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We investigate collision-induced-doublet transitions in a system similar to N@r, based on a
semiclassical model in which nuclear motion is treated classically and electronic motion quantum
mechanically. We present a picture of this process by monitdrngthe expectation value of the
projection of electronic orbital-angular momentum onto the molecular NO axis, over the duration of
the collision. In a typical collision, the interaction with Ar would cause the electronic orbital-angular
momentum to precess about the rotating NO—Ar vector. However, since this angular momentum is
locked tightly to the diatomic axis, it is restricted to oscillation along this axis. This oscillation leads
to transitions between-doublet states. In addition to providing this physical picture of the collision
process, we calculate an alignment effect of 1.2 for a hypothetical three-vector correlation
experiment, neglecting spin. @997 American Institute of Physids§0021-960807)02037-0

I. INTRODUCTION cent review see Dagdigiah Although the energy difference
Petween twoA-doublet states is small, typically less than

P - . . . 1 cm %, there is a big difference between the states in the
collision-induced A-doublet transitions in diatomic mol-

ecules. Using a semiclassical model, we provide a physicszpatial orientation of their electronic wave functiqas seen

picture of the collision by generating Vector Evolution Dia- in previous paper, Fig.)1 Thus preferentl_al population of
grams, i.e., snapshots of the expectation value of the ele@® co-mponent over _the other may provide clues about the
tronic orbital-angular momentum vectofL), along the dynamlcf§ of the cplhsmn. , in which the initial

course of a trajectory. We compare the behavior of a molecu- We |rs_t ment!on expenme_nts in whic the initial state,
lar collision system, NG A, to that of an analogous atomic P2€fore collision, is prepared in a single component of a
collision systent, Na+He, and find the transition mechanism A-doublet. The first study of collisionally-induced electronic

to be analogous. For an atomic collision system such as N&N€rgy transfer intI1 diatomic molecules was reported in

+He, (L) locks onto and rapidly precesses about the inter1970 by Zare and co-workefsin which they irradiated a

nuclear axis. In a molecular system such as-N®, (L) is mixture of Li, dimer and Ar anq mo-nitore.d the regulting
strongly coupled to the diatomic NO axis. As the perturberfluor§§cence spectrum. For collisions in which thgre is both a
(Ar) approaches, we might expe(t) to precess about the transition betweer-doublet states and a change in the mol-
NO—Ar vector, but the coupling is too weak to unlok)  €cule’s rotational quantum number by one quantum, they
from the diatomic NO axis. Hence the motion @f) is a  found that there is a strong preference for that quantum num-
restricted precession; it oscillates along the diatomic axis. Per to increase if the molecule is initially in one-doublet

In addition to providing this physical picture, we inves- state, but to decrease if the molecule is initially in the other
tigate how collision alignment affects the probability for a A-doublet state. They proposed a transition mechanism,
A-doublet transition. Two different collision alignments are based on a simple, billiard-ball-like classical model, in which
shown schematically in Fig. 1. Ite) the collision partner the observed propensities could be explained by the differ-
approaches perpendicular to tHeorbital, and parallel to the ence in the spatial distribution of the electron charge density
diatomic axis, while in(b) it approaches parallel to the or- for the two A-doublet states. Also using laser-induced fluo-
bital, and perpendicular to the diatomic axis. rescence, Bergmann and Defated investigated collision-

Experiments have shown that the orbital alignment ofinduced transitions in the Nadimer with many different
atoms([for instance, CaRef. 2 and Né&* (Ref. 3] with  collision partners, and found similar propensity rules. More-
respect to the relative velocity vector can have a large effeqpver, they saw a reversal in the propensities for heavier rare
on the outcome of a collision. We know of no analogousgas collision partners. They proposed a different transition
experiments which explore the effect of alignment or orien-mechanism based on a qualitative semiclassical model, in
tation of theA-doublet state with respect to the initial veloc- which the potential energy curves would split as the collision
ity vector, though Stolte and co-workérmention such an partners neared each other. Bergmanial® used the Born
idea as their next step. We discuss such a hypothetical expproximation and found that this model also predicted the
periment below. observed propensities. Popmxtended the theoretical study

Preferential population of one component ckaloublet  to symmetric top molecules in general and provided a physi-
has been observed in many collision experimefier a re- cal interpretation of the observed propensities based on

The goal of this work is to understand the mechanism o

J. Chem. Phys. 107 (14), 8 October 1997 0021-9606/97/107(14)/5473/15/$10.00 © 1997 American Institute of Physics 5473



5474 L. J. Kovalenko and J. B. Delos: Collision-induced A-doublet transitions

one conserving the/f label, was favored by a factor of 2.7.
This experiment was done in a flow cell and thus did not
distinguish between collisions differing in alignment. In a
similar study** Crosley and co-workers measured cross sec-
tions for collision of OH with He and found, for spin—orbit
changing collisions, not conservation eff label, as was
seen in the case with collision with,B, but conservation of
total parity; their results agreed with quantum scattering cal-
culations. More recently, Schreat al. measured parity-
resolved state-to-state cross sections for rotational excitation
of OH by collision with the rare gases He and Rrand with
H,,® using a crossed molecular-beam apparatus in conjunc-
tion with a hexapole electric field. Quantum calculations of
these collisions systems using the coupled-states approxima-
tion were done by Offeet al,'’” and Espostet al®

To study rotational energy transfer for collision of a
single A-doublet state of CaF with rare gases, Dufetial X
used a pump—probe technique, averaging over all collision
orientations, and found a propensity for electronic parity
conservation, in agreement with theoretical predictions. Us-
ing an optical—optical double resonance technique, Norman
and Field® also studied the CaFAr system, extending the
study to include collision-induced angular momentum reori-
entation. They too saw a propensity for parity conservation
in transitions between-doublet states.

Recently, Stolte and co-workérmeasured state-to-state
cross sections for rotationally inelastic collisions of a single

A-doublet state of NO with Ar using crossed beams and a

T Vrel

hexapole state selection technique. They saw propensity for
electronic parity-conserving transitions. Though they did not
measure the effect of NO orientation on the transitions, they
did say that such an experiment will be their next step.
_ . S We now mention studies in which preferential popula-
FIG. 1. Schematic of two alignments for collision-inducketioublet ran- iy of 5 A-doublet state doublet state was seen even though
sition. In both(a) and(b), the initially prepared electronic orbital, indicated . ) L. ]
by the shaded region, is perpendicular to the diatomic plane of rotationth€ initial states were in a statistical mixture Aafdoublet
indicated by the curved line. Ife) the relative velocity vector is perpen-  states. In 1976 Bertojet al?! used a semiclassical model to
dicular to the eleqtronic orb_ital and parallel to th_e diatomic axis,_whil(é))n predict preferential population of on&-doublet over the
Ejl}:t(r)ilq?(t:l\;i\flocny vector is parallel to the orbital and perpendicular to theo,[her in the collision of CH and OH molecules with HE,H
and He. Their motivation was to find a mechanism respon-
sible for observed maser action coming from outer-space.
quantum-mechanical interference. Ottindeextended ex- More recently, experiments have been performed in the labo-
perimental studies to the lower-symmetry NaLi dimer, foundratory demonstrating preferential population. Andresen
similar propensities, and showed that these results too wert al?* studied OH+-H, using a crossed-beam apparatus and
in agreement with the predictions of a quantum theory usindound that the unpairedr orbital ends up preferentially
the Born approximation. Klar and Kirperformed a quan- alignedin the planeof rotation of the OH product. Mac-
tum calculation of the Na-He system, using a strong cou- donald and Li&® investigated the inelastic scattering of CH
pling approximation. More recently, Lemoiree al? used a (X 2II) with He and found in this case that the electronic
close-coupled quantum calculation of the Himer collision  orbital preferentially ends uperpendicular to the planef
with He and Ne; their predictions agree well with the ob-rotation of the product CH. The difference between these
served propensities, which they also conclude are a dired¢tvo systems is attributed to the former beingra system
manifestation of quantum interference effects. while the latter is ar® system. Full quantum calculations for
We now consider experiments on systems other than athe CH and OH systems have been done by Schinke and
kali dimers in which the initial state is produced in a single Andreserf* Dagdigianet al,?® and by Milleret al?® and the
A-doublet. Copeland and Crosféyused a laser to prepare results show good agreement with experiment. Andresen
OH in a single state of a-doublet and then used another et al?’ took another look at the OHH,, D, system and
laser to probe the states produced by collision wigdHFor  concluded that this collision system is not a possible pump
the rotationally inelastic collision in which=3/2—J=5/2,  mechanism for the OH maser.
they saw that transition into a particulArdoublet state, the Joswiget al?® used a similar type of crossed-molecular
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beam experiment to study the N®@are gas system, with the those of our numerical model, providing further physical in-
NO prepared in a statistical mixture df-doublet states. sight into the mechanism. We show that for some orienta-
They looked for preferential population of one-doublet tions there is, in addition to a locking region, an interior
state over the other, but none was observed. Corey anghlocking region. In Sec. VII we summarize our conclusions.
Alexandef® also modeled these experiments, using the

infinite-order sudden approximation, and found good agree-

ment for collision with He though not so good for collision 1l. MODEL FOR DIATOMIC

with Ar. Using a very different experimental technique, that
of Direct lon Imaging, Houston and co-work&tsneasured
differential cross sections for the NIGAr system, but they

In the preceding paper, we presented a semiclassical
model for a diatomic molecule and compared the results to
those of a full quantum theory. Here we use the semiclassical

did not resolve final A-doublet states. Gentry and : .
1 . . . . model for our model molecule, spinless NO. In the semiclas-
co-workers! also obtained differential cross sections for the . . .
sical model, the two nuclei are treated classically and the

NO+Ar collision system, using crossed beams and laser= . ;
. : . ?ctwe electron is treated guantum mechanically. We use a
induced fluorescence and found preferential population o

final A-doublet states. Alexand8modeled both groups’ ex- rigid rotor approximation, fixing the NO bond length at the
) ; o . equilibrium separation, and use the Born—Oppenheimer elec-
periments using newb initio potential energy surfaces and

. e troni is, truncating thi t to the thr is states hav-
found good agreement in general. In addition, he found ao ¢ basis, truncating this set to the three basis states ha

tend p lati f particular final-doublet stat ing L=1, which are the twdI states and on& state. Pa-
en ency” Or popuiation of particuiar Tin&-doublet Stales . heters needed for the calculation®Arthe difference in
with TI(A") reflection symmetry.

) L - energy between thdl and electronic states
Here we consider a simplified model of a collision sys- 9y > Aes

- ; : =44 000 cm?, the bond lengthR=1.23 A, and the rota-
tem similar to NO+Ar. We develop a semiclassical theory tional constantB=1.7 cni't ghisgives a ratioA es /B

and an '.”t“'“"? picture of the Qynamlcs of such CO”'S'(.)nS’of 26 000, which indicategL) is locked tightly onto the
and we investigate how the alignment of the electrddic diatomic axis

orbital affects the probability for &-doublet transition. To Figure 2 shows vector evolution diagrams, snapshots of

keep our descrlptlon_ as S|m_ple as possible, we \ghore tW?L) along the course of a trajectory, for an isolated, rotating,
aspects of the behavior of this system, electron spin and MK 0 molecule both in the space-fixed frame and in the rotat-
lecular rotation during the collision with the perturber. Since.

lect elect . q intion i df di ing frame. The initial electronic state s=—1. From Fig.
we neg ecle ectron spin, c;ur escription 1s good for a "2(a) we see that the molecule rotates about 3/4 of the way in
atomic in a’Il state(NO is a“II); in a future paper, we plan

: . - P 1 ps, during which timéL) rotates right along with the di-
to mcorporgte the effects of spin. The_re are two J_u_stlflcagonsatomic axis. From Fig. () we see thatL ) is locked tightly
for neglecting molecular rotation during the collision. First, onto the molecular axis
often in experimentgespecially with He as the perturbehe |

L e o . Figure 3 shows the behavior ¢f ) in the presence of a
collision time is much less than the rotation time. Second’_gaerturber, an Ar atom, located along e axis at a distance

';or;gzv lzo.sss'r?ézrﬁo g?\éﬁteegx.‘:sr;mz n:ir'gt.\r’:’h';goa td;ﬂf(_)n;'dof 6 a.u. from the diatomic. We see that the perturber causes
ve y on 1S axis fibrating u X (L) to oscillate along the diatomic axis, yet remain tightly

i i i indri 33 :
?{regtllc:jni For mtsta}‘nce, dF?e(,j,“?tt al. E'Sidl'z sttron% ekta(t:h locked onto that axis. Thus we conclude that the role oBthe
ric field to create “pendular states which fibrate about In€ g0 i the collision dynamics is negligible for this collision

direction of the applied field. Using this technique in a stem, and we consider only two statds: =1 (or, equiva-
crossed molecular beam apparatus, the diatomic axis Cour@/ntly H andIly) T '
’ X Y/

thus be prepared parallel to or perpendicular to the relative

velocity vector of the collision partners. A laser could be

used to prepare the initial electronic state before collision; tq” SCATTERING THEORY

prepare an initial electronic state with=+1 a circularly '

polarized laser could be used, while to prepaté,aorbital a We model a hypothetical crossed-beam experiment in

linearly polarized laser could be used. Collision might thenwhich the NO diatomic axis is oriented in the plane of the

cause a transition from the initidl=+1 to theA=—1 state, macroscopic beams, either parallel or perpendicular to the

or from an initialll, state to thdl, state. Then the final state average relative velocity vector,, and the molecule is then

could be detected by fluorescence. For such a hypotheticgkepared either in the electroriit state, aligned in the plane

experiment, we calculate the alignment effect, the ratio of thef the macroscopic beams, or in the electrgiy=+1 state.

cross section fov, parallel vs perpendicular to the diatomic Our approach is similar to that used in a previous pafmer

axis. We hope our results encourage future experiments. the Na+He collision system, where the nuclear motion was
In Sec. Il we review our semiclassical model for the treated with classical mechanics and the electronic motion

diatomic molecule and modify it with further approximations with quantum mechanics, except that now we have three

appropriate for the particular system studied here. In Sec. llhuclei, rather than two.

we describe our semiclassical scattering theory and in Secz. Frames of reference

IV and V we present our results, vector evolution diagrams ™

and alignment effect. In Sec. VI we present approximate ana- We define a space-fixed lab framx{Y",Z"), shown

lytic solutions to this model, and compare their predictions tan Fig. 4(a), takingZ" alongv,, X" in the plane defined by
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(b) X (b) X

FIG. 2. Vector evolution diagrams ¢f ), for an isolated NO molecule with  FIG. 3. Same as Fig. 2 except that now there lies a perturber atom, Ar,
low rotation K=7). A two-dimensional trajectory is use¢h) A typical located 6 a.u. away along tiZ& axis. We see that the effect of the perturber
trajectory is shown in the space-fixed laboratory frame with the N atom aiis to causglL) to oscillate along the internuclear axis.

the origin. The initial position of the O atom is shown in gray, the final

position in black, from which it is seen that the molecule undergoes about

3/4 of a rotation in 1 ps. Several snapshots of the vettpare shown. The 5 meters to calculate cross sections for electronic transitions.

heavy black line shows the locus of the tips of this vector, which starts out T .. . .
along the negativX" axis and ends up along the positivé axis. (b) The For an individual collision, the state of the diatomic NO

same trajectory is shown but in the rotatifpdy-fixed frame. It is evident ~molecule is characterized by the internuclear veBtowhich
that (L), which starts out along the internuclear axiinting along the is oriented with an electric field along either tké or thez"

negativeZ axis), remains “locked" to that axis. Since for & state(L) is is. The state of the diatomic molecule is then characterized
perpendicular to the internuclear axis, we conclude that the contribution o . . .
the S state is negligible. y R and B, as shown in Fig. &), where 8 is the angle

betweerz- andR. In the kind of experiment discussed here,

in which the NO molecule is oriented by an external figdd,
the two macroscopic beams, aitt so as to complete a can be continuously adjusted experimentally from @rtdn
right-handed coordinate system. We put the origin at the cersur present calculations, we consider the two c#se86 and

ter of mass of the diatomic molecule. B=m12, so NO is either along the" axis (parallel tov,) or
For each individual collision, the position of the perturb- along theX" axis (perpendicular tov,).
ing atom, Ar, is defined by the coordinates @Y%, , and®}, We now define a space-fixed diatomic fran¥e,Y, Z,

as shown in Fig. #). We define a space-fixed collision whereZ is alongR, X is defined by rotation oK' by 3, and
frame,X’, Y', Z', whereZ' is alongZ", X' is obtained by Y is chosen to complete a right-handed coordinate frame.
projecting R, onto theX", Y- plane, andY’ is chosen to  This choice of diatomic frame is consistent with that in the
complete a right-handed coordinate system. Since the expefpreceding paper. We need one more frame of reference, the
ment would not distinguish between collisions differing in “rotating triatomic” frame of referenceX”, YT, Z'. The

the azimuthal angleCI),';r, aboutv,g, nor between collisions position of Ar in the diatomic frame, specified Ra,, O 4,
differing in impact parameteh, we average over these pa- and®,, as shown in Fig. &), defines the rotating triatomic

J. Chem. Phys., Vol. 107, No. 14, 8 October 1997
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a) 7L XL C) 7L
'
v\rv:l
- Ar
» YL (Y)
NO
(Z2)
b) d) Z (ZD)
y'y
®Ar
N At
RAr |
g |
— Y
e
9 T
XL X q)Ar

FIG. 4. (a) Laboratory frame X*-,Y",Z"). The plane of the two macroscopic molecular beams defines'th&" plane, withZ" in the direction of Ar relative

to NO. TheY" axis is then chosen to complete a right-handed coordinate frdmn€ollision frame K',Y’,Z’). The NO molecule is shown as either the
black or the gray circles, corresponding to alignment either alon@ thexis or along thex‘ axis, respectively. Th&' axis is defined by the projection of

R, onto theXt, Y- plane.fbk\r is the azimuthal angle fdR,, . To calculate cross sections, we average @b,rand impact parametdo, (c) Diatomic frame
(space-fixed for the case considered here of an oriented moleflaed by the orientation of molecule NO in lab frame. For the case considered here, the
diatomic axisR, pointing from N to O, is restricted to lie in th¢", Y' plane, withg the angle betweeR" andR. TheZ axis is defined alon&, and rotation

of X" by B definesX. TheY axis is then chose to complete a right-handed coordinate sygtmriatomic frame(rotating defined by position of Ar in
diatomic frameZ" is taken along, X" is defined by the projection d&,, onto theX, Y plane, andr™ (not shown chosen so as to complete a right-handed
coordinate system.

frame, whereZ" is taken alongZ, X' is obtained by rotating L aV[r;RA(D)]
the X axis abouZ" by ®,,, andY" is chosen to complete a i ———— =heW[riRa(D)], (1)
right-handed coordinate frame. The rate of rotation of the
triatomic frame is thus defined ® ,, /dt. If B=0, and the ~wherer andR(t) are vectors representing the position of
NO axis coincides with th&" axis, ® ,, is constant, and the the electron and argon atom, respectively, relative to the cen-
“rotating triatomic” frame has zero rotation rate. For non- ter of mass of the NO molecule. The length and direction of
zero 3, the rotation rate does not vanish, and couplings asRa«(t) in the laboratory frame are defined by the spherical
sociated with the rotation of the frame enter the Hamiltoniancoordinates [Ra,(t), ®5,(t), and @ (t)=®(0)], as

The potential-energy surfaces are defined in this “rotat-shown in Fig. 4b). Since we are suppressing electronic spin,
ing triatomic” frame. One electronic staté’ or “ip” ) has  we consider only the electrostatic part of the Hamiltonian,
the IT orbital in the plane of the triatomic, while the other he, called the “Born—Oppenheimer Hamiltonian,” and
(A" or “op” ) has thell orbital perpendicular to the plane. given by

2

Ne™2m

. . . V24 Ve_ ns+Veo 0t Ve ar 2
B. Schro dinger equation for electronic motion roten N T Tem 0 Ten A &

The Schrdinger equation for the active electron is given We reduce the Schdinger equation to a set of coupled
by equations by expanding in a basis
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FIG. 6. A plot of the anisotropy of the potentidej, o, as a function of
0 3 6 9 12 angle,®,,, as defined in Fig. 5 for a fixed internuclear distance of 3 a.u.
®Ar= 180° RAr using (a) potential energy surfaces calculated by Nielssinal, and (b)

potential energy surfaces calculated by Alexander. Since we expect a
smooth variation with angle, we have chosen to use the potential energy

FIG. 5. A contour plot of the anisotro in.op, for the NO+Ar system, - . .
p PA €ip.0p 4 surfaces of Nielsort al. for our scattering calculation.

generated from a calculation by Nielsehal. The N and O atoms lie on the
axis as shown, and the contours give the valua gf ., for a given position
(Rar @and 64,) of Ar. All units are atomic units.

tions. As there is a small difference betweep(Ra,,0 A1)
and e, (Rar,04), itis hard to calculate this difference. We
‘I’(F,t)zzk: C(t) il 1 Rar(D)], (3  chose the older calculation, shown in Figa6 over the
newer one, shown in Fig.(B), because for the former, the
where we choose as basis functions the Born—Oppenheimahisotropy varies smoothly with angle, as expected intu-
electronic eigenfunctionsp,[r;Ra.(t)], which satisfy itively.
hadd 1:Ra(t)]= il F:Ra(D)]. 4) The matrix representing the Schlinger equation for the

_ _ _ _ electron in the Born—Oppenheimer basis is
We truncate this basis set to the two diatomic molecular

states having. =1 andA=+*1 symmetry with respect to the . i —h o_d &
diatomic molecular axis, o axis. (This truncation is a good 1 g CO=(ha=Pal)CV), Nac=—PalLe, ©
one, as shown in Sec. Il above, since the state is
44 000 cm?, higher in energy than thH states. As stated
before, the plane of the triatomic is a plane of symmetry,
the two eigenstates aig, (in-plane orA’) and ¢, (out-of-
plane orA”). These are linear combinations of the states o _
definite A. We take the energies of these states to be those of €ip(Rar, O ) 1Dyt
the NO-Ar system. hathac=| 6 0 (R @)
The eigenvalueseip(Rar,0 ;) and eo(Rar,04;), have 'Par OPLTRAT AR
been calculated by Nielscet al*® Since the transition prob- We orient the NO molecule in the laboratory frame, fix-
ability is mainly determined by the anisotropy of the poten-ing the value of8 at 0 or#/2, and use a straight-line trajec-
tial, characterized by €, op=(€p—€,p), We show a contour tory for the Ar. To gain insight into the collision dynamics
plot of A€, op in Fig. 5. More recently, Alexand&has cal- we examine individual trajectories. To calculate orientation
culated these surfaces using a different method. Figure éross sections we average the results of individual trajecto-
shows plots ofA €, o, VS O 4, at fixed Ry, for both calcula-  ries over impact parameteb, and azimuthal angle@,';r.

where the additional angular coupling terhyc arises be-

cause the basis functions rotate with the triatomic plane over
S8he course of a collision. The full Hamiltonian matrix in the
TBorn—Oppenheimer representation is given by

. (6)
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We use a collision energy of 35 meV, easily attained in adiatomic axis have no angular coupling, they all show this
crossed-beam apparatus using a jet source for Ar. behavior, differing only in the oscillation rate.

B. Perpendicular orientation
IV. PICTURES OF EVOLUTION OF ELECTRONIC ] ) ]
ANGULAR MOMENTUM Consider now the case whevg, is perpendicular to the

S . diatomic axis, as in Fig.(b). Now the azimuthal angleb,

To gain insight into the mechanism of the-doublet  apoyty,, affects the collision dynamics, for it characterizes
transition, we monitor the evolution of the expectation valueyhether the Ar atom passes by the O-end, the N-end, or
of the electronic angular momentum vectok), for several  somewhere in between the two ends of the NO molecule. We
representative types of trajectories. So that we can easily sggserve two general types of behavior for this case, distin-

the time-evolution oKA), we choose the initial electronic gyished by whether or not the triatomic is nearly linear at the
state to bdA)=|+1). The same basic physics is involved for gistance of closest approach.

an init?al l_IX state; howgver(A>=0 for this state and so its Figure 8a) shows a vector evolution diagram for a tra-
behavior is not as readily observable. jectory with impact parameter of 3 a.u. and an azimuthal
A. Parallel orientation angle,CD/'ir. of 40°. We see thatA) starts out+1 and then

oscillates betweert1, with a rate that increases as the dis-
tance between the diatomic and Ar decreases. For this par
ticular trajectory, it also happens to end ufd, indicating a
probability of 1 for transition. A plot ofc;,|? vst, shown in
A - L ) Fig. 8c), indicates that the electronic state starts in a 50:50
p=0°, the azimuthal angleby,, is arbitrary, and we choose njxqre of ¢, and é,,, and pretty much stays in that mix-
b=3a.u. We see that\) changes both in magnitude and ® op’ - A
et : " ture, though not as well as in the case of parallel orientation
direction over the course of the trajectory; however, it is hardshown in Fig. 7c). We can understand the behavior for this
to discern its actual behavior. Figuréoy shows a plot of A)  yaiactory by examining the magnitudes of the electrostatic
vs time, in which we se@\) starts out+1 and then oscillates 4 angular couplings, shown in Figd® Here we see that

between*1, with a rate that increases as the distance bep,i, the anisotropy of the potential, and the angular coupling

tween the diatomic and Ar decreases. These oscillations |rj increase aR,, decreases: however, the anisotropy is always

are a kind of restricted precession. As mentioned in the inq, ., larger than the angular coupling.

troduction, if the NO molecule were a single atom, then the Consider now the case whevg, is again perpendicular
electronic orbital-angular momentur(t, ), would lock onto 4 the diatomic axis, but the triatomic is nearly linear at the
and precess about th&,, axis. However, since this angular gisiance of closest approach. Figuf@/&hows a vector evo-
momentum is already strongly locked onto the NO axis, Onlylution diagram for this case wheﬁék =10°, and agairb
. - . L r L

(Lz)=(A) is relevant, and the precession about®jgaxis  _3 5, Wwe see that in the first half of the collisiom)
is restricted to oscillation along the NO axis. For this par-gggijates betweert 1, while in the second half it oscillates
ticular trapc;tory,(A) ends up—1, indicating a probability of within a smaller range. In Fig.(B) we plot(A) vs time. For
1 for transition to th§A)=—1 state. _ this particular trajectory, it ends up0.5, indicating a prob-

Another way of looking at the collision process is to plot oy for transition of about 3/4. Figure(® shows the
the probat_)lllty of belng m_the rotating triatomic basis Sta_‘te'probabiliw of being in the rotating triatomic basis statg,,
bip, over time, show.n in Fig. (€). We see that the electronic o1 time. We see that the electronic state again starts in a
state starts in a 50:50 mixture @k, and ¢op, and stays  gq.50 mixture of¢i, and ¢, and that this ratio is reason-
exactly in that mixture. We can understand this behavior by, «onstant as the Ar approaches, but that at the distance of
examining the magnitudes of the electrostatic and angulgf|ogest approach it abruptly changes to a new value which
couplings, shown in Fig. (@). This plot shows that the an- o mains fairly constant for the rest of the collision. Examin-
isotropy of the potential, which causés) to oscillate, in- ;g the magnitudes of the electrostatic and angular couplings
creases aRy, decreases, causing the observed increase igy o in Fig. @d), we see that the anisotropy has a dip at the
osc[llatlon ratg with decreas!n@Ar. We also see that for this distance of closest approach, which is due to symmetry, re-
p_artlcul_ar trajectory,_there is no angular coupling, for_ '_[hesulting in a situation where the angular coupling overtakes
trl_at0m|c frame remains space-fixed throu_ghout_the cqlhsmnthe anisotropy. We interpret this trajectory as having an or-
Since there is no coupling between the triatomic basis funcg;;| following region, in which the anisotropy is larger than

tions, the electronic state can be written as a linear combina[he angular coupling, inside of which is a partial unlocking
tion of these two basis states with probability amplitudes thaFegion, in which the angular coupling is larger than the an-

are constant, but phases which depend on the energy of ”i@otropy, and then another orbital following region.
basis functions,

Consider the case whekg, is parallel to the diatomic
axis, as shown in Fig.(&). A vector evolution diagram for
this case is shown in Fig.(@. To generate this trajectory,
the NO molecule is oriented along th# axis by setting

W (1) =Cip(0)| pye " Pt + Cop(0)] e ot /™ (7)  C. Other impact parameters

These phases oscillate at different rates, resulting in an os- In the pictures described above, the impact parameter
cillation of the state betweepm\)=|+1), as shown in Fig. was 3 a.u. Figure 10 shows how the transition probability
7(b). Since all trajectories in whiclv, is parallel to the varies with impact parameter for each of the three cases. We
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FIG. 7. (a) Vector evolution diagram for a trajectory wherg, is parallel to the diatomic axis. The initial electronic statéAiy=+1 and the impact parameter

is 3 a.u. The Ar atom is located at the origin, and the NO molecule travels from the top to the bottom of the page. Although it can be(A¢@sdiikates

along the internuclear axis, this type of picture does not allow for a detailed view of its behavior. To better see the bekayidbjofhows(A) vs time.

Note that it oscillates betweehn1, with a rate that increases as the distance between NO and Ar decreases. To see what is happening from the point of view
of the triatomic frame(c) shows|cip|2 which does not change at all. These behaviors can be understo@dl Wwhich shows the anisotropy of the potential

(solid line) and the angular coupling tertdotted ling which is zero throughout the trajectory. For all parallel trajectories, the angular coupling term is zero.
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FIG. 8. (a) Vector evolution diagram for a trajectory wherg, is perpendicular to diatomic axis. The initial electronic stat@\is=+1, the impact parameter

is 3 a.u., and the azimuthal angfkk, , is 40°, meaning at the distance of closest approach, Ar is slightly closer to the O atom than the (Sestdtiy. 5.

(b) shows(A) as a function of time. In this casé\) oscillates betweert1. (c) shows|cip|2, which is nearly constant until the atoms are close, where it
exhibits a small amplitude of oscillation about the initial value. These behaviors can be understodd) fndrith shows both the anisotropy and the angular
coupling as functions of time. We see that there is angular coupling in this case, which is largest at the distance of closest approach. However, in the
interaction region, these large angle trajectories are still dominated by the anisotropy, with the angular coupling term a small perturbation.
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FIG. 9. Same as Fig. 8, except the azimuthal ar@lg,, is 10°, meaning that at the distance of closest approach, Ar is nearly along the nuclear axis, closer
to the O-end of the molecule. For these trajectories, which have a nearly linear triatomic configuration at the distance of closest approach, {#¢ see that
oscillates betweert 1 in the first half of the interaction region, as in the previous cases, but, for the latter half of the interaction region, it oscillates with a
smaller amplitude. The proportion @b;, character changes for the latter half of the collision. In this trajectory, the anisotropy of the potential actually
decreases at the distance of closest approach, resulting in a situation where the angular coupling term is greater than the anisotropy.
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1 ing, as there is a second frequency of oscillation superim-
posed upon the first. This behavior is due to the presence of
0.8 a partial unlocking region.

06 V. EFFECT OF ORIENTATION ON CROSS SECTIONS

0.4 We now calculate the cross sections for two types of

collision-induced transition; for transition betweArdoublet

states where the molecule starts outlly and ends up in

IT,, and for transition between states of definkg where

4 6 8 10 the molecule starts out ih=+1 and ends up in-1. We

b (a.u.) model a hypothetical three-vector correlation experiment in

which crossed atomic and molecular beams are used to de-
fine a relative velocity vectory,., a strong electric field,
directed in the plane of the macroscopic beams, is used to

n orient the molecule either parallel or perpendiculawvig,

and a laser beam is used to prepare the initial electronic state.

To prepare thdl, A-doublet state, the laser is linearly po-

larized and propagates in a direction perpendicular to the

atomic and molecular beams, while to prepare te+1

state, the laser beam is circularly polarized and propagates

u along the direction of the diatomic axis.

Probability

0.2

a

—_
=

Probability

A. Transition between =1 states

b (a.u.)

—_
o
~

0.8
il |
04 l“m
The circularly polarized laser beam, propagating along
the direction of the diatomic axis, prepares the NO molecule
in the|A)=|+1) state. Collision carries this initial state into a
0.8 corresponding final statéf), so the probability of transition
into the|—1) state is given by

P(B,b,®5)=|(—1|f)|% ®

This probability depends on the orientation angdethe im-
pact parametey, and the azimuthal angl@kr- To calcu-
late the orientation cross section, we fixand average the
probability overb and %,

0.6

0.4

Probability

0.2

4 6 8 10 )
@ b (a.u. o(@)= | ook “bdbrigp.ak) ©)

FIG. 10. Plots of probabilitfnot weighted by impact parameters b for ; : 60— ()°
transition from an initialA=+1 state to a finah=—1 state for three cases; h '(:jor t.T)e (.:ase ?‘f{re' paraIIeI to the dla.tomul:. a(;(I§8 ”0 )’

(a) parallel alignment(b) perpend|cu|ar alignment W|trI)L—40° and(c) the distribution of impact parameters Is cylindrically sym-
perpendicular alignment witlb}, = 10°. The trajectories comprising these Metric aboutv,,. Therefore the orientation cross section,

three plots differ in the relative magnitudes of angular and electrostaticr(0), which we calloy, is given by

coupling; for (a) the angular coupling is always zero; f@r) the angular

coupling is nonzero but always less than electrostatic coupling(cjathe ‘

angular coupling overtakes the electrostatic coupling near the distance of O~ P(B=0b)27bdb. (10)
closest approach. 0

The integral oveb is summed numerically frorb=0 to 10
a.u. with steps of 0.2 a.u. A plot ¢¥(0,b) vs b was shown
in Fig. 10@a).
see that for the case of parallel orientation, shown in Fig. For the case o/, perpendicular to the diatomic axis
10(a), the transition probability oscillates between 0 artl  (B8=m/2), the distribution of impact parameters is not cylin-
for all values ofb. Maxima in the transition probability cor- drically symmetric aboutv,,. We obtain the orientation
respond to impact parameters at whigt) undergoes a half- cross sectiong(0), which we callo;, , by summing numeri-
integral number of oscillations. For the case of perpendiculacally first overb as above, and then ové)rﬁr in steps of 10°.
orientation andb%,=40° the transition probability oscillates Plots of P(w/2,b,®%,) vs b for two values ofd%, were
between 0 and some other number which decreases with ishown in Figs. 1) and 1@c).
creasingo, due to the angular coupling being an increasingly  Plots of probability averaged ovberas a function ofI),LAr
large fraction of the anisotropy. Figure (&) corresponding are shown in Fig. 1®&) for the two cases of parallel and
to perpendicular orientation anﬁ';\r= 10°, is most interest- perpendicular orientation. The area under each curve is equal
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for transition from an initialA=+1 state to the\=—1 state, andb) for an % 0.6
initial IIy state to thdly state. The area under each curve corresponds to QO
the integrated cross section for that alignment. We see that transition from ~ Q 0.4
A=+1to A=-1 is preferentially produced with perpendicular alignment, o
while transition fromIly to Il is preferentially produced with parallel 0.2
alignment. ’
2 4 6 8 10

to the orientation cross section. It is evident thais greater b

thano, . We find oy=61 a.u? and o, =51 a.u?, giving an © (a.u.)

orientation effecto /o, , of 1.20. We are unable to give a

simple explanation for this result since it is obtained by ay-FIG. 12. Same as Fig. 10 except that the transition occurs from an iigial
. N . . . . . . state to thdly state.

eraging over individual trajectories differing in behavior.

B. Transitions between A-doublet states In this case, the transition probability dependsdely for all

In this version of the experiment, a linearly polarized values off3, so the orientation cross seLctions are obtained by
laser is used to prepare an initiHl, state. The laser beam Summing numerically over both and®, . Plots analogous
propagates along thé- axis and is polarized perpendicular 0 those shown in Fig. 10 are shown in Fig. 12. Comparison
to the diatomic axis. Collision carries this initial state into a©Of Figs. 1@ and 12a) shows similar behavior in that both
corresponding final statéf), so the probability of transition trajectories exhibit an oscillation with fixed amplitude. How-

into the|I1,) state is given by ever, the value of that amplitude is smaller for the case of an
L ) initial TTy state. Inspection of trajectories for other values of
P(B.b,®5,)=[(IL,| )] 1D ®%. shows that the amplitude of oscillation changes with
and depends on the orientation angle the impact param- P4, attaining its maximums+1, for &5, =45°.
eter,b, and the azimuthal angld)}, . To calculate the ori- It is interesting to explore this case a bit further by look-
entation cross section, we fig and average the probability INg at a particular trajectory. Figure 13 shows a plot of tran-
overb and®k, , as described in Sec. IV C: sition probability vs time for the case of parallel orientation,
) . b=3a.u., andb%,=45°. Note how the probability for tran-
o(B)= d‘D/Lxrf bdbP(B,b,CD,L\,). (12) si_tion tp thelly s_tate oscillat_es between 0 and 1, i.e., the
0 0 diatomic electronic state oscillates betwddy and Ily as
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1 in the diatomicA==*1 basis is related to the representation
in the triatomic Born—Oppenheimer basis by two unitary
> 08 transformations, the first corresponding to rotation of the tri-
% atomic frame into the diatomic frame by the andi&, , the
2 0.6 second to transformation from the diatonblg v representa-
© 44 tion to the diatomicA representation,
Ll
c=UVvd., (153
0.2 - T
where
0.1 0.2 0.3 0.4 0.5 1 1
time (ps) (), 0% o]
FIG. 13. Probability for transition from an initidll state to thely state Cop T d_)” = I i ,
along the course of a single trajectory with=3 a.u., parallel alignment, - =
and ®5,=45°. The observed oscillation of probability between 0 and 1 \/E \/E

implies the electronic state oscillates betwédégpandIly .

L
0 el Par

( efiq)/L\r 0 )
V= . (15h)

the Ar atom passes through the interaction region. This is a
simple consequence of E(), as we will explain in the next

. Thend.. at any timet is given by
section. -

We now consider the case of perpendicular orientation. e 1/ oeipdt'/h 0
Figures 120) and 1Zc) show the probability for transition to d.(t)=V'u’ Citte g | YV d=(0).
thelIl, state as a function df for the case of perpendicular 0 e oco 16

orientation, for two values obk,, 40° and 10°.
Plots of probability averaged overas a function ofP4,  |f the molecule starts out in the state=+1, the probability

are shown in Fig. 1(b) for both orientations. The area under of transition to the\ =—1 state at time is given by|d_(t)|2

each curve is equal to the orientation cross sections. It i§here

evident that nowo, is less thano,. We find o

=30.5a.l? ando, =36.6 a.l%, giving an orientation effect, d_(t)=e 1®a L(—e ot It g-ifoeadt/hy (17
oy/o, , of 0.833. Thus the orientation effect is the inverse of ) ] )
that found for transition between thel states. By making the transformation of variables,
_Cptep  _€p~Eop
VI. ANALYTIC SOLUTIONS €= 5 v E&ditT 5 (18

All the above vector evolution diagrams were obtained
by numerical solution of the coupled equatidis). (5)]. An
alternative approach is to solve the equations analytically.
We can exactly solve the equations for the case of parallel
orientation; however, we need to make further approxima-
tions for the case of perpendicular orientation. Thus the probability for transitiond_(t)|?, oscillates be-
tween 1 and O in the interaction region, with a rate that
depends on €, o, Which itself changes along the course of

For this case there is no angular coupling as the triatomia trajectory. This result is in agreement with the computer-
frame is space fixed. The matrix representation of the Hamilgenerated plot in Fig. (B). Trajectories differing inb will
tonian in the ip—op basis is thus show a difference only in the rate of oscillation, in agreement
with the computer-generated plot in Fig.(&0 Note also that

Eq. (17) becomes

. , t
d_(t)=ie~1(PatSocadt ”%m(J edifdt'/ﬁ). (19
0

A. Parallel orientation

het hac= €io(Rar On) 0 (13  the transition probability shows no dependencedaly, in
- - 0 €op( RarOar) agreement with the computer-generated picture in Fi¢g)11
and the solution to the coupled equations for this Hamil-  Now we consider the case of a diatomic molecule in an
tonian is initial ITyx state, and calculate the probability for transition
e . , into theIly state. We label the coefficients for thb, ITy
Cip(t)=cip(0)e™ ot/ ¢ (1) =co(0)e Hocopdt/h, diatomic basis statedy, dy, respectively. These states can

(14 be related to théip,op states by three unitary transforma-
We first consider transition from thA=+1 state to the UONS,
A=—1 state. We label the probability amplitude for being in _ +
c=UVU'dyy, 20
each of these two diatomic frame basis functiahs and - === (203
d_, respectively. The representation of the electronic statevhere
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dxy= ( dx) : (20b) = N-O
rel

dy
Following the method outlined above, we obtain the equation
e—if‘oeipdt’/ﬁ 0 )

— 1yt
dx()=UV'U 0 e~ ilbeodt' 11

UVU'd-(0).

(21)

If the molecule starts out ibly, [dx(0)=1], the probability
of transition to thelly state is then given bjdy(t)|? where

dy(t)=—2i Sin(q)kr)cog(q)kr)e—iftoea\,dt’/ﬁ

X sin

t
f Edifdt,/h). (22)
0

Again we see that the probability oscillates with a frequency
determined byA €, o, But this time the amplitude of oscil-
lation depends orbk\r, which is constant for a given trajec-
tory. This result agrees with the computer-generated result
shown in Fig. 12a), and the functional form of the oscilla-
tion with CID';\r agrees with the computer-generated result
shown in Fig. 11b).

B. Perpendicular orientation

In the case of perpendicular orientation, the Hamiltonian

contains two terms, electrostatic CouDImg and angmar CouIEIG. 14. Schematic of different collision zones for case of perpendicular

pling. To SOIVe' the;e equatlor!s_analytlca”y’_ we ”eeo_' to m?kglignment and eithes, <20° or d, >160°. The Ar atom is fixed at the
further approximations. We divide perpendicular trajectorieSrigin and the NO molecule travels from the top of the page down. The
into two cases, those for which the angular coupling is alintermolecular distance at which the NO molecule and the Ar atom start to
ways less than the electrostatic coupling in the interacti0r‘(i;“fsr%‘:Rs”t%gg_';’o';er"ﬁqdolt:f :gcrlgg%fiﬁ'}hgrﬁgs-ovfnﬁéﬂi Tﬁg:’”

. . L ° utsi L | u on, | | | -
region, which occurs for 262®x<160°, and those for ..o, region. we further divide the interaction region into two zones, the
which the angular coupling exceeds the electrostatic COUncking zone, corresponding to intermolecular distances betvieand
pling in the interaction region, which occurs fdrkr< 20° Rpy. Within which the electrostatic coupling is much stronger than the an-

and for®L >160°. [Two representative cases are shown ingular coupling, and the partial unlocking zone, corresponding to distances
Figs. &d) Az;nd q9d).] less tharRpy,, within which the angular coupling overwhelms the electro-

) : . . _static coupling. Along the course of the trajectory shown, the molecule starts
We first consider the case of perpendicular orientationut in the isolated molecule region, witth) fixed, propagates through the

and 20 Cbkr$ 160°. Since the angular coupling is always locking region from point.; to PUL,, during which(A) oscillates rapidly,
smaller than the electrostatic coupling, a perturbation metho@nd then through the partial locking region from point R PULy, dur-
should work. However, because this case is analogous to tﬁ%f which(A) changes only slightly. Th\) undergoes analogous behavior

. ) : the second half of the collision.
behavior seen for the NaHe system studied previoustyye
omit the calculation in favor of a qualitative description of
the dynamics. For trajectories with small impact parameterfor the molecular case studied here is analogous to the value
the effect of angular coupling is negligible, ag) oscillates  of the projection ofL) onto the rotating Na—He axis for the
betweenx1, as seen in Fig.(8). This behavior is similar to atomic case studied previously, i.e., in the atomic case,
that seen for trajectories with parallel orientation, whereorbital-following corresponds to a fixed value of the projec-
there is no angular coupling. For larger impact parametetion of (L) onto the Na—He axis, while for the molecular
trajectories, however, the electrostatic coupling is weaker irtase orbital-following corresponds to a fixed amplitude of
the interaction region, allowing the effect of angular cou-oscillation of(A).
pling to become more discernible. The result is a smaller We now consider the case of perpendicular orientation
amplitude of oscillation ofA), causing the probability for where®k <20° or®% >160°. In this case, the vector evo-
transition to decrease with impact parameter as seen in Fidution diagrams display very different behavior from those in
10(b). This is the same behavior seen in the case of Na, the atomic system. Since the electrostatic coupling over-
where for such large impact parameter trajectories, the pravhelms the angular coupling everywhere in the interaction
cession ofL) about the rotating molecular axis was not fastregion except near the distance of closest approach, we di-
enough to keep up, resulting in a change in the value of ityide the interaction region into two zones, shown schemati-
projection onto that axis. The amplitude of oscillation(af  cally in Fig. 14. Initially, when the Ar atom is far away, there
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