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INTRODUCTION

Our primary objective in this research program was to use experimental
atomic beam scattering techniques on carefully selected systems to increase
our understanding of the detailed collisional processes occurring in three-
body (atomic plus diatomic) systems involving multiple electronic states with
many coupeting product channels. We have used a sophisticated atomic beam

scattering apparatusl

to study and characterize various important reactive and
inelastic channels in collision systems that are complex enough to challenge
the most advanced experimental and theoretical techniques available. By
systematically varying the projectile, the target molecule, the collision
energy, and the process investigated, we have been exploring a wide variety of
interactions, searching for insight into the competition between various
reaction pathways in relatively complex systems.

Earlier work on two different classes of problems had laid a foundation
on which to build our efforts. First, numerous molecular beanm experincutsz at
energies near thermal, accompanied by theoretical studies ranging from clas-
sical trajectory calculations to quantum close-coupling techniques, had pro-
vided a great deal of insight into both reactive and noureactive collisions of
an atom with a diatomic solecule in the special (and important) case where the
predominant interactions were confined to a single electronic potential energy
surface. Second, a large body of knowledge3 had been acquired, both

experimentally and theoretically, regarding electronic excitation processes,

energy transfer, and ionization in colliding systems composed of two atoms (or




an atomic ion and an atom) where two or more electronic states were involved.
Systems that combined these two features (three or more atoms and multiple,
competing product electronic states) had received little attention.

Although many complex triatomic systems are amenable to detailed investi-
gation, most would yield results so complicated as to be completely intract-
able. Only a carefully selected set of reactions could be expected to yield
any true insight into the processes occurring on multiple and competing

4 in

potential energy surfaces. When our work began, the greatest success
characterizing a complex triatomic system had been achieved for the interac-
tion of fast alkali atoms (M) with halogen molecules (X5). A detailed
examination of ion-pair formation in this group of reactions had produced a
generally clear picture of the dynamic properties important for describing the
interaction on the two relevant intersecting electronic surfaces.

We intended to build on this work by choosing systems (rare gas metast-
able atoms, Rg*, colliding with halogen molecule targets) that had analogous
ion-pair formation channels as well as a competing set of processes. One
major competing process in these systems, Penning fonization, involved an
ionization continuum; such continua had not been studied in any great detail,
and they were a challenging research frontier both experimentally and
theoretically.

Initially, we 1nvestigated5 ion-pair formation in Ar* + 1 collisions and
searched for similarities and differences in ion~pair formation relative to
analogous M + xz systems. The similarities were striking and suggested a very
strong analogy in ion-pair formation for M + Xz and Rg* + xz systems. The

6

differences” were minor and yielded little insight into the interesting

continuum channel.
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The direction of our work then changed, as we began to examine systems

(R * 02 in particular) and product channels where competition from continuum

g
processes was expected to be more easily observed. We worked closely with

Professor Joop lLos and Dr, Aart Kleyn (at the FOM Institute in Amsterdam), who

were simultaneously investigating M + 0, collisions., In these systems, we
observed7 some fascinating consequences of the rapid (subpicosecond) vibra-
tional wotion of the trasient OE ion formed at the instant of ion-pair
formation., Again, the Rg* and M projectiles gave very similar ion-pair
formation and inelastic scattering results. There were no obvious modifi-
cations of these channels in Rg* + 02 caused by the competing continuum
processes.

It became apparent that the continuum channel, even when it was the
dominant inelastic process, was not easy to observe indirectly through its
effects on the product distributions for other channels.

The last major goal of our work, therefore, was to develop a method for

examining the continuum processes directly. To do this, we developed and

tested a delayed coincidence technique that allows for the separation of

Penning processes from other inelastic and elastic scattering events. First
results for He*(23s) + 0, are presented here.

The collision systems we have studied are typical of collisional
interactions important in a wide area of gas phase physics (e.g., discharges,
lasers, excited atmospheres) that require improved characterization and
understanding. As more detailed reaction rate information is generated and
understood for a few relatively simple and carefully chosen model gystems,
comparison and extrapolation should yield increasing insight into the

mechanisms important in the most general cases,
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Ar* + IZ

At collision energies above several eV, the interaction of a rare gas
metastable (Rg*) with halogen target molecules (Xz) has an important reaction

channel, ion-pair formation,

* - -
Ry + X * Ry' + X; (or X + X)), (1)

This channel results from an electron jump occurring at the surface crossing

between the relatively flat incoming covalent potential surface and an

+
g

through the initial covalent state at intermediate or large internuclear

(asymptotically higher) attractive coulombic R_" + X; surface that cuts
separation., A similar channel, involving analogous surfaces, is important in

collisions involving alkali atoms M with the same targets,

M+ Xy » M+ X5, (2)

For alkali projectiles, this surface crossing dominates the reaction dynamics

and initiates the prototype harpooning chemical reaction long studied at

thermal energies8

M+ X, > MY+ x5 - MXT 4R, (3)




The second step rapidly follows the initial electron jump because the strong
fonic MYX™ bond can form at the expense of dissociating the much weaker
transiently formed XE bond. Even at higher euergies,4 when the projectile's
velocity precludes new bond formation, the single-surface crossing continues
to dominate the dynamics, and the major inelastic channel evolves to ion-pair
formation.

Similarities in electronic configuration, ionization potentials, and

reaction properties of M and R * have often been noted.9 The alkali analogy

g

is a useful one, at least as a first approximation, for understanding both the
ion-pair formation [reaction (1)] and certain collisional excitation channels

for Rg* + X2 collisions. This analogy is an important starting point because

the M + X, reactions have been studied experimentally in great detail and
because the existing theoretical models for alkali reactions can be used to

predict the corresponding R * interactions.

g

However, the differences between the two systems are also fascinating.

Most significant is the large R * excitation energy. If this energy is larger

g

than the ionization energy of XZ’ the Penning ionization reaction

* + -

g

can occur. In this case the original covalent Rg* + X2 potential surface and

the interacting R * 4 Xz- surface are imbedded in an ionization continuum that

g
can deplete intensity from the two alkali-like surfaces during the collision.

This extra channel and the manner in which it modifies and competes with jon-

pair formation add an extra dimension to the R * + X, systems.

g




- mi r eom ar

Our original investigation of ion-pair formation in Ar* + 1, vas
initiated with the expectation of testing the alkali analogy and probing for
possible effects caused by the ion~pair formation process occurring completely
within an jonization continuum. In the original publication (Appendix A)
supported by this contract, we showed5 the striking overall similarity between

the ion-pair formation differential cross sections for the reactions
* + -
Ar +12"At +IZ (5)
and
K+ 1, K +1,”
2 2 (6)

at center~of-mass energies of ~ 25-130 eV, This similarity occurred despite
both the competing Penning channel [reaction (1) of Appendix A] and the fact
that the inner-shell vacancy in the Ar* projectile implied multiple sets of
interacting covalent and ion-pair surfaces in contrast to the single surface
crossing in the alkali interaction. We explain this result with reference to
the very large Ar-I, distance at which the electron transfer occurs. As noted
in Appendix A, the ion-pair cross section is so large that the most important
contributions occur at impact parameters much larger than those that would be
expected for a Penning process. Also, at the large surface crossing distances
important to ion-pair formation, the core electron vacancy should have only a
vary minor effect on the potential shapes and surface coupling matrix
elements; deviations from alkali-like properties should only occur at smaller

distances where core overlap becomes significant (see Appendix B).
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More quantitative comparisons, with appraisals of the effects on the
distributions of reaction (5) caused by the competing Penning ionization and
excitation transfer channels, were initially hampered by the lack of a compu-
tational model. A simple classical trajectory, surface-hopping model had been
used previously by Los and coworkerslo to treat ion-pair formation in reactiomn
(2). We modified and extended their model to include the effects of depletion

6 treated the continuum

by a competing continuum channel, Our calculations
process as an absorption width that was assumed to be important only along the
original covalent surface, not the ion-pair surface. The calculations
demonstrated the small differences between reactions (5) and (6), as well as
the most reasonable explanations for the observed differences. This work is
summarized in Appendix B.

The overriding utility of the alkali analogy cannot be overemphasized,
because the results for one reaction (Ar* + 12) led us to conclude that the
essential features of the ion-pair formation product distributions in all
Rg* + X, systems can be predicted from comparisons with suitably chosen M + x2
data. Since a large body of systematic data already exist for M + X, inter-
actions, our conclusion vastly expands the impact of the work on Ar* + 12.

The extrapolation to other Rg* + X, systems was consistent with our general
desire to achieve predictive insight from studying carefully chosen represen-
tative triatomic systems. It also induced us to direct our subsequent effort
into collision systems with somewhat different properties, especially those
with {on-pair formation cross sections that are not so dominant relative to
other processes.

Before turning to other systems, we should comment on the structure

observed (see Figure | of Appendix A) in the angular distribution for reaction

(5). At high energies, two peaks are evident, The "ionic" peak at large




angles is a rainbow feature derived from trajectories that transfer to the
strongly attractive coulombic (ionic) surface as tie incoming system first
crosses the intersection region (see Figure 2 of Appendix A). ‘the smaller
angle “covalent” peak contains trajectories that remain on the covalent sur-
face until they become ion-pairs on the second (outward) crossing of the two
surfaces,

At lower energies, the dominant ionic rainbow peak develops additional
structure, a shoulder on its bright (low-angle) side. In many other recent
measurements of fon-pair formation differential cross sections, a similar
shoulder appears on the bright side of the main ionic rainbow peak. Although
this feature also appears in trajectory calculations on these systems, its
essential cause defied explanation until we derived an analytical description
of the differential cross section for a very simple model two-state system.
The derivation, an explanation, and a sample calculation for the Na + I system

are givenll in Appendix C.

At" + 0, Ion-Pair Formation

The large vertical electron affinity (EAv) of the 1, molecule (and other
halogens) is the major cause of the large ion-pair cross section because the

asymptotic energy separation between the covalent and coulombic surfaces is

AE = TP - EA, ep)

and the surfaces cross at a distance

Rc = 1/AE, (8)

T

e



where IP is the ionization potential of the projectile and Eq. (8) is in
atomic units; R, is 10.6 a.u. for Ar + I,. Significantly smaller crossing
distances would imply smaller ion-pair formation cross sections. Oxygen
molecules have a much smaller electron affinity than I, and, therefore, yield
much smaller ion-pair cross sections in collisions with M or Rg*. Hence
competing processes might be expected to have more pronounced effects on the
observed distributions.

We have, therefore, investigated ion-pair formation in the Ar* + 02

system,
Ar* + 0y + Art + 0,7 9)

Differential cross section measurements for this reaction are given in
Figure 1. Our efforts on this gystem were closely coordinated with

simultaneous measurements of ion-pair formation in the analogous reaction
+ -
R+ 0,+K + 0 (10)

by Kleyn et al.12 at FOM. Additional data on reaction (10) were obtained by

Young et al.13

at Argonne., The available data for reaction (10) are shown in
Figure 2.

The excitation energy of Ar* is slightly lower than the ionization energy
of 0,. Hence the continuum Ar + 02+ + e~ is asymptotically slightly above our

incoming channel (see Figure 3), However, we still expected a large cross

section for excitation transfer to the near-resonant Rydberg states of 02,

ac” + 0, * Ar + 02**, (11)
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Figure 1. Experimental Ar* + 02 ion-pair formation differential cross section

data from our laboratory.
(Ey) of the Ar" beam,

Each curve is labeled with the energy




Figure 2.
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Experimental K + 0, ion-pair formation differential croes section
data from FOM (E, = 35.0 and 90.5 eV) and Argonns (all others).
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Ar+0J +e”

ol S -
Ar + O; a Rydbergs Ar+ 0,
SN | I A T R s L a |
2 3 4 5 8 7
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Figure 3. Schematic Ar* + 02 potentials plotted vs. the At*-oz separation.
The incoming Ar* + 0y surface is imbedded in a Rydberg series
converging on Ar + 02'" +e,




a pseudo-continuum process, as discussed by Miller and Horgnet.14 In fact, we
have used attenuation techniques to show that reaction (9) is less than 3)X of
the measured total (20-25 Az) destruction cross section for Ar* in collisions

with 0,.

4 we have

Recently, using approximate formulas of Miller and Hotgner,l
estimated the pseudo-continuum coupling due to reaction (11) and have com-~
pleted a classical trajectory study of the pair of reactions (9) and (10).
Although the estimated cross section for reaction (11) (~ 15-20 Az) is
substantially larger than the cross sections (5-7 A2) for reactions (9) and
(10), it surprisingly causes only a small difference in the shape of the
calculated differential cross section. Since the differences in shape between
our At + 0, data (e.g., Figure 1, 40 eV) and the K + 0, data are less than
the differences between the FOM data12 (e.g., Figure 2, 35 eV) and the Argonne
datal3 (e.g., Figure 2, 38.2 eV), one could hardly expect to extract any
information on the pseudo-continuum reaction from a comparison of Figures 1
and 2, and the trajectory calculations indeed confirm this observation. Once
again, the fon-pair formation process in Ax* + oﬁ is not significantly

different from expectations based on an analogy to alkali systems. A

manuscript detailing this work will be prepared.

Vibrational Timing in Transient 0,"

The importance of the ion-pair surface is not, however, limited to reac-
tions involving ion-pair formation. In fact, the ion-pair surfacc can act as

a transient intermediate that profoundly affects inelastic scattering as well

(both vibrationally and e1ecttonically).7 Since the equilibrium bond length




of 02' is larger than that of 02, the electron transfer from Ar* to 02 at the
surface crossing generates an initially compressed 02’ (see Figure 4) that
then expands and begins to vibrate as the collision evolves.

For Ar* + 02 collisions in the energy range that we investigate, the
vibrational period of the transient 02’ ion, formed after the initial
(incoming) transfer to the ion-pair surface, is comparable to the collision
time. The path chosen by the system at the second (outgoing) crossing of the
ionic and covalent surfaces will depend profoundly on the state of the
transiently formed 02' ion at the instant of that second crossing. This is
because the vertical electron affinity EA, changes dramatically with 02' bond
length (see Figure 4), and EA, determines the crossing dist;nce {from Eqs. (7)
and (8)] on the outgoing trajectory, which in turn profoundly alters the
matrix element coupling the two interacting surfaces.

Appendix D explains these effects in more detail, while describing15 th
first observations of large internal excitation of neutral products mediated
by 02' expansion on a transiently formed ion-pair surface. Similar results
have also been teported16 for alkali-oxygen collisions,

Our efforts in the past few years have convinced us that these previously
neglected transient timing effects, caused by bond expansions and vibrations
in fleeting collision intermediates, should be important to the dynamics of

7

many other collision systems. Appendix E reviews’ the considerable range of

observations on transiently formed 02— and mentions results for severai other
systems, Of particular note is the process of covalent reneutralizationl7
(see Figures 7 and 8 of Appendix E), where expansion of a transiently formed

Iz' induces a third surface crossing and reneutralization of art + Iz' in the

Ar* + 12 collision,




Figure 4. Schematic representation of the Ar* + 02 poteatial surface inter-
secting the coulombic art + 02' surface: Only the lower surface is
shown [covalent at large Ar-0, separation R, coulombic (shaded) at
small R], although dashed lines partially outline the upper
surface. A dashed trajectory is shown entering along the valley
from top right to bottom left (at fixed 0-0 separation r), crossing
the surface intersection seam, then expanding in the r direction
and vibrating as it heads back to large R and a second seam
crossing. The upper insert is a cut through the surface at r = r,
(02), showing an ionic trajectory to ion-pair products. The lowar
insert shows, the 0, and 02" potential curves; the vertical energy
separation between the curves (EA,) depends strongly om r.
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Orientational Rainbows

For Ar" + L collisions we have noted that the peak at larger angles in
the angular distribution for ion-pair formation is a rainbow associated with
"ionic trajectories™ that travel aloug the coulombic surface inside R.. The
second peak at lower angles is dominated by contributions from the alternative
“covalent trajectories.” Surprisingly, the K + 0, and ar® + 0, trajectory
calculations indicate a very large contribution to the low angle peak from
ionic trajectories. An example is shown in Figure 5, in which the calculated
differential cross section is partitioned into its contributions from the two
possible paths to ion-pair products. The new and unusual feature is associ-
ated with “ifonic” trajectories having impact parameters slightly smaller than
those responsible for the principal rainbow peak, where in the analogous atom—
atom case, there is a zero in the deflection function (with attractive and
repulsive forces just balancing). For these trajectories in the atom-molecule
case, the attractive and repulsive forces are nearly balanced, but in general
the orientation of the target molecule removes the balance and produces a
deflection function!® with a (non-zero) minimum deflection angle.

Figure 6 shows calculated deflection functions for Ar* + o2 collisions
for two molecular orientations. In each case, the dashed portion and the
solid portion are the covalent bdranch and the ionic branch of the deflection
function, respectively. For the light curves (a special case), the deflection
functions go through zero at the transition from attractive (large b) to
repulsive (smaller b) interactions. In the -ore' general orientation (heavy
curves), there is a minimum in the deflection function; we have named this
minimum the orientational rainbow (OR). Even after averaging over all

orientations, the calculations yield a peak in the ion-pair formation

16




Figure S.

1.0 i
—
33
= 0.8 -
£
p—
.
\ c -
\»— Covalent Path |
0 1 | S— - —— S
0 100 200

7 (eV—deg.)

Calculated {on-pair formation differential cross sections for K +
02 at !o = 35 eV. Shown also are the separated contribution for
the ionic and covalent paths. The main rainbow is msrked R; the
orientational rainbows are denoted OR.

17

g e AR 2 e




Pigure 6.

e eSS
I |

200 Ar® + Qg = Ar* + 0;

160 =

? 120 -
3

- 80 —

40 oy

0 R.
20 24 2.8 3.2 36

b (A)
Calculated deflection functions for ion-pair formation in Ar* + 0y
assuming two different orientations of the 0, target. The covalent
branch of each curve is dashed. R indicates the classical rainbow,
and (R locates the two orientational rainbows observed for one of
the 02 orientations.
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cross section consistent with this effect. In fact, a second orientational
rainbow, associated with the covalent path, is also indicated by Figures 5 and
6. '

Our trajectory calculations for ion-pair formation in K + 0y and -t e 0,
yield another surprising and interesting result: a strong energy dependence
in the ratio of the two major peaks in the differential cross section for ion~
pair production. As the collision energy is lowered, there is a dramatic jump
in the relative intensity of the low angle peak. This jump is caused by a
rapid increase in the ionic orientational rainbow peak and can be understood
by examining a vibrational timing diagram (Figure 7, cf. discussion of Figure
4 in Appendix D).

The impact parameters contributing to the orientational rainbow are
confined to a small range between ~ 2.3 and 2.6 A. At high energies (e.g., 90
eV), the ionic trajectories reach the second surface crossing after less than
a single 02‘ vibration, and the compressed 02' of relatively small electron
affinity yields a significant reneutralization and concomitant loss of the
ions contributing to the OR feature. As the energy is lowered, these
trajectories evolve more slowly relative to the 02' vibrational period; at low
enough energies (e.g., 40 eV for b = 2.5 A in Figure 7), the 02' goes through
more than one vibration before the second surface crossing. The crossing then
occurs with an expanded 02' of large EA,, and a much larger fraction of the
initial ion-pairs pass through the crossing without reneutralizing.

Figure 8 shows the calculated fon-pair peak ratios for Ar* + 0y and
K + 0y over s beam energy range from 30 eV to 90 eV. Also shown in Figure 8
are the comparable data for K + 0y (Figure 2) and Ar” + 0y (Figure 1) over a
slightly larger energy range. There is evidently a very good qualitative

correspondence between the data and the calculation, The slight shift in the

19




Figure 7.

7.0 x T 1 T 1 T
Timing Diagram 90,2.5

r_Ar'+02-Ar"+05

RL(A), RIA)

t (107" sec)

Timing diagram for Ax"'r + 02. The zero of the time scale reprasents
the instant of 0,” formation as the incoming system crosses to the
fonic surface. At this instant, the 0,” begins vibrating, causing
synchronous oscillations in the vertical electron affinity and the
crossing distance R,'; R.'(t) is shown by the heavy periodic

curve. Tha light curves, marked first by their energies (in V)
and second by their impact parameters (in A), show various
illustrative trajectories by plotting the Ar"'-oz" distance, R(t).
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critical transition energy indicates that the 02' vibrational motion may be
delayed or slowed!? in the field of the positive ion relative to the motion
expected for an isolated 02°.

The unusual effect shown by Figure 8 had not been observed previously
and, although complicated, can be described in a purely classical framework.
This process is an energy-dependent, vibrationally clocked, orientationally
derived, rainbow feature in an electronically inelastic transition, and it
represents a coupling of electronic, vibrational, rotational, and transla- f
tional motions! Recent trajectory calculations by G. Parlant (unpublished) on
more realistic potential energy surfaces have confirmed our observations,

which are being prepared for publication.

He* + 02

Appendix F describes?? our development of a modification of
neutralization-refonization spectroscopy that allowed simultaneous and
independent measurements of differential cross sections for the ion-pair

formation reactions of the two metastable states of He with 0,,

He'(2'S) + 0, » Het + 0,” (12)
and

re*(23s) + 0, * Het + 0, (13)

Charge transfer of Be* in RO y.c. led a mixture of the two metastables;

the He*(zls) formed directly in the charge transfer and the He* (238) formed

22
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only after -ascade from a He*(23P) ptecursor.21 After the subsequent ion-pair
formation, the Het from reaction (13) was lower in energy than the Het from
reaction (12) by an amount equal to that of the Be(23p » 235) transition,
Since the product energy distributions were reasonably sharp, the two reac-
tions were easily resolvable., As a check, we placed Na in the charge transfer

cell to produce and react a beam of pure He*(23s). The resultszo

were in
excellent agreement with the distributions for reaction (13) obtained using Rb
charge transfer vapor.

Figure 9 shows time~of-flight measurement of the He* beam produced by Rb
and by Na charge transfer. Figure 10 shows representative Aet product energy
distributions at various laboratory scattering angles for a mixed beam of
He*(23S) and ne*(zls) formed in Rb. In each spectrum, the peak at lower
energy is from reaction (13).

The measured differential cross sections for the two ion-pair formatiom
reactions are shown over a large energy range in Figures 11 and 12. An expla-
nation for the observed structure and the remarkable differences between the
two reactions is given in Appendix F., The ne*(zls) + 0, reaction shows strong
evidence for trajectories that couple three potential surfaces in a single
trajectory leading to ion-pair products. These trajectories (hdfdc in Figure
3 of Appendix F) were also the first observed collisions in which three
separate elect.on jumps could be inferred.

Attempts to model these reactions with classical trajectory calculations
required an extension of the program to include three coupled states. Figures
13 and 14 compare the resulting calculations with experimental differential
cross section data at a beam energy of 70 eV, The results are ounly qualita-

tively comparable. Since the matrix elements coupling the surfaces are

comparable in size to the splitting hetween the two incoming covalent surfaces
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23P (1149 oV) tl I:J
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>
3 He* + Na
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Figure 9. Time-of-flight measurements of Be” besm composition from Be* charge

transfer in Rb and Na. The two stat
but have been in M. Barat's laborato
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Figure

10.

Ion=pair formation double differantial cross sectioms for Be" + 0y
collisions at a beam energy of 70.56 eV (218 state) and 70.2 oV (235
At each laboratory scattering angle (marked at right of
each spectrum), the lower energy pesk is from reaction (13), the
Spectra are all normalized to the
same intensity at their peaks; relative intensities can be obdtained

stats).

higher pesk from rsactiom (12).

{arbitrary units)

d?o

dwdE’

0 347
0
L ) s
63 64 65 68 67 68
€’ (eV)

from Figures 13 and 14.

25




Figure 11. Differential cross section results for reaction (13) plotted vs.

the reduced scattering angle t ( =E9). Besm energies (E,) are

indicated for each curve.
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(shown {n Figure 3 of Appendix F), our use of a calculation that assumes
isolated crossings and calculates deflections using diabatic potentials is
obviously inadequate. 1In particular, if we modified our trajectory calcula-
tions to use adiabatic potential surfaces, we anticipate that the central peak
in Figure 14 would shift to significantly lower angles. If we also increased
the repulsion in the various calculated potential surfaces, we could then
probably achieve reasonable agreement in angular position between the :
calculations and the experiments.
However, the disagreement in relative peak intensities is a much more

difficult problem because the individual intensities can depend strongly on

their respective depletion by competing continuum channels,
He' + 0, + He + 0,* + &™. (14)

In this case, the large Ee* excitation energies (19.8 and 20.6 eV for the 23S
and 2ls states, respectively) cause the interacting discrete potential sur-
faces (shown schematically in Figure 3 of Appendix F) to be nearly resonant

with several different 0§+ electronic states in the continuum channel

[Equation (14)]. This would suggest a large, perhaps dominant, role of the
Penning process in these systems. In fact, comparison of our attenuation
measurement of total He" destruction with our measured ylelds of fast positive

(Be*) and slow positive (02+, o*) and negative (0,7, 07, e7) products

indicates that the ion-pair channel is only ~ 10X of the total destruction

cross section at collision energies near 100 eV. The Penning channel domi-

nates in this energy range., Results at higher energies from another labora-~

tory are in agreement with this conclusion,22
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In addition, for a recent thermal energy investigntion23 of reaction
(14), product electron enmergy distributions were interpreted by assuming a
significant continuum depletion of reactants while they were on the ionic Ret
+ 02‘ surface. If this is true, our modeling in the trajectory calculations
of the depletion by continuum processes would need separate estimates of the
continuum widths for edach of the three surfaces explored in the ion-pair
process. Although we could attempt this by, for example, treating the contin-

uua equivalently for all three surfaces, we find this hard to justify in light

of our earlier assumption6 in the Ar* + 12 system that there was no continuum
coupling from the ion-pair surface. Clearly, additional experimental informa-
tion on the continuum interaction is sorely needed for any attempt to model
the rich and complex Be” + 02 interaction.

Ion-pair formation has also been investigated briefly for the interac-
tions of He*(23s) and He*(ZIS) with NO, NO,, and Nj. The neutralization-
relonization procedure appears from these reactions to be of general utility
in studying He*(23s) and Hb'(zlS) simultaneously, but separately.

The qualitative results for NO targets are similar to those for 0y, as
was anticipated from the predicted similarities of the shapes of the
interacting potential surfaces. With Nz target gas, the cross section is
quite small because the negative electron affinity of Nz implies a very small
crossing distance R, between the incoming covalent surface and the product
ion-pair surface Het + Nz'. In contrast, Noz has a large positive electron
affinity and a very large cross section for ion-pair formation.

In analogy with o2 targets, we expect that the Penning processes are more

important than jon-pair formation in all of these systems. For this reason,




detailed investigation of ion-pair formation in these systems was abandoned in
favor of an attempt to develop techniques for examining the continuunm

processes directly.

Direct Continuum Channel Measurements

In this work, we have made several significant contributions to the
understanding of the ion-pair formation process and the inelastic processes
that involve the ion-pair surface as a transient intermediate. 1In contrast,
the competing continuum chaanel (Penning ionization) has only grudgingly
ylelded a small amount of information.

The differential cross section comparisons between Ar* and K for I, and
0, targets showed only small differences, and the calculations show that these
distributions are not very sensitive to variations in the competing channels,
For the He" interactions, we have demonstrated the ability to control the beam
composition and investigate ne*(21S) and He*(23s) interactions independently.
Although this gives us the flexibility for each molecular target to investi- !
gate reactions on a coupled set of interacting potential surfaces starting
from two separate and well-characterized input channels, it still does not
yield any information on the Penning channel that we infer to be the dominant

inelastic process.

Any attempt to measure differential cross sections for either the atomic
or {onic products of the Penning reaction is hampered by a major experimental
difficulty. Consider reaction (14) as an example. If we try to detect the

scattered He atom product (possible at energies above ~ 100 eV where the
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secondary electron ejection coefficient becomes reasonably large), we must
contend with a very large background of elastically and inelastically

scattered He*,
He* + 0, » Be" + 0,(*), (15)

interfering with, and probably swamping, the intended measurement. In
contrast, to determine differential cross sections for the ionic product(s)
that are produced with near-thermal energies, we must expend tremendous
efforts in eliminating contact potentials, keeping surfaces clean and
uncharged, and transporting and analyzing the products without distorting the
nascent distributions. Omly one group, working on thermal energy Penning
reactions, has achieved any succe3324 meagsuring the distributions of these
slow lons. We have developed an alternative approach, suitable at higher
energies, that separates the He from the He*.

The key to our technique is the observation that the fundamental marker
for the continuum process is the formation of a positive ion from the target
species. Hence, if this ion can be extracted from the collision zone and
counted, its appearance can be used to validate the detection of Re atoms from
reaction (14) and discriminate against He* from reaction (15). The two
products of reaction (14) are detected in delayed coincidence on two separate
detectors.

A fast He*(23s) beam, produced by charge transfer of Re' in Na vapor,
crosses a beam of 0, effusing from a multicapillary array. Grids surrounding
the interaction zone are used to extract slow positive product ions to a
Channeltron detector near the intersection zone. A second Channeltron can be

positioned at different angles around the iantersection zone to detect
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scattered fast neutral products (He and He*). The signal from the first
Channeltron, after amplification, starts a time-to—amplitude converter

(TAC). The stop input of the TAC receives amplified pulses from the second
* Channeltron. If a stop pulse is received within the time window of the TAC,
an output pulse (amplitude proportional to the measured time difference) from
the TAC passes through an analog-to-digital converter to a multichannel
analyzer (MCA) used as a pulse-height analyzer. In this way, the MCA produces
a spectrum of the time-correlation of delayed coincidences between the two
detectors.

Our grid geometry and acceleration techniques for extracting the slow
positive ions are designed to minimize the time spread (for a given ion mass)
associated with the product ion and also to compensate for the time spreads
due to the variation in location of product formation across the beam inter-
section zone., Then the measured time differences for reaction (14) can be
directly correlated with the flight times, and hence the velocities, of the
coincident He atoms. He* from process (15) is not correlated in time with
product ions and therefore contributes only a uniform background rate to the
coincidence spectra. The very large signal (especially at small scattering
angles) from elastic scattering is discriminated against by spreading it
uniformly over the time axis; most of the He* does not even appear within the
small TAC time windows selected by the initiating ion-detection pulse.

Figure 15 is a typical coincidence spectrum, taken directly from the MCA
without analysis or smoothing, for the He*(23s) + 0, Penning ionization
reaction. The beam energy was 296 eV, and the He product was detected at a

laboratory scattering angle of 1.3°. Rising above a uniform background from

uncorrelated processes are two peaks identified with the Penning processes,
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03, He He* (235) + O,
® Coincidence Penning
400 ° EO = 296 oV —
. 9=13°

O*, He

Counts
[ ]

Figure 15. Experimental delayed coincidence spectrum between extracted slow
positive ions and scattered fast neutrals in B*(23S) + °2

collisions.
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He*(235) + 0, » He + 0,% + &7, (16)
and

Re*(235) + 0, + He + of+o0+e. Qa7

The lighter ot ions, from Penning formation of dissociative or predissociated
02+ states, are extracted more rapidly than the 02+ ions and therefore imply a
larger time delay before detection of correlated He atoms. It is evident from
Figure 15 that we are able to adjust the extraction and timing conditions so
that we can examine reactions (16) and (17) simultaneously.

Coincidence spectra for various scattering angles of the He product are
given in Figure 16. The simple, single-peak, timing spectra evident at small
angles for reactions (16) and (17) become more complex as the scattering angle

increases. For both reactions, approximate exothermicity (0) values are indi-

cated above the spectra. Although the main peak i{s nearly thermoneutral (with
the electron carrying away the excess energy separating the initial and final
potential surfaces), the second feature indicates an 18-20 eV conversion of
translational energy either to internal energy or to an increase in the
product electron energy. Very little information now exists concerning 02+
states 18-20 eV above the initial He*(23s) level, and no obvious explanation
can be found for the importance of this peak.

Figure 17 gives reduced p | = 8sin® gg | v« 1t | = 6Eg) plots of the
angular distributions of the He atoms from reactions (16) and (17). Each i
point is an integral over the product velocity distribution in the time-of-
flight spectrum at the appropriate angle. Clearly, the dissociative channel,

reaction (17) 1s a significant fraction of the total Penning channel; this

*
result is not surprising when one observes that the He (23S) internal energy

is greater than the energy required to dissociatively ionize 0y
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He* (23S) + O,
Coincidence Penning
Ey = 296 &V .

03, He 0*, He
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Pigure 16. Experimental delayed coincidence for Be'(23s) + 0, collisions. The
vertical line dividing the spectra separates the contributions from
reactions (16) and (17). Exothermicity values (Q) are indicated at
the top for each reaction. The laboratory scattering angle for
each spectrua is shown at the right. Approximate relative

intensities sre shown by the scaling factors for p on the left.
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Figure 17. Reduced (p-t) differential cross section data for reactions (16)
and (17) at By = 296 eV,
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The low angle thresholds for the Penning processes are at smaller angles
than those investigated. Measurements at these smaller angles were impossible
because the unscattered He* beam overwhelmed the He detector. A better
collimavion of the He* bean would allow measurements to be made closer to the
beam. The decrease in beam intensity accompanying a tighter collimation would
present no real problem because the coincidence signal levels are very large
at small angles. For example, Figure 15 was generated in ~ 6 minutes; satis-
factory spectra at half that angle can now be measured in ~ 1 minate. In
fact, since we attempt to collect a large fraction of the product ions, we
have already been required in these measurements to reduce the beam intensity
substantially to avoid very high count rates on the ion detector. The
efficient collection of the product ifons makes data accumulation much faster
in these experiments than in most other two-particle coincidence measuremeat
techniques.

Our results are the first differential cross section measurements for
Penning ionization at energies above the thermal range. They are to our know-
ledge the only double-differential cross section measurements at any energy
for an ionization continuum channel in a neutral triatomic system. Although
these meausrements are preliminary and should be extended to smaller and
larger scattering angles, they indicate the success of our newly developed
technique and demonstrate its unique capabilities for rapid and direct

1 examination of the Penning channel in collisfions at moderate energies.
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Differential ion-pair production cross sections for Ar'—l, collisions at center of mass energies of 25—133 eV are quite
similar to analogous alkali~I, results despite the addition of competing channels (Penning ionization and excitation trans-

fer) and possible multiple electronic surface crossings.

1. Introduction

The formation of ion pairs from the collision of
fast atoms with various target molecules has been in-
vestigated extensively over the past several years {1,2].
Detailed differential cross section information only ex-
ists, however, for a few prototype systems [3—10], all
involving collision partners in their lowest electronic
states. Here we describe the first differentiai cross sec-
tion measurements of collisional ion-pair formation
for electronically excited reactants, a study of the re-
action of metastable argon (Ar*) with I,. This system
is unique in that both the incoming covalent potential
surfaces Ar* + I, and the product ionic surfaces Ar* +
I3 are imbedded in the continuum Ar + I3 +e~.
Hence, Penning ionization,

Al* 1y > Ar+i3+e, )
can compete with the ion-pair channel

At ) A+ 17 @
2. Experimental

The apparatus is a modification of one previously
described [11] and will be discussed only briefly. An
Ar* parent ion beam produced in a discharge source

* Supported by the Office of Naval Research.
* Visiting Scientist 1977-78, on leave from University of
Western Ontario.
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is converted to Ar® by near-resonant charge transfer in
Rb vapor {12]. The product fast neutral beam, after
decay of radiative excited states, is a mixture of the
two metastable states 3P, and 3P, and the IS ground
state. After deflection of the unneutralized ions this
neutral beam enters a collision cell of length 1.3 cm
filled with I, vapor at 300 K and at low density
(<1013/cm?). Product ions are energy analyzed and
counted as a function of scattering angle by a 127°
analyzer and channeltron detector that rotate around
the collision cell.

The energy analyzer can be floated at various po-
tentials to analyze parent or product ions with high or
low resolution and to determine the separate contri-
butions to any measured energy width due to the ion
energy distribution and the energy analyzer transmis-
sion function. The en-rgy analyzer has a measured
resolution (fwhm) of 2.8% of the analysis energy. A
typical value for the energy spread (fwhm) of the par-
ent jon beam is 0.7 eV.

The energy of the Ar® beam differs from that of
the parent Ar* by a contact potential due to the Rb-
coated charge transfer oven and a small energy defect
in the charge transfer. We determine the Ac* beam en-
ergy by a pulsed time-of-flight technique [11}] using
another channeltron detector. The measured angular
width of the cylindrically collimated Ar* beam is typ-
ically 0.5° fwhm in the plane of motion of the detec-
tor and is probably of similar magnitude perpendicular
to this plane. The estimated laboratory angular accep-
tance of the ion detector is £0.1° full width (fw) in
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the plane of its motion and £0.4° (fw) perpendicular At several widely spaced angles, the entire product en-
to that plane. ergy distribution was measured. In every case, a single
narrow peak was observed with & width (fwhm) of
<0.8 eV. The measured endothermicities, AE, were
3. Resuits 2.6 £ 0.4 eV. Since the product energy distributions
. did not vary significantly with scattering angle, the
The differential cross section for ion-pair formation measured angular distributions at fixed AE plotted in

is presented in fig. 1 for four center-of-mass (c.m.) col- fig. 1 are an accurate representation of the total prod-
lision energies E_,,, . For each curve the laboratory an- uct ion angular distributions. However, predominant
gular distributions weighted by sin @ are plotted ver- small angle scattering of the Ar* product ions com-
sus the reduced scattering angle 7 = E_ , 8. These an- bined with the apparatus angular resolution of >0.5°
gular distributions were measured with the energy anal-  fwhm implies a significant amount of angular smear-
yzer adjusted to transmit the peak of the product en- ing at angles below ~1°, This smearing is quite signi-
ergy distribution at each scattering angle. The nbserv- ficant at the highest energy studied.

ed scattering was confined to low laboratory angles
(<10°), and the measured product energy profiles ap-
peared to be almost independent of scattering angle. 4. Discussion

A useful framework for discussing reactive en-

10 T o v ’ counters involving rare gas metastable (Rg*) projec-
y‘/’ Ar® + 13 = Ar* + 13 (17 + 'ﬂ tiles is based on the observation [13-19] of the sim-

e 3o, o :nng:: 4 ilarities between Rg® atoms and alkali atoms M due

= to the importance in both species of the single loose-

0.5 f s \ o (V) A ly bound (4—5 eV) outer s electron. The availability
/ /9 "\? Y 7 of a large body of detailed collision data, both exper-

d 3 °*32-° ] imental and theoretical, involving alkali atoms [1,

/ \ S B 20-22) often provides a starting point for predicting

/ R a\msa.-.«mw important features of Rg® interactions.
fp'z};& \, For the venerable alkali reaction with a halogen

molecule (X;)
M+X,>MX+X, 3)

it is well established [20] that the reaction dynamics
at thermal energies are dominated by a single poten-
tial surface crossing, at a large internuclear separation,
between ..:e relatively flat M + X, diabatic surface and
an attractive coulombic M* + X7 surface. At the cross-
ing distance, ., an electron is said to jump from M to
X,, forming X3 on its repulsive inner wall in a com-
pressed configuration that dissociates in the field of

1 sin © {arb. units)

o
J
ey
__,.q,ﬂ"b'
¢ ‘f‘) :_.
5
8
L -]
S U U S U G U G Y S G

. 2 .1 the positive ion as the ionic MX bond forms.
100 200 300 800 At collision energies significantly above thermal,
7 (eV-deg ) dissociation along the coulombic surface becomes en-
Fig. 1. Angular distributions of product Ar* ions from colli- ergetically accessible and can yield either M* + X~ +
;‘;ﬂ of Ar n:‘:‘lflf’ at :;I'" ""':mex "'c.m.-ml X or M* + X3 products. This ion-pair formation chan-
¢ measu eren Cross ns M
by sif 8 g, and plotted against the reduced ungle 7 = n:l [I,Z}fcan still be .most simply understood in terms
Ec.m.‘c.m.- Successive curves have been displaced vertically of the effect of crossings between the two lﬂlpomt
by 0.5 units for clarity. potential surfaces, if proper account is taken of X3
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bond-stretching during the coilision [23,10].

The corresponding ion-pair formation reactions of
Rg® with X are similarly influenced by intersections
of covalent Rg* + X, and coulombic Rg* + X3 sur-
faces whose shapes and properties at large 7 are very
similar to the relevant M—X, surfaces. However, the
inner-shell vacancy in Rg* gives it unique properties
and interaction mechanisms potentially more com-
plex than those of alkali atoms. First there are com-
peting channels such as Penning ionization, reaction
(1), and electronic energy transfer (e.g., Ar* + I~
Ar+ l;) which may or may not perturb the ion-pair
results, depending on the relative importance of the
mechanisms. Second, the Ar* beam contains an un-
known mixture of two metastable states (3P, and -
3p,) separated by 0.17 eV [24] with symmetry and
degeneracy properties quite distinct from the M atom
(2S). There is a similar distinction between the Ar*
ion with two states split by 0.17 eV (2P;,, and 2Py;,)
and the M* ion (!1S). Although the expected low prob-
ability of core rearrangement interactions strongly
suggests that electron transfer will involve predomi-
nantly the Ar*(3P,) - Ar*(?P3) and Ar*(3Pj)
Ar*(sz) transitions, an additional complication
arises from the various distinct potential surfaces that
derive from interactions of each of these four atomic
states with the diatomic (I or I3). All of these cova-
lent and coulombic surfaces may not deviate signifi-
cantly in shape from the corresponding alkali sur-
faces, except at small r, but the transition rates at the
surface crossings (at large r) could be quite different
due to either the altered symmetry properties or the
interactions between a number of closely spaced sur-
faces. Thus, it would not be surprising to observe
some significant deviations from analogous alkali re-
sults in the features of reaction (2).

If a value of 2.6 eV is used [25] for the adiabatic
electron affinity of I; a minimum endothermicity
AE of »1.6 eV is necessary to produce ion pairs with
the product I3 in the lowest vibrational level of its
ground electronic state (2Z},). Higher AE values
would correspond to production of I3 with internal
excitation. A translational energy loss of 2.7 eV is
needed to produce Ar* + 1~ (1S) + [(2Py;5) products,
and AE = 3.6 eV is required [24] before the Ar* +
I~ +1%(2Py;,) final state can be reached. If the I3
internal energy is equal to the energy generated by a
vertical transition from I, to I3 at the I, equilibrium

194

CHEMICAL PHYSICS LETTERS 15 July 1978

bond length (2.67 A), the predicted AE value would
be 2.5 eV using the appropriate (vertical) electron af-
finity EA, of 1.7 eV determined by Hubers et al. [26].

Thé measured energy loss of 2.6 £ 0.4 eV implies
a near vertical transition (I, - 13) at the crossing of
the Ar® + I, covalent surface with Ar* + 17 (2Z}). It
also implies that there is little likelihood of any ex-
cited I*(2Py ) product. The majority of collisions
must therefore yield very highly vibrationally ex-
cited I3 in the 2} ground electronic state, but the
range of measured exothermicities allows for the
production of some dissociated I~ + [ products as
well [26].

In the simplest approximation the crossing be-
tween the “coulombic™ jonic and *“flat” covalent sur-
faces occurs at an Ar®—I, distance

r. =14.4 A/(IP - EA),

where IP = 4,21 eV (the iofiization potential of Ar*),
and EA is the clectron affinity of 1. Using EA, =
1.7 eV, r, is approximately 5.7 A; at such large r val-
ues, a coulombic approximation for the AR* + I3 in-
teraction and an assumption of negligible interaction
between Ar* + 1, are both reasonable. As indicated
schematically in fig. 2, there are two distinct paths
(a and b) leading to ion products. Since path b (the
ionic path) involves significantly more attractive in-
teraction than path a (the covalent path), it should
produce Ar* scattering at larger angles. At the higher

" energies shown in fig. 1, there are indeed two major

peaks in the angular distribution. The 7 values of

these peaks are very similar to those found [7,8] in

K + I, the most closely related M + I, system inves-
tigated. As the collision energy is lowered, the ionic
peak in fig. 1 broadens, develops secondary structure,
and increases in intensity relative to the accompanying
covalent peak. These results are again strikingly simi-
lar to the published results for K + [,, and the inter-
pretation given below is quite analogous to recent con-
clusions of Los and co-workers {2,7,23] for M +X,.

A simple Landau—Zener description of the crossing
region incorrectly predicts that the two major peaks
have comparable total intensities, The reason that the
ionic path has a higher yield of product ions can be
understood by examining the nature of trajectories
that explore the ionic surface inside the initial crossing
r=5.7 A. As indicated in the simplified picture in fig.
2, the electron jump occurs to an I3 molecule near
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Fig. 2. Sections through an idealized Ar-I-1 potential sur-
face. Upper: potential as a function of Ar-I; distance at an
1-1 distance (2.6 7A) corresponding to the equilibrium 13
bond separstion. This is a one-dimensional representation of
the ion-pair formation channel and shows two different
paths through the crossing at 5.7 A leading to ion-pair prod-
ucts, Lower: potential as a function of I-I distance at Ar-1,
distances of = and 5.7 A. The coulombic At* + I3 curve
drops in energy a17Ay_|, decreases;atrp;_|, = S.74A,
transfer from I to I3 can occur, producing the compressed I3.

its equilibrium internuclear distance, forming an I3
molecule on its repulsive inner wall. As the Ar* con-
tinues to approach, reaches the turning point, and
then recedes from the I3, the I35 bond is stretching,
At the second crossing of the jonic and covalent sur-
faces, the I3 bond is larger, implying a larger effec-
tive electron affinity, a larger crossing diatance, and a
more diabatic crossing [27]. At high collision veloci-
ties, the bond length changes little between the two
crossings; as the collision velocity is lowered, the first
crossing becomes more and more adiabatic and bond
stretching yields larger diabatic probabilities (and
hence enhanced ion-pair formation) on the return
passage.

The additional structure observed at low energies
in the jonic channel is more difficult to interpret [28].
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A recent model calculation of Aten and Los [10] for
K + Br; suggests that this structure is at least partial-
ly due to prestretching of the X, bond before the re-
actants reach the crossing seam at r,..

There isno clear evidence of any significant observ-
able effect on the scattering patternsin the ion-pair
chancel (2) by the competing Penning or excitation
transfer channels. This is evident from the similarity of
the Ar®+ 1, scattering to both the K + 1, results and
the most recent model calculations [10,28) for M + X,.
Further evidence is provided by our preliminary ob-
servation that the total destruction cross sections of
Ar® in I, are near 100 A2, well above the expected
Penning cross sections for this energy range [29,30].
Basically the most important contributions to the
charge transfer reaction occur at such large impact
parameters that they are not significantly altered by
processes occurring only at shorter range.

Acimowiedgement

The authors thank R.L. Leon for aid and advice in
apparatus modification. Helpful comments from
AM. Rulis, D.L. Huestis and F.B. Dunning and the
entouragement and advice of J.R. Peterson are appre-
ciated.

References

[1) A.P.M. Bsede, Advan. Chem. Phys. 30 (1975) 463.

[2] J. Los, in: Proceedings of the Tenth International Con-
ference on the Physics of Electronic and Atomic Colli-
sions, Invited Papers and Progress Reports, od. G. Watel
(North-Holland, Amsterdam, 1978) p. 617.

[3] G.A.L. Detvigne and J. Los, Physica 59 (1972) 61,

(4] C.E. Young, R.J. Beuhler and S. Wexlez, J. Chem. Phys.
61(1974) 174,

(5] T. Mochizuki and K. Lacmann, J. Chem. Phys. 65
(1976) 3257.

[6] M. Kimurs and K. Lacmann, Chem. Phys. Letters S1
(1977) 58S.

(71 J.A. Aten, G.E.H. Lan. '3g and J. Los, Chem. Phys. 19
(1977) 241.

(8] J.A. Aten, G.E.H. Lanting and J. Los, Chem. Phys, 22
(1977) 333,

{91 1.A. Aten, CW.A. Evets, AE. ds Vrieaand J. Los,
Chem. Phys. 23 (1977) 128.

(10] J.A. Aten and J. Los, Chem, Phys., to be published.

195




Volume 57, number 2

(11] R, Morgenstern, D.C. Lorents, J.R. Peterson and R.E.
Olson, Phys. Rev. A 8 (1973) 2372,

(12} J.R. Peterson and D.C. Lorents, Phys. Rev. 182 (1969)
152.

[13] E.E. Muschlitz, Science 159 (1968) 599.

{14] E.W. Rothe, R.H. Neynaber and $.M. Trujillo, J. Chem.
Phys. 42 (1965) 3310.

{15] M.F. Golde and B.A. Thrush, Chem. Phys. Letters 29
(1974) 486.

[16] J.J. Ewing and C.A. Brau, Phys. Rev. A 12 (1975) 129.

{27] D.H. Winicur, J.L. Fraites and F.A. Stackhouse, Chem.
Phys. Letters 23 (1973) 123,

[18) C.H. Chen, H. Haberland and Y.T. Lee, J. Chem. Phys.
61 (1974) 3095.

[19] D.H. Winicur, J.L. Fraites and J. Bentley, J. Chem.
Phys. 64 (1976) 1757.

[20] D.R. ierschbach, Advan. Chem. Phys. 10 (1966) 319.

196

CHEMICAL PHYSICS LETTERS

15 July 1978

{21} J.L. Kinsey, MTP Intern. Rev, Sci. 9 (1972) 173.

[22] R. Grice, Advan. Chem. Phys. 30 (1975) 247.

(23] J.A. Aten, M.M. Hubers, A.W. Kleyn and J. Los, Chem.
Phys. 18 (1976) 311.

[24] C.E. Moore, Atomic Energy Levels, NBS Circular 467,
Vol. 1 (1949); Vol. 3 (1958).

[25] J.L. Franklin and P.W. Harland, Ann. Rev. Phys. Chem.
25 (1974) 485.

[26] M.M. Hubers, A.W. Kleyn and J. Los, Chem. Phys. 17
(1976) 303.

[27] R.E. Olson, F.T. Smith and E. Bauer, Appl. Opt. 10
(1971) 1848,

{28) Ch. Evers, Chem. Phys. 21 (1977) 355.

[29] J.T. Moseley, J.R. Peterson, D.C. Lorents and M. Holl-
stein, Phys. Rev. A 6 (1972) 102S.

[30] R.H. Neynsber and G. Magnuson, Phys. Rev. A 11
(1975) 865; 14 (1976) 961.




e

APPENDIX B
Comparison of ion pair formation in the systems Ar'+l,

and K+1,

A. P. Hickman and Keith T. Gillen
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(Received 1 April 1980; accepted 30 June 1980)

A simple model that has been used extensively by Los and co-workers to treat ion pair formation in collisions
of alksfi atoms with diatomic molecules is extended to include continuum coupling via a competing Penning
ionization channel. This extended model is then used to calculate the differential cross sections for ion pair
formation for the system Ar’ + 1, over the energy range 28~154 eV and to compare with a previous treatment
of K + I,. In the absence of significant competition from continuum processes, Ar’ is expected to behave
in a manner similar to K, since the active electron is an unpaired 4s electron in both cases, We perform
model calculations for Ar'+1, to investigate the effects of varying the potential curves and charge

exchange matrix elements and of including a continuum coupling function I"(R) Comparison with

previous calculations for K + I, suggests increased repuision on the Ar’-l, surfaces relative to those of

b

K-I,. The competing
upon the ion pair angular distributions.

{. INTRODUCTION

The study of a pair of generally similar reactions en-
ables one to isolate subtle effects that arise specifically
from the differences between the two systems. Recent
measurements of the differential cross section for ion
pair formation in collisions between halogen molecules
and alkali atoms or metastable rare gas atoms provide
such an opportunity. Over the energy range 30-150 eV,
all of the major features observed' in the angular dis-
tribution for the reaction

Ar*(P, )+ L~ Ar' +1; 1)

can be correlated with those observed®~! in the analogous
reaction

K+L~K"+13. @

However, there are differences in the ratios of the in-
tensities of various features and in the position of the
rainbow angle. The general similarity is consistent with
the fact that both K and Ar*(*P) have an active, unpaired
4s electron. The observed differences between the two
reactions should be reiated to the inner shell vacancy in
Ar® and to the additional competing channels energeti-
cally accessible to the system, including Penning ioniza-
tion:

Ar* +L,~Ar+Ij+¢€ . @3)

In this paper we present model calculations designed to
elucidate the causes of the observed differences in the
scattering data.

lon pair formation in the alkali-halogen system has
been extensively investigated® ' both experimentally and
theoretically. These reactions have been modeled quite
successfully by Los and co-workers® ¢ using classical
trajectory surface-hopping tcchniques"' that demon-
strate the essential features of the reaction mechanism
leading to ion pair production. Here we have modified
and extended those model calculations to include cou-
pling to the continuum [Reaction (3)]. We estimate the
autofonization rate I'(R) using a simplified form of a
technique proposed recently by Miller and Morgner. '*
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isms of excitation transfer and Penning ionization may have a small effect

We are therefore able to perform quantitative calcula-
tions that examine the effect of competing channels upon
the ion pair distributions in Reaction (1).

In Sec. II we present the details of the model calcu-

" lations and discuss the inclusion of continuum coupling.

Our results are presented and discussed in Sec. III,
and Sec. IV contains a summary. '

1. THEORY
A. Summary of the model

We have adopted the theoretical approach developed
by Los and co-workers, 5:¢ which is a classical-trajec-
tory, surface-hopping model®® with the following addi-
tional approximations:

1. Simple analytic potentials are constructed from
pairwise interactions for the covalent electronic state
K +1, and for the ionic state K* +13.

2. The cross sections are obtained as the average of
cross sections for various orientations of the target
molecule, The axis of this target is assumed not to ro-
tate during the collision. Molecular vibration, however,
is included, as explained below.

3. For each trajectory, the classical vibration of the
molecule is calculated numerically assuming Morse po-
tentials, and the deflection of the projectile is obtained
analytically using classical perturbation theory.

An essential feature of the model is that the ionic and
covalent surfaces cross at an Ar*-I, distance R that de-
pends on the vibrational coordinate of the molecule.
This fact influences the colligion in the following way.
The system begins asymptoticaily on the covalent sur-
face. When the particles reach the location of the
crossing with the ionic surface, the Landau-Zener
formula'! is used to compute the probability of switching
to the other surface, As shown in Fig. 1, there are two
possible paths to ion pair formation. The surface cross-
ing may occur on the inward part of the trajectory (the
dashed line) or on the outward part (shown by the dotted

© 1980 American Institute of Physics
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Viev)

RAI-I, (A)

FIG. 1. Two possible paths a and b to ion pair production are
schematically indicated. The potential curves represent cuts
of the Ar* + I, and Ar*+ [ surfaces at a fixed I, separation.

line). A transfer to the ionic surface will initiate an ex-
pansion of the I3 bond since I3 has a larger equilibrium
internuclear distance than I,. If this transfer occurs on
the incoming trajectory, the resulting I expansion will
yield an effective vertical electron affinity that increases
with time. This will increase the radius R at which the
second surface crossing is encountered on the outward
part of the trajectory. Since the matrix element con-
necting the two surfaces decreases strongly with in-
creasing R, the probability of a diabatic path through the
second crossing may be significantly larger than at the
first crossing. These effects have already been
thoroughly discussed in the literature, '~®

The analytic form of the potential surface we have used
differs somewhat from the form used in Ref. 2. Ours is
defined in terms of Fig. 2 to be

Vo. = V(R[) + V(Rz) + L'o(r) y (4)
V“=V(R,)—%l—5+V(R,)-%—zs+vl(r). 5)

ve(r) and vy (r) are Morse potentials for I, and I3, respec-
tively. The same Morse parameters were used as in
Ref, 2, namely, D=1.54 eV, 8=1.87 A*!, and r,=2.67
Aforl, and D'=1.02eV, g'=1.23 "', and »,=3.20 A
for 3. V(R,) is a repulsive term of the Born~-Mayer
form, ?

VR,) =A™, 0)

where, following Ref. 2, we initially use 4 =6, 4 x1¢
eV and B=4.762 A"!. Note that for simplicity the same
constants A and B are used here for the ionic and co-
valent terms. The potentials we use are much simpler
than those of Ref. 2. Since ab initio calculations are
not available, we choose to use potentials with as few
adjustable parameters as possible.

The potential surfaces defined by Eqs. (4) and (5) do
not reflect the multiplicity of states arising from the
inner shell vacancy in Ar*. Our simplified model is
equivalent to assuming that all of the covalent surfaces
are degenerate, and that all of the ionic surfaces are
degenerate. This assumption appears reasonable at
large values of R, where the surfaces cross. In this
region we expect no inner shell rearrangement pro-
cesses, The core electrons should have only a minor

influence on tne potential shapes and coupling matrix
elements. This fact is indeed the major reason for the
strong analogy to alkali reactions and the justification
for our use of the single surface crossing and the cou-
pling matrix element angular dependence'® [cosa in Eq.
(7) below] that are appropriate to alkali systems, The
inner shell vacancy in Ar* would, however, be expected
to influence surface parameters at much smaller R val-
ues and thereby could affect the shape of the differential
cross sections. We will return to this point later.

We use the same form for the coupling matrix ele-
ment as in Ref, 2:

ViR, 7,8) = clIE.A. #)]'?R* &®*” cosa , m
where
R*=R/VZ)(I'?+E.A. ("' (8

I is the ionization potential of the projectile and
E.A. {r) is the vertical electron affinity of the molecule
as a functionof the separation . Note thatthe diagonal
terms Vyand V,, are orientation dependent because they are
defined in terms of Ry and R,. Note also that the angular
dependence of Vy, forces it to be zero at the angles re-
quired by symmetry.!® Initially the constants ¢, =0. 28
a.u. and c,=0.65 a.u. were used’ for both Reaction (1)
and Reaction (2).

For each orientation of the target (in a space-fixed
frame), we wish to calculate the two branches of the
classical deflection function. These two branches give
the scattering angle as a function of impact parameter
for trajectories in which the surface crossing occurs on
the inward or outward part of the trajectory. ({f the
crossing occurs twice, or not at all, ion pair formation
does not occur and the trajectory is not counted.) For
each impact parameter, the scattering angles are there-
fore calculated for two sequences of events. In both
cases, the I, molecule begins at rest on the neutral po-
tential curve v,(r) at the equilibrium distance r,, and the
projectile follows a straight-line path with constant ve-
locity throughout the collision. For the ionic branch of
the deflection function, the system is assumed to switch
to the ionic potential at the first crossing. Then the I3
molecule begins to move classically on the potential
v(r), beginning at rest at r=7r, (I;). The location of the
second crossing is determined numerically by monitor-
ing the oscillatory motion of the target and the rectilin-
ear motion of the projectile. For the covalent branch
of the deflection function, the molecule does not begin to
vibrate until the crossing is encountered a second time,

FIG. 2. QOlustration of the coordinate system used to define
the potential functions.
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so that the first and second crossings occur at the same
intermolecular separation R. For both branches of the
deflection function, the orientation angle a is computed
at both crossings. The orientation influences the tran-
sition probability through the factor cosa in Eq. (7).

The preceding discussion shows how the appropriate
potential is determined at each point along a given tra-
jectory. The scattering angle is then determined by in-
tegrating the sumulative momentum transfer perpendicu-
lar to the rectilinear motion, according to standard
formulas'® of classical perturbation theory. The deflec-
tion is easily calculated analytically because the func-
tions in Eqs. (4) and (5) are written as sums of two-
body potentials,

In order to obtain the cross section, it is also neces-
sary to calculate the probability that the system will fol-
low a given trajectory. This is done using the Landau-
Zener formula.!® The total probability for a given se-
quence of surface crossings or avoided crossings is the
product of the probabilities for each event separately.
This is easily calculated once the locations of the two
crossing points are known. The result for the cross
section (for a particular orientation of the molecule) can
be summarized in the following formula:

2b, P'*(b,) . S~ 21y P (by)
4 Sine = Z 1dg™°"/abl 5~ " 1d8="/db|

Ptor(Peo") ig the overall probability of following an ionic
(covalent) trajectory for a particular impact parameter
b. The sums are understood to be over all impact pa-
rameters that lead to the scattering angles 6 or - 6.
Although Eq. (9) presents the formal definition of the
cross section, we found it useful in practice to use a
conventional histogram procedure.

(9)

B. The Penning ionization channel
1. Estimating T'(R} for molecular systems

C(R)/X is the rate at which particles are lost from an
initial channel into the ionization channel via the reac-
tion (3). T is given by'®!

T=20p|H,|* (10)
=200 (g pu |H] @1 n)|? 11)

where # is the Hamiltonian, &, is the initial bound
state wave function (Ar®* +1;), &, is the continuum
configuration (Ar+13+¢’), and p is the density of con-
tinuum states. If the continuum wave function is nor-
malized to unit amplitude asymptotically, then

21p=4/k , 12)

where the kinetic energy of the ejected electron is, in
atomic units, E=1/2k%,

Miller and Morgner“ have suggested that the matrix
element H,, can be written as the product of an overiap
factor and a charge exchange factor. Soecializing to
our case, Ar* +1,, this would be the product

Hy xSy <8 (13

where S;, is the overlap between the valence electron
orbital on Ar* and the final state continuum orbital, and
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H{Y' is the matrix element for the one-eiectron process
Ar*+L,~-Ar+13. 14)

Miller and Morgner'® pointed out that H{)’ can be esti-
mated using the semiempirical correlation formula of
Olson et al.}

‘H(O)I xGR ¢ -R/C , (15)

where R is the internuclear separation in a.u., and

VC=ZpUif+1iD) (16)
= UL )7/C an

where I;, and /,, are the ionization potentials of I, and
Ar in a.u., respectively. |H,, | is then given also in
a.u.

Based on past experience“ calculating continuum over-
lap factors S,,, we have simplified the Miller-Morgner
formula by setting S;,, 1. This approximation enables
us to evaluate H,, without numerical integration. Fur-
thermore, since the potential surfaces are not in gen-
eral known, we calculate the density of states 27p from
the energy of the ejected electron as R~ =, This infor-
mation is available from spectroscopic data.

Miller and Morgner"’ estimate that their formula is
reliable within a factor of 3-5, We expect that our addi-
tional approximations will degrade the accuracy some-
what, but the result should certainly still be a reason-
able order-of -magnitude estimate.

2. lonization probability as a function of impact
parameter

The autoionization rate obtained in the previous sec-
tion has the form ['(R)= R?¢"*®, However, we have
found that over the important range of R probed in the
collisions, the numerical values of I" can be well fit
(~10%) by the simpler form

r(R)=a| e-'?a . (18)

This is the form of I' that has been assumed in many
previous semiempirical studies, ¥+%!

We have found that for a " of the form of Eq. (18), a
very simple formula can be obtained, in the perturbs-
tion limit, for the ionization probability as a function of
impact parameter. Since the translational motion is al-
ready treated using classical perturbation theory, a
perturbation agsumption for the continuum coupling is
consistent with the rest of the model.

Let b be the impact parameter. Then the survival
probability P(b) that jonization does not occur on a tra-

o e e m A M b amae e

jectory of impact parameter b is
P(b)=exp{~ 2F()] . (19)
where in the perturbation limit
Fo)= [ —FRML. (20)
v Aunyv1 - (*/R%)
and v, {8 the incident velocity.
Substituting Eq. (18} into Eq. (20), integrating by
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parts, and substituting v =R/b, we obtain

Fio)= a2l [T oy, 1)
Ve "1

The integral can be represented in terms of the modi-
fied Bessel function K;. Then

Fb)= %UL-:Kl(azb) X (22)

Further simplification is possible because of the relation
xKy(v)= 2,076 g70-9%% (23)

which is valid to about 10% for 2=y =<12. The final re-
sult is

Fipya 20008 oo (24)
afivy :

Formulas (19) and (24) may now be incorporated into
the model in the following way. For each orientation, a
deflection function is calculated that gives the angular
scattering as a function of impact parameter. When the
cross section is calculated from a particular branch of
the deflection function, a factor is first included to rep-
resent the probability that the particles follow the cor-
rect sequence of curve crossings. The result is then
multiplied by P(4), which gives the probability that the
trajectory is completed without loss to ionization.

IH. RESULTS AND DISCUSSION
A K+l

This reaction has already been treated in detail. *~¢
Here we demonstrate that the use of the potentials de-
fined in Sec. Il A leads also tr satisfactory agreement
with experiment. In Fig. 3, we compare the calculated
and experimental values at a lab energy (E,) of 60 eV,
The agreement is not surprising since our potentials are
nearly the same as those fitted to the data in Ref. 2,
The major difference is that we have neglected the small
van der Waals term,

B. Ar*+1,: General approach

Gillen ef al.' pointad out that their results for Ar*-+1,
were similar to those of Aten ef al.? for K+1,. The im-
portant differences are that the covalent peak is rela-
tively somewhat smaller for Ar* +1, than for K +1, and
that the rainbow in the ionic peak occurs at smaller
angles. The first difference could be caused »y the con-
tinuum coupling in the metastable system or by differ-
ences in the potentials and charge exchange matrix ele-
ments. The second difference should be associated with
a difference in the shape of the potential surfaces.

In this and the following subsections we descrit > our
quantitative calculations to investigate possible causes
for the experimental differences. With only a qualita-
tive knowledge of the Ar* + I, potential surfaces, we do
not expect to determine uniquely the coupling parameters
in this system. Hence, our approach to Ar* +1, ion pair
formation calculations is to start with the K +1I, parame-
ters and determine the changes in the distributions
caused by individually altering the continuum width (I
=0 initially), the surface coupling ~arameters, and the

12 . I T T T
K+ly= K +1,7, E =60eV
-------- Aten et al. experiment

10 j— = — Atenetal. theory -
——— Present theory - :
/‘\ ) .
2 8 .- . : -
2 | it
£ I A
g s (13 .
- [
£ |
313 a7 ) \ =

%
o L 1 L L \Y
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T (eV-degrees)

FIG. 3. Comparison of previous calculations and experimental
data (Ref. 2) on the system K + I, with the present calculation,
which uses slightly different interaction potentials.

interaction potentials. The results should yield insight
into the possible causes of the differences observed be-
tween Ar* +I, and K +1, in the ion pair channel.

We initially performed trial calculations for Ar*+1,
assuming ['=0, and using the same potential parameters
as for K+I,. The crossing point differs slightly for this
system because the ionization potential of Ar* is slightly
smaller than that for K. This change increases R,
somewhat, and thereby decreases V), slightly, but the
effect on the calculations was quite small. The calcu-
lated peak ratios and the position of the rainbow angle
were essentially the same as those calculated for K +1,,
and these values did not agree with the data for Ar* +1,.

. C. Ar*+l;: The continuum channel

We then examined the effect of including continuum
coupling. It should be noted that I'(R) is assumed to af-
fect only the covalent potential. This is consistent with
the conclusions of Hultsch et al.?? on similar systems.
One argues that Penning ionization of the covalent elec-
tronic state is initiated by a one-electron process,
namely, the “exchange” process, in which an electron
from the ground state atom jumps into the hole of the
excited atom. There is then a large overlap between the
valence electron of the excited atom and the continuum
orbital. In contrast for a system on the Ar® +1; surface,
continuum coupling necessitates a simultaneous two-
electron rearrangement; such a process would be ex-
pected to have a much lower probability.

For the ground electron state of I3, which is 9.3 eV
above I;, we follw the prescription of Sec, II B and ob-
tain (for I and R ia atomic units)

F'R)=1.752R - IR | (as)
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FIG. 4. Calculation of the differeatial cross section for ion
pair formation in Ar* + I, compared with the data of Ref. 1.
The effect of different autoionization rates I'(R) in the covalent
channel is illustrated. T, is the function estimated using the
method discussed in Sec. II. B.1, and given by Eq. (26). Suc-
cessively larger values of I'(R) reduce the covalent peak by
larger fracttons.

For R in the range 4 — 124,, this is well fit by the form
Fy(R)=11,16¢ "84 3 y, (26)

We performed calculations using this form of T'(R) and
keeping the other potential parameters the same. The
result is that the continuum coupling is not large enough
to cause a significant effect on the ion pair distributions.

The charge transfer matrix element estimated from
Eq. (15) is a one-electron matrix element. In fact, ['(R)
should be larger than [,(R) to account for the two equiv-~
alent electrons in the ’my,,, orbital. Moreover, the I
molecule has a valence conti%:uration (0,5p)? (my 12,500}
(5312,45P)" (1y,2,,5p) (13,5,,5p),° and these ten electrons
have vertical ionization potentials®® between 9.3 and
13.0 eV. In the spirit of our one-electron estimate of
[y, we should also calculate approximate continuum
coupling widths for the other electrons.

Although the ionization potential for electrons in the
lowest two of these orbitals is larger than the Ar* ex-
citation energy, Miller and Morgner'® have shown that
the electronic energy transfer to a pseudocontinuum
Rydberg state,

Ar* +1,~Ar+1g° @7

(core excited in this case) can be treated in an equivalent
way to a true continuum interaction. The details of the
formula are slightly different; however, the calculated
coupling widths are found to be quite similar to those

for states whose ionization potentials are lower than the
excitation energy of the incoming state. Assuming the
contributions for all ten electrons can be added (a rea-
sonable first approximation), we obtain a resultant I'(R)
that is 10-15 times larger than [,(R) for R values be-
tween 5 and 11 a2, u. .

The effects of various coupling functions ['(R) on the
calculated angular distribution for Reaction (1) at 28 eV
are shown in Fig. 4. Continuum effects are generally
more pronounced at lower energies, and E4=28 eV is
the lowest energy studied. Clearly I'=10T,, which ap-
proximates the summed ten electron continuum coupling
extimated above, yields a noticeable depletion of the co-
valent peak. However, ' >100I; seems required before
the intensity ratios of the covalent and ionic peaks are in
reasonable agreement with experiment. Since our ap-
proximate estimates of I' are relatively crude, it is pos-
sible that I’ is indeed an order of magnitude larger than
estimated. Hence, the continuum coupling effect could
make some contribution to the attenuation of the covalent
peak in Reaction (1). However, the larger I values
(100 Iy, 1000 I'y) give covalent peaks that are strongly
attenuated at low T values; the angular positions of the
calculated peaks then disagree considerably with the
data.

D. Ar*+|1,: Sensitivity to the coupling matrix element
Vi,

Another possibie cause for the smaller covalent peak
in Ar* +1I, could be a larger coupling matrix element Vi,.
We have performed calculations in which I'=0 and the
constant ¢, of Vy, is varied [see Eq. (7)]. We find that a
significant change in Vi, from the value for K+1I, is
needed to cause the desired change in Ar* +1I, peak
ratios. Figure 5 shows the experimental angular distri-
bution at E, = 51 eV, compared with three calculations
assuming V,, multiplied by factors of 1.0, 2.5, and 5.0
relative to K+1I,. Even though the peak ratios are accu-
rately matched by scaling V), by approximately 2.5, we
feel that this is an unreasonable change considering the
expected similarities between K and Ar®*. Although the
potential surfaces for the two reactions have quite dif-
ferent symmetries, these differences are associated
with the symmetry of the Ar*® core. At the very large
crossing radius (~5.7 A) between the ionic and covalent
surfaces, the properties of the core should play a minor
role in the electron transfer process and the outer Ar*
electron should behave like a 4s electron in K.

E. Ar*+I[,: Sensitivity to V;,

It is obvious from Fig. 5 that the calculated rainbow
angle is not in good agreement with the experimental
data, None of the modifications detailed above has al-
tered the calculated rainbow position. Since its position
is most sensitive to the well depth in the ionic channel,
we investigated modifications to the potential parameters
necessary for achieving a match to the experimental
rainbow angle. In our model, the well depth is con-
trolled by the choice of the parameters 4 and B in Eq.
(6). We found that varying these parameters to decrease
the well depth caused the rainbow to shift to smaller
angles, as expected. Another effect of thia change was

J. Chem. Phys,, Vol: 73, No. 8, 15 October 1980
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FIG. 5. Calculation of the dilferential cross section for jon
pair formation in Ar* + [, compared with the data of Ref. 1.
The elfect of different coupling matrix elements V,, is illus-
trated. T(R) is set to zero in all cases. V), is the form
given by Eq. (7) with ¢,=0.28 and ¢;=0.65, the same param-
eters used in Ref. 2 for K +[,. The scaled vaiues of ¥, cor-
respond to changing ¢, to 0.7 and 1. 4.

a reduction in the size of the covalent peak relative to
the ionic peak, Figure 6 shows the effect of changes in
the potential parameters upon the ion pair distributions,
The modification that gave a reasonable fit to the ionic
rainbow angle corresponds to an Ar*-I; “well depth”
that is ~0. 5 eV shallower than that of K* +1; (at the
same 1-I internuclear separation). .

For comparison, there are good ab initio calculations
for the diatomic potentials in ArF, KrF, and the Xe
halides.®® For each of these systems the well depths of
the various ion pair states are between 0.3 and 0.7 eV
shallower than those of the analogous alkali halide mole-
cule, With spin-orbit cor gling included, the three fon
pair states calculated for each rare-gas halide pair
differ by less than ~0.2 eV in well depth and 0.1 Ain
R, from each other, If a similar result obtained for the
triatomic systems, our method of treating the Ar* +1,
system by a single (average) ion pair surface intersect-
ing a single covalent surface would be a reasonable ap-
proximation to the average scattering on the relevant
surfaces and our resultant 0.5 eV difference in Ar’ I3
and K*-13 well depths would appear to be reasonable.

F. Ar*+1,: Conclusions

Our calculations clearly indicate that the ion pair an-
gular distributions for Reaction (1) depend quite sensi-

tively on the shapes of the interaction potentials, the
surface coupling matrix elements, and the amount of
depletion from competing continuum coupling and exci-
tation transfer channels. With only crude model poten-
tials and order-of -magnitude estimates for the continuum
coupling and excitation transfer cffects, it does not seem
justified to vary parameters to achieve a fit to the data
that would be both model dependent and nonunique. How-
ever, an estimate of the probable causes for the differ-
ences from Reaction (2) can be useful in suggesting di-
rections for further experimental or theoretical effort
on this system.

The shift of the ionic rainbow for Reaction (1), to
lower T values than that for Reaction (2), seems to be
consigtent with a shallower well in the Ar® +1I3 interac-
tion (see Fig. 6). This change also lowers the magni-
tude of the covalent peak relative to the ionic peak. In
fact all other modifications combined would only need to
lower the covalent peak by an additicnal 30%-40% to
achieve a good agreement with the experimental data at
Ey=51ev.®

" Combined with the change in the ionic potential de-
scribed in Sec. E, an increase of ¢y by ~40% over the

K +1, value {0.28) would achieve a reasonable match
to the experimental data. However,- such a change in

Vy2 still seems rather large. As evidence for this as-
sertion, we note that Hubers ef al. 2 present a reduced
matrix element formula that is slightly modified from
Eq. (7) and correlates with all alkali~halogen systems to
an accuracy of better than 10%. The modification of the

16 T T T T
A"+l = A+ 13041 E,=S81eV
| O + angles . -
14 - s } Gillen et al.
e Shallower Well
12 - - = = Presgnt Calculation with —
"\‘ Original Well
z Iy %
Swp 1) H SR 1y u
z I' \‘ Joo” \
£ \
2 o | b % -
3 ¢ \
: ‘l \ o" “\
- 6 \ o O\ ]
313 I | ol a\
20 ! ! \
ol ¢ 2 o\ _]
¥
9, °N
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0 1 i 1 I i \)J
0 4 80 120 1860 200 240
r (eV-degrees)

FIG. 6. Calculation of the differential cross section for ion
pair formation in Ar® + I, compared with the data of Ref. 1.
The potential parameters, defined in Eqs. (4)-(6), are A=6.4
%10% eV and B=4.762 X! for the original well, and A=1.3S
%10% eV and B=3,781 "' for the shallower well,
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Ar* + 1, matrix element postulated here would deviate by
40% from the prediction’® based on the alkali data and
would then suggest some real differences of Ar* from
alkalilike properties at distances of R, =5.7 A. It is
difficult to understand such a large effect at that distance
caused by a vacancy in the ion core.

Alternatively, a continuum coupling width of ~200 I,
could be combined with the shallower ionic potential to
match the peak ratios adequately. This width is some-
what larger than the rough estimate (10-15 Iy) based on
the Miller-Morgner" arguments, and the attenuated co-
valent peak would be located at larger r values than the
data would allow, Yet our estimate of I is subject to
considerable uncertainty and could be significantly in
error. Also, the covalent peak position and shape are
sensitively dependent on the potential functions used.
This has been demonstrated® in K + Br; by a comparison
of calculations on diabatic and adiabatic surfaces.
Hence, continuum coupling (3) and excitation transfer
(27) reactions involving the ten valence I, electrons
could be responsible for all or part of the remaining
30%-40% depletion of the covalent peak.

Finally, we note that making the potentials more re-
pulsive tends to decrease the size of the covalent peak
relative to the ionic peak. For simplicity, we have con-
strained our calculations so that the repulsive Born-
Mayer terms are identical on the ionic and covalent sur-
faces. Although this is a reasonable first approxima-
tion, one could decrease the covalent peak by relaxing
this constraint and allowing more repulsion in the co-
valent potential. If such a difference were responsible
for the smaller covalent peak in (1) relative to (2}, it
would necessarily imply differences between the two
systems in the repulsive region. This is easier to ac-
cept than large differences (40%) in the coupling matrix
elements at the much larger distances associated with
the surface crossings.

IV. SUMMARY

The small differences between the differential cross
sections for ion pair formation in the Ar* +1, and K+1,
system can be explained, in part, by a more repulsive
wall in the ionic Ar® +I3 surface relative to K* +13.
This yields a smaller ionic well depth (by ~0.5 eV at 7,
of I;) and a correspondingly smaller ionic rainbow angle
that is in agreement with the data., If the covalent sur-
faces Ar® +1I; and K +1, have repulsive terms similar to
those on their ionic counterparts, the calculated ratio
for the intensity of the covalent peak to the jonic peak in
Reaction (1) is too large by a factor of ~1.4,

This ratio can be improved by one or more of the fol-
lowing: a relative increase in the repulsion on the Ar*
+1, covalent surface; a depletion of the covalent peak by
competing Penning (3) and excitation transter (27) reac-
tions; and an increase in the coupling matrix element at
the surface crossing between the fonic and covalent sur-
faces. The third possibility seems least likely since it
requires effects from the Ar® core vacancy to be impor-
tant at large R (~5.7 A).

Since the potential surfaces have only been estimated
in a crude way and since the continuum coupling width is

only known very approximately, we feel that no claim to
a unique fit can be made. Continuum coupling and exci-
tation transfer processes may indeed cause observable,
but small, depletions of the covalent peak in the ion pair
process (1). .
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An analytic approximation to the differential cross section is derived for ion-pair formation in a2 mode! two-state
(“turned-on Coulomb™) system. The resuit gives insight into the structure observed in recent experiments.

1. Introduction

Ton-pair formation differential cross sections have
been measured recently for fast collisions of alkali
atoms [1] and metastable rare gas atoms [2] with
various targets. The results usuaily have similar basic
features that result from a crossing between the

imations are reasonably accurate.

Consider the model potentials shown in fig. 1. We
assume that the ionic potential is given by the pure
Coulomb form ¥, (R) = —1/R. Let AE be the energy
difference between the neutral (covalent) and ion-pair
channels. Then if the zero of energy is defined to be
the asymptote of the ionic potential, the covalent

incoming covalent potential surface and a strongly
attractive ion-pair surface. The ion-pair product
angular distribution generally exhibits two peaks, the e — T Qe
“jonic™ and the “covalent” peaks, resulting from tra- ’

jectories that, at internuclear separations smaller than Scattering on Model Potentials /I I
the surface crossing distance, travei along the ionic / s
and covalent surfaces, respectively. The ionic peak,
located at larger angles, often has a single secondary
maximum or shoulder on its low-angle side. This -2
secondary structure is observed with many molecuiar

curve is approximated by the constant value Vo (R) =

targets [1,2], but also appears in the simple two-body s 3k i
. reaction Na + I ~ Na* + 1™ {3]. In this paper we pre- 2
sent a very simple model that highlights the origin of > )
this secondary maximum and suggests why it appears -4~ m
in some systems but not in others.
-5~ —

2. Model

In this section we derive an analytic approximation
to the differential cross section for ion-pair formation 7
under ideatized assumptions about the two electronic
potentials involved. We find, a posteriori, that the
trajectories that contribute to the secondary maximum
only probe the potentials in a range where out approx-

}

[ S S

2 4 6 8 10 12 -
R (A}

Fig. 1. Model potentials and curve crossing sequence for the

time-reversed ionic trajectory that converts ion-pair reactants

to neutral products.
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~AF = —1/R,, where R, is the crossing point of V,(R)
and V,(R). (Atomic units are used throughout this
section unless otherwise indicated.) For these idealized
potentials, the deflection function (scattering angle
versus impact parameter) can be determined analyti-
cally for trajectories that begin asymptotically on ¥,
and end up on V, after a curve crossing at R.. The
deflection function has two brancnes, corresponding
to trajectories that make the crossing on the inward

or outward part of the classical motion.

It is convenient to begin by considering the time-
reversed trajectory shown by the arrows in fig. 1. Let
E and b denote the c.m. collision energy and impact
parameter relative to the ionic asymptote. We denote
by £’ and &' the corresponding quantities relative to
the covalent asymptote. Clearly E' = E + AE; the rela-
tion between b and b’ is obtained by invoking the fact
that the angular momentum must be the same at ¢ =
400 and ¢ = —oo. The result is

b =b[1 - (AE)/E."']”’. )

Using the potentials shown in fig. 1, the c.m.
scattering angle 6 for an impact parameter b is given

by [4]

0=n-b [ (R/R})1 - b*/R* + | REY?
Ro

Re
-b [ (@R/R*)1 - bY/R? + 1[REY?

Ro

-b [ @RIRY1 =~ BYR*+ LRE'?.  (2)
Re

The turning point R, which depends on b, is ob-
tained from the relation

1 - bR} + 1/RoE =0, 3

and b < (R? + R /E)'"? is necessary to reach R..
After some algebraic and trigonometric manipulation,
¢q. (2) can be solved exactly for the deflection func-
tion

8 = —arcsin ¥ ~ arcsin[¥(1 - 620)"?], @)

where

Y =(1 +4b3 )12 )
T T LG

and

U=R: +R /E)". ©

The first term in eq. (4) is exactly half the Rutherford
deflection angle 6 for pure coulombic scattering

Op = =2 arcsin Y = -2 arctan(1/2BE). )

The alternative covalent path, which involves a trans-
fer from the coulombic to the flat potential on the
inward portion of the trajectory, has a deflection
angle 6’ given by

9 =0g -8, ®)

so that the covalent and ionic branches of the deflec-
tion function yield scattering angles at every b that
add up to Gg for the same b. Considering the limiting
case where the two branches of the deflection func-
tion meet for a turning point Ro(>") = R, one ob-
tains from eq. (3)

b' - U-uz
and the second term in eq. (4) vanishes, implying that
0° = —arcsin Y = }6g . 9)

Alternatively, eq. (8) and the requirement that 6’ = 0
yield the same result. Using eq. (3) this can be
reduced to

0° = —arcsin[1/(1 + 2R E)] . (10)

One can show that this result is in agreement with a
formula given by Young et al. [5] for the same limit-
ing angle.

A single approximation, the smali-angle approxi-
mation tan @ =~ @, is all that is required to invert the
deflection function and obtain the differential cross
section. Eq. (4) becomes

6= —(1/2bE)[1 + (1 — B2 U)'?), an

and the differential cross section for the inverse of ion
pair formation (dao, /dw) sin 6 is given by

(do/dw) sin @ = |5 db/de|
= |16E29(U ~ 4E20%)/(4£%0% + UY|. 12)

Surprisingly the identical eq. (12) is obtained for the
covalent branch of the deflection function. Note that
as R = o, the limit of purely coulombic scattering,
¢q. (12) would yield

(do/dw)sin 8 = 1/E263, (13)
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which agrees with the Rutherford result under the

same small angle approximation 8 = tan § =ssin 6.
Eqs. (12) and (1) can be used to obtain the differ-

ential cross section for the ion-pair formation process

(which will be called “turned-on Coulomb scatter-

ing”)

(doyo/dw)sin 8 = |b' db'/d0| (14)

=(1 — AE/E")[16E%0/(4E20* + UP1U - 4E36%).

Differentiation shows that this function has two
peaks at reduced deflection angles

T =E'0=0.181E'UVE 15)
and
7, =0.796E' UM E . (16)

The function drops to zero between these peaks when
U - 4£*9%=0and

Tmin =0.SE'U'/E. an

Eq. (17) is an alternative small angle approximation
to eq. (10), and locates the minimum in the differ-
ential cross section between the ionic and covalent
branches. The peak r, will be seen to approximate the
position of the covalent peak, while 7, gives a simple
first approximation to the position of the secondarv
maximum. Clearly, the ionic rainbow [1] maximum
cannot be obtained in our simple model that neglects
repulsive forces entirely.

By solving eq. (11) for b, one can demoustrate that
the coulombic impact parameter b, that corresponds
to the peak in the differential cross section at r, is

b, 20901012, (18)

Then the corresponding impact parameter along the
flat asymptote is

b5 =0.901R,. 19)
The analogous result for the covalent peak is
by =0.641R,. (20)

3. Example: Na + |

Delvigne and Los {3] have measured differential
cross sections for the reaction

Na+1~-Na*+1~ 1)

2 - —

Na + | Potentials

>
L
> Na + 1
=698 \ -
=694 \ |
e ‘ ’ —
2 4 6 8 10 12 -
R (A)
Fig. 2. Nal potentials of Delvigne and Los ( ) compared
to our model potentials (— — ) for the same system.

and have calculated deflection functions for this sys-
tem us...g a multi-term potential function. Their
potentials are shown in fig. 2 along with idealized
curves consisteii¢ with our model developed in sec-
tion 2. The major differences in the realistic poten-
tials are, of course, the repulsive terms in both the
jonic and covalent curves, but there are R ™, R™¢,
and R~ attractive tesms in their Rittner Na* + 1~
potential that cause it to be more attractive for

R 2 3 A and move the curve crossing out to R, = 6.98
A compared to the coutombic R, = 6.94 A for the
simpler approximation.

Fig. 3 shows deflection functions for reaction (21)
at £; = 13.1 eV, Resuits of Delvigne and Los are
compared to our calculations using egs. (4) and (8).
The coulombic case [from eq. (7)] is also shown for
comparison. Here our resuits deviate from those of
Delvigne and Los in ways that are easily associated
with the differences in the potentials shown in fig. 2.

The measured differential cross sections for reac-
tion (21) at two energies are shown in fig. 4 along
with our cucves calculated from eq. (14). The Ruther-
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Fig. 3. Deflection functions for reaction (21) at £° = 13.1 eV. : ' k
The results of Delvigne and Los () are plotted versus the f :
covalent impact parameter b°. Our resuits from eqs. (4) and whk .
(8) (— ~ ~) have impact parameters ' and b at large dis- ; |‘ ] ]
tances along the flat and coulombic potentials, respectively. 1 " \ /
Shown for comparison is a pure coulombic deflection func- W b 2 W
tion plotted versus b from eq. (7) (-owreemeeeee ) for R — e, 0 I | 1 L L oy
E'-E. 0 100 200 300
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ford cross sections derived from eq. (13) are also Fig. 4. Smoothed differential cross section measurements for I
shown for comparison. Clearly the turned-on Coulomb xcz'i::gira':k?:m‘:ﬁ;:: ((_ _ _)) mmy“ ;
calculation cannot produce the ionic branch rainbow coulombic (Rutherford) results (-+-ossve-- ) under the smail
at 7 = 240 eV deg since repulsive terms are not angie approximation 8 = sin @ =~ tan 9. The caiculations have
included. Yet the calculation at 38.7 eV matches all not been smoothed to account for apparatus resolution
other major features of the experimental resuits, in parameters. The abcissa r is the product of the collision
. oe . energy and the scattering angle.
particular the shape and position of the intermediate
secondary peak. This may seem surprising, since the
calculation does not take into account the probability values contributing to the intermediate peak region of
P(’) for crossing from one curve to another at the the differential cross section. Coincidentally, this
point R. This neglect is in effect equivalent to an seems to be the case (3] at £' = 39 eV.
assumption that the probability of following either At the lower energy E' = 13 eV, the calculation
path, (1 — P) ot (1 — P) P, is nearly constant for all b’ does not match the position of the experimental inter-
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mediate peak. In this case the diabatic probability is
significantly less than 0.5, and (1 — P)P, the overall
branching probability for following the ionic path,
decreases strongly as b’ increases toward R.. This
decreases the low-angle side of the intermediate peak
and causes the experimental peak position to shift to
larger r values.

Better agreement with the experimental data at 13
¢V could obviously be achieved by using estimates of
the coupling matrix elements to weight the differen-
tial cross sections by Landau—Zener curve<crossing
probabilities P(1 — P) as a function of b. An even
better fit would be achieved by using improved poten-
tials in the crossing region [6]. However, the point of
the present example is that the existence of the inter-
mediate peak in the angular distribution can be
explained without invoking these complications. Varia-
tion of P with b and adiabatic corrections to the poten-
tial can be viewed as secondary effects that do not
cause the intermediate peak, but merely modify its
shape and position.

4. Discussion

The example in the preceding section clearly is a
good system for applying our simple model. The fact
that the surface crossing distance R is much larger
than the region where repulsive terms become impor-
tant implies a reasonable separation between the
secondary peak and the ionic rainbow. This separation
is evident from a comparison of the impact param-
eters corresponding to the secondary peak [b; =6.3A
from eq. (19))] with the impact parameters important
in the rainbow region (see fig. 3). The large value of
R also implies that our idealized potentials are
reasonable approximations to the true potentials for
distances important in the secondary peak region.
Finally, reaction (21) does not have any of the com-
plications associated with molecular targets.

In other systems where the crossing distance R is
closer to the minimum in the ion-pair potential, the
secondary peak and the ionic rainbow peak will be
closer together. In some cases they may coalesce into
one single unresolved peak. Likewise, the covalent
peak may also be attenuated by repulsive interactions
that spread the scattering over a wider angular range.

Molecular targets [1] indeed have much lower
vertical electron affinities than | atoms and the sur-
face crossings are located at much smaller distances.

In addition, bond stretching of the molecular ion on
the ion-pair surface can dramatically modify branch-
ing ratios [7]. Orientation effects are also important,
since coupling matrix elements can have strong depen-
dences on collision geometry (8]. Finally, adiabatic
prestretching can yield ion-pair products for impact
parameters larger than the nominal R value [9].
These molecular effects taken together can shift,
modify, enhance, or mask the intermediate peak.
Other more detailed, theoretical treatments [7,9,10],
relying heavily on numerical calculation, have been
used to investigate these molecular effects. We have
no reason to add these complications to our very
simple model.

Our primary goal in this paper has been the devel-
opment of a simplified, analytic model that illumi-
nates the basic cause for the secondary peak some-
times observed in ion-pair formation differential
cross sections. Knowledge of the simplest framework
for describing this peak should aid in the application
and interpretation of more sophisticated calculations.
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Collisional Excitation of Ar® + 0, Mediated by Ion-Pair Formation
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For Ar* + 0, collisions at ~100 eV energies an intense rainbow peak has been observed
in the neutral-product angular distribution. The surprisingly large inelasticities (1~2 eV)
and the absence of elastic scattering in this small-angle feature are explained by a charge-
transfer model involving transient formation of an Ar* + O," intermediate. Large pro-
duct inelasticities are understood by examing the relative timing of the projectile motion
and the O, " vibration on the intermediate surface.

PACS numbers: 34.50.Ez, 34.10.+x, 34.50.He, 34.70.+e

We describe detailed double-differential cross-
section measurements for the interaction of a
metastable-argon beam with O, target molecules.
Ion-pair surfaces (Ar* +0,") play a key role in
this system and indeed we find that Ar* ions are
an important reaction product, Here we present
dramatic evidence that the ion-pair surface also
acts as an intermediate state in an important in-
elastic energy transfer process yielding neutral
products. This process yields unexpectedly large
values of translational- to internal-energy trans-
fer for interactions occurring at relatively large
impact parameters. The large inelasticities and
the apparent absence of elastic scattering for
these ion-pair-mediated collisions will be ex-
plained here using a very simple model that com-
pares the timing of the relative translational mo-
tion to that of the vibrational motion of the transj-
ent O,” intermediate ion. In this work, we are
probing the crucial energy range where the colli-
sional time and vibrational period are of com-
parable size.

Our apparatus’ and techniques® have been de-
scribed previously. Briefly, an Ar*(°P, ;) beam,
produced by near-resonant charge transfer of
Ar* in Rb vapor, enters a collision cell filled
with O,. The angular-energy distribution of Ar*
product ions from

Ar* +0,~Ar*+0," (1

is measured by a rotatable Channeltron mounted
behind a 127° electrostatic energy analyzer. A
second rotatable Channeltron detector is used to
determine the angular distribution of scattered
neutral products. Time-of-flight (TOF) tech-
niques are used to measure velocity distributions
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and determine inelasticities for these scattered
neutrals.

The angular distribution of Ar* product ions
seen in Fig. 1(a) has a single peak at 1.4°, an in-
tense rainbow feature caused by the potential
well of the Ar* +0," surface [see Fig. 2(a)] for
trajectories that transfer to the ion-pair surface
on the initial inward passage through the surface
crossing.

We observe a similar rainbow peak at a nearly
identical angle in measurements of the neutral-
product angular distribution [Fig. 1(b)]. This
rainbow must also result from trajectories that
sampled the ionic potential well during the colli-
sion, since purely repulsive scattering on the up-
per covalent potential would yield a monotonic,
nearly flat, p vs 8 distribution. A second, near-
ly flat, underlying contribution evident in Fig.
1(b) can be associated with these purely repulsive
interactions.

TOF measurements give additional evidence for
the two separate major pathways to neutral prod-
ucts. Figure 3 shows a typical Ar* TOF distribu-
tion at an angle in the rainbow region. The dis-
tribution can be characterized by its nominal
c.m. exothermicity value Q (~-0.73 eV) and its
energy width W [~ 3.0 eV full width at half maxi-
mum (FWHM)]. When measured values of W and
Q are plotted vs ¢ in Figs. l(c) and 1(d), it is evi-
dent that the rainbow region has anomalously
large values of inelasticity and inelastic widths
compared to the distributions at wiues angies.
The underlying covalent repulsive scattering has
a gradually increasing inelasticity (and a slightly
increasing width) as the angle increases. This is
consistent with a simple momentum-transfer
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FIG. 1. Data for Ar* + O, collisions at a beam en-
ergy £, =114 V. (a) Product Ar* laboratory angular
distribution; plotted is p = 8singdo/dw. (b) Scattered
Ar* angular distribution. (c) Half-width of the Ar*
energy distribution vs 6. (d) Ar* c.m. energy loss vs

laboratory 6.

process at small R, The width, average Q value,
and {ractional contribution of the covalent compo-
nent can readily be extrapolated into the rainbow
region, as shown by the dashed lines in Fig. 1.
This allows one to estimate and remove the co-
valent contribution from TOF distributions meas-
ured in the rainbow region and to obtain the re-
sultant, highly inelastic, contribution from the
ion-pair-mediated process (see, e.g., Fig. 3),

Ar* +0,~[Ar*.0,"]=Ar* +0,+Q. (2)

Similar large inelasticities are obtained at other
angles in the rainbow region for process (2). At
lower energies (E,~ 70-90 eV), this inelasticity
decreases slightly; otherwise the results are
quite similar to those shown here. Clearly proc-
ess (2) yields very little elastic (Q =0) scatter-
ing. The true elastic contribution is even small-
er than it appears in Fig. 3, since the TOF dis-
tributions have not been corrected for experimen-
tal resolution (an apparatus resolution FWHM,
estimated from TOF beam profiles, is shown in
Fig. 3).

D-2

V (eV)
N
|

V (eV)
1

1.0 15 20 25 3.0
r{a)

FIG. 2. Cuts through the two (idealized) potential
surfaces. (a) A cut at the O, equilibrium separation
r=7,, showing the initial surface crossing at R =R,
=3.44 A. R is the distance from the atom to the cen-
ter of the molecule. (b} Cuts at fixed R. At the initial
idealized crossing (R =R, = 3.44 A) the O," is formed
compressed; as it vibrates (changes of r along hori-
zontal line in O, potential well), the surface crossing
distance at the second crossing R’ also varies (3.44 &
<R,' 578 A). The Ar*+ O, curve is essentially un-
changed for 3.44 A<R<5.78 A, while the Ar* + O,"
curve moves vertically < -1/R.

We believe that the large inelasticities and neg-
ligible elastic scattering for process (2) in the
rainbow region can be understood as a simple
consequence of the timing of O,” bond stretching
(and subsequent vibration) between the two sur-
face crossings on the incoming and outgoing por-
tion of the trajectory. Vibrational timing® has in-
deed been invoked* to explain oscillations in the
energy dependence of total cross sections for jon-
pair formation in the similar Cs and K +O, sys-
tems. The effects of O,” vibrational timing have
also been observed quite recently in the product
angular® and energy® distributions for these re-
lated systems.
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FIG. 3. Typlcal Ar* TOF (and energy-loss) spectrum
in the rainbow region. The observed spectrum (heavy
line) has contributions from (a) pure covalent scattering
(dashed curve) and (b) ion-pair-mediated inelastic
scattering (light solid line). The dashed curve is es-
timated from TOF distributions obtaineu just beyond
the rainbow region, shifted to the energy loss at 1.62°
indicated by the dashed portion of Fig. 1(d), and nor-
malized to give branching ratios consistent with the
partitioning in Fig. 1(b). The light solid c'rve is ob-
tained by subtraction.

We use a simplified classical picture to illumi-
nate the basic physics underlying the mechanism.
Asgsume that the O, and O, potential curves are
not perturbed by Ar* and Ar*, respectively, at
distances R >R, =3.44 A, that the Coulombic term
- 1/R dominates the ion-pair interaction at these
distances, that the O, begins at rest at the bottom
of its well at »,(0,), that transitions between dia-
batic electronic states occur vertically (with»
unchanged) and only at the surface crossing seam,
that electron transfer (at ¢ = 0) initiates a vibra-
tion (initially an expansion) of O,", and that the
motions along » and R on the ion-pair surface
evolve independently. Figure 2(b) shows the Ar*
+0, and Ar* +0,” surfaces at R =3.44 A, the dis-
tance (R =R,) corresponding to the initial transi-
tion to the ionic surface. in our simpie piciure,
the O, is produced with a particular internal en-
ergy (shown by the horizontal line going to the
right from the intersection point). As R decreas-
es to its minimum value (at the turning point) and

626

RS (A), R (A)
[,] o ~

»

w

t (107" soc)

FIG. 4. Dependence of R.’ (solid lines) and R {(dashed
lines) on time ¢ 2fter the initial transfer to the ion-
pair surface. R.’' is shown (unlabeled) for the incoming
neutral electronic states and (Iabeled) for several
higher neutral states of Ar or O,. R(,5,E,) is shown
for several b (in A) and for E, =114 eV.

then increases, the O, vibrates. A knowledge of
the shapes of the O, and O,” curves allows an es-
timate® of the time dependence of the surface
crossing radius R.’(t) to be made from the classi-
cal vibrational timing, r{t), of the O,". R () de-
pends on the Ar* jonization potential, ¢;p, and
the time-dependent vertical electron affinity of
0,, vpalr(t)), via R.'(¢)= (14.4 eV A)/ [0 - ¢y

X (r{#))]. The relative timing of the translational
motion and the O,” vibration determine the » and
R values for the second surface crossing. With
proper timing a fully expanded O, (after 0.5 vi-
brations) could recross to the covaleat surface at
R =5.18 A [see Fig. 2(b)], producing an inelastic
excitation of O, by ~ 1,7 eV,

Figure 4 shows the dependence of R, and R on
the time ¢ after the initial surface crossing on
the incoming trajectory, R(t) was calculated us-
ing straight-line trajectories for simplicity. For
a given b, the intersection of R(¢) and R.'(t) de-
termines the time of the second crossing and the
inelasticity of reaction (2), @ = - 14.4(1/R, - 1/
R.'), for those collisions returning to the cova-
lent surface at the second crossing. Note that
the initial expansion of R.’ is so rapid that tra-
jectories with b values just inside of the cross-
ing at R =3.44 A cannot overtake it and must meet
it later as it contracts. The long time spent on
the ionic surface and the resultant signuficant at-
tractive interactions are responsible for the rain-
bow feature in the neutral scattering [ Fig. 1(b)]
occurring at an angle comparable to the rainbow
peak angle in the ionic scattering [ Fig, 1()] of re-
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action (1). Classical deflection function calcula-
tions’ for the ion-pair-mediated process (2) show
that the impact-parameter range 2.5 A < b < 3.44
A contributes to the rainbow feature. Hence, in
this simple picture, the rainbow feature of the
neutrals would yield inelasticities between ~ 1.0
and 1.6 eV.

This simple model explains the lack of elastic
scattering in the rainbow region for reaction (2);
but it slightly underestimates the average inelas-
tic scattering values. Although relaxing some of
our simplifying assumptions might yield a better
fit to the data, the basic physics is clearly al-
ready contained in the model. One possible route
to larger inelasticities involves transfer from the
ion-pair intermediate surface to more highly ex~
cited neutral surfaces. The crossing radii R’
between the ion-pair surface and higher neutral
surfaces also oscillate with time. A few exam-
ples are shown in the upper portion of Fig. 4. Al-
though the larger values of R’ seem to imply
smaller coupling matrix elements and thereby
much lower adiabatic crossing probabilities,®
there may be other factors favoring production
of electronically excited states. In fact, the radi-
al motion of the particles [R ()] relative to that of
the moving crossing [R,’(t)] should be the radial
velocity appropriate for estimating curve-cross-

ing probabilities. In the extreme cﬁe, when the

" crossing sphere is expanding rapidly and parallel

toR(t), e.g., for b=2.5 and the 2p, state of Ar in
Fig. 4, the interaction can be profoundly altered.
Significant electronic excitation might resuit.
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SUBPICOSECOND EXPERIMENTS ON MOLECULAR VIBRATION
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and
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Vibrational motion on the subplcosecond time scale of a transient collision
intermediate has been observed through its striking effects upon differential and
total cross sections in inelastic and reactive processes in atom and ion-
molecule collisions. Transient charge transfer processes that form a short-lived
diatomic ion and then return to the original potential energy surface are shown
to be efficient paths to high vibrational excitation of molecular targets.
Similar effects should be observable in a large number of collision systems.

Introduction

A precise knowledge of the potential energy surface for a triatomic system could,
in principle, be used to predict the detailed distribution of product states for
inelastic or reactive processes, that probe the triatomic surface as a transient
intermediate during a collision. In contrast, even when detailed state-to-state
rates are available, it {s far more difficult to extract quantitative information
on the relevant potential surfaces from measurements of inelastic and reactive
processes. The critical significance of the collisfon intermediate justifies
strenuous experimental efforts to improve our view of its fleeting existence.

One approach to examining a collision intermediate is to prepare it directly in a
well-defined state or energy level and observe {ts subsequeat evolution.
Examples using ghocooxclution of neutrals and ions are given in the chapters by
« Glusti-Suzor ) and P. C. Cooby.(z) These “half-collision”™ experimsnts can
often analyze decay channels and surface couplings with great precision assuming
sufficient spectroscopic ianformstion is available.

An alternate and quite difficult approach involves the examination of a tramsient
collision intermediate by direct spectroscopic observation of the very short-
lived colliding system (see, e.g., chapter by J. Polanyi 3)) or by optical E\-p-
ing of the system while it is reacting (see, e.g., chapter by A. Gallagher “)).
These experiments, closely related to spectroscopic line broadeaing, are still in
an exploratory stage and must eventually address the difficult problem of deter-
mining the dependence of emission line widths upon nuclear coordinates in the
transient i{ntermadiste.

In contrast, our approach to examining the collision intermediate uses more tra-
dicional scattering techniques, but adjusts experimental conditions so that the
transient {atermediate {tself provides an internal clock wh.se timing can be
observed through its profound effects upon the resultant product distributions.

'vxunn; scientist 1980-81 at IBM Research, San Jose, CA 95193, U.S.A.

*Research support from NSF and ONR are grstefully acknowledged.
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The internal clock is the vibrational motion of a transient ion, formed as part
of the short-lived intermediate. We will demonstrate for a few relatively sisple
systeas iavolving charge transfer ! :itermediate states that very detsiled informa-
tion about the collistion dynamics can be obtained. In some cases vibrations of
the transient intermediate on the subpicosecond time scale can be seen experi-
msntally. The vibrational wotion of this transient species yields the most
drasatic vesults in carefully chosen systems when the collision velocity is
ad justed to aske the collision tiwe coaparable to the vibrational time.

Atom~Atom lon-Pair Formation

Most of the work described in this report will involve neutral atom-molecu’e col-
lisions that are strongly influenced by charge transfer to ion-psir states during
the collision process. It is therefore useful first to consider a related, but
ainplcr.la§n-n:m interaction, that of Nsa with 1. Shown i{n Figure 1 are the
lowest L disbatic covalent and ionic potential curves for Nal. At large dis-
tances R, the ion-pair state is asymptotically higher than the covalent state by
AE = IP(Na) - EA(I), where IP (s the fonization poteatial of Ne and EA is the
electron affinity of the I atom. The ilon-pair state decresses in energy as R
decreases and crosses the covalent state at R = Rc. In the simplest approxims-
tion, cousidering only the coulombic term of V,.., R, = 14.4/AE, with AE in eV
and R, 1n A,

4- =
. \
(-
3 -
. P
) . -
s’ N Na*sg) 15|
2, v e Vin laE
g o Ve T N5y ) 1P
| Voo
-1 { :
.2 .
3 v Re
o 2 a 6 8 16 1z 14
R (4,
Figure 1. Diabatic Na-I potentials.
1.+

Sinc: the L covalent curve is the same symmatry as the ion-psir curve, there
will be an avoided crossing in the corresponding adiabatic cucrves ft’_k - Rc- For
thermal energy Na and 1 atoms approaching each other along the T curve (1/8
of the collisions statisticaily), an electron will jusp from Ns to I in the
vicinity of R, as the adiabatic state abruptly changes from a covlhnt} to an
fonic character. After the inaer fonic region {s visited, the outgotn. trsjec~
tory vill once again cross R, and the electron will return to the Na'.
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Molecular Vibration n

As one raises the collision energy, one expects eventually that a fraction of the
collisions will proceed diabatically through the crossing region -t RQ and that
for collision energies Bo > AE, the ion-pair product channel Na* + I would be
observed. Formation of ions indeed has been obsarved in both total and differ-

ential cross section cxpcri-ntl.( ’

The probability for ion-psair formation depends, of course, on the strength of the
coupling between the two interacting surfaces. In the simplest Landau-Zener
(L~2) description (see, for example, refs. 7, 8), the probability P for diabatic
beshavior at a crossing through the sphere of radius R, is

P = exn(o 2N
xp (- w). ($))

where H,, is the coupling matrix element, vg 18 the radial vclogc!.ty at R=R,,
and S = —(V -V, ) evaluated at R = R.. Faist and Levine(?) have obtained
excellent fits to the Na + I scattering data by using improved adiabatic poten~
tials and a slight modification of the crossing distauce. Nonetheless the simple
diabatic L~Z model is a reasonable first approximation to the scattering process.

Atom-Molecule Systems: O, Target

Collisions of fast alkali atoms with O, wolecules are influenced in an analogous
way to Figure ! by the crossing between the covalent incoaing potential and
strongly attractive ionic potentials. Necessarily the three atom systea f{s
vastly more complicated by the extra degrees of freedom, and the greater uncer-
tainties in the knowledge of the potential surfeces and their interactions. The
simple poteatial curves of Na + [ are replaced by aulcidimsasional potential
surfaces in the triatomic system. Nonetheless, a carefully chosen set of
physically reasonable simplifications allows us to generate an interesting
classical picture of the collision dynamics.

The basic assumption is an uncoupling of the internal motion of the target molec-
ule from the relative translational motion. To apply this assumption, we must
exclude impact parameters that explore the inner repulsive core of the f{ater-
action potential. This neatly excludes the collisions resulting in the normal
impulsive mechanisms for inelastic excitation transfer.

Consider a Cs atom approaching an 02 molecule on a covalent surface. Assume that
the 0-0 distance r is the classical equilibrium separation of 02, T At a (:1-02
distance, R., correlpondlng to a crossing with the lonic surface, lll electron can
jump to form Cs™ + 02 « In the spirit of our simple ptctun, assume a vertical
transition, an instantaneous electron jump that forms 02 with an unchanged bond
length, r Clearly then, the crossing distance R_ is given by l = 14.4/[1IP(Cs)
- u,,(ozﬁ where EA, is the vertical electron af?lni:y of 0, u T = re. Since
the equlubrh- internuclear separation of 02 is larger than that of 02, the
nascent 02 begins its existence in a compressed state on ics topulu.vc ianer
wall (see the oz, 02 potentials in thuu 2). As the cs* and 02 {ons oxpl.ou
the attractive region inside R.» the 02 atarts to cx_p-nd, thus initiating an 02
vibration. It is clear from Figure 2 that as the O 2 goes through one complece
classical vibration, the vertical electron affianity (which depends on the instan-
taneous value of r) first incresses, then decreases with a period identical to
that of the 0, vibratfon. Since R, depends on the {nstantaneous value of EA,(r)
through

R, = 16.4/(I1P(Ca) = EA [£g ()1}, @
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j Figure 2. Schematic 0, and 0,” ground state
_ potential curves.
-

1.0 20 3.0
r {A)

this crossing radius must vibrate in and out with the same perfod as the 02".
Hence the position of the second crossing with the covalent surface depends
critically on the relative timing of the translational motion and the Oz’ vibra-
tion. Since the coupling le decreases exponentially with lc'(B.IO) the branch-
iog probability P at this second crossing is also & very sensitive function of
the relative timing. Depending on collision velocity and impact parameter, the
transient lon-pair iatermediate =aay have a second crossing with the covalent
surface either in an expanded geometry that favors diabatic behavior or in a
compressed geometry that favors adiabstic dehavior ia the coupling region.

Figure 3 shows schematically Cs + 0, collisions ac E, = 35.5 eV and vartous
i{mpact parameters. Each trajectory (drawn as a straight line for simplicity of
presentation) 1is assumed to convart to Cs + 02' ion~pairs at the initial
crossing at R = lc. - At that fostant (t = 0) the crossing radius R, starts
vibrating with the 0, period in accord with Equation (2). The calculated radius
R;_ at the second crossing point (a function of b) is indicated in Figure 3. The
lowar trajectories labelled 1, 2, 3 have impact parameters that correspond to
reaching the second crossing after 1, 2, or 3 full vibrations of the 02° (and of
l;_)- These trajectories would tend to favor adisbatic passage through the secound
crossing region yielding reneutralized products. In contrast the upper trajec-
tories have impact parameters that would reach the second crossing after ~ 1.5
or 2.5 02' vibrations and would yleld larger diabatic probabilities for iom-pair
products. Clesrly the branching ratio would have an impact parsmeter dependence
that might show up as oscillations in the differential cross sections for this
systes.

€3+ 0p IS ev Figure 3. Vibrational tiaing

1\ effects on R} for Cs +

on Tranctores couuton-.kcm straight line
trajectories (at bocttom) favor-
ing rensutralization would

e suffer quite diffarent attrac-

: tive deflections during ths time

. p ) spent on the fonic latermediate

100 15 200 surface. The Lasert at the

. tievs degress) right indicates angular posi-

2 tions and relative intensities

Novirsl Tryectoris  for three reneutralization peaks

predicted from classical trajec~

tory calculations.
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Figure 4 lhowzut)hc angular distridution of neutral scattering in various colli-
sion systems. The 35.5 eV Cs + 0, data indeed has distiact structure that is
consistent with the suggested vibrationdl timing arguments in Figure ). This can
be compared to the nearly flat distribution, assoclated with purely repulsive
potentials, evident for Cs + Ar scattering also in Fig. 4. At higher collision
velocities, the structure for Cs + 02 changes drsmstically since the rensutral-~
izing trajectories shift to ssaller impact parameters aand the oumber of observ-
able vibrational oscillations decreases as the collision time decreases. The
value of R,': aot only influsaces the branching probability for reaeutralization,
but also strongly affects the extent of deflection since .R": is the distance at
which the coulombic force 1s “switched off”; its varfation implies s related
variation in the total tise that the actractive force operates.

\05:'— R B e ?—"——"""j The energy dependence of the total
N ’ﬂfs i cross section for iom lt formation
\_j 3 { in the Cs + 0, system i{s shown

: o g G0y 4 fn Fig. S. Although Lategrating the

oscillating {on-pair formacion

. N 4‘ probability over all impact
Cs+ 0y parameters at each ensrgy aight be
# 53 ev expected to wash out aay strong

108 - . e w"" - oscillations in the  velocity
. o Fal W2 : dependence of the total cross
= e w3 b},sﬁ C;’°2j' section, one still observes these
s - . 0d™ Brev oscillations. In fact, the inter-
'g' . ° e . pretat{on of oscillatory total cross
z : K section dats for lon-pair forwmation
g ; e i in Cs + 0, and K + oz collisions
{
3 ! 20 ﬁ K+0 ! yielded the firse dramatic
- 0k 27w’ 4 indication that miltiple transient
s ' .o >° 2 ) molecular vibrations could be used
5 . . 1‘ as an internal clock for the
x . Ea | collision intermediate.
T . EN K+Oy !
- : N ” a0 s Sdev | Returning to the differential cross
.,, 1 section measurements in Figure &, ve
f"’é note that the lighter K atom
1025 Y ;;ev . explores a higher velocity regime
: cea e % than Cs in the same energy range.
i ’ - In fact, the reneutralizacion
5o ar - structure siaplifies considerably
| st T gg 0y ., for K + 02 at 90 eV, 1In this case
; the time spent in the ianer tonic
f o CovAr reglon is somewhat shorter thau the
! e’ 87 ev time for one O vibration for all
w ' e fmpact parameters larger than the
0 % 100 S00 1000 gxteat of the repulsive tnnar
rieV x degrees) core. The single peak i{s a rainbow
Figure 4. Neutral product angular feature {n the reneutralization
distributions plotted vs. reducea angulsr  distribution. Figure 6
angle T = B9 for several collision shows a similar rceneutralisation
systems at various beam energies. rainbow in the scattering of

setastadble Ar astoms Dy 02 at

3
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3 discribucion. (c} Half-width
2 of the product Ar energy
prgfile va. 9. (d) Average
Ar  c.m. energy loss vs.
laboratory 0.
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B ey, o 0,,+ Ar* +0,” + Ar" +0,. The corresponding ton-patr
vainbow for Ar + 0, +» Af  + 0, 1§ sleo shown. The neutrsl rainbow Ls located
at slightly ssaller angles because the coulombic attraction is cut off at Ré vhea
reneutralization occurs. The similarities of the Ar” and K reactions with 0, ace
aot surprising and are consistent with nnly other comparison studies between
metestable rare gas and alkali tasctions. (13-17)

Another important consequence of the vibrational timing upon the reneutralization
products 1s _:hc very large vibrationasl excitation of Oz that can rtesult. A
seretched O; would reneutralize vertically to a vibrationally excited 0, a8 can
be seen ia Figure 2.

e
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Indeed, large vibrational 0, excitation for scattering at angles in tl:o zainbou
ceglon is obssrved by tt-ot-fu t STOF) seasurements of scattered Ar' (! ) (and
in the analogous K oz lyu- When the TOF inelasticity Q and 1its
wesasured half-width are plotted ve. 8 (Fig. 6), an {solated highly-inelastic
feature appears precisely in the raianbow region built upon a second feature whose
inelasticity slowly rises with 6. The sacond feature is asssoclated with the
wore common impulsive inelastic scattering on the repulsive inner wall of the
covalent potential. This covaleat contribution can be seen in the nearly flat
background that underlies the sharp rvaiaobow peak in the neutral angular
distribution. -

Atom—Molecule Systems: Halogen Targets

In a series of Cxptﬂ.“?tl at the FOM institute, reported at the Paris !CPEAC(ZO)
and reviewed slsevhere, the effacts on ion-pair formation of bond stretch~
iog in alkali atom halogen wolecule collisions ar; studied. The results have
ugco been confirmed in work by other groupl Reactions of alkalis and
Ar  with halogens have analogous mechanisms to those described for 02 targets.
However, thers are great differences in the details of the poteatial surfaces and
the resulting product distributions. Firet, since the vibratioa times of the
heavy halogen negative ilons are a factor of 5~10 larger than that of 02", the
halogen negative ion will only undergo a fraction of a vibration befors the
second crossing is reached. Second, the larger vertical electron affinity of the
halogens and their mich move rapid increase with r imply a larger "c and a very
tapidly increasing R (t). Hence in many cases, an adiabatic first passage through
L will yield such n rapid incresse with t of l that the second crossing will be
nlmr. entirely diabatic. Hence the ion-pair ntnbu (as in Fig. 6) will have no
accompanying neutral rainbov from reneutralization of the second croesing.

Yet strong rainbows in the neutral scattering have been observed and have been
attribucted to another consequence of bond stretching, vibrationally-induced third
crossings. Consider the covalent route to the tonic surface with electron trans-
fer occurring at the second crossing of the sphere of radius R,. 4s the {ons
continue to larger distances, the lrz bond will start to nttetch and ‘c will
scart to follow the departing fons. Since the ultimste incresse in "c for halo-
gens {s very large, the expanding crossing radius will soon overtake the outgoing
x* fon. This results in a thicd crossing created by the intramolecular motion of
the lrz'. The situation is shown schemstically f{a Pig. 7 for K + Br, at 20 eV.

Ke+8r; 20ev —
° ) 0 2 Figure 7. Simplified picture of
Disbatic a collision of a fast K atom
Tesectory and a fixed Br, molecule. The

repulsive part of tha potential
i{s indicated by the sphere.

Two types of trajectories
leading to nsutral products are
shown. Whenever the systea is
neutral an O is inserted in the

0 trajectory; the Llonized state
. Reneuratizing is indicated with a +.
S~ Trajectory
E-7
.y g e . P
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If reneutralization occurs, r > r.(lrz) and consequently vibrationsl excitation
will tgke place. This vibrational excitstion indeed has been observed by Kleyn
et al. 2 Since the coulomb force is only active for a very short time at the
end of the collision the scattering angles are smsll., Thus the first effect of a
third crossing occurring for covalent rensutralization is that snomalous vibra-
tional excitstion can be observed at very small scattering anglaes. The secoad
affect of covalent rteneutralization is that it leads to a vibrationally induced
rainbow. The origin of this vainbow can be seen by referring to Fig. 7. At
t = 0, R, starcts increasing, eventually overtaking the departing ion. For large
b (aear lc), the fon trajectory has a very smsll component in the R direction, 1is
overtaken quickly by the expanding sphere, and suffers little attractive deflec-
tion. As b decreases, the time spent on the coulombic surface (before the third
reneutralizing crossing) increases. However, the resulting increase in the
attractive interaction with decreasing b is eventually compensated by the fact
that the attractive force has an ever smsller couwponent perpendicular to the
trsjectory. Hence a msximum attraction caan occur in the deflection function for
{mpact paramsters larger than the repulsive core. This yields a rainbow that 1is
shaped more by the bdond-stretching dynamics than by the R dependence of the loa-
pair potential. This ratobow feature occurs u:. very small scatnrtnb angles. An
example (Fig. 8) is shown for collisions of Ar with I, at 60 eV. Q@ The cross
section at angles bdeyond the ralnbow region is flat, and due to underlying
contributions from repulsive scattering. Similar behavior has been found for
K + Bry collisions.

I o !

{
. — -
10 Art + 1y Ar® + PO

E, = 615ev

°
0.5

¥igure 8. Neutral product
angular dutr&guuon
p = 6 sin 8 — plotted vs.
rcguccd angle “t = E.8 for
Ar + 12 at 61.5 eV,

Lttty

p (arbitrary units)
I T

0.1 |~
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0.05 L ' —L
40 80 120
t (eV-degrees)

Theoretical Models and Extension to Other Systems

The simple pictorial models described here can be made more quantitative by using
classical trajectory surface hopping calculations on diasbatic potentials, while
scill ing an pling b the r and R motions on the two poteatial
surfaces. The calculational techniques and El\ou application to fon~psir forma-
tion in collisions of alkali atoms and Ar with 'halogen molecules have been
described in detail (see, e.g., 8, |7, 24, 25). These cslculational techniques

.. w‘ ’.r”«* e v -
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have been extendad to the systems considered here, both in thair simplest form
and with extensions to simulate adiabatic effects important for impact paramaters
near - All of the important observed features—structure fa the neutral
angular distributions with 0z targets, large 0z excitations medisted by the fon-
pair surface, oscillations in the total ilon-pair formation cross section, cova-
lent reneutralization rainbows in the scattering by halogen molecules—appesr in
the calculations.

The discussion of vibrationsl motion so far has been completely classical. This
approach gives satisfactory quslitative explanations for the processes described
above. 1If one is interested in the description of final vibrational state dis-
tributions obtained using state specific detection, better methods are requ rcs.
One method, the moving wavepacket approach introduced by Gislasoan et al. 27,28)
has been very successful in explaining final vibrationsl state distributions from
quenching expesriments and is similar in spirit to the work discussed so far. In
the wmoving wavepacket method, the time evolution of the vibrational wavefunction
is represented by the evolution of a wavepacket on the respective poteatial sur-
faces. When the potential surfacea are assumed additive in R sad r the msthod is
essy to use. The ecasiest snd mathematically most elegant version of the method
employs disbatic potential surfaces and the wavepacket is projected from one
solecular poteantial to another at each adiabatic pessing of a crossing. The
expression for the final vibrational state population can be given in closed
form.

The diabatic model has been used to explain J.mru-dcpomnt oscillations in zh:
final vibrational state distribution of NZ(C 1) excited in the queaching of Ar
by ground state "2'( 7,29) The results are showm in Fig. 9. The experimental
ratio (v = 1/v = 0) oscillates as a function of energy. The model calculations
show that the oscillations are due to seversl vidbrations of the intermediate N,
solecule, which obtained some “2- character from a higher art o+ “2- surface. The
molecular vibrations during the collisions are teflected in the oscillatory
motion of the wavepacket in its potentisl. The adiabatic version of the moviag
wavepacket model has been used to explain queaching of excited Na by “8 and CO
and very good agreement between theory and experiments has been obtained. 28)

Figure 9. Population ratfo 3
(v'=0/v'=1) for the N, (C°N1)
product !.l\llt!.“ troe v
quenching of Ar by as a
function of energy. e
circles are the experimeatal
points; the solid lins is the
theoretical result. The number
N refers to the number of half
vibrations of the transiemt N

L ! 1 I { molecules.

] [X] 02 03 04 05

AELATIVE ENERGY (V)

RATIO IV » OV = )

Art e Ny ~NgicH)

The moving wavepacket model 1s an f{ntermediate between the simple classica'
approach mainly used to explain this kind of atom~molecule collistons and more
complete quantsl studies. Klowp and l.eu“2 solved the close coupled equations
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for some limiting cases and demonstrated the potential importance of non-vertical

transitions at low ensrgies. Hickman, using a classical path method and the
Magnus approximation, observed oscillations in his calculated cross ut('ﬁsm for
ion=-pair formetion in Cs + 02 collisions. Racently, Becker and Saxon per-

formed close coupling calculations for inoelastic K + O, collisions iavolving the
fon-pair {atermediats. These calculstions confirm the simple ideas developed
using the classical wodels. In addition, this kind of calculations gives much
wore insight into the detailed collisfon dynamics and serves as a standard with
which the classical and semiclassical techniques can be coapared and judged.

The effects of vibrational timing in the subpicosecond range huve been mainly
studied systemstically {u collisiocas of alkall or metastable rare gas atoms with
simple molecules like halogeas, 0, and Ny. There is ao reason to believe that
these effects will not occur in many other collision systems. One obvious exten-
sion 1is to tha study of ion-pair wmediated effects in alkali collisions with
hrﬁ;)mhcule-. Recently, the importance of “bond-bending” effects in the uoz'
ion have been discussed in analogy to bond stretching in the halogens. Other
recent experiments have indicated the possible involvemsnt of similar vibratiom=
au{”t%eduuc effectes due to temporary charge traasfer from 85 or 4 to
0. ' Collisionally-produced emissions in metastable rare gas—hslogea reac-
tions_ st near thermal energies seem to be similarly unaffected by bond stretch-
1n¢.(”) In addition, these effects should be observable in msny excitation
transfer or Penning ionization reactions.

Sumsmary

We have eaphasized here the importance in atow~molecule collisions of vibrational
excitation that is induced by Lnvolvement of another electronic state of the
transient interwediate species. In coutrast to the diresct excitation of a
vibrator by rtepulsive ifnteractions on s single potential surface, this faoter—
sediate-induced excitatfion can yield high internsl energies in large impact
paramster collisions. Vibrational timing of the {intermediste speacies on o
subpicosecond time scasle can bs observed as structure in msasuremants 9f both
differential and total cross sections.

There are several general requirements for direct observation of these effects.
Pirst, the collision must involve another electronic state of the diatomic wolec-
ule having a somevwhat different geometry from that of the initial state. In an
adiabatic description, the iatermediate must access a cegion of the potential
surface, wvhere the wolecular bond-strength is drastically modified from that of
the isolated msolecule. Systems with important low-lying fon-pair states satisfy
this requir The d requir for observation of vibrationsl timing
ts that the transfer from one diabatic state to the othar occurs in & region of
the potential surfsce whers the repulsive forces are not important and do not
significantly deform the molecular potantials. This is the case for many resc-
tive systems that exhibit “harpooning™ behavior, e.g., alkali and matastable rare
gas collisions with halogens and 02. This second rtequirement is a matter of
convenience, since the general effects described here should bs important evea in
systens where repulsive forces are significant {n the region of electronic state
interactions A third requiresent for clear observation of these vibrational
effects is the need for the collision time to be not vastly differeat from the
vibrational period of the intevmediate diatomic. In general this is the case for
collision energies from a fraction of an eV to several hundred eV, depending on
the systea.
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We conclude that v-irational timing i{n the subpicosecond range is an important
and aneglected effect, the study of which caw reveal the internal motion of traa-
sient states and thus provide detailed information on the dynamics of molecular
collisions and the potential surfaces involved.
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Ion-Beam Neutralization-Reionization Spectroscoby of lon-Pair Formation
in Resctions of He*(23S) and He*(2'S) with O,

Thomas M. Miller'*’ and Keith T. Gillen
Molecular Physics Labovatory, SRI International, Menlo Park, California 94025
{Received 5 February 1980)

For He* beams neutralized in alkali vapors and reionized in O, gas, information on
the intermediate neutral states has been used for the first time to isolate the differen-
t{al cross sections for ion-pair formation in a pair of reactions ocourring simultane-
ously. The reactions of He*(2%) and He*(2'S) with O, are strongly coupled by a shared
Coulombic product channel, and evidence exists for unique three-surface trajectories

leading to ion-pair products He* + Oy .

At ion energies E, above ~10 eV, metastable
rare-gas beams® can be produced?® efficiently by
charge-transfer neutralization of the parent ion
beam in an alkali vapor. The neutralized beam
(after radiative decay of short-lived states) is
usually an unknown mixture of the two metastable
states (2'S and 2°S for He*) and the ground state
(*S,). One would generally expect that both meas-
urement and modification of the neutral-beam
composition would be needed for isolating the
contributions of the various neutral-beam com-
ponents to subsequent scattering experiments.
However, we have used only a knowledge of the
states produced in the neutralization reaction

He*+Rb-~He*+Rb" (1)

under conditions in which the beam composition
is not determined, to resolve and investigate
separately the ion-pair reactions

He*(2'S) +O, -He* +0,” (2)
and
He*(2'S) +O,~He*+0,". 3

These results are the first in which detailed ion-
pair-formation data have been obtained for two
separate entrance channels leading to a common
exit channel, We will show that Reactions (2) and
(3) have remarkably different angular distribu-
tions that can nevertheless be understood from
qualitative estimates of the deflection functions
for the important trajectories leading to ion-pair
products. Reaction (3) appears to be the first

to show evidence for the coupling of three differ-
ent potential surfaces in a single trajectory lead-
ing to ion-pair products.

Our apparatus and basic techniques have been
described in detail.>* Briefly, 2 He* beam is
produced by a near-resonant charge-transfer
neutralization of a fast He * beam in Rb or Na
vapor., Unreacted ions are swept aside before

the beam enters a collision cell filled with Q,.
He® product ions from this second coilision are
detected by a Channeltron mounted behind an 127°
electrostatic energy analyzer. This detector sys-
tem can be rotated around the scattering center
to measure the product He * angular distributions.
The energy analyzer can be floated at various
potentials to analyze product ions with high or
low resolution. A separate Channeltron detector
was used to measure the He* beam energy (E,)
with time-of-flight (TOF) techniques.

For a He ' beam neutralized to He*(2'S) in Re-
action (1) and then reionized in Reaction (3), the
translational-energy separation E between the
original He * beam (£,) and the final He * product
(E" is given by*®

E,=E,-E’=K+KRb) - I(He*(2's))
+1(He*(2'9)) - A(O,) + E 10, (0,7), (4 -

where K is the Rb contact potential, /[X]is the
ionization potential of X, A, is th~ adiabatic elec-
tron affinity, and E,(O,") is the product O,
internal energy. The first three terms on the
right-hand side give the energy shift due to neu~
tralization, and the last three terms are for the
reionization reaction. The third and fourth terms
cancel, implying that, in the absence of radiative
cascade, any other intermediate neutral states
yielding the same O," internal states in the re-
ionization step would produce He* product ions

of identical energy-loss values E,;. In contrast,
neutralization to a state that radiates before the
reionization collision causes the third and fourth
terms in Eq. (4} to differ by the energy of the
photon(s) radiated.

A recent communication® on TOF measurements
of excited-He-atate populations produced in near-
resc.ant charge transfer of He * with various
allall vapors demonstrates that 100-200-eV
charge transfer in Rb (or Cs) yields signiticant
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\{s 9=2.9° FIG. 2. Product He* laboratory angular distributions
from reactions of He*(2'S) and He*(2%) with O,.
E' (sV)

FIG. 1. Representative He* product energy distribu-
tions for He* beams formed by charge transfer in Rb
(solid line) and in Na (dashed line). ’

amounts of only two He states: 2!'Sand 2°P. The
2'S metastable component of the beam comes ex-
clusively from rapid radiative decay of the 2°p
state. Our TOF measurements over the beam
energy range 30-200 eV confirm that no 23S is
produced directly in Reaction (1) in this energy
range. Hence, the He* product ions from Reac-
tions (2) and (3) could be separated by 1.14 eV
(the energy of the 2°p - 2'S photon) in accord with
Eq. (4).

Figure 1 presents product He * laboratory en-
ergy distributions at two scattering angles for
He* + 0, collisions at He* beam energies of
~85,5 eV. The doubled-peaked He * distributions
result from He* beams produced by charge trans-
fer in Rb; the peak separations are consistent
with the predicted shift of the products of Reac-
tion (2) to lower energy due to the 2°P - 2%S pho-
ton, The dashed curves, of slightly lower ana-
lyzer resolution, present analogous results for
a beam formed in Na where the TOF measure-
ments prove that He*(2'S) is the only major beam
component. The energy widths of the measured
He* profile for both Reactions (2) and (3) are con-
volutions of the beam width (typically <0.5 eV
full width at half maximum), the detector band-
pass (adjustable, but typically 0.5 eV at highest
resolution used), and the widths of the product
state distributions at the measured angle. Clear-
ly these product state distributions are narrow
enough that the two reactions can be easily re-
solved,

Similar energy scans at other angles demon-
strate that these peaks neither broaden nor shift
in energy over the angular range in which there
is significant scattered intensity. This result
suggests a particularly simple approach for meas-
uring the angular distributions of the products of
Reactions (2) and (3) quickly and separately.
After He* production with Rb charge transfer,
separate angular distributions are determined
with the energy analyzer at high resolution and
get to transmit ions with energies near the peak
of the signal for Reaction (2) and for Reaction (3).
Reaction (2) can be studied independently for a
He*(2'S) beam produced in Na, and energy-inte-
grated angular distributions are found to be in
excellent agreement with those obtained with the
simpler method. The product He* angular dis-
tributions shown in Fig. 2 are typical results that
demonstrate dramatic differences between the
two reactions.

Analysis of several recent measurements of
detailed differential cross sections for ion-pair
formation has yielded much insight into the reac-
tion dynamics.” The projectile i3 usually, but not
always,* a ground-state alkali atom. All these
systems*®” are strongly influenced by crossings
at large internuclear distances (typically 3-7 4)
between an essentially flat incoming covalent sur-
face and a strongly attractive Coulombic surface
asymptotically a few electronvolts higher. Tran-
sitions can occur as this crossing region is tra-
versed. At collision energies above a few elec-
tronvolts, the products can separate as ion pairs
with a very large reaction cross section,

In collisions involving metastable rare-gas
atoms,* the interacting surfaces are often also
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FIG. 3. Schematic He*-O, potentials, showing all
the possible surface symmetries in the lowest sym-
metry (C, ) orfentation. All three asymptotic states
are coupled by A" aurfaces.

imbedded with a2 continuum, and competition
from Penning ionization and excitation transfer
reactions may influence the ion-pair distributions.
An additional and unique feature of Reactions (2)
and (3) is their expected direct coupling to each
other, as indicated in Fig. 3, which shows the
interaction of He* and O, at a fixed O-O distance
(nominally the O, equilibrium bond length). The
symmetries of the various surfaces in C, geom-
etry are indicated for both incoming reaction
pairs and for the ionic product channel. Note
that both reactants can couple to the ion-pair
channel; note especially that the *A” surfaces
provide a mechanism for coupling of all three
asymptotic states.

The angular position of the three distinct peaks
(at=0° 2.6°, and 25°) evident in Fig. 2 for the
2!S'reaction and the two peaks (near 2° and 4,2°)
for reaction of He*(2'S) can now be understood
qualitatively from an examination of the possible
trajectories in Fig. 3 that yield ion-pair products,
For the He*(2'S) + O, reactants, the two paths
“aedc” (called the “ionic” path)? and “afdc” (the
“covalent” path) are possible. Two prominent
peaks would be expected in the angular distribu-
tion. The peak at larger angles (from more
attractive interactions) would be a rainbow from
the portion of the deflection function associated
with trajectories following the ionic path. A sec-
ond maximum at asmaller angles is due to the
attractive interactions on the outgoing portion of
the covalent trajectories. This expectation is
based on analogous results for many other ion-
pair reactions *’
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The He*(2!S) + O, system, however, is the first
one studied in which the reactant channel is not
the lowest coupled state asymptotically. In addi-
tion to the “ionic” path (bdedc) and the “covalent”
path (bgc) to the ion-pair products, there is a
three-surface trajectory (bdfdc). The rainbow
peak from the ionic trajectory would be expected
to be at a larger angle than the corresponding
rainbow for the 23S reaction, since more attrac-
tion occurs during the trajectory (an extra tra-~
versal of region d). Likewise, the covalent peak
from Reaction (3) would be expected at smaller
angles than that from Reaction (2). The three-
surface trajectory could then be responsible for
the prominence of the intermediate peak at ~2.6° i
Qualitative estimates of the deflection functions
expected for the five different reaction paths are
then in good agreement with-the measured rela-
tive angular positions.

Better estimates of the product distributions
require deflection function calculations that at-
tempt to match the data quantitatively by account-
ing for surface coupling parameters and branch-
ing ratios and effects from competition with other
channels (including continuum coupling). Classi-
cal trajectory calculations confirm and extend
the general conclusions presented here; in par-
ticular, the three-surface peak at 2.6° is enhanced
by trajectories (bdc) that do not nominally reach
the second crossing and is modified further by
strong deviations from diabatic behavior at the
inner crossing. These calculations and the de-
tailed experimental results will be presented
elsewhere.®
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