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Relative measurements of the differential cross section for elastic scattering of Xe+ on Xe
and Ar+ on Ar are reported in the energy range 20-340 eV and the angular range 1-15 deg
(lab). The data are presented in terms of the reduced cross section p(OI =—& sine 0(@ and the
reduced angle 7 —= E8. The p-vs-7 plots for Xe+ on Xe show complex 'oscillations which we
attributb primarily to phase interference in scattering from three coherent pairs of gerade-
&ng««e potential curves. The six states involved are the electronic fine-structure states
of Xez+, four of which dissociate to Xe+ Xe+(P3/&), and the other two to Xe+ Xe+( Pt/t). At
larger values of v the elastic scattering pattern is further complicated by potential-curve
crossings and excitation to higher states, while at smaller ~ potential wells give rise to two
rainbow peaks. We have resolved two oscillatory patterns in the data, from which we have
determined two difference potentials for Xet', 6 Vzz(B) =

~
Vjag(R) —V~„„(B)j: A V)/t 3/t

=23e ~ + 3 5&8&5„5; and 4V&/2 &/2
-—2.0e 0 5&8&6.5, in a.u. The Ar+ on Ar data

are in excellent agreement with scattering calculations based upon ab initio computations of
the II„and G~ potentials of Ar 2+.

I. INTRODUCTION

During the past decade collision-spectroscopy
studies of Ne' on Ne and Ar' on Ar have demon-
strated the dominant role of coherent II and

II„molecular electronic states in producing the
prominent interference pattern seen in differential
measurements of both the direct elastic and

charge-exchange scattering. ' ' The Z, and Z„
states have been identified as being responsible
for a secondary oscillation in the Ne'-on-Ne dif-
ferential cross sections and may produce similar
oselllations, too rapid to detect with ordinary
angular resolution, in Ar'-on-Ar scattering.

The six molecular fine-structure states, which
arise from the spin-orbit interaction, have not
been identif ed as playing a part in producing the
observable features of the scattering patterns for
these systems. The spin-orbit interaction energy,
as indicated by the splitting between the 'I'„, and

2P»2 states, is about 0.1 and 0.2 eV for Ne' and
Ar

&
respectively. At collision energies above

100 eV, the long-range coupling during the en-
counter is large enough to completely couple the
fine-structure states; therefore the spin-orbit
interaction can be neglected, giving rise to a
pair of doubly degenerate II states and a pair of
Z states as the effective interaction potentials for
the collision.

The heavier noble gases have stronger spin-
orbit interactions, however; the 'I'„2-'I', /2 split-
ting is 0.67 and 1.31 eV for Kr' and Xe', respec-
tively. The stronger spin-orbit interactions in these
systems also pervade the molecular states that

govern the scattering. Consequently, the -molecu-
lar fine-structure states of these systems may
remain adiabatic for elastic scattering at energies
up to about 100 eV. The interference pattern
should contain three oscillations instead of the two
which result when the spin-orbit interaction is
negligible, provided there are both 'I', /, and 'I', /2

ions present in the ion beam.
The six fine-structure potential-ener gy curves

of Xe,' are shown in Fig. 1, taken from the work
of Zohnson. ' (The common repulsive term in the
interaction potential has been omitted, as have
some small common attractive terms. ) For large
internuclear separation It, (J„J~)coupling domi-
nates with J',(atom) =0 and J~(ion) =~a or —,', so that
J= Je+ Ja reduces to J= Ja. *he proj
lar momentum on the internuclear axis M is a good
quantum number at all separations, as is the
parity P geode o—r ungerade so that the—states
may be designated (J,M, P) In this sche. me the
coherent pairs of states in ion-atom scattering
are (—,', —,', g) and (—,', —,', u)—the upper pair. (s, —,', u)
and (-,', —,', g), (-,', —,', g) and (-,', —,', u). [At small R,
where (A, S) coupling dominates, the same curves
would be desig ated 2Zg, I/2 and 2II„,1/2, 2ll. ,s/2 a d

responding curves for Ar, ' have been computed by
Johnson in an earlier work. '

As discussed by Johnson for Ar, ', the adiabatic
states change from (A, S) coupling at small 8 to
(J, , J„) coupling at large It, there being an inter-
mediate region where the exchange and spin-orbit
energies are of about equal magnitude; The col-
lision dynamics, couples these fine-structure states
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FIG. 1. Exchange energies for Xe2+ given in units of
spin-orbit splitting {1.31 eV) as a function of internuclear
separation R in a.u. This figure is from the work of
Johnson (Ref. 6).

and rgay produce transitions among them, par-
ticularly in the intermediate region. However,
the location of the "nonadiabatic region" mill de-
pend upon the strength of, the spin-orbit coupling
and the velocity of the collision, At sufficiently
high velocities or weak spin-orbit coupling, tran-
sitions will occur at long range and the spin-orbit
coupling can be neglected. Conversely, at suf-
ficiently low velocities and strong spin-orbit
coupling, the collision will proceed adiabatically
along the spin-orbit states, even into short range.
In this work we examine these different limiting
cases. In our energy range of 20-340 eV the Xe'-
on-Xe case appears to be entirely adiabatic even
into the region where (A, S) coupling dominates,
whereas in the Ar'-on-Ar case we observe mainly
nonadiabatic collisions where spin and orbital
angular momenta are decoupled, with indication
of transition to an adiabatic regime at the lowest
ener gles .

The present work presents measurements of the
relative differential cross section for the direct
elastic scattering of Ar' on Ar and Xe+ on Xe in
the energy range 20-340 eV and angular range
1-15 deg (lab). The argon data are an extension
of earlier measurements made in this laboratory. '
Our analysis of the argon data shows the observed
interference pattern to be in excellent agreement
with both a semi. classical and partial-wave calcu-
lation based upon the II, and II energies of Are'
computed by Gilbert and %ahl' and Sidis. '

Our analysis of the xenon data has produced
measured values of the gerade-ungerade pair-
potential-energy difference, SV(R) -=~ V,(B)-V„(&)(,

for two of the three pairs of coherent molecular
fine-structure states of Xe,'. %'e consider these
values to be in satisfactory agreement with those
computed by Johnson, ' while also being more ac-
curate.

II. APPARATUS AND EXPERIMENTAL PROCEDURE

The apparatus used for these measurements has
been described in detail in an earlier work, ' and
the dimensions of the collimating apertures and
their separation are unchanged. The electron bom-
bardment energy in the ion source is 100 eV, so
that the production of metastable ion states is
energetically possible. Limits on the ratio of
Xe' in the 'P», state to that in the 'P», (ground)
state can be estimated as follows: Amme and
Haugsjaa" measured this ratio to be 0.25 at an
electron energy of 25 eV, the ratio increasing
slowly with increasing energy. (If the two states
were produced in statistical equilibrium, the
ratio would be 0.50.) At our higher electron ener-
gy, we estimate the 'P», 'P», ratio to be about
0.40 for Xe', and nearly the same for Ar'. Higher-
lying metastable states are estimated to compro-
mise less than 1% of the ion beam.

The scattered ions are energy analyzed electro-
statically to select only the elastically scattered
ions. The scattered ion current is amplified by
an electron multiplier and an electrometer. The
angular data are obtained by slow continuous scans
at a rate consistent with good signal-to-noise
ratio. The data are recorded on magnetic tape and
are then processed by computer to yield plots of
the reduced cross sections p(8) —= 8sin8o(8) versus
the reduced angle v=—EO.~ An absolute measure-
ment of p(8) was not attempted, due to the difficulty
of determining detection sensitivity over wide
ranges of scattered-particle Qux and energy.

III. DATA AND ANALYSIS

The theoretical basis for analyzing symmetric
ion-atom scattering has been developed in a paper
by Marchi and Smith, "and the results will be
applied here. To review briefly, performing the
Born-Oppenheimer separation of electronic and
nuclear motions and treating the nuclear motion
quantally, one obtains an amplitude for direct
elastic scattering given by

where f,(8) and f„(8) are the (complex) scattered
amplitudes from gerade and ungerade electronic
molecular states, respectively. Each of these
amplitudes can be represented as
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x cos[p (8) —$„(8)]),

or, equivalently,

p(T) = 4/ (T)+p„(T) + 2' (T)p„(T)

x cos[yg(r) —y„(v)]] . (3a)

where the differential cross section o(8) can be
computed classically for a particle moving in the
appropriate potential field, and the phase p
can be computed as a classical action integral.
Combining Eqs. (1) and (2) leads to

o(8) =
If(8)I' = l{o',(8) +o„(8)+2c,'"(8)c„'"(8)

A. Ar'on Ar

Figure 2 shows exemplary argon data at several
selected energies. One or more runs were made
at 5-eV intervals from 20 to 100 eV and at 20-eV
intervals from 100 to 240 eV.

The most prominent features in these p-vs-T
plots are (i) the rainbow peak at 7 = 115 eV deg,
independent of energy, and (ii) the interference
peaks, which move with energy. The low-energy
rainbow scattering is the subject of another
paper. " In this paper we consider the interference
patterns due to electron exchange symmetry.

At energies less than 100 eV there is, in ad-

Since p, (T) and p„(T) are usually slowly varying
functions of r, we expect the maximum in p(v) to
occur when

Iy, —y„I=2~x, iV=1, 2, . . . . (4)

The quantal phases p, and g„are developed during
the collision interaction and are given by an action
integral over the classical motion, of the form

(5)

The integration over time can be replaced by one
over the path,

' dt-ds/v. For small-angle scat-
tering, the velocity v can be treated as constant
and proportional to E' ', and the integral over
path will be nearly a function of A, or the impact
parameter 5 only, and hence of 7 only. Thus Eq.
(5) becomes, apart from constants,

E fa ds'= '~'F E(v}. (6)

Combining Eqs. (4) and (6) gives, except for con-
stants,

Nz'" -
I z,(~) —z„(~)I. (7)

Therefore it is found that NE' ' is a direct mea-
sure of the difference potential hV(R).

The integer N can be thought of as representing
the number of round-trip excursions from target
atom to incident ion and back to the target atom
made by the unpaired electron during the collision.
The fact that at constant 7 the quantity NE'~' should
remain constant provides a useful test for whether
or not a pattern of oscillations in p-vs-T plots can
be attributed to phase interference between two
coherent states. Equation (7) is also a convenient
meeting ground between theory and experiment;
experimentally determined values of NE' ' versus
7 can be compared with computed values of the
classical action integrals, derived from known or
trial potential curves for the two states.
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FIG. 2. Reduced plots of the experimental direct
elastic scattering of Ar++ Ar at selected laboratory col-
lision energies.
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dition to the regular pattern, a pronounced ampli-
tude modulation of the oscillation, and also oc-
casional broadening, narrowing, and asymmetry
of peaks, suggesting the presence of a secondary
"faster" oscillation which is unresolved in these
measurements. Above 100 eV the oscillation is
more regular, with larger amplitude and slight
modulation.

The periodic property of the interference pat-
tern over the entire experimental range is dis-
played in Fig. 3 and shows good agreement at 240
eV with earlier measurements on an entirely
different apparatus. ' (In the region of comparison,
a minimum in the electron-capture probability
P, corresponds to a maximum in p. ) A best-fit
empirical line is drawn through the data, each
line representing a family of collisions for which
the relative phase I p —g„I is a fixed integer N
times 2w, as in Eq. (4). To determine the proper
assignment of N we use that set of N values which
at small angles (8' & 8 & 8') make NE'I' constant
(to within I/p) at constant ~.

Figure 4 shows the experimental small-angle
values of NE' ' versus 7 obtained from Fig. 3.
Also shown is the computed value, derived from
the 'II„and 'II interaction potentials of Ar,+ as
calculated by both Gilbert and Wahl' (4.2 & A & 5a,)
and Sidis' (1 &8 &4.5a,). (The two calculations
are in excellent agreement in the overlap region;
hence only one curve is shown in Fig. 4.) For
the internuclear separation 2 ~R & 5a„ the ab
initio II potentials could be accurately represented
by the exponential forms

120
I I I I I I I

100—

type and a partial-wave type. Both of these fall
on the curve shown. The agreement between ex-
periment and theory is thus seen to be excellent—
within 1 or 2%.

The above analysis indicates strongly that the
major interference observed in these data is that
due to the II states. We also observe an effect,
particularly prominent in the 90-eV data, wherein
the amplitude approximately doubles with in-
creasing v.. We believe this is caused by the
mixing of fine-structure states at large R with

increasing energy, together with the increasing
degeneracy of the II,~, and the II,~, states as the
scattering probes smaller R (larger v). As these
two pairs of states become degenerate the phase
differences and interference patterns become
identical, causing the observed doubling in ampli-
tude. The region of lower 7, where the peak
amplitude is low and the shapes irregular, is a
complex region where the II states are not de-
generate and where the transition between the
two coupling regimes is occurring.

The faster oscillation, which apparently is
present but mostly unresolved, is probably due
to phase interference between the Z states of the
orbital set. Theoretical calculations using the
potentials of Gilbert and Wahl' and Sidis' indicate
that the Z-state oscillations should have a fre-

y['ll )(~) = 112.25e 1.6389R

p[ 11 ](It) = l'[ 11„](It)—7.5e
(8)

80—

Using these potentials, two scattering computa-
tions were done: a semiclassical action-integral
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FIG. 3. Phase indexing of the Ar2+ elastic scattering
maxima as a function of laboratory energy and ~, includ-
ing data from Ref. 1.
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FIG. 4. NE~ -vs-7. plot for Ar2+. The solid circles
are obtained from the en~lysis of the experimental cross
sections and the line is from calculations using the II~
and II„potential curves of Gilbert and Wahl (Ref. 8) and
Sidis (Ref. 9).
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quency approximately three to four times faster
than the II-state oscillations. The spacing of the
Z-state oscillations would therefore be at the
angular and energy-resolution limits of the scat-
tering apparatus. Moreover, this oscillation
could be rather complex in the intermediate
regime where some transitio~ among the fine-
structure states are occurring.

B. Xe' on Xe

Figures 5 and 6 show exemplary xenon data at
selected energies. Runs were made at 5-eV
intervals from 20 to 100 eV, 10-eV intervals from
100 to 200 eV, and 20-eV intervals from 200 to
340 eV. Additional runs were made at intermediate
energies in several cases where the oscillatory
pattern was changing rapidly with energy.

At low energies (E a 50 eV) the most prominent
feature of the p-vs-~ plots is a large rainbow peak
at 7.~ 93 eV deg, and a smaller one at ~=20 eVdeg,
independent of E. These peaks are shown clearly
in the data presented in Fig. 2 of Ref. 14. The
rainbow peak at ~= 93 eVdeg is due to the potential
well of the (-,', —,', u) state with a depth of 0.97 eV.
The rainbow peak at small angles, 7 = 20 eV deg,
is probably due to a shallow well of approximately
0.25 eV on the (—,', —,', u) state. Interference peaks
can be seen at all energies, even in the rainbow

region (Ts 93 eVdeg), moving with E. The com-
plex interference pattern can be resolved into a
primary (slow) oscillation and a secondary (fast)
oscillation, the latter being unobservable at small
angles due to inadequate angular resolution.

We believe the apparent rapid rise in p at small
v is a small-angle instrumental effect; it cor-
responds to 8s 3 deg (lab) and is associated with
the particular geometry and finite angular spread
of both the incident and scattered beams. Dupli-
cate runs with different main-beam focusing have
shown rather different slopes in this region, but
yield good agreement for 8& 3 deg (lab). Data
from this region, if used at all, must be treated
with considerable discretion.

Figure 7 shows the E, v. dependence of the fast-
oscillation component over the entire range of
measurement. As in argon, each best-fit eM-
pirical line through the data represents a family
of collisions for which the relative phase I Q~- p„I
is a fixed integer N times 2m, and N is chosen to
make NE'" constant at constant T [see Eq. (7)] .
(Of course, there is but one free choice of N for
the entire set of data, since N must increase by
unity from one line to the adjacent line at larger
r, or smaller E.)

The slow-oscillation component was found to be
strong at low E and small v (i.e., large R,), where
the fast component was no longer in evidence, and
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FIG. 5. Reduced plots of the experimental direct elas-
tic scattering of Xe++ Xe at several laboratory collision
energies.

FIG. 6. Reduced plots of the experimental direct elas-
tic scattering of Xe++ Xe at several laboratory collision
energies.
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Fig. 8 shows its constant-phase plot over a rather
large range of those two variables. In contrast
to the corresponding plot for the fast component
(Fig. 7), this plot shows significant irregularities—
particularly for v~1.2 keVdeg. In fact, we be-
lieve that some peaks plotted here are not pure
interference peaks, but enhancement of scattering
due to perturbation of a potential curve in the
vicinity of a curve crossing. " Such an effect
should be seen at nearly constant r (constant R,)
independent of energy, and indeed many large
peaks can be seen in the data at ~ = 1.25 keV deg.
Furthermore, we estimate that this value of v

corresponds to a distance of closest approach,
where the more repulsive scattering potentials
are expected to cross the lowest excited-state
curves.

The empirical lines of constant phase are not
drawn for 7 & 1.2 keVdeg, since in this region the
complications of curve crossings make uncertain
the identification of int'erference peaks. In fact,
there is some indication that inelastic channels in
this region greatly reduce the flux of elastically
scattered particles in the states responsible for
the slow-oscillation component.

In the region 0.8& v& 1.2 keVdeg there is a
small but significant shift in some of the lines of
constant phase from the position required by a
two-state interference pattern. There is also an
amplitude modulation of the slow-oscillation peaks.
The observed variations in phase and amplitude
are consistent with a two-component slow oscil-
lation, wherein the slow-oscillation component is
itself the sum of two component oscillations of
nearly the same (within -30/p) frequency and ampli-
tude. This interpretation is consistent with the
potential differences of Johnson' and indicates
that the two similar oscillation components are
from the (—,', —,') and (2, —,') states.
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FIG. 8. Phase indexing of the slow Xe2+ elastic scat-
tering maxima (—,', —,') as a function of laboratory energy
and T.

The first term in the potential is the mell-known
exponential repulsion, recently discussed by
Smith. " For Xe' we used" A =906 and a =1.889,
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Figure 9 shows the measured small-angle, val-
ues of NE' ' versus 7., obtained from Figs. 'l and

8, for both the slow and fast oscillations. The
slow-oscillation analysis is confined to the region
~& 0.8 keVdeg, where the constant-phase lines
evidently can be attributed to a single pair of co-
herent states.

A difference potential hV(R) —=
I V~(R) —V„(R) I

was determined for the fast-oscillation data by
using trial functions as part of ge~ade and ungexade
scattering potentials:

V „(R)=Ae ""+—2b, Vr(R) .
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FIG. 9. NE -vs-T plot for Xe2+ ~ The solid circles
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of the slow oscillatory structure (2, ~ states). The lines
are calculated values using the potentials given by Eqs.
{9)-(11).
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in a.u. The trial functions aVr(R) were also
exponential. The function NE'I'(v) was obtained
by computing the quantal phases g, and P„as
act.on integrals over the classical trajectories
corresponding to the interaction potentials V,(R)
and V„(R), respectively.

The trial function b.Vr(R) was varied to achieve
satisfactory agreement between the computed
function NE'"(r) and the measured value shown
in Fig. 9; the agreement achieved is everywhere
better than 5%. Identifying the fast oscillation as
being due to interference between the (~, —;,g) and
(-,', —,', I) states (which are also pure II, and II„
states, respectively) yields the measured dif-
ference potential

A V, l, ,~,(R) =23e "'"+ 10%, 3.5 6R c 5.5

3.0
10

3.8
I

R (a.u. ) (3/2, 3/2)

4.6
I I

5.4 6.2
t l

5.0

2.00

) 1.0
t

0.5

0.2
Theory
Experiment

0. 1
5.0 5.4

i l l

5.8
R (a.u. ) (1/2, 1/2)

I I

6.2 6.6

FIG. 10. Difference potentials for the {—„2)and (-,', 2)
states of Xe2+ as a function of A. Solid curves are de-
rived from the data. Broken curves are those calculated
by Johnson (Ref. 5).

in a.u. (This assumes that the average potential
is accurate to about 10/o. )

A similar procedure was used to give a dif-
ference potential for the slow-oscillation com-
ponent, which we identify with the (—,', —,', g) and
(-,', —,', a) states. An additional exponential repulsive
term was added to the scattering potential for the
(-,', —,'} states which hsd the functional form
6.le """".Such a term was obtained from the
calculations of Johnson' and reflects the fact that

the mean potential for these states is more re-
pulsive than that for the (-,', —,', g) and (-,', —,', u) states,
as shown in Fig. 1. The resulting difference po-
tential, in a.u. , is

aV„, ,(,(R) =2.0e '"'"+10/p, 5aR c6.5.

The comparison between these measured dif-
ference potentials and the calculations of Johnson
(Fig. 1) is shown in Fig. 10. Since Johnson esti-
mates his maximum error" at +20% for Ra 4 a.u. ,
and larger for R & 4 a.u. , we consider the agree-
ment to be quite satisfactory. In addition, Johnson
recently has calculated a second-order R ' at-
tractive contribution to the Xe,' interaction" and
finds it lowers his calculated b.V,~, ,~,(R) function
by about 5% at R = 5 a.u. , giving even better agree-
ment with the measured value.

The identification of the fast- and slow-oscil-
lation components of the data with the difference
potentials b V,~, ,~,(R) and AV, ~, ,~,(R), respec-
tively, is based upon the following considerations:
The amplitude of interference oscillations is pro-
portional to p,'~'(8)pt~'(8), as shown in Eq. (3a), so
that one expects the largest amplitude, observed
in the slow oscillation, to come from the highly
repulsive (-,', —,') curves (upper pair of curves in
Fig. 1), provided the 'P», component of the ion
beam is not too much less than the statistical
equilibrium fraction. Similarly, the attractive
(—,', —,', u) curve (Z „at small R}has a relatively
small scattering cross section at small 7 (except
in the rainbow region), which would account for
the apparent absence of a third oscillation corn-
ponent due to the (—,', —,') states. Also, the extension
of the slow-oscillation pattern through the rainbow
region is a further indication that neither of the
two interfering states is the attractive ($, —,', u)
state responsible for the rainbow scattering at
7 = 93 eVdeg; the interference pattern from a
coherent pair of potential curves, one of which
has a well and produces rainbow scattering, be-
comes very complex and mostly unobservable at
usual experimental resolution.

The aberrations of the slow-oscillation pattern
in the region 0.8& T& 1.2 keVdeg, noted pre-
viously, are attributed to the "missing" oscil-
lation component from the (—,', —,') states Calcu-.
lations based upon Johnson's exchange energies
(Fig. 1) and the repulsive potential of E|l. (9) show
the factor p'"(8)p„'"(8) [Eq. (3a)] increasing with
increasing v relative to that for the (-,', —,') states,
and predict comparable amplitudes of oscillation
from both pairs of states in this region. Further-
more, the calculated period AT of the (—,', —,') oscil-



DIFFERENTIAL ELASTIC-SCATTERING MEASUREMENTS OF. . . 109

lation is only about 25k smaller than that of the
(-,', —,') oscillation in this region, so that the effect
of the additional oscillation mould be to shift the
peaks (and valleys), and modulate the amplitude
of the other oscillation. Unfortunately, the data
in this region are insufficient to derive the two
pair potentials LV», ,&,(R) and 6V,z „,(R).
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