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Isotope shift in the bulge effect of molecular scattering
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The recently observed "bulge" effect in rotationally inelastic scattering is substantiated by the detection of
its isotope shift in K-CO collisions. This effect is a classical rainbow-type phenomenon which has been seen

in the energy transfer or recoil-velocity dependence of K-CO and K-N2 scattering at large angles and

collision energies of about k eV. It is caused by the nonspherical bulge of the repulsive equipotentials of the

intermolecular force and may be useful as a probe to its anisotropy.

INTRODUCTION

In a previous paper we reported on the observa-
tion of sharply structured recoil-velocity dis-
tributions of potassium atoms scattered rota-
tionally inelastic from unoriented N2 and CO
molecules. ' Single rotational transitions re-
maining unresolved, the distributions were
specified in terms of a double-differential
center-of-mass-system (CMS) cross section
J'(u~, s), with 8 the CMS scattering angle and
u~ —= u'/u the quasicontinuous reduced CMS re-
coil velocity of the atom (dashes referring to
"after collision" ). The structure consists in
nonvanishing Jwithin rather well-defined u*
intervals extending from uo =1, elastic scat-
tering, to values u~~(8, E) &1 which correspond to
a maximum of energy AE, transferred into
molecular rotation at a given angle and CMS
collision energy E. At or very close to both
the upper and the lower bound of this u* interval
the cross section exhibits a sharp maximum;
moreover, at equal 3 and E the interval of K-CO
scattering is wider than for K-N„and a third
maximum, missing for K-N&, appears within its
bounds. The experiments were done at large
angles 3 &-,'g and energies of about 1 eV. There-
fore the scattering is dominated by the repulsive
core of the interaction potential. We suggested
a simple explanation of the observations: The
rodlike structure of the essentially rigid mole-
cule exposes two lever arms of equal (N2) or
unequal lengths (CO) to the incoming atom.
Therefore, depending on impact parameter and
molecular orientation, a single or two different
maximal amounts of angular momentum and ro-
tation energy may be transferred in the collision.
If the intermolecular potential acted literally
like a. rigid bar, the maximal amounts would be
transferred by hitting its ends perpendicularly;
the u* dependence of J would simply break off at
maximum transfer. Actually the repulsive po-
tential core has a bulge; as compared to a bar
it will be better approximated by ellipsoidal-,

egg-, or eight-shaped equipotentials. The bulge
provides a coupling of the length of the equivalent
lever arm with the direction of the impulse,
which is independent of the direction of incidence.
Owing to this coupling the mgximgl amounts of
transferred angular momentum and energy will
not only be approached as a function of impact
parameter and molecular orientation, but will be
Passed through, thus giving rise to an (orienta-
tional) rainbow phenomenon, the "bulge maxima, "
in the recoil-velocity dependence of the cross
section. Effects of this general origin had been
predicted from formal arguments' shortly be-
fore they were observed in K-N, and CO scat-
tering, and possibly also in other systems. 3

The experiments, as well as a calculation of
classical scattering from a rigid, initially non-

rotating ellipsoid of revolution, indicate that
under appropriate conditions the bulge maxima
with their bright and dark sides may well be the
dominant feature of rotationally inelastic scat-
tering, and that they may eventually be useful as
a direct and very sensitive probe of the (repul-
sive) anisotropy of the intermolecular potential.
It is therefore the purpose of this paper to ex-
plore the effect further and thereby to substan-
tiate its indicated explanation. The latter im-
plies that the positions u*, ,(8) of the two bulge
maxima of K-CO respond to isotopic substitu-
tion. -It will be shown that the replacement of
natural CO by C ' Q indeed causes clearly de-
tectable changes in the scattering.

In Sec. I we summarize the experimental
conditions and the method of data acquisition.
In Sec. II typical primary data are presented
and approximately converted to cross sections,
which are compared and evaluated on the bas'is
of two crude, rigid-potential models in Sec. III.

I. EXPERIMENTAL

Vfe prepared the collision partners in a con-
ventional crossed-beam apparatus, -using the
seeding method on the K beam for increased
collision energy, isentropic expansion to cool
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TABLE I. Preparation and detection of collision partners.

Average K velocity

Relative velocity spread, FWHM"

Angular spread, FWHM

Average CO velocity

Relative velocity spread, FWHM

Angular spread, FWHM

K-CO rel'ative velocity

K-CO collision energy

CMS velocity of K before
collision with CO

Angular width of detector
acceptance, FWHM

Velocity width of detector
acceptance, FWHM

v~ (m/sec)

hv(/vq (%)

&vg (')

v2 (m/sec)

Av2/v2 (%)

&72 (')

v = (v&+ v2)~/ (m/sec)

E=-uv' (eV)

u= m2v/(~+ m2) (m/sec)

gg (o)

av'/v' (%)

3660 (55)

17

0.25

762(25)

18

5.7
3740

1.18

1560

0.54

10

Figures in parentheses throughout denote the + uncertainty of the last given decimal place.
I.e. , "full width at half-maxi. mum. "

the CO beam, and in-pl, ane detection by a Fizeau
selector- Langmuir Taylor ribbon aggregate. No
means of orientation of either partner are em-
ployed. Details have been given previously. '

Relevant figures for these experiments are
collected in Table I. The translational cooling
of the CO beam, corresponding to a parallel
temperature of 12 K, was found to be consistent
with recoil-velocity distributions obtained in
k-Ne scattering under corresponding stagnation
conditions. The molecular rotation wi.'th an
average angular momentum quantum number

j=2.5+1 before collision, equaI for both iso-
topic CO species, is about two orders of magni-
tude slower than the repulsive-collision dura-
tion, and —like the vibration —contributes negligi-
bly to the total energy in the collision. Both
beams are virtually free of poly&erization pro-
ducts. The potassium is vacuum distilled, the
natural CO is 99.9% pure, and the C '80 is 99%
isotopically pure.

The Newton diagram of Fig. 1 indicates the
kinematic situation of the experiments. In com-
paring the scattering off the two isotopic species
all externally controllable parameters were kept
as nearly equal as possible. Then, equal stagna-
tion pressures at the CO beam nozzle produce
average CO beam velocities in the laboratory
system (LS), which differ by a factor
[m(C ' 0)/m(CO)j'~, or by 3.5%. Besides this
the mass difference will also cause 3.9% dif-
ferences in the initial CMS velocities of the
partners, and 3.7% differences in the collision
energy. The imperfections of the initial pre-

paration and the detector, i.e., finite widths
with respect to velocity and angle of the in-
coming distribution functions as well as detec-
tor acceptance functions, may be combined into
two particularly significant quantities, hu~
=Du'/u and 68, which are measures of the re-
so'lving power of the experiment with respect

=)40

)43

1820m/s

V2

FIG. 1. Newton diagram showing the kinematics of
K-CQ and K-C 0 collisions in a typical experiment in
which the detector swings through LS angles 8 accepting
scattered K atoms at a fixed velocity v'. In the CMS it
essentially scans recoil velocities in the neighborhood of
a stationary angle =140' for K-CO or 3=143' for K-
C iso
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to reduced recoil velocity and angle in the CMS.4

Both Au* and A3 vary considerably over the
CMS. The quantity hu*, which is more impor-
tant for this experiment attains minimal values
as low as 0.05 in the CMS region of 130 &3
& 160-, u*&0.6 because several of the smearing
effects partially compensate each other here.
Therefore the observations are restricted to this
CMS regime.

As may be seen by inspection of Fig. 1, this
offers another advantage: of the two simple
modes of data acquisition, i.e., scanning LS
velocities at fixed LS angle 8, or LS angles at
fixed LS velocity v', the latter —at appropriate
e'—will make a CMS angle 8 stationary. ' If the

stationary point falls in the u* range of interest,
the measured I S angular distribution at fixed e'
will correspond very closely to the CMS recoil-
velocity distribution at fixed 5. From previous
experiments the angle dependence of the latter
distribution is known and weak at large 3. Thus
the "8 scan at fixed v"' mode of operation ren-
ders the desired item directly at a level of ac-
curacy which is amenable to later corrections.
As the cost of the isotopic material severely
limits the measuring time, this mode was chosen
as the most rapid one among others employing
interpolation or such as have beer( used pre-
viously. Again, the two isotopic species will be
compared at exactly the same (constant) LS
velocity v' accepted by the detector. Figure 1
shows that this will make two slightly different
CMS angles 8 stationary, the smaller one re-
lating to the heavier isotope. Also this dis-
crepancy of about 3 is small and can be corrected
for.

II. MEASURING RESULTS AND CROSS SECTIONS
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FIG. 2. Scattering signal S (e'=1820 m/sec; 8) of K
atoms recoiling from the two isotopic CO variations as
a function of the LS angle e. The additional abscissa
scales giving the corresponding CM8 variables u*, are
different for K-CO (below) and K-C 0 (above). The
isotope effect shifts the two inelastic bulge maxima far-
ther apart for K-C O. This may be directly read from
the.primary data by comparing the two recordings.

Typical primary data are shown in Fig. 2.
The two recordings represent the flux S(21', 8)

of K atoms into the detector which are scattered
from natural CO and from the isotopic variation
C "0 (upper curve) at the same constant LS
velocity 21'=1.82X103 m/sec as a function of the

LS angle 8. A run-back trace (at the bottom)
was taken between the two experiments with K
and natural. -CO beams on, .but not crossed. It
shows the- background under full beam load. Its
short time average is used as the zero of the
natural-CQ signal and, with the appropriate off-
set, also as the C'80-signal zero, which was not
recorded for reasons of time. ' For each CO
species the LS variables v' and 8 are converted
into the corresponding CMS variables n~ and 8
on additional abscissa scales. This is done in the
"fixed velocity" approximation from a Newton

diagram according to the average values of the
initial preparation (Table I) and the detector
settings v' and 8. As expected, 3 is stationary
at slightly different values for the two recordings.
Except for the LS-CMS intensity transformation,
the latter give very nearly the desired CMS
recoil-velocity dependence of the cross section
at constant 3. The dominating features of ro-
tationally inelastic, repulsive K-CQ scattering,
described in the introduction, are clearly seen.
For both isotopic variations one of the maxima

appears close to u*=1, elastic scattering. The
other two result from the action of two "bulged
lever arms of different lengths". in the excita-
tion of this molecule. Their separations on the
u~ scale from each other or from the respec-
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FIG. 3. Normalized CMS cross section J(u~, 8= const
)2.5; 1.18 eV) obtained with Eq. (1) from the primary

data of Fig. 2. The scattering angle is stationary at
=142.T for K-CO and at~=139.9 for K-C 0, varying by
about + 2' within the former, by approximately +4' with-
in the latter distribution. The arrows indicate the mixi-
ma positions evaluated in TaMe IG.

tive near-elastic maxima are different for
natural CP and C P, thus verifying a change
in the lengths of both lever arms by isotopic sub-
stitution. This is the main result of this paper.
It will be unaffected by the mostly negligible
corrections which put both recordings on a
scale of equal and exactly constant 8 and equal
collision energy.

One is naively tempted to associate the left,
more inelastic maximum of each trace with scat-
tering from the farther outsticking C end of the
molecule, and the less inelastic central maximum
with its P end. This presupposes, that with res-
pect to the molecular center of mass the range
of the repulsive core of the intermolecular po-
tential sufficiently conforms to the nuclea, r geo-

. metry of the molecule. The isotope effect con-
firms this. As is directly read from Fig. 2,
shifting the molecular center of mass towards
the O end in C ' O results in less inelastic O-end
and more inelastic C-end scattering.

For further discussion the LS-CMS conver-
sion of the data of Fig. 2 is completed in Fig. 3.
The double-differential CMS cross section
J'(u*, S!j, E) du~ d&u describes the transition of

the system from an initial preparation with colli-
sion energy E (or relative velocity v =vI —v„
E=~ pv ) and a distribution of unoriented mole-
cular rotation with average angular momentum
quantum number j to a final situation in which
the detected partner 1 is scattered by 3 (as
measured against v) into the CMS solid-angle
element of velocity space d~ with reduced velo-
city u* =u'/u in the interval du~ =du /u. In the
fixed-velocity approximation, which is suffi-
cient for the purpose of this paper, J is related
to the recorded detector signal S(v', 8) by

S(v', ~) =(const) v'(v'/u')'uZ(u+, a!j, E)

=(const) 4/u+' .

The first line results from the general multi-
ple-integral relation between S and J by taking
the distribution functions of the initial-prepara-
tion and the detector-acceptance functions as 5
functions at the average values of Table I or the
detector-angle settings 8 of Fig. 2. The constant
includes the fixed geometry of the apparatus as
well as the product n,n, v of particle densities of
both beams in the scattering volume and the
relative velocity. Pf the extra factors v' takes
account of the constant relative velocity spread
transmitted by a Fizeau selector, (II'/u')' is the
LS-CMS Jacobian of the quasicontinuous approxi-
mation, and u results from the use of reduced
rather than absolute recoil velocities. In the
second line all factors, which remain unchanged
in a single run of these experiments, are ab-
sorbed into the constant. Fig. 3 shows the cross
section J which results from EIl. (1). The highly
inelastic parts of the curves are really much
less populated in the collision than appears in the
LS. The general structure of the u* dependence
of 8 remains, however„as do its characteristic
differences due to the isotope effect.

In Fig. 3 an additional abscissa scale gives the
final angular momentum quantum number j',
which is calculated from u~ by

j'=[(E/&)(1 —u") +(f +2)']"'- 2,
with j=j=2.5, the average initial j of these ex-
periments, and J3 the rotational constant of CQ
from Table II. The major portion of the curves
corresponds to high rotational excitation. For
C '80 the j' values would be higher by 2.5% owing
to the smaller B. As no unfolding has been done
in this LS-CMS conversion, all the experimental
smearing is carried over into the CMS results.
As mentioned above a careful estimate of the CMS
velocity-resolving power Au* has been made.
This quantity is shown in Fig. 3 as error bars
at several u* values. It has been noted pre-
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TABLE II. Properties of collision partners and the scattering situation.

Average equilibrium distance of K-CO potential

Average weQ depth of K-CQ potential

de Broglie wavelength of free relative
K-CO motion

Scattering parameter

Reduced co11ision energy

Largest observed energy
transfer corresponding to N*= 0.6

Reduced translation energy after
collision corresponding to u*= 0.6

Estimate of collision duration

Rotational constant" of C ~O

Classical rotation period of CO
before collision, i.e., for g =2.5

Inertial factor of K-CO
of K-C«8O

Vibrational constant~ of C O

x~ {10+cm)

& {meV)

X=A/Pv (10 (0 cm)

~ /x

E=8/~

aE= {1 m*2)Z {ev)

r, - 0.2rJv (10 ~4 sec)

B~ {meV)

~,«-—[2',{j+ &)] {10 see)

V,/I (10~~ cin ')

co, {eV)

1.04

471

&130

0.76

&47

0.2395 {1.93139 em «)

2.9

1.869
1.851

0.2691

~Reference 1.
"G.Hermberg, MoleeNEm Spectra and'MOEeemlm Stmctmre {Van Nostrand ReinhoId, pew York, 1950), Vol. I.

viously that there is a close parallelism without
exception between the varying Au~ and the widths
of the maxima or of their shadows slopes (i.e.,
the right slope of the elastic, and the left slopes
of the inelastic maxima). These features of the
true underlying cross section must be even
sharper than they appear in Fig. 3.

Several other comparative runs at the same
collision energy and other angles 130 &5 &160
support the data and conclusions of Figs. 2 and 3.

III. DISCUSSION

Table II summarizes some data pertinent to
the scattering situation and collision partners
of these experiments. Very large A values and

large observation angles, 3 &1 rad, satisfy a
necessary requirement for classical scattering.
With high initial and final reduced translation
energies E,E'» 1 in addition, an overwhelming .

influence of the repulsive core of the inter-
molecular potential on the outcome of the colli-
sion is guaranteed. The molecular rotation be-
fore collision is very slow and contributes ne-
gligibly to the total energy. Its ratio to the
collision duration is of the order of 102, giving
rise to extremely sudden encounters and a wide

spectrum of excited rotation after collision.
This qualifies the terminology of "scattering by
the C- or 0-end" of a diatomic molecule. The

vibration has been found in Ref. 1 to remain in-
active, although the energy would suffice to ex-
cite up to four quanta. All these conditions are
very much the same as in the previous experi-
ments, the main results of which cou),d be under-
stood in terms of the simple assumptions of
classical scattering from a rigid, initially non-
rotating potential shell. It will therefore be
instructive in a qualitative, perhaps crudely
quantitative sense to compare the predictions
of this simple model. also with the present ob-
servations. Two model results of interest are:
(i) The u* dependence of the orientation-averaged
cross section J(u*, 8~0, E) exhibits integrable
singularities i=0, 1, 2, . . . at values

u,*(s)=[(1—A', sin'8)'~ +A, cossj/(1+&,.) . (2)

Here the A., are products of the relevant inertial
parameter p/I of the system (u, : atom-molecule
reduced mass; I: molecular moment of inertia)
and the square of a linear dimension of the po-
tential shell, which is a measure of its deviation
from spherical symmetry. The determination of
the u* positions of the singularities at a given
angle 3 thus yields direct information on the
latter property. This may prove to be a very
important benefit of rotationally inelastic scat-
tering as a probe of the intermolecular inter-
action. (ii) Specifically, for a potential shell
taken to be a prolate ellisoid of revolution with
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TABLE IH. Parameters of ellipsoidal-model potential.

up max
u.

Z
c a (10-' cm) sp/(1 + a/c) (10 cm)

( 0 cm).
for c=2.5&& 10 em

K-CO i= 0
1
2

K-C "O i=0
1
2

0.982(5 )
0.878(5)
0.637(10)

0.982 (5)
0.893(5)
0.602 (10)

1,000(5)
0.860(5)
0.600 (10)

1.000(5)
0.875(5)
0.568 (10)

0.298 (4)

0.305{4)

0.086(4)

0.104(4)

0.118(5)

0.142 (5)

Errors relate to the estimated u,*. ~ reading errors alone.

semiaxes a and c (& a), and a distance zo be-
tween its center of symmetry and the molecular
center of mass,

2
zpa, —0, X,, , = —,+ ); (3a)

zp is measured along the internuclear axis of the
molecule, which coincides with the axis of re-
volution of the ellipsoidal shell. From Eq. (3a)
it is seen that Qp=0 gives rise to a singularity
at up =1 for elastic scattering independent of
angle. Besides this there will be two other
singularities, a less and a more inelastic cor-
responding to A& and A2, respectively. Their
u* positions are essentially determined by the
"anisotropy" (c —a) and the "excentricity" z,
of the shell, which express the deviation from
spherical symmetry of this simple potential
model. The approximate expression for A.f 2—
valid for "small" zo «4(c —a)(1+a/c}—is good
to better than 2% for the parameter values of
interest here, and depends little on a third para-
meter, e.g., on c if—as mill be the case here-
the anisotropy is small compared to e. For the
even simpler model of adjoining segments of tmo
spheres with centers on the internuclear axis,
displaced by z„z2(&z,) in opposite directions from
the molecular center of mass,

(Sb)

is independent of the radii r, , of the spheres, if
~r, —rI

~

&(z, +z2) . The elastic singularity is
missing in this case.

To use Eqs. (2) and (Sa) or (3b) for a com-
parative evaluation of model parameters from the
data of Fig. 3, the experimental resolving power
Au*, slightly different collision energies (see
Table I), and not exactly constant and equal
angles 3 (see Fig. 2) for the two isotopic species
must be accounted for. A finite resolving power
will turn a cross section singularity into a maxi-
mum of finite height displaced towards the bright
side of the singularity by an amount 5N* which

depends on the resolving power and was found by
test calculations to be Su*=0.32 hu* for these
experiments. Columns 1 and 2 of Table III give
the I* positions of the maxima and of the cor-
responding hypothetical classical singularities of
the cross sections of Fig. 3, the latter being ob-
tained by the indicated correction. In both cases
the ellipsoidal-model result up*=1 is met within
the quoted error limits. For K-CO the energy
and angle dependence of J(u*, 3=const) have been

.studied previously. Under the conditions of
these experiments both are weak and in rough
accord with the predictions of the rigid-shell
model, i.e., Eq. (2) with regard to angle. Non-
constant and unequal 3 are therefore taken care
of by their use in Eq. (2) to obtain the A, . Fin-
ally, corrections to reduce the u,*. to equal energy
for both isotopic species are found to be negli-
gible.

Equation (3a) then gives the anisotropy c —a
as well as the values of zo(1+a/c) '~' of Table
III. '

As c (or g) remains undetermined in these
experiments, the excentricity zp is quoted for
the arbitrary choice c=2.5 A. At the energy of
the experiments this may be a reasonable value
to simulate the range of the real interaction
effective in large-angle scattering. But zp will
not change outside its quoted error limits for
any other c&1 A.

The model indeed "explains" the observed iso-
tope effect as a shift of the molecular center of
mass by Ezo ——(0.024 +0.007) x10 8 cm with res-
pect to the intermolecular force field, the aniso-
tropy of which remains virtually unaltered. The
real effect is a shift by 0.032 A.

Although the discrepancy between the real cen-
ter-of-mass shift and its model value is very
small, the fact that it is outside the error limits of
the latter may be significant. It will be noted that
the value zp =0.118 A for K-CQ shows the center
of the ell'ipsoidal potential shell not to be located
halfway between the Co nuclei, but shifted by
about 0.037 A towards the C end, the distance
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of the molecular center of mass from the mid-
point between the nuclei being only 0.081 A.
Knowing the origin of the bulge maxima, we

may relate this latter model result to the at-
tempt to evaluate the K-CQ scattering using
a potential of the wrong symmetry, i.e., D„„
of the ellipsoid instead of C„„for K-Co. Ap-
parently the geometry of the equipotentials of
the real interaction is such as to produce higher
torque at the molecular C end beyond what is
afforded by an inversion symmetric force field
and an inertia-determined refererice point. The
too-small isotope effect of z, has conceivable
the same origin.

The evaluation of the two-spheres model
[Eg. (3b)] yields

CO: z&
——0.212(4) A, C '80: z, =0.201(4) A,

z2 ——0.384(6) A, z2
——0.409(6) A,

where the figures in parentheses denote the un-

certainty of the last decimal place. As indicated
above these numbers are independent of the radii
of the spheres, contrary to the magnitude of
J(u*), which will strongly depend on them. Al-

though this model does not produce the elastic
singularity or maximum which is observed, it
shows that (i) two centers simulating maximal
rotational excitation are in a distance on the
order of, but less than the equilibrium bond

length r, =1.128 A of CO; that (ii) there is an

isotope effect which is quantitatively too small,

but assigns the indices 1, 2 to the 0 and C atoms,
respectively, and that (iii) again the details of
the real anisotropy are simulated by ratios
z2/z&, which do not correspond to the atomic
distances from the molecular center of mass,
but favor the carbon atom.

In conclusion, it is seen that analysis leads to
statements about size or accuracy of linear di-
mensions of the colliding systems which are of
the order of the de Broglie wavelength of its
free relative motion (see Table II). Although it
is true that the bulge effect exploits the "re-
solving power" of the scattering process more
fully than do many other features of atomic
scattering, the comparative meaning of such
statements should be observed. The quoted
errors arise from the u*,. reading errors
alone, which are treated as of statistical nature.
The other major sources of uncertainty, i.e.,
selector calibration factors, resolving-power
corrections, wave effects in the results, and the
deficiency of Eq. (3a), will be very nearly the
same for both isotopes and are not considered
in Table III and the two-spheres-model evaluation.
The total error of a u,* is estimated to be three
times that given in the table.

While their isotope shift qualitatively supports
the interpretation of the bulge maxima, a more
realistic description is needed to make full use
of the power of this phenomenon in molecular
scatte ring.
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AN* is defined as the full width at half-maximum of the
calculable distribution of reduced CMS recoil veloci-
ties which results from the distributions. of the initial
preparation and the detector acceptance on the assump-
tion of a CMS cross section which is constant with re-
spect to angle and a 5 function with respect to recoil
velocity. &3 is correspondingly defined.

At such a stationary point the LS angle resolving -power

of the detector determines —among others —the CMS
velocity resolution and vice versa. This is part of the
reason for &u* values as low as 0.05 in this CMS re-

gionn.

6The recorded CO background varies slowly and almost
linearly with angle, and is reasonably constant in time.
The C 0 signal appears as if it sat on a background
less variable with angle. It was, therefore, also eval-
uated on the alternative assumption of constant back-
groung. The resulting changes in peak locations on the
u* scale turned out to be negligible. The rise of both
signal traces at 8 & 60' is also common to the back-
ground. It has nothing to do with the investigated pro-
cess.


