Further deVlatl(m%‘or fine-structure changing collisions with the predictions of the KA model

are n_O_tice_d for scatter_ing angles near 90°, but only for thgsgiid line). The results of the CC calculation are given as the dasked (
transition into one parity level. =+1), dotted €=—1), and dash-dottethveragg lines.
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associated alignment moments for a collision energy ofrinciple, the full dependence on should be determined,
1055 cm' L. The relative magnitude of cross sections forand then averaged over the ground vibrational wave function
fine-structure conserving and changing collisions is predictedf the NO molecule.

correctly by the calculation based on thk initio potentials It is clear from the present comparison that high-quality
of Wright and co-workers® The calculations underestimate scattering experiments, and, in particular, the determination
the magnitude of the fine-structure changing cross sectionsf differential inelastic cross sections and alignments can
which suggests that the calculated difference potential is toprovide probes of the PESs of weakly interacting systems
small in the region probed in the scattering experiment. Thisvhich are complementary to those provided by spectroscopic
finding is consistent with the earlier analysis of the spectroexperiments on the corresponding weakly bound complexes.
scopic investigation of the NO—Ne compl&where the cal-
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