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Electronic transitions between the spin-orbit states of P and 'D of I* were observed in the inelas-
tic collisions between I" and Xe. The Landau-Zener model is used to interpret the transfers of
translational energies to electronic energies and vice versa at the crossing points of the various
potential-energy curves of (Xel)*. Relativistic complete-active-space self-consistent-field followed
by first-order configuration-interaction and relativistic configuration-interaction (RCI) calculations
including spin-orbit coupling are carried out on the low-lying electronic states dissociating into
Xe+1I" and Xe* +1 asymptotes. Some of the potential-energy curves correlating into Xe+1* were
found to be bound, while most of the states correlating into Xe" +1 were found to be repulsive.
RCI calculations explain the observed efficient energy transfers. The spin-orbit-corrected RCI D,
of XeI™ in the O™ (III) state is calculated as 0.8 eV. Two electronic states of 07 (II) and 0™ (III) sym-
metries are found to be strongly bound while 2, 1, and 0™ (I) states are relatively less bound.

I. INTRODUCTION

Energy transfers in rare gas plus halogen (R +X) and
rare gas plus positively charged halogen (RX ™) collisions
and properties of noble-gas halides have been the topics
of many recent experimental and theoretical investiga-
tions.!7!® In addition, rare-gas oxides that are isoelect-
ronic with RX * have been studied as possible candidates
for chemical lasers.!”> Our knowledge of RX * species is
nevertheless very limited in comparison to information
accumulated on RX and rare-gas oxide species.

In hot-atom studies of halogen systems, rare gases have
been used as moderators. In these studies the rare-gas
atoms are generally assumed to be inert. To the contrary,
in recent years collisional studies of X * with R for Kr
and Br™ (Ref. 4) as well as Ar and Cl (Ref. 2) have shown
that rare-gas atoms actively participate in energy transfer
in hot-atom processes. Transfers of translational to elec-
tronic energies and vice versa have been observed.

In previous studies we have shown that KrBr™ (Ref. 4)
and ArCl (Ref. 2) are well bound and long lived and ener-
gy transfers take place between translational and elec-
tronic energies in the collisions of Brt with Kr and CI*
with Ar. It has also been demonstrated through mass-
spectrometric methods that XeF' and KrF* are very
stable ions.!”!® Berkowitz and co-workers'”!® have ex-
amined the binding energies of many RX ™ species such
as KrF', XeF™, and Xel ™. In addition to these species
the NeF* ion was studied by Hotokka et al.! using both
experimental techniques and theoretical complete-active-
space self-consistent-field (CASSCF) calculations.

In the present investigation, we carry out both experi-
mental and theoretical studies on energy transfers in the
Xe+I" collisions. Collisions of such heavy species are
very interesting from a theoretical standpoint due to
large relativistic effects. In addition, spin-orbit effects be-
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come quite significant, especially for Xe+I" collisions.
Thus the present study is aimed at shedding light on
basic relativistic effects on the nature of electric states
and the nature of energy transfers in Xe+I" collisions.

Section II describes the experimental results and the
experimental method of the studies. Section III outlines
the theoretical method of calculations. Section IV
comprises results and discussions on potential-energy
curves, binding energies, and energy transfers. Section V
discusses the nature of the various electronic states stud-
ied, including the effect of spin-orbit coupling and avoid-
ed crossings, etc.

II. EXPERIMENTAL METHODS AND RESULTS

An energy-level diagram at infinite separation for the
Xe-I* system is shown in Fig. 1. The maximum kinetic
energy involved in the present studies is only 5 eV and
thus only the 'D, and °P, | o spin-orbit states of I are
accessible. The energy transfers studied here can thus be
represented by the following equations:

I7CP)+Xe('S)sIT(ID)+Xe(2S) .

Among the possible electronic transfers only the
I"CPy)I*('D,) transitions are observed. The
I"(®P,)sI"(1D,) transition is apparently not observed.

If the energy-transfer processes in these collisions are
governed by a Landau-Zener model, then the potential-
energy curves of the intermediate Xel " complex will be
useful to understand the channels for the formation of
Xel™ and to comprehend why IT(°P,,’P;)sI*(!D,)
transitions are observed while the I*(*P,)=I"('D,) col-
lisional transition cannot be observed.

Collisions of I" with Xe were measured using a tan-
dem mass spectrometer, which has been described previ-
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FIG. 1. Energy-level diagrams for I* +Xe at infinite separa-
tion. Experimentally only I*(°P,,)«<>I*(!D,) transitions are
observed. The I*(*P,)ssI*(!D,) transition could not be ob-
served.

ously.® It consists of an ion source, an electrostatic
analyzer, and a quadrupole mass spectrometer as an in-
put section The ions were prepared by 100-eV electron
bombardment of CH;I. The beam composition so pro-
duced has 25% 17('D,) and 75% 17 (°P, o) as deter-
mined by attenuation measurements of I in xenon. The
beam width was 0.1 eV in energy and 1.5° in angle [both
full width at half maximum (FWHM)].

The I'" ion beam from this section was passed through
a shallow reaction chamber containing the target gas Xe.
The experiments were carried out under thin target con-
ditions. The I ions scattered at 0° to the beam direction
were then detected with a second quadrupole mass spec-
trometer followed by an electrostatic analyzer and an
electron multiplier.

In this way, an energy spectrum of the forward-
scattered IT was obtained (Fig. 2). The cross section for
the energy-transfer process in the I -Xe system was qual-
itatively much smaller than that in the F*-Ne system'
and consequently, the signal-to-noise ratio is much poor-
er. The intense central peak is the unperturbed I". The
satellite peaks on each side of the primary are separated
from the main peak by approximately 0.86 eV. The “su-
perelastic” peak on the right corresponds to the transi-
tion I'('D,)—>I"(*P, ;) and the more intense “subelas-
tic” satellite on the left is due to the transition
I*(°Py )—>I"('D,). The levels corresponding to 3P,
and 3P, are separated by only 80 meV and apparently are
not resolved in the measurement. The transitions
3P,='D, are apparently not observed and their expected
positions are indicated by arrows in Fig. 2. A similar sit-
uation was observed in the BrKr™ system Admittedly,
because of the unfavorable signal-to-noise ratio, if the sig-
nal corresponding to this transition was only a quarter of
the amplitude of the I7(*Py )=I*('D,) transition we
probably would not detect it. However, if one examines
the potential-energy diagram, it is clear that the curves
correlating with 'S, +3P, are well removed from the
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FIG. 2. Kinetic-energy spectra of I resulting from I +Xe
collisions at 5-eV center-of-mass energy. Arrows indicate where
peaks may be expected.

curves associated with 'S+ 'D,, so it is very likely that
the transitions *P,='D, do not occur. Similarly, the
possible transitions *P,=’P,, would be difficult to dis-
tinguish experimentally from the transitions 3P0,1<——>1D2
since their energies are closed and again, an examination
of the potential energy shows that the curves correlating
with 'S, +°P, ; are well separated from those correlating
with 'S,+3P,, so these transitions in all likelihood are
not taking place. It is probably worthy of comment that
the observed low signal-to-noise ratio arises in part from
the expected low transition probability at crossing of the
1(II) and O (I1I) curves.

Various rare-gas—halogen ions (ArCl1*,2 KrBr™,* etc.)
are readily prepared by the electron bombardment of a
mixture of the rare gas and a suitable halogen containing
molecules at pressures of 1 Torr or higher. Following the
same procedure we irradiated a 50:50 Xe-CH;I mixture
with 100-eV electrons. The Xel' ion was readily ob-
served indicating that it had a lifetime greater than 700
usec, the transit time in our instrument.

In summary of the experimental measurements it was
found that under binary collisions conditions inelastic
collisions of I* and Xe results in energy transfers corre-
sponding to the transitions I+(3PO,1 )It('D,), but ap-
parently no energy transfers corresponding to
I"(P,)ss17('D,) were observed.
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TABLE I. A few low-lying configurations of XeI* and the
corresponding A-s and w- states arising from them.

Electronic
configurations A-s states w-w states
olo*min*3 m . 2,1,07,0%
Bl 1
P s+ o+
0.20*2,”477.*2 32- O+’]
'A 2
Iz+ O+
0.20*2#377*3 32— 0+,1
izt 07,1
3A 3,2,1
12+ 0+
D 0
'A 2

III. THEORETICAL METHOD OF CALCULATIONS
FOR (XeI)*

We assume that the energy transfers can be modeled by
a Landau-Zener type of process and in order to interpret
the experimental results it is necessary to have some
knowledge of the Xe-I"* potential-energy curves. In this
section we present the results of quantum-chemical calcu-
lations of these curves.

We carried out CASSCF multiconfiguration self-
consistent-field (MCSCF) calculations followed by first-
order configuration-interaction (FOCI) calculations.
These calculations were subsequently followed by relativ-
istic CI (RCI) calculations, which included both electron
correlation effects and spin-orbit effects simultaneously.

Relativistic effective core potentials which included the
outer 5525p¢ shells of Xe and 5s525p° shell of the I atom
were employed. A valence Gaussian basis set of (4s4p2s)
quality was employed. We started with the (3s3p)
valence Gaussian basis sets optimized by La John et al.!’
for Xe and I. To this, one set of s and p diffuse functions
and two sets of six-component 3d-type functions were
added. Thus the resulting basis set is large enough and
has adequate flexibility.

At the CASSCEF level, all valence electrons of Xel™ (14
outer electrons) were distributed in all possible ways
among those orbitals which correlated into Xe(5s),
Xe(5p), I(5s), and I(5p) at infinite separation. All calcu-
lations were carried out in the C,, symmetry group
orienting the molecule along the z axis. In this orienta-
tion, the active space of orbitals for the CASSCF spanned
four a,;, two b,, and two b, orbitals. These orbitals

correlate into Xe(5s), Xe(5p), I(5s), and I(5p) at infinite
separation.

Following CASSCF calculations CI calculations were
carried out using the FOCI methodology. The FOCI cal-
culations included all configurations in the CASSCF plus
those configurations obtained by distributing 13 electrons
in the internal space, one electron in the external space in
all possible ways. The CASSCEF calculations included up
to 16 configurations, while the FOCI calculations includ-
ed up to 2700 configurations. The CASSCF-FOCI pro-
cedure thus takes into account electron correlation
effects.

Spin-orbit effects are definitely expected to be large for
Xel* since I has a large spin-orbit coupling. The spin-
orbit coupling was introduced variationally through a
RCI scheme. In this method all low-lying states of the
same () symmetry are mixed in the presence of spin-orbit
integrals. Table I show possible low-lying states of
(XeD)* in both A-s and w-w couplings. As seen from that
table, there are many states for (Xel)*. In an earlier
study on KrBr",* we outlined in detail the selection of
reference configurations for various states in the w-w cou-
pling. We used the same procedure for the choice of
reference configurations in the RCI. Subsequently, single
and double excitations were allowed for all the reference
configurations in the RCI. Hence RCI is a multirefer-
ence single plus double CI (MRSDCI) method including
the spin-orbit coupling. All CASSCF-FOCI calculations
were made using a modified version”® of ALCHEMY II
codes?! as described in Ref. 20. Spin-orbit integrals were
calculated using Pitzer’s modified version of ARGOS.?
RCI calculations were done using Balasubramanian’s
RCI codes for polyatomic molecules described in Ref. 23.

IV. RESULTS AND DISCUSSION

Table II shows theoretical asymptotic energy separa-
tions of Xe+1" at long distances as obtained from our
calculations and the corresponding experimental values.
As seen from Table II the agreement between theoretical
separations of spin-orbit states of I* and the correspond-
ing experimental values is remarkable for °P,-P,,
3P,-3P, separations. We consider this fortuitous since
the level of theory is not of the accuracy implied by Table
II. The *P,-'D, theoretical energy separation is higher
than the experimental value. This trend is consistent
with earlier calculations on Kr+Br™ collisions for which
the Brt °P,-'D, energy separation was calculated as
14639 cm~! compared to an experimental value of
11409 cm™'.2* The most probable cause for this

TABLE I1. Dissociation limits of a few low-lying w-o states of (XeD)*.

Dissociation limit

Energy of the separate atoms (cm™!)

Molecular states Xe+I* Theory Expt.
2,1,07(I) 1So+3P, 0.0 0.0
11,0~ 1S, 43P, 6913 7090
0+ (D 1Sy+2P, 6428 6451
2(IT), 1(I1T), 0 (ITI) 'Sy +'D, 16000 13731
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discrepancy is an incomplete treatment of electron corre-
lation, which tends to predict a lower 3P energy relative
to 'D.

The usual ordering of an inverted 3P state is 3P2, 2P1,
and 3P,. This order is adhered to by the Br™ ClI* ions
while for I, 3Po is lower than 3P , as seen from Table II.
The main reason for the lowering of P, relative to *P, is
due to spin-orbit mixing of the 3P state of I" with 'S,
state arising from the same Sp* configuration. It is in-
teresting to note that for the isoelectronic Te atom also
3P,-*P, and °P,-’P, separations are 4751 and 4707
cm~ 1.2 The *P, state is contaminated with 'D,, while
3P, mixes with 'S,. However, the *P, state is relatively
pure as there is no low-lying J =1 state to cause contam-
ination with *P;.

Table II also shows possible low-lying w-w states of
Xel™ arising from Xe+1I" collisions. We decided to in-
vestigate all states correlating into  Xe('S,)
+I+(3P2’1,0;1D2) limits. Potential-energy curves arising
from Xe™ +1 states are also obtained in the absence of
spin-orbit coupling, but all the states studied here corre-
lating into this limit were found to be repulsive.

Figure 3 shows potential-energy curves arising from
the collisions of Xe('S,)+I*(*P,), Xe('S,)+1"(17%),
and Xe"(?P,)+I1(*P,) in the absence of spin-orbit in-
teractions. While these curves are not accurate or real in
the sense that they do not include spin-orbit effects, these
curves are very useful in our understanding of avoided
crossings and other features in the potential-energy
curves, which includes spin-orbit effects.

All curves obtained here dissociating into I+Xe™
charge-transfer states of (Xel)™ are repulsive. This is not
surprising and is fully consistent with our earlier compa-
rable calculations on the (ArCl)™ ion? for which 'S (ID),
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FIG. 3. Potential-energy curves of (Xel)* arising from

Xe+I" and Xe™ +1 collisions without spin-orbit effects.

D), and 'TI(II) curves were found to be repulsive.
Hence these states were not considered further.

RCI calculations were carried out on potential-energy
curves of (Xel)™ including spin-orbit effects for states
correlating into Xe('Sy)+I*(°P,, o;'D,) limits. In all
nine w-o electronic states were considered including
spin-orbit effects.

As seen from Fig. 3, the °II curve dissociating into
I+(3Pg)+Xe(ISg) has a shallow long-range minimum
while the *=~ curve dissociating into the same limit is
repulsive. Two of the three states dissociating into the
I*(!D)+Xe('S) limit are bound. The 'S7 state correlat-
ing into I7(!D)+Xe('S) is especially strongly bound
with a D, of 1.78 eV in the absence of spin-orbit cou-
pling. In fact, the =" state is only 760 cm ™! above the
*I1 state in the absence of spin-orbit coupling for Xel™.
However, as we discuss below, spin-orbit effects destabi-
lize the bond. This is reminiscent of isoelectronic I, for
which Li and Balasubramanian?® showed that spin-orbit
coupling decreases D, substantially.

Figure 4 shows potential-energy curves of nine elec-
tronic states of (XeI)™, which include the effects of spin-
orbit coupling. As seen from Fig. 4, potential-energy
curves obtained including spin-orbit effects differ substan-
tially from the corresponding curves without spin-orbit
coupling shown in Fig. 3. These differences were mainly
due to *II-'=*, 33713 % 32711 curve crossings in Fig.
3, which resulted in avoided crossings of the correspond-
ing Q states of the same symmetry such as 0% and 1
states.

As seen from Fig. 4, the 2 and 1 curves are weakly
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FIG. 4. Potential-energy curves of Xel™ including spin-orbit

effects arising from Xe('Sy)+IT(3P,), Xe('Sy)+IT(3P,),
Xe(!Sy)+17(3Py), and Xe('S,)+1I7('D,) collisions.
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bound while the O *(I) curve is mostly repulsive. All of
these curves go into the same Xe(!S,)+I*(3P,) limit as
anticipated from Wigner-Witmer rules.

The 07 (II) curve dissociating into Xe('S,)+17(*P,) is
bound with respect to this limit. This curve for (Xe) " is
more bound compared to (KrBr)™ partly because the
I*(3P,)-1"(3P,) separation is higher than the Br*(3pP,)-
Br*(°P,) separation. The O state dissociating into
Xe('Sy)+17(3P)) is also bound but somewhat less com-
pared to the 0™ (I) state. The 1(II) state is predominantly
repulsive.

The 0™ (IT) curve is the most bound of all the low-lying
electronic states of Xel*. The nature of this state
changes as a function of internuclear distances due to
many avoided crossings. This state dissociates into
Xe('Sy)+1*(!D,). The other two curves dissociating
into Xe('Sy)+I7('D,)[2(I1),1(IID)] are primarily repul-
sive.

As noted before experimentally, I* (1D, )11 (3P;) and
I*(!D,)sI*(°P,) transitions have been observed in the
collisions of Xe and I*. If one models the translational
to electron energy transfers by the Landau-Zener model,
then efficient energy transfer takes place at the points of
intersection of appropriate potential-energy curves. As
seen from Fig. 4, during the collision of
Xe('Sy)+I*(!D,), the 0T (III) bound state of Xel* can
be formed. This state is crossed by the 0~ and 1(II)
curves. If the predissociation selection rule is applicable
for the energy-transfer process, the 0% (III) state will sur-
vive crossing of the repulsive 0~ state since a +<«>—
transition is forbidden. However, the crossing of the 1(II)
repulsive curve with 0™ (III) will provide a channel for en-
ergy transfer of the 07 (III) state formed by collision of
Xe('Sy)+I7(!'D,) to dissociate into Xe('Sy)+I1(3P,).
Thus the most efficient energy-transfer channel for
I"('D,)ssI*(°P,) should be through the 1(II) channel.
The ’Py-’P, separation is rather small and clearly the
0+(II)° and 1(IT) curves come very close to each other at
4.25 A. Hence, although they do not exactly cross, the
near proximity of these two curves should provide for the
interaction of the 0*(II) and 1(II) states, thereby provid-
ing an indirect channel for the conversion of 0 (III)
through the interaction with 1(II). This facilitates the
I"('D,)2I"(*P,) transition. Note that the 0 (III) and
0™ (II) states avoid each other as these states are of the
same () symmetry.

All three curves dissociating into Xe(Sy)+I17(3P,)
are energetically apart from those states dissociating into
Xe('Sy)+17('D,) or Xe('Sy)+IT(3P,). Only the 0" (ID)
curve near its r, comes closer to 0™ (I), but these states
avoid each other. Since O0*(II) stays above the three
repulsive curves dissociating into Xe('S,)+I7(3P,),
there is no possibility of the vibrational levels of the
0" (II) state interacting with the vibrational levels of
weakly bound 2 and 1 states. This explains why the
I"(!D,)=I"(*P,) transition could not be observed ex-
perimentally. It has been suggested to us that because of
the comparatively high velocity at the crossing point of
the 1(II) and O (ITI) curves, the Landau-Zener (LZ) tran-
sition probability is vanishingly small and hence some
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other explanation for the energy transfer is called for. A
rough estimate of the transition probability can be ob-
tained from the LZ equation P =27V, /fivg AF. At 5-eV
center-of-mass energy the velocity in atomic units is
vo=1.25X1073 We convert this to radial velocity at
the crossing point using the expression vy =v (1
—b2%/R%)"? and for typical b’s (impact parameter)
around § of R, we get vg =v,/2. AF, the difference of
the slopes of the 1(II) and 0" (III) curves at the crossing
point, can be obtained from the calculated potential-
energy curves as 0.163 au. R, is the internuclear dis-
tance at the crossing point. The transfer apparently
proceeds through rotational coupling. The operator is
6L,, where y is the rotation axis. ORX:(UO /R, )Nb/R,)
and again we take b /R, ~3. The order of magnitude of
the Ly matrix element is 7. Substituting these in the LZ
equation and recalling that transitions also occur on the
way out, we obtain, on average, a transition probability of
3.2X 1073 This probability is small but not negligible
and probably accounts for the low signal-to-noise ratio
observed. This low transition probability can be detected
because in these energy-transfer reactions involving halo-
gen positive ions and rare-gas atoms the distribution of
the observed ions is not isotropic but rather the
differential cross section is sharply peaked in the forward
direction, producing a focusing effect which increases the
number of detected ions significantly. We have discussed
this point at some length in a previous publication.!

The lifetimes of various bound states depend on the
classical regions of predissociation due to repulsive curve
crossings. If the point of crossing of a repulsive state
occurs above the classical turning points of a vibrational
level, then the species can have long lifetimes in that vi-
brational level. Hence the number of vibrational levels
with classical turning points below the curve crossing
determine the lifetimes of various states. For example,
the 0™ (IT) state is crossed by the 1(I) curve at a distance
longer than R, of the 07 (ITI) curve. We expect only two
to three vibrational levels below the 0F(IID-1(I) curve
crossing. Thus the 07 (III) state may not be very long
lived depending on the relative kinetic energy of colliding
species.

The 07 (II) curve is bound and is not crossed by any
repulsive curve. Thus the 0% (II) state will have very long
lifetimes. This explains why (XeI)* is experimentally ob-
served to be a long-lived species.

The direct RCI D, of the 0™ (ITI) state with respect to
Xe(!S,+11('D,) is 0.78 eV. The corresponding binding
energy of the 'S state dissociating into Xe('S,)
+17%( ng) is 1.78 eV. Thus D, is significantly altered, al-
though we believe that RCI calculations do not include

TABLE III. Spectroscopic properties of low-lying states of
Xel™.

State R, (A) T, cm™) o, cm™) D, (eV)
S 3.30 0 155 0.36
oM 2.84 720 202 1.77
T 3.26 7831 158 0.84
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TABLE IV. Electronic properties of some RCI states of Xel*.

State R, (A) T, (cm™") D, (V)
2(D 3.62 0 0.24
un 3.73 90 0.18
ot 3.48 1567 0.78
0" 3.35 6393 0.25
0" (I1I) 3.01 10155 0.78

electron correlation effects to a high order and hence the
experimental D, of the 0" (III) state should be larger than
0.78 eV. Allowing for the correction to D, from higher-
order electron correlation effects, a value of 1£0.2 eV is
predicted as the D,(XeD)*.

The large D, of 1.78 eV obtained for the !37 state
without spin-orbit coupling is divided between the 0 (III)
and 0*(II) states as seen from Fig. 4. As we discuss in
Sec. V there are many avoided crossings in the 07 curves.
Hence the °II curve, which is weakly bound, yields a
more strongly bound 01(II) state, while the '=* state,
which is strongly bound, yields a less stable 0" (III) curve.
Hence the D, of the 0™ (II) state is enhanced also to about
0.78 eV. Thus the 0Y(II) and 0" (III) states are nearly
equally bound, but we believe that RCI calculations un-
derestimate the binding energy of 0*(II) and overesti-
mate the D, of 0" (II). We predict the D, of the 0™ (III)
and 0" (II) states to be 1.0+.2 and 0.7%0.2 eV, respec-
tively.

Table III shows spectroscopic constants for Xel™ in
the absence of spin-orbit coupling, while Table IV shows
the corresponding constants from RCI calculations in-
cluding spin-orbit effects. As seen from Table III, in the
absence of spin-orbit coupling the M state is the ground
state of XeI* with R, =3.30 A. The o, of the low-lying
bound states are between 155 and 200 cm~ L. It is in-
teresting to note that the '2 ™ state of XeI" exhibits a re-
markable resemblance to the 'S ground state of
isoelectronic I,. For I, earlier theoretical calculations by
Li and Balasubramanian®® indicated excellent agreement
of theoretical results with experimental R, =2.666 A and
®,=214.5 cm™'. Note that R, and o, of the 'S* state
are 2.84 A and 202 cm ™. The bond length is expected to
be longer than its true value at the FOCI level. At a
higher level a bond length of 2.7-2.75 A is predicted,
making it closer to the properties of the ' state of I,.

As seen from Table IV, the electronic properties of
low-lying states of Xel™ obtained from RCI calculations,
which included spin-orbit coupling, are quite different.
This is primarily due to spin-orbit mixing of different A-s
states with the same ) symmetry. As seen from Table

IV, the ground state of (Xel)™ is a 2 state with a long R,
and a D, of 0.24 eV. The 1 state is, however, nearly de-
generate with the 2 state. The R, of the 07 (ID is in-
creased mainly due to mixing of the '=* state with the
3H0+ and 320_+ states. Thus D, is also reduced consider-

ably for the 0™ (IID) state.

V. THE NATURE OF LOW-LYING STATES OF (XeD)*

Table V shows Mulliken population analyses of FOCI
natural orbitals for three bound states of (Xel)* in the
absence of spin-orbit coupling. As seen from Table V,
the °IT ground state dissociating into Xe( 1S )+I+(3P )
behaves very differently from the 1% and H states, both
of which dissociate into Xe('S,)+I7('D,). The main
difference is in the considerably larger Xe total popula-
tion in the °II state. The 33~ state, which is repulsive,
behaves akin to *II. As evidenced from Table V, there is
0.32 electronic charge transfer from Xe to I in the !=%
state compared with I1. Alternatively, 21% of the posi-
tive charge resides on Xe while the remaining 79% of the
charge resides on I in the >II state. In the '3 7 state the
positive charge is divided more equitably in that 53.5%
of the charge is on Xe while the remaining 46.5% of the
charge is on I. In the 'IT state 44% of the charge is on
Xe while the remaining 56% is on 1. Evidently, there is
more charge transfer in the =" and 'IT states.

The individual s and p populations on two centers are
also of interest. As seen from Table V, the gross s popu-
lations of both Xe and I are closer to 2.0, indicating that
the 5s2 shells of the two atoms are relatively inert. The
5p populations on two centers suggest that most of the
electronic population lost upon ionization comes from I
in the °IT state. The 3~ state not shown in Table V ex-
hibited a similar behavior. In the '=" and 'II states the p
populations of both Xe and I atoms are nearly equal, in-
dicating an equitable split of charge.

The Xe-I overlap populations measure the approxi-
mate bond strengths in the absence of spin-orbit cou-
pling. As seen from Table V, the Xe-I overlaps are some-
what small in the *IT and 'II states, indicating the weakly
bound nature of these states in the absence of spin-orbit
effects. The !=7 state has considerably larger Xe-I over-
lap population.

The effect of spin-orbit coupling on the shapes of
potential-energy curves of (Xe)" as a function of inter-
nuclear distance is quite interesting. Table VI shows
weights of leading configurations in the RCI wave func-
tions of low-lying states of (XeI)™ as a function of inter-
nuclear distance. Particular attention is drawn to the
composition of 0%, 0*(II), and 0™ (III) states as a func-

TABLE V. Mulliken population analysis for low-lying states of Xel™.

Gross population

R (A) Xe I

State Xe(s) Xe(p) I(s) I(p) Overlap
m 3.50 7.788 6.212 2.016 5.769 1.994 4.193 0.074
o 2.84 7.465 6.535 1.961 5.401 1.954 4.511 0.26
1 3.30 7.559 6.441 2.016 5.525 1.995 4.420 0.083
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tion of distance. This table should be used in conjunction
with Figs. 3 and 4.

As seen from Table VI, the lowest 07 state, namely
0% (I), is predominantly 'S* at 2.50 A. This is consistent
with Fig. 3, which shows that '=% is lower than *IT and

33~ at R=2.5 A. Hence the 0 (D) state is 'S™ at 2.50
A, while the 0™ (IT) and 0 (IID) states are *Il . and °S,
respectively. At 2.75 A, the interaction between M and
'S¥ becomes larger. At R >3.00 A, as seen from Fig. 3,
the 'S curve crosses with *II. This induces an avoided

TABLE VI. Weights (%) of important electronic configurations in the RCI wave functions of Xel ™.

State R (A) Electronic configuration (% of contribution)
0+ (D 2.50 3otmtat, ISE, (92.5)
275 3o%rtr*, 13), (BLS); 30Mo*atr*, ML (12)
3.00 3o lmta*e, '2;+ (53.6); 30240 *mn*3, 3H0+ (38.4);
317240"'27'#17"‘2,3201r ()
3.50 30240 * mir*3, 3H0+ (52.7); 30%40**7in*?, 320_+ (28.8);
3o, 120*+ (12.5)
4.00 30%4o* mta*?, 05 ) (53.7); 3040 i, 3110+ (35.5);
3olmta*4, 12;1 4.7
8.00 30240 * 2, 3201 (57); 30240 *m*r*3, 3HO+ (36);
3aimta*s, ‘E(:'+ 4.2)
o™ (1I) 2.50 30240 * ¥, 3ﬂ0+ (90); 30mtm*4, 12(’)& 3)
2.75 30’40  wta*, 1 L (94)
3.00 3otrtnr*e, 12(; (52); 3o0Mo*min™*s, 3H0+ (39)
4.00 30240 * a3, 3H0+ (45); 30%40*2minr*?, 320_+ (37.7);
3o lmtr*e, 12;@ (7.8)
6.00 3040 * i3, 3l'lo+ (94)
0" (11D 2.50 30240 tw*2, °3 L (82.4); 3o, 12, (7.6)
3.00 KT L2 A af SER 3HO+ (46); 3o%minr*e, '2;+ (39);
30240 mtn*?, 3201 (8.8)
4.00 3o mtr*e, 12(;1 (38.9); 3040 **mn*3, 3ITO+(II) (38);
3024a** w3, ‘E;&(III) (11)
2D 2.50 300 *rtr*3, ’, (94)
3.00 30%4o* mir*3, 3, (93)
3.50 3o *rtr*3, °l, (92)
4.00 3oMo*mta*3, 311, (89); 30240 **min*?, 1A, (5)
6.00 30240 *7*n*3, X, (91.4); 30240 *2r*n*?, A, (6.6)
2(ID 2.50 3c%a* 7' nr*2, 1A, (90)
3.00 3oMo* et 1A, (87); 30%4o*min*3, 3, (5)
4.00 30%a* ' n*? 1A, (78.2); 30Ma*nin*3, *11, (18)
0~ 2.50 30240 * a3, 3HO; (94.1)
3.00 30240 * mtr*3, 3H0_ (94.3)
3.50 304 * a3, 3H0, (95.5)
4.00 3040 * a3, JHO, (95)
8.00 30’40 *mtr*? 21 - (98)
1(I) 2.50 oo *7a*3, 3, (80.8); 30240 *wir*3, N, (12.3)
3.00 oo *n*3, 3, (77.6); 3024o*wia*3, T, (12);
oo * 7' r*2, 33 (3)
3.50 3oMo*rta*3, 3, (69.7); 3040 *mia*3, N, (11.1);
30%o*irtr*?, 330 (13.8)
4.00 30%a* mr*3, 3, (56.7); 304o*ntn*3, I, (9.5);
3oMo* it n*?, 33 (28.2)
8.00 30%a*ma*3, 3, (52.3); 30240 * rtr*3, I, (8.9)
3o%4o* ' r*?, 33 (36.8)
1an 3.50 300 * rtn*2 35T (96)
4.00 30240 * w2, 327 (96.8)
1(I1D) 4.00 oo *mir*3, 1, (87.4); 3040 *7in*3, 3, (7.2)
8.00 3o24c* ' r*3, ', 91); 30240 *min*3, °l, (6.9)
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crossing of the corresponding O+ components as evi-
denced from Table VI. At 3.00 A 0" (D) is a 53-38 %
mixture of 'S and ’II. At 3.5 A, the 0 (I) state be-
comes predominantly 3H0+ as expected since *II is lower
than '=* at these distances (see Fig. 3). At longer dis-
tances there is one more avoided crossing since 3H0+ dis-
sociates into Xe('Sy)+11(3P,), while the 32()_+ curve dis-
sociates into Xe('S,)+17(°P,).

The 07 (IID state is predominately *2 . at 2.50 A, al-
though mixing with IE is non-negligible at this dis-
tance. As R mcreases to 3 00 A, there is an avoided
crossing between °II . and *Z ;. At 4.00 A, the 01 (I1I)
state becomes a mixture of 'S* and I . At longer dis-
tances the '3 7 states dominates in the 0™ (ITI) state as it
dissociates into Xe('S)+1"(!D,).

The 2(I) and 2(II) states stay relatively pure as a func-
tion of distance since there is no other 2 state in the vicin-
ity of °IT,. At longer distances the mixing of °II, and 'A,
becomes more significant. The 0 state is also pure 3HO_
as there is no other state to mix with *II .

The 1(I) state is predominately 3, at most of the dis-
tances. However, *II-'II mixing is very noticeable at all
distances. The mixing of 32, at R >3.50 A becomes
substantial as these two states are very close in this re-
gion. The 1(II) and 1(ITI) states are predominately >3
and 'Il,, respectively (see Table VI for exact composi-
tions).

VI. CONCLUSIONS

In this investigation both experimental and theoretical
studies were made on energy transfers in collisions of 1"
with Xe. Energy-transfer processes were modeled

through the Landau-Zener model, which suggests
efficient transfer of translational to electronic energies at
the points of intersection of potential-energy curves of
(Xe)t. CASSCF followed by FOCI and RCI calcula-
tions were made on eight electronic states dissociating
into  Xe('S,)+I*(°P,), Xe('S,)+I17('D,), and
Xet(?P,)+1( §P ) llmltS in the absence of spin-orbit in-
teraction. Potential-energy curves of nine electronic
states, which included spin-orbit effects, were also ob-
tained. Theoretical potential-energy curves explain the
observed I7(!D,)sI*(°P,,°P,) transfer and why the

*(ID,)ssI"(3P,) transition could not be observed.
Theoretical calculations indicate that XeI™ is bound and
long lived. The D, of two bound 0" states are estimated
as 1.0£0.2 and 0.710.2 eV, respectively. Mulliken popu-
lation analyses of low-lying states reveals that the positive
charge is predominantly on I in =~ and II states, while
it is equitably split between Xe and I in the '=* and 'TI
states. The analyses of RCI wave functions reveal a num-
ber of avoided crossings in the 0" curves, which result in
the distribution of the binding energy of 'S state into
two 07 states.

ACKNOWLEDGMENTS

One of us (K.B.) thanks the National Science Founda-
tion for a partial support of this research through Grant
No. CHES88-18869 and through the Camille and Henry
Dreyfus Foundation. We are indebted to Professor John
B. Delos for critically reading this manuscript and for an
illuminating discussion of the Landau-Zener process.
The authors also thank the San Diego Super Computing
Center for providing part of the computing time required
for this project.

IM. Hottoka, Bjorn Roos, J. B. Delos, R. Srivastava, R. B.
Sharma, and W. S. Koski, Phys. Rev. A 35, 4515 (1987).

2K. Balasubramanian, Pingyi Feng, Joyce J. Kaufman, P. C.
Hariharan, and W. S. Koski, Phys. Rev. A 37, 3204 (1988).

3Douglas A. Chapman, K. Balasubramanian, S. H. Lin, Joyce J.
Daufman, P. C. Hariharan, and W. S. Koski, Phys. Rev. A
39, 4428 (1989).

4K. Balasubramanian, Joyce J. Kaufman, P. C. Hariharan, and
W. S. Koski, Chem. Phys. Lett. 114, 201 (1985).

SH. P. Watkins and W. S. Koski, Chem. Phys. Lett. 77, 470
(1981).

6K. Wendell, C. A. Jones, J. J. Kaufman, and W. S. Koski, J.
Chem. Phys. 63, 750 (1975).

L. G. Piper, J. E. Velazco, and D. W. Setser, J. Chem. Phys. 59,
3323 (1973).

8J. E. Velazco, J. H. Kohs, and D. W. Setser, J. Chem. Phys. 65,
3468 (1976).

°D. L. King, L. G. Piper, and D. W. Setser, J. Chem. Soc. Fara-
day Trans. 3 73, 177 (1977).

10M. Rokini, J. H. Jacobs, and J. A. Mangano, Phys. Rev. A 16,
2216 (1977).

HR. E. Olson and B. Liu, Phys. Rev. A 17, 1568 (1978).

12T, H. Dunning and P. J. Hay, J. Chem. Phys. 66, 3767 (1977).

133, S. Cohen, W. R. Wadt, and P. J. Hay, J. Chem. Phys. 71,

2955 (1979).

143, H. Holloway, Noble Gas Chemistry (Methuen, London,
1968).

15A. Henglein and G. A. Muccini, Angew. Chem. 72, 630
(1960).

16] Kuen and F. Howorka, J. Chem. Phys. 70, 595 (1979).

175, Berkowitz and J. H. Holloway, J. Chem. Soc. Faraday
Trans. 3 74, 2707 (1978).

18], Berkowitz, W. A. Chupka, R. L. Guyon, J. H. Holloway,
and R. Sphor, J. Phys. Chem. 75, 1461 (1971).

191, A. La John, P. A. Christiansen, R. B. Ross, T. Atashroo,
and W. C. Ermler, J. Chem. Phys. 87, 2812 (1987).

20K . Balasubramanian, Chem. Phys. Lett. 127, 585 (1986).

21The major authors of ALCHEMY II are B. Liu, B. Lengsfield
and M. Yoshimine.

22R. M. Pitzer and N. W. Winter, J. Phys. Chem. 92, 3061
(1988).

23K. Balasubramanian, J. Chem. Phys. 89, 5731 (1988).

24C. E. Moore, Table of Atomic Energy Levels, Natl. Bur. Stand.
(U.S.) Circ. No. 467 (U.S. GPO, Washington, D.C., 1971),
Vol. 3.

255. Q. Li and K. Balasubramanian, J. Mol. Spectrosc. 138, 162
(1989).



