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Atom-Molecule Scattering: Classical Simplicity beneath Quantum Complexity
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Analysis of scattering anglesupd versus velocity forsAd1
S1

u Li 2-Xe inelastic collisions reveals the
process in classical rather than quantal terms. The parallel component of velocity is scattered unch
and the perpendicular component is converted into molecular rotation. For eachDj channel, the only
perpendicular component isyth, the channel-opening velocity. Hence direction of the incident velocit
andscattering angle are determined by a vector relationship withyth andyi

r cosup the perpendicular and
parallel components ofyi

r , respectively. The results suggest classical relations underly the complexit
of quantal scattering with momentum disposal the guide to outcome. [S0031-9007(96)00477-2]

PACS numbers: 34.10.+x
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Theories of collision-induced state change in diatom
molecules have reached a degree of maturity such
they are regarded as a reliable guide to actual eve
Despite this, quantum scattering theory in its rigoro
or approximate forms is characterized by alack of
transparency regarding the underlying physics of
process. As a result, few simple rules of thumb a
available to explain even the most common experimen
observables. It may be significant that the developm
of theory has taken place in the absence of extens
experimental data of quality sufficient to provide a critic
test of the basic concepts. This is a reflection of t
difficulty (and expense) of collision dynamics experimen
that have the highest degree of resolution.

The state-to-state differential scattering cross sect
(DCS) is the experimental quantity expected to provi
the most stringent test of theory; it represents theleast
averaged of the measurements experimentalists striv
make. Practical difficulties have severely limited th
number of systems studied but two main categories
collision system may be distinguished. The first of the
includes H2 and its isotopomers with the lighter rare gase
Here rotational levels are well spaced and a transit
represent a sizable fraction of the collision energy. T
DCS for these systems show diffraction oscillations
the dominant feature [1,2]. The second category inclu
heavier molecules where RT is a small fraction of t
collision energy. Oscillatory structures are much le
prominent, the DCS exhibiting smooth rotational rainbo
features as exemplified by Na2–rare gas collisions [3,4].

More recently we have demonstrated an entirely sp
troscopic approach to this problem which holds prom
that the determination of the state-to-state DCS and
velocity dependence might become relatively routine [
The method has given very precise rotationally resolv
DCS for the collision systemsAd1

S1
u Li 2-Xe for a wide

range of initial velocities [6]. This collision pair would
fall into the second of the two categories described abo

In this Letter we analyze data from that experime
and find thatvector relationships govern the outcom
0031-9007y96y77(1)y48(3)$10.00
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of scattering events in a previously unsuspected fash
The most probable scattering anglesupd for a quantum-
state resolved collision-induced inelastic transition appe
to be determined only by the initial relative velocit
syi

rd and the channel opening, or threshold velocityyth.
Plots presented below indicate that the scattered rela
velocity syf

r d is that component ofyi
r parallel to the

surface of the repulsive intermolecular potential. T
perpendicular component is consumed by the proces
rotational transfer (RT).

That velocity, quantum state, and scattering ang
resolved molecular collision dynamics experiments sho
be capable of analysis in simple classical terms mi
at first sight appear a disappointing outcome. In fa
this is far from the case; indeed we believe that ve
significant insights into collision-induced processes a
contained in the experimental discovery reported he
The results suggest that underlying the oscillatory fi
structure that characterizes quantum scattering there
be a coarser graining rooted in the classical mechan
of the collision. In a search for “rules of thumb” to ai
our understanding of collision dynamics, simple classi
models in whichvectorproperties dominate may provid
valuable new insights. Our analysis of the scatter
data is of this nature and when taken in conjuncti
with the angular momentum (AM) theory of RT [7] w
show that a complete picture of the collisional proce
emerges.

The data for this analysis were obtained using exp
imental methods outlined in Ref. [6]. The state-to-sta
DCS is extracted from spectral line shapes in a vel
ity selected double resonance experiment. Initial veloc
selection is by pump laser detuning within the Dopp
profile. This creates a known distribution of molecul
velocities in thesAd1S1

u state of Li2 and standard trans
formations give relative velocity distributions when a co
lision partner is introduced. The reorientation, and chan
in length, of the relative velocity vector after collision
measured from the line-shape change using a narrow
probe laser. Results on the systemsAd1

SuLi 2 colliding
© 1996 The American Physical Society
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with Xe are differential both in angle and relative veloci
syi

rd and have full quantum state resolution [6].
Tables in [6] list the most probable scattering (rainbo

angle for a number of differentyi
r values for rotationally

inelastic collision-induced transitions withDj  24 to
110. Relative velocities in this experiment were qui
sharply defined because of the favorable molecule-a
mass ratio and varied over the range 800–2500 m21.
Two main trends in the data have already been remar
upon [6]. First the rainbow angle was found to increa
with Dj for a fixed value ofyi

r and, second,up decreases
as yi

r increases for eachDj transition. Neither of these
observations is surprising.

However, a most unexpected result is obtained wh
the vector relationships in each scattering event
analyzed in detail. The data reveal surprising constra
that govern the outcome which become apparent
plotting excessvelocity against the parallel compone
of initial relative velocity y

i
k using experimental value

of yi
r , Dj, and up. The excess velocityyex is the

velocity acting in the direction ofyi
r after the channel-

opening velocityyth has been subtracted. Thusyex 
yr 2 yth sinup .

These quantities are plotted in Fig. 1 for the data s
Dj  24, 2, 4, 6, 8, and 10 using a range ofyi

r for each
and up values obtained by the full line-shape fittin
method [6]. (Note that in calculatingyi

k we have assumed
that only the parallel component is scattered. Justifica
for this is given below.) A straight line plot is obtaine
with slope close to 45±, i.e., the numerical values ofyex

andyi
r cosup are closely similar.

FIG. 1. Plot of excess velocity (defined asyi
r 2 yth sinup)

versusyi
r cosup (the parallel component ofyi

r if the scattered
relative velocity is also parallel to the surface). The slo
is 45± when plotted on identical scales. Data are forDj 
24, 2, 4, 6, 8, and 10. Relative velocities for eachDj range
from 860 to 2140 ms21.
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The significance of this is readily seen in Fig. 2, a ha
ellipse (HE) view of rotationally inelastic scattering [8
Figure 2 depicts the special case in which the scatte
velocity y

f
r is parallel to the ellipse surface. Only for th

case is there a relationship between the scattering a
up and angles subtended by theincomingvelocity vector.
Thus, the linear relationship involving incoming veloci
and outgoing angle over a range of velocities, scatter
angles, andDj values displayed in Fig. 1 indicates th
there isno perpendicular component in the scattered v
locity. Furthermore, the 1:1 relationship betweenyex and
yi

r cosup tells us that the only perpendicular compone
of the initial velocity isyth, the threshold velocity for tha
Dj channel. This observation is of considerable stereo
namical significance as we discuss further below.

Data from the Li2-Xe experiment [6] indicate that the
principal features of the scattering process are best
derstood in terms of the fate of excess linear momentu
This discovery has important implications in the conte
of the recently introduced angular momentum model
which is based on the postulate that RT is controlled
the conversion of linear momentum of relative motion
rotational angular momentum at the repulsive wall of t
intermolecular potential. The probability density of th
process may readily be calculated [7] from the (gen
ally known) distribution function foryr and an empirical
probability density for the effective impact parameterbn.
This latter function has been shown to be an average
radial and angular repulsive anisotropy [9].

The underlying physics of RT becomes transparent
this model with the main features: exponential-like dec
of rates, strong propensity to conservemj, having clear
physical origins. The model allows the prediction of R
rates using readily available data, namely, the diatom
bond length, atomic masses, and velocity distribution [1
We have also shown that it may form the basis of
straightforward inversion routine yielding contours of th
repulsive potential from experimental data [11].

FIG. 2. Vector relationship betweenyi
r , the threshold velocity

yth, and the most probable scattering angleup that the analysis
of the text implies. This relationship is found for each value
yi

r , Dj, andup reported in [6]. Note that this implies that th
direction of the incident trajectory and most probable scatter
angle are determined by the values ofyi

r and yth and that it
is the disposal of the parallel and perpendicular component
the incident relative momentum which determines the ove
outcome.
49
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In generating AM from the linear momentum of relativ
motion, the threshold velocity for each channel plays
key role in a process linear inyr . When taken togethe
with the scattering data, this suggests that in collisio
induced RT our “unit of currency” might usefully b
taken to belinear momentumand its (partial) conversion
into AM regarded as the prime driving force for th
process. This contrasts the approach in which kine
energy is our basic unit and its conversion to poten
energy is the focus of RT calculations. A major advanta
of a momentum-based interpretation is that instead
complexity and lack of insight the process becom
physically transparent and conceptually simple. Its use
the basis of an inversion routine is an added bonus [11

In the momentum “currency” the principal features
rotationally inelastic scattering may be summarized
follows. That portion of the incident relative momentu
needed to open theDj channel is converted to AM via th
relationDj  myrelbn. Probabilities for state-to-state R
follow on expressing this equation as a joint probabil
of the random variables that comprise it [7,9,10]. T
excess momentum is the parallel component and thi
scattered unchanged. The most probable scattering a
appears to be determined by simple vector relationsh
that follow from knowledge of the magnitude ofyi

r and
of the perpendicular component, namely,yth.

We note that, of course, the relationships deduced h
between incident and scattered relative velocities and
scattering angles themselves are themost probablevalues
of what generally are reasonably narrow distributions.
rotational inelasticity increases, the spread of scatte
angle increases. The experimental study [6] reported
only from relatively low angle scattering processes,
maximum for Dj  10 being 30±. It is possible that
deviations from the simple picture presented here w
be observed for processes characterized by much la
scattering angles.

In conclusion, we have found that in the syste
studied a remarkably simple vector relationship gove
the most probable scattering angle. For a givenDj
value, the trajectory ofyi

r is such that the total velocity
component perpendicular to the potential wall is sufficie
just to open that channel. This threshold momentum
converted into rotational angular momentum. The exc
momentum is parallel to the potential wall and is scatte
unchanged. Thus simple vector relations determine
stereodynamics of the collision and the scattering an
both of which may be predicted once initial velocity
50
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known andDj specified. These observations are qu
surprising since state-to-state DCS and their veloc
dependence are expected to be very sensitive to
intermolecular potential and to provide a test of t
validity of scattering theory methods.

This work has shown that the main features of R
and inelastic scattering are most simply understood
terms of the fate of the incident linear momentu
Physical insight, rules of thumb, and genuine predict
power follow. Here, experimental data reveal thatvector
relations govern the RT and scattering processes and
the threshold momentum plays a key role. This appe
to raise fundamental questions as to the nature of
controlling processes in collision events and we ho
to explore this further in the context of other collisio
induced processes.

We thank EPSERC for support of this work and for
studentship to R. J. W.
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