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Experimental Proof of a d m ~ && jPropensity Rule
in Rotationally Inelastic Differential Scattering
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We report the first measurement of a fully state-selected (u;,j;, ~m; ~ ) —(vt, j~, (mI ~ ) differential
cross section in atom-molecule collisions. We have studied Na2-Ne, (0,6, ~m;~) (0,0,0) rotation-
ally inelastic scattering at a collision energy of 190 meV. The data verify a pronounced ~b, m ~ (& j
propensity with respect to the direction of linear momentum transfer. A realistic estimate for the
relative contribution of collision processes with ~hm ~ ) 0 gives an upper limit of 10'/o.

PACS number: 34.50.Ez

Significant progress has been achieved in recent
years in our understanding of the detailed dynamics of
such elementary molecular processes as rotationally
and vibrationally inelastic collisions. ' ~ Despite this
advance, experimental information about collisional
reorientation is limited to data almost exclusively from
experiments in the bulk that suffer from extensive
averaging over scattering angles and directions of rela-
tive velocity.

On the experimental side, advances in inelastic
scattering were made possible by the development of
new techniques for state-selective scattering experi-
ments in crossed molecular beams with'2 and without
lasers. On the theoretical side, the development of
the infinite-order sudden (IOS) approximation had a
major impact. The IOS approximation results in a
decoupling of the multichannel problem, basically by
virtue of the neglect of kinetic-energy change and or-
bital angular momentum.

Excellent agreement between calculated and mea-
sured differential cross sections has been obtained. '6
So far, however, such comparisons have been made
exclusively for cross sections that are sums over all
orientations of the molecular angular momenta. There
are two reasons for this. Firstly, experimental data on
differential scattering of m-selected molecules were
not available, with only two exceptions. Tsou, Auer-
bach, and Wharton studied scattering of polarized LiF
on Ar, without final-state selection. Treffers and
Korving determined the second moment of the popu-
lation distribution over m levels of scattered Na2
molecules without initial-state selection. Secondly, the
results of the IOS scattering calculations are ambigu-
ous as far as the collisional reorientation of the molec-
ular angular momentum is concerned. s It has been
proposed, ho~ever, that the so-called kinematic apse,
the axis parallel to the direction of linear momentum
transfer Ak, is the relevant quantization axis along
which the selection rule 4m =0 or propensity rule
~Am l (&j should hold. In fact, it is easy to show,
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FIG. 1. Schematic experimental arrangement. The flux
of scattered molecules in the level j~=o is observed at the
rotational rainbow angle for the Aj =6 transition as
changes. Momentum transfer is along 4k, which forms an
angle of 67' with the molecular beam axis.

from angular momentum conservation, that 5j
=Rxhk is valid. ' " Here R is the vector from the
center of the molecule to the point of contact. Obvi-
ously 4j is perpendicular to hk and we thus have
Am = 0. The question arises: To what extent is this
selection rule obeyed in a real system involving repul-
sive interaction?

Although several techniques for the extraction of in-
formation about nonisotropically distributed molecular
angular momenta have been described and successful-
ly applied, to none of the related experiments can prove
the conjectures concerning hm selection rules. The
most detailed work, reported by Mccaffery and co-
workers, '2 deals mainly with inelastic collisions. Their
data provide information about the first few moments
of the population distribution over m levels, consistent
with a hm = 0 selection rule with respect to a laborato-
ry axis. The sensitivity of the data to small changes in
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m has not been analyzed. It is not expected to be very
high. The data of the present experiment are not lim-
ited to the first one or two moments of the distribution
function over m levels. A sensitivity analysis is
straightforward as well. The data provide the first
direct and unambiguous proof of the ~b, m l && j pro-
pensity rule along Ak for Na2-Ne scattering at a col-
lision energy of 190 meV. In doing so, this experi-
ment puts a common assumption in the theoretical
treatment of these processes on a solid base.

An ensemble of molecules with a high degree of

alignment along a quantization axis in the scattering
plane is labeled by saturated optical pumping with a
laser of linear polarization i, to the extent that the
scattering contribution of molecules in either the
Im I

=j or m = 0 levels can be isolated from the

j; jf =0 differential cross section. Here, m is de-
fined with respect to the quantization axis e. For a
given scattering angle HL we can identify the direction
of the momentum transfer vector hk (see Fig. I).
The observed signal 1(j, jfleL) for scattering of
molecules out of level j; into jf ——0 at the angle 8
should vary as'

1(J ole') = It. X [n (j,m'). ff n (jij ) ]0 (i.m' —o. ole' ),

with the pump laser off and on, where m' refers to the axis b, k. The constant E includes all quantities that remain
constant as 58 changes. The populations n (j,m'), rr= n (jj'le~k) and n (j,m'), „=n (j,m'the) are related to the

population of the levels m" with respect to the beam axis z and levels m with respect to the laser polarization ~ by

n (j,m'le~„-) = X „n (j,m") Id', „(elk) l'
I

and

n (j,m'lae) = X n (j,m) ld

respectively. The angle between ~ and Ak is

58=8,- —8&„- where 0; and Hzk are measured relative

to the molecular beam axis. The d', (be) are the

rotation-matrix elements. " If the selection rule
b, m'= 0 is obeyed with respect to Ak, the scattering
signal 1(j 0leL) should be proportional to
n (j,m'=olde), because the final state is restricted to

(Jf =0, mf =0).
The experimental realization of the angular momen-

tum alignment will be discussed in detail in a separate
publication. '3 Briefly, we transport laser light to the
molecular beam apparatus via a polarization-preserving
single-mode fiber. Rotation of the polarization vector
~ is accomplished by rotation of a A./2-plate followed

by a high-quality Gian-Thompson polarizer (extinction
ratio 105:I) that rotates at twice the speed. The latter
two components are located inside the vacuum.

t

Optical pumping in the regime of saturation allows

us to deplete the population of all levels with a non-
vanishing transition probability. As an example the
population of all levels lm l & 6 is depleted when a P
transition (j"=6 j'=5) in the A X band is used
but the population of lm l

=6 is left unchanged. Use
of a 0 transition (j"= 6 j' = 6) in the 8 X band
depletes the populations of all m levels except m =0,
while saturated pumping on an R transition (j"
= 6 j' = 7) depletes the population of all m levels.

The scattering signal I(j oleL) is related to the
subgroup of the modulated level. It is obtained from
the difference of the signals with the pump laser off,
I""(all thermally populated levels contribute), and the
pump laser on, I'" (contribution from the pumped
levels is missing). ' The orientational dependence of
the cross section is probed by monitoring the differ-
ence of the number of scattered particles with R and P
or R and 0 pumping as i rotates. The desired experi-
mental information is retrieved by comparison of ap-
propriately normalized scattering data.

Pumping on an R transition we have n (j,m'), „=0
for all m' levels and the scattering signal is given by

I"(J —ole') = x X,n (J,m'). („~(J,m'- o, ole' ). (I)

For n(j, m'), ff const, this reduces to the result for the m-averaged cross section. ' Here, we write the cross sec-
tion as a product of the m-averaged cross section and a function containing the m dependence,

—o, ole') = (J —ole')g(J, —o, ole' ),

with the normalization g,g (j,m' —0, ole ) = 1. Equation (I) may then be written in the form

I'(J —ole') =en(J )~(j—ole')M"

with n (j)= g, n (j,m') and

~ = n(j) 'X,&(j,m'le~„)g(j, m'- o, olez)-.

Pumping on a P transition yields a signai

Ip(j oleL) =En (j )a-(j —oleL)M"

(2)
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with

(6)

X., ldJ, (~8) ('g(j, m —0, 018').p Ji li (j,m =j)

Equation (5) implies that pumping on a P transition eliminates the population of all mJ levels except ~m ~
=j. For

pumping the term 2n (j,m =j) in Eq. (5) must be replaced by n (j,m = 0).
The normalized difference S (58) = (I —I )/I" of the scattering signals for R and P pumping is

SP(~8) Nl Nl J2X, ld . (~8) I'g(j,

X,g(j,m'- 0, 0~8~)

For Q pumping [S~(58)= (I"—I0)/I ] the factor
2[i', (b, 8)~2 .must be replaced by (d', o(b8)( . As-

sumption of 4m' = 0 with respect to 4k requires
g(j,m' 0, 0~8L) =5,

0 and Eq. (6) reduces to
Sp(58) =

2[dJOJ
(48) (' or S&(58)= (doo (58) ('.

Figure 2 shows three experimental curves for P, Q,
and R pumping of the level j, =6. The primary beam
emerges through a 0.5-mrn nozzle from a stagnation
pressure of 50 Torr. Scattering events are monitored
at the rotational rainbow angle for the Aj =6 transi-
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FIG. 2. Variation of the scattering rates I~, I and I
RwIth the angle 8;. I, the mean value of which is unity, has

been shifted vertically. The arrows mark the angular posi-
tions where ~ is parallel or perpendicular to Ak. The dashed
lines only serve to guide the eye. The solid line is calculated
with the assumption of a Am = 0 selection rule and with hy-
perfine mixing as well as flow-induced alignment taken into
account.

tion' by monitoring of the flux of molecules in the lev-
el jJ = 0 as the direction of the linear laser polarization
i rotates. As expected, R pumping leads to a constant
scattering rate because the population of all m levels is
depleted independent of the angle 8; Th.e fraction of
the population of the level m'=0 that is not depleted
by Q or P pumping reaches its maximum at b8
= 8;—8~„- = 0 or 7r/2, respectively. In fact, the
minimum scattering rates are observed at 67' + 2' and
157' + 2', respectively, in agreement with expectation.

The angular width over which the scattering rate de-
creases differs by more than a factor of 2 for P and Q
pumping for the following reason. On the one hand P
pumping leaves the population of molecules in the lev-
el ~m ~

=j undepleted. The population in these levels
transforms for e J.hk into the level m'=0 as well as
levels ~m'~ & 0, and the m'=0 population reaches onl
5 00/o of the population present with no laser pumping.

n y

Q pumping, on the other hand, leaves the population
of molecules in the level m =0 undepleted. This im-
plies that the population of m' = 0 is expected to reach
100'/0 of the thermal population for i ll4k. Thus, as-
suming a Am'= 0 selection rule in the collisional pro-
cess, we expect a normalized minimum signal of 0.5
for P pumping, in agreement with the experiment.
The minimum signal should be zero for Q pumping, in
contrast to the experiment.

Hyperfine precession due to the Na nuclear spin of
= 3I = —, causes mixing of neighboring m levels. The P-

pumping data are less sensitive to the effect of hyper-
fine mixing because more than one m' level remains
populated as the angle between i and bk approaches
m/2. By the same token, however, they are less sensi-
tive to small 4m changes in the collision process. A
thorough analysis, including the sensitivity of these
data to processes with ~Am ~ & 0 as well as including
data of similar quality for 6j= 10, has not been com-
pleted at the present time; the dashed line serves only
to guide the eye. These experimental results are con-
sistent with a bm'=0 selection rule. The Q-pumpin-pump&ng
data, and in particular the scattering rate at the
minimum, are very sensitive to both the effect of
hyperfine mixing and collisional reorientation. A
rigorous upper limit for the relative contribution of
collisions with ~hm'~ & 0 can be derived from the fol-
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lowing argument. The normalized signal at the
minimum (~ il hk) is given by

~0 0 g(6, 0 0, 0~9L)

,g(6, m' —0, 0~8 )

[see Eq. (6)]. From Fig. 2 we find SQ(0) =0.5.
Neglect of hyperfine mixing results in a rigorous upper
limit on the collisions leading to b, rn ) 0 of 500/o. As-

suming complete hyperfine mixing, ho~ever, one
finds S~(0) = 0.4 which is even smaller than observed
experimentally, From the distance between the pump
region and scattering center, the molecular flow velo-
city, the width of the velocity distribution, and the
known hyperfine splitting, ' we estimate the mixing to
be about 95% complete. The solid line of Fig. 2 has
been calculated with use of this number and with only
Am = 0 processes taken into account. The flow-
induced molecular ahgnment upstream of the pump
laser is also included in the calculation and causes the
asymmetry of the solid line. The agreement with the
experimental curve is excellent in both angular width
and magnitude. Therefore, it is a more realistic esti-
mate to assume that less than 10'/0 of the collisions
lead to ~b, rn ~ & 0. This upper limit is likely to be fur-
ther reduced in a future, more complete, sensitivity
analysis.

In summary, these experiments provide data for an-

gularly resolved rotationally inelastic scattering in
atom-molecule collisions of unprecedented detail. The
characterization of the collision process is, however,
not yet complete because the initial angular momen-
tum j; is restricted to the scattering plane. Neverthe-
less, this paper presents the first direct experimental
verification of a pronounced propensity for m preser-
vation with respect to the direction Ak of momentum
transfer in rotationally inelastic scattering. This result
is expected to hold for other collision systems with
predominantly repulsive interaction. For less repul-
sive interactions, and in particular for collisions in-

volving open-shell molecules, ' this propensity is ex-
pected to be weakened.

The technique applied here exploits the full poten-
tial of laser state selection. Besides its application to
the present problem, it will be relevant for the study of
other collision processes where orientational depen-
dence is of interest, such as chemical reactions and
molecule surface collisions.
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