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Adiabatic potential-energy curves have been calculated for the interaction of several n = 3 triplet
states of helium with ground-state helium. Mechanisms for excitation-transfer in collisions of 3 S
and 3'P with ground-state atoms are suggested by the results of these calculations. A deexcitation
cross section corresponding to 3 'S ~ 2'P excitation-transfer has been calculated using the Stuec-
kelberg-Landau-Zener approximation and is consistent with existing measurements. The existence of
a small hump in the potential curve causes the cross section to decrease rapidly at low energies.

Thus, a strong temperature dependence of effective cross sections is expected. A possible mechan-

ism for associative ionization is also discussed.

I. INTRGDUCTIGN

In a slow collision betmeen an excited and a
ground-state helium atom, two inelastic processes
are possible. These are nonresonant excitation
transfer

He*+ He —He ~*+He,

where the excitation may end up on either of the
atoms, and associative ionization

He*+He -He,'+e,
where the molecular ion may be formed in any of
a number of vibrational and rotational states.
These reactions have been observed in gas dis-
charges and afterglows

As a first step in understanding these processes,
we have calculated adiabatic potential-energy
curves for several 'H„, 'Z„', and 'Z,' states of He,
using the valence-bond configur ation-interaction
method. We have used these potential curves and
the Stueckelberg-I andau-Zener approximation to
compute cross sections for the excitation-trans-
fer processes 3 'S-2'I'. In addition, several dif-
ferent representations (nonadiabatic) of the elec-
tronic wave function have been studied to suggest
a mechanism for associative ionization.

In Secs. II and III, the method of calculation and
the general nature of the molecular states are dis-
cussed. In Sec. IV our results for the 'Z„' and 'Z,'
excited states involved in the collision processes
are considered. The possible existence of a dia-
batic state leading to associative ionization is dis-
cussed in Sec. V. The collision processes them-
selves are considered in Sec. VI.

II. CALCULATIGN GF ENERGIES AND 'WAVE

FUNCTIGNS

The electronic wave functions used in the present
study were of the form

+(r„R)= g c,4', (n; r„A),

where r, represents all of the electronic coordi-
nates collectively, and R is the internuclear sepa-
ration. Each configuration function 4, (n; r.„A) is
a sum of Slater determinants constructed to be
eigenfunctions of the symmetry operations of the
molecule and of the total-spin operators 8' and S, .
The e denotes a set of orbital exponents contained
in the elementary basis functions which are used
to construct the Slater determinants. The elemen-
tary basis functions are Siater-type orbitals (STO)
centered on either nucleus A. or B.

Five types of configuration wave functions are
used in these calculations. These are shown in
Table I. The notation for the configurations is that
of Gupta and Matsen' in which the orbitals within
parentheses are spin paired and the orbitals in
square brackets are used to construct fully sym-
metrized configurations. For the 'H„and 'Z„'
states, the ionic-covalent form was chosen, where-
as for the 'Z' states, the covalent form alone was
used. In these calculations, we sought to represent
several excited states of a particular symmetry
equally well. This was achieved by using config-
urations formed from three core atomic orbitals
and one excited-atom orbital. Our interest was
primarily in states dissociating to the n =3 atomic
states. Hence, the orbital exponents were chosen
by partially optimizing the separated-atom ener-
gies of these states. The orbital exponents were
not varied with internuclear separation.

As an indication of the accuracy of this proce-
dure, we have compared the calculated and ob-
served effective quantum numbers for these states.
As may be seen in Table II, the agreement is gen-
erally good. The poorest results are for so states,
where the interaction of the excited orbitaL with
the core is greatest and, thus, where we would ex-
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TABLE I. Wave functions.

Ionic

C =[1s,'(1sglsq)]

Covalent

4 =g C;[ ls,'y«(is&, lss)]

Ionic-covalent

0 ~ g{C;[is,'q«(lsd is&)1 +D;[ls,'y„(lsqlss)]}

A core

4 =g C;([is],&p«(ls, is~)] —[ls,'y«(ls&ls&, )] }
B core

4' =g C;([lsf[ y„(ls& ls&)] +[ ls,' y„(ls&, ls&, )]}

pect the simple representation of the core to be
most in error.

III. EXCITED STATES OF He2

A. He2 ion

Our goal in the work is to calculate the relative
positions of the potential-energy curves as ac-
curately as possible for several excited states.
The excited-state wave functions are constructed
with a very simple representation of the He,' ion
core. More extensive configuration interaction
is allowed among the excited orbitals themselves.
The dominant contribution to the absolute error
arises, however, from the overly simple repre-
sentation of the core. In order to estimate this
error, we compare the He,'('Z„') potential-energy
curve calculated from the single configuration

wave function of the form given in Table I with
that of Reagan, Browne, and Matsen'who used
a 26-configuration wave function. For interme-
diate internuclear separations the difference be-
tween the two curves is approximately indepen-
dent of R. As a further check, we have compared
our potential curve for the lowest He, 'II„states
with that calculated by Gupta and Matsen. ' Again,
there is almost a constant difference between the
two curves, and this difference is within 0.003
a.u. of that observed between the two ion curves.
This comparison suggests that we may approxi-
mately correct the excited-state curves by simply
subtracting the difference in the ion potential en-
ergy curves at each g. This provides ion-core
"adjusted" potentials which compare better with
the results of other calculations and with experi-
ment.

Again, it should be stressed that we do not seek
highly accurate ab initio potential curves for ex-
cited states of He, . We wish to describe semi-
quantitatively the relative behavior of potential
curves for states important to inelastic processes
involving n =3 helium atoms. We do not object to
"adjusting" curves where the procedure is well de-
fined and can be justified.

B. Description of the potential curves and wave functions

Since the excited states of He, are Rydberg
states, the shapes of the potential curves near the
equilibrium separation are largely determined by
the potential curve of the He,' ion core to which
they are bound. The two lowest states of He,' are
the A'Z„' ("A core") and the B'Z,' ("Bcore"). The
A'Z„' is stable with a dissociation energy of 2.47
eV. The B'Z,' is unstable with respect to disso-
ciation of ground-state He and He'.

Recently Guberman and Goddard' have studied
the singlet excited states of He, using the gener-

TABLE II. Quantum defects in triplet system.

State
Ionization

energy (a,u. )

Calculated
n+

Calcu lated Experimental n *
(Ref. 4)

2s
3s
3P o'

3do'

3d7r

4s
4po
4do
4 d7['

4fo
5po
~7['

0.150 13
0.062 02
0.104 96
0.058 14
0.057 24
0.033 74
0.047 84
0.032 15
0.031 94
0.030 46
0.027 71
0.020 44

1.8249
2.8394
2.1826
2.9325
2.9555
3.8496
3.2327
3.9436
3.9565
4.0515
4.2478
4.9454

0.1751
0.1607
0.8174
0.0675
0.0445
0.1504
0.767 26
0.0564
0.0435

-0.0515
0.7522
0.0541

1.7885
2.808
2.1648
2.9326
2.9571
3.8131

3.931
3.956

4.95
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alized-valence-bond (GVB) method. They discuss
the behavior of their potential curves in terms of
frozen-orbital (FO) configuration functions. These
are single valence-bond configurations constructed
from orbitals which do not change with R. These
FO configurations have the property that, as R de-
creases, the single-configuration wave function
approaches a Rydberg orbital on either an A or a
B core. The configuration functions chosen by us
and used in this work have the same property, viz. ,

~nl„ls„'1ssiss
~

+ ~nls1ss1s„ls„)

~nl c(1s„'1s~ls s+1ssls„1s„)~,(z-R8)

where nlc is an STO with the same n, l, and varia-
tional parameter n as n t~ and nl~, but which is
centered at the midpoint of the two nuclei. Con-
figuration wave functions constructed from the
sum (difference) of these two determinants tend
toward the product of the Rydberg orbital and the
B-core (A. -core) function.

This property of VB configuration wave func-
tions allows us to predict the behavior of the ener-
gies of these configurations near the equilibrium
separation. Since the configuration wave functions
constructed from the sum of two determinants tend
toward a B core, the corresponding potential
curves are repulsive. Likewise, the configuration
wave functions formed from the difference of two
determinants tend toward an A core, and hence
correspond to attractive potential curves. Taking
into account the total inversion symmetry of the
configuration, we have the following rules' for
single-configuration potential-energy curves cor-
responding to a Rydberg state nl.

(a,) Gerade symmel y: (i) Even-l configurations
are repulsive, (ii) odd-l configurations are attrac-
tive.

(b) Ungerade symmetry: (i) Even-l configura-
tions are attractive, (ii) odd-l configurations are
repulsive.

These single-configuration rules are particularly
useful in interpreting features of the complicated
potential curves which arise in the multiconfigura-
tion calculations.

There are two fundamental types of interactions
which can explain unusual features in the potential
curves such as the humps which are often found in
the He, system. The first of these is an exchange
interaction caused by the repulsion of an electron
in an excited orbital on one atom by the electrons
in the closed-shell ground state on the other atom.
This effect has been explained in some detail by
Quberman and Qoddard. ' The interaction varies
with the probability density of the excited orbital

in the region of the ground-state atom, and is most
important for Z states. The second type of inter-
action is due to the mutual perturbation of several
configurations. There are two cases to be distin-
guished. The first is usually referred to as an
avoided crossing and is caused by the interaction
of configurations tending toward different ion
cores. The second involves the interaction of con-
figurations, usually over an extended region where
the single-configuration potential curves are nearly
parallel. instances of the second case occur niore
for large and small values of R than for interme-
diate values.

The avoided-crossing interactions are under-
stood in terms of the behavior of the energies of
single-configuration wave functions as described
above. Because a single STOis used for each or-
bital in a determinant and because the orbital ex-
ponents are themselves determined by multicon-
figuration-variational calculations on the sepa-
rated-atom states, several configuration functions
with the same l usually contribute to the electronic
wave function for a single state at large R. As one
goes to smaller A, the rapidly increasing energy
of the B-core and rapidly decreasing energy of the
A-core ion states, as compared to the spacing of
the separated-atom energies, will force the poten-
tial curves of certain single-configuration functions
to approach one another and eventually cross. The
interaction of these configurations of the same
symmetry prevents a crossing from actually oc-
curring in the multiconfiguration curves, often re-
sulting in a hump in the potential curve of the lower
state, and sometimes a ripple in the upper curve.

The effects of the interaction of configurations
with nearly parallel potential-energy curves de-
pend on whether the interaction occurs at large or
at small R. We first describe the large-R case.
As the principal quantum number of the excited
states of He increases, the separation between
adjacent angular momentum states generally de-
creases. States of Z symmetry may be formed
from all excited states. As R decreases, the en-
ergy levels of Z states are perturbed by the ex-
change interaction. This exchange interaction
mixes adjacent states when the energy separation
is small. This interaction differs from the avoid-
ed-crossing interactions in that the initial relative
position of the interacting states may be restored
at smaller P where the exchange interaction is not
important. This interaction may have the effect of
reducing the perturbation due to the exchange in-
teraction on the lower-state potential curve.

For small 8 the effects of the interaction of con-
figurations with nearly parallel potential-energy
curves are somewhat different. As the effective
quantum number of the excited Rydberg states of
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P,. =C,. S,. C

where S& are elements of the overlap matrix be-
tween single-configuration functions, are such in-
dicators. The sum of the structure projections of
single -configuration-state functions containing ex-
cited orbitals of the same l are useful in charac-
terizing the complicated multiconfiguration wave
function. We refer to these sums as "cumulative
structure projections. "

IV. POTENTIAL CURVES AND WAVE FUNCTIONS

In this section, we discuss in detail only those
states of He, which are used to explain the inelastic
collisions 3'S-2'P and 3'P-3'S. These are the
'Z„' (Sso, 2P) and 'Z„' (Sdo, Ss) states and for the
second transition the 'Z' (5Po, SP) states. The no-

He, increases, the potential curves of adjacent
states closely approach one another. The mixing
of configurations of different l is very small in the
vicinity of the equilibrium internuclear separation.
In some instances it happens that, as g increases
from its equilibrium value, the wave functions for
two adjacent states appear reversed. This change
occurs very abruptly, reflecting the very weak in-
teraction between configurations of different l in
the region.

To describe the behavior of the wave functions„
it is desirable to have a quantitative measure of
the contribution of a particular configuration. Since
the single-configuration-state functions are not
orthogonal, the squares of the expansion coeffi-
cients C,. in the free configuration-interaction (CI)
wave functions are not true indicators of the con-
tribution of a particular configuration. The "struc-
ture projections, "' defined by
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FIG. 2. Adiabatic potential curves at intermediate
internuclear separations for the eight lowest Z+~ states
of He& and the Z+„ground state of He+2.

tation of Guberman is used to denote the states. '
The potential curves for the 'Z„' and 'Z,' states are
shown in Figs. 1 and 2, respectively. In addition,
the potential curves for several 'II„states are
shown in Fig. 3.

A. 3Z~ {3sa,2p)

The potential curve for this state displays a
large hump a,t 3.68a, with a magnitude of 0.0249
a.u. , calculated from ion-core adjusted potentials.
The origin of this hump in terms of the interaction
of attractive and repulsive configuration-state
functions is indicated by the cumulative structure
projections for this state shown in Fig. 4. For
large g, the repulsive po configuration-state func-
tions are dominant in the wave function. Near the
peak in the hump, the attractive do and so config-
urations strongly mix in, causing the adiabatic

-4.84

-4.88—

-4.92—

0-
0

-4.96—
QJ

-5.00

-5.04—

(4scr,3p)

d (5scT,2p)

a (2scr, 2s )

He" + He(~Z„')

~ tt ma

-4.86—

-4,88

-4.90

-4,92

UJ

-4.94

-4,96—

(5d~, ~d)

(4d~, vp)

e (~Il„)

f (5d;v;2p)

-5.08 I I I I I I I

0 2.0 40 6.0 8.0 IO.O I2.0 I40

I NTERNUCLEAR SEPARAT ION (ao )
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FIG. 3. Adiabatic potential curves at intermediate
internuclear separations for t!.. '=: three lowest 3H „states
of He2 and the Z+„ground state of He2.
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potential curve to become attractive. The behavior
of the wave function for the state at smaller R is
discussed below.

B. 3Z~i (3d0, 3s)

There is a small hump of 0.0009 a.u. near R
=10.0a, . The location of this hump and the absence
of crossing states suggest that the hump arises
from the exchange interaction. The cumulative
structure projections for the state are shown in
Fig. 4. These indicate that there is little mixing of
different configuration functions for R larger than
2.75a, . Between 2.75 and 2.50a„ the dominant con-
figuration wave function abruptly changes from so.

to do. At the same separation the dominant con-
figuration wave function for the (Sso, 2p) state
changes from der to so. There is, in effect, a
crossing of two states. Ginter and Battino' have
constructed potential curves for these states from
spectroscopic data. They show the potential curves
for these two states crossing near 2.7a, . We have
interpolated the potential curves for these two
states through the region of closest approach and
find a crossing point of 2 7200 We suggest this
crossing as the mechanism for the 3 'S- 2 'P ex-
citation-transfer process.

C. 'Zg (4f0,3s)

The potential curve for this state contains two
small humps. The first maximum occurs in the
vicinity of 10a, and has a magnitude of 0.000 58 a.u.
The location of this hump and the absence of pos-
sible crossing configurations suggest that this is
also due to the exchange interaction. The second
peak has a magnitude of 0.00216 a.u. and occurs
at 4.69a,. The cumulative structure projections
for this state are shown in Fig. 5. These indicate
that the wave function consists almost entirely of
so-configuration state functions for large R. In the

vicinity of the inner hump, t)v configurations are
abruptly mixed in. This indicates a crossing of
the repulsive so configurations and the attractive
Po configurations. Thus the inner hump is simply
due to an avoided crossing. Between 4.69 and
3.0a„ the wave function retains its po character.
Near 3.0a„ the po configurations are crossed by
the fo configurations. Both of these configurations
are attractive so no hump occurs in the potential
curve. The wave function continues to be domi-
nated by the fo configurations throughout the equi-
librium region.

D. '~' (5~0.3P)

The potential curve for this state has a hump of
0.00057 a.u. peaking near 10a,. The position of
the hump suggests that it is due to the exchange in-
teraction. The cumulative structure projections,
however, indicate that the adjacent do configura-
tions are mixed into the wave function. Since the
wave function regains its Po' character at inter-
mediate values of R, this interaction cannot be
considered a simple crossing of potential curves
in the usual sense.

As R decreases, the attractive Po configurations
cause the potential curve to fall to a minimum of
0.00044 a.u. (with respect to the separated-atoms
energies) at 4.68a, . The cumulative structure pro-
jections indicate that this feature is due to an
avoided crossing with the lower (4fo, 3s) state. It
is this crossing which we suggest is primarily re-
sponsible for the 3 'P - 3 'S excitation transfer. A
second maxima of 0.001 64 a.u. occurs near 3.92a,
due to an interaction with attractive f-type config-
urations. Finally there is an abrupt transition at
3.0a, where the wave function assumes the 5/0
character.

V. DIABATIC STATES

Near the equilibrium separation, the states de-
scribed in the previous section have been charac-
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terized as Rydberg states bound to the He,'('Z„')
molecular ion core, i.e. , the A. core. Mulliken'
and others have suggested that similar states could
be constructed corresponding to a Rydberg electron
bound to the repulsive 'Z,' B core of He,'. Since
these states would be in the continuum, they could
not be determined unambiguously by the usual vari-
ational methods. However, we do find energies
lying in the continuum whose eigenvectors have
large contributions from configurations having
well-developed B cores. (Several of the FO and

GVB states of Guberman and Goddard's calcula-
tions also lie in the continuum. ') We have ex-
amined the dependence of these energies on our
basis sets for 'Z,' states.

We have calculated wave functions and potential
curves for 'Z' states using six-, thirteen-, and
seventeen-configuration wave functions. The wave
functions for these states are given in Tables III-
V. Three configurations in the six-configuration
calculation involve A cores at small R and have
energies lying in the discrete-state region. Like-
wise, six of the thirteen configurations and nine
of the seventeen configurations involve A cores and

energies in the discrete region. Some of the po-
tential curves obtained are shown in Fig. 6. The
lowest state of this symmetry, viz. , (Sjo, 2s), is
calculated in all three bases. We show the poten-
tial curve of the state to indicate the relative im-
provement in the energies resulting from the use
of the larger basis sets. The change is of the or-
der of 10 ' a.u.

The states of interest are, in each basis, the
state with the highest bound potential-energy curve
and the states corresponding to the next two higher
potential curves. In each case, there are n con-
figurations which develop A cores and have ener-
gies lying in the discrete region. However, there
are only n —1 true bound states produced. In each
calculation, the nth potential curve develops as a
normal bound state from large R to about 3.125a,.
Inside that point, it becomes repulsive and rises
into the continuum, crossing the He,' curve near
2.88a,. Note that the three potentials for the nth

TABLE IV. Thirteen-term wave function for ~Z~+

states.

0'&3 =C i[is,'2s~(ls& ls&)] +C 2[ ls,' 2p «(ls& ls&)]

+C3[lsa 3sa(ls& ls&)] +C4[lsa 3p pa (1s~ ls~)]

+C 5[ isa 3 dpa (lsd 1s~)] +C8[ isa 4sa (lsd lsd)]

+Cols,' 4p«(iss lsq)] +Cg iss 4d«(1st, lss)]

+C &[is,' 4f«(is siss)] +C &g iss 5s~ (lss ls &)]

+C ff[ 1 a 5p p a(lsd ls&)] +C ~2[ isa 5 dpa (lsd lsd)]

+C &)is,
' 5fOg(is& 1s&)]

Orbital exponents

ls
ls
2S
2p p

3S
3p o

3dp
4s

1.687
2.000
0.309 561
0.550 676
0.320 241
0.335 467
0.334 027
0.265 964

4p
4do
4f
5s

5pp

o

5fp

0.358 822
0.275
0.250
0.200
0.200
0.200
0.200

TABLE V. Seventeen-term wave function for 3&~

states.

s f f C f[ls,' 2ss (is& is&)] +C 2[ is~ 2p «(ls& ls& )]

+C3[lsa 3sa (1s& 1s&)] +C4[lsa 3p oa (ls& 1s&)]

+C([lss 3dos(lsg lss)] +Cols~ 4s~ (iss iss)]

+C 7[is,' 4p «(is& ls~)] +C g lss 4d«(ls& ls&)l

+Cols,'4f«(lsd lss)] +C &)is,' 5s, (lss 1st, )]

+C(([ls,' 5p0, (lss lsd)] +Cia ls,' 5do, (lss lss)]

+Cog 1s+ 5fo+ (is& 1s,)] +C «[ iss 5Z«(ls& ls&)]

+C~5[lsa' 6ppa (1st, 1s~)] +C&6[lsa 6fp, (lsq 1s[),)]

+C &)is,' Bh«(lss iss)]

state in each calculation are very similar for
small R. This suggests that the nth-state wave
function does not mix strongly with configurations
containing larger orbitals and that it is adequately
represented by the configurations used in the six-
configuration calculation.

ls
1S
2S
2p p

1.687
2.000
0.500
0.550 676

3s
3P p

4s
4pp

0.320 241
0.335467
0.265 964
0.358 822

TABLE III. Six-term wave function for ~~ states.

4'6=C&[lsa 2sa (1s~ 1s~)l +C2[lsa 2p oa (ls~ls~)]

+C &[ isa 3sa (1s~ 1s&)] +C 4[ isa 3p p, (ls[),lsd)]

+C5[ls,'4s, (is& lsb)] +Cg lss 4P «(lsqlsq)l

Orbital exponents

ls
1S
2s
2p p

3S
3p p

3dp
4s
4po
4do

1.687
2.000
0.500
0.550 676
0.320 241
0.335 467
0.334 027
0.265 964
0.358 822
0.275

4f p

5s
5pp

o

5fo
5gp
6pp
6fp
6ho

Orbital exponents

0.250
0.200
0.200
0.200
0.200
0.200
0 ~ 1666
0.1666
0.1666
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We have also calculated potential curves corres-
ponding to configurations based on a pure A. or B
core. The configurations used in these wave func-
tions were formed from products of excited STO's
on both nuclei and a single-configuration valence-
bond representation of the pure A or B-core
state. In Fig. 6, the curve labeled "B core" indi-
cates the lowest potential curve obtained from the
calculation using only the B-core configuration.
The lowest continuum A-core-state potential is
also shown.

The valence-bond wave functions in the crossing
region are dominated by configurations containing
small excited s and p orbitals and are similar to
the B-core wave functions in this region. This and
the similarity of the potential curves makes it ap-
pear that there exists a diabatic state which cross-
es the ion curve in this region. Using the ion-core
adjustment procedure previously described, we
find the energy of the crossing point to be slightly
above the energy of the O'D atomic state.

VI. INELASTIC COLLISIONS

A. 335~2 P excitation transfer

Bennett, Kindlman, and Mercer' have measured
total inelastic cross sections for a number of ex-
cited states of helium. For the 3'S state, they re-
port a cross section of (2.1+0.5) &&10 "cm'. They
interpreted their results to mean that a single ir-
reversible collisional-deactivation process was
responsible, and they suggested associative ioni-
zation. However, Wellenstein and Robertson' have
since reported 0.01&&10 "cm' as an upper bound
for the associative ionization cross section from
the 3 'S state. They also found no measurable
cross sections for the endothermic excitation-
transfer reactions 3 'S- 3 'P and 3 'S- 3 'D. How-
ever, their upper bound on the total collisional-
deactjvatjon cross sectjon was B.p x10-~6 cm2.

We suggest that the cross section measured by
Bennett, Kindlman, and Mercer for the deactiva-
tion of 3 'S actually corresponds to the transition
O'S-2'P. This is consistent with the results of
Wellenstein and Robertson. The absence of a
measurable cross section for excitation transfer
from O'S to a higher n =3 level for thermal col-
lisions is easily understood in terms of energy
considerations. In the interaction between a, 3 'S
and ground-state helium atom only Z states arise
and there is no likely mechanism for excitation
transfer among the 'Z,' states since there are no
avoided crossings between the (4fo, 3s) state and
lower states. Among the 'Z„' states, however, the
interaction between the (3do, 3s) and the (3sa, 2P)
states discussed above does seem favorable for
excitation transfer. The large energy separation
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FIG. 6. Comparisons of potential curves obtained
from 6-, 13-, and 17-configuration calculations. Curves
are given for the highest and lowest bound states and the
lowest and second-lowest continuum states. Also shown
are the lowest continuum curves obtained in 6-configura-
tion calculations which involve pureA and B cores, so
labeled. The Z+„ground-state He 2 curve is also given
for comparison.

between the 2'P and O'S states insures irreversi-
bility of the proposed rea.ction.

We have calculated inelastic cross sections for
this transition using the Stueckelberg-Landau-
Zener" (SLZ) approximation. The interpolated
minimum energy separation between the adiabatic
potential curves is 4.9X10 ' a.u. at A=2. 71a,. In
the two-state approximation, the coupling matrix
element equals half the separation of the adiabatic
potentials at the position of minimum separation.
Dependence on the coupling is illustrated by arbi-
tra, rily scaling the matrix element by a parameter
f. Diabatic potential curves were constructed by
interpolating between the ab initio adiabatic poten-
tial curves. The difference of the slopes of the in-
terpolated potentials was 0.0096 a.u. a, '. We be-
lieve the SI Z approximation to be valid in this
case."

In the description of the (3', 3s) state, we noted
the presence of a small ba, rrier in the potential
curve. In addition to preventing the 3 'S- 2 'P re-
action for relative energies much below the peak
value, the hump causes the truncation of the par-
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tial-wave expansion due to the rapid rise of the
usual centrifugal barrier in the hump region. We

have accounted for quantum-mechanical barrier
penetration by multiplying each partial cross sec-
tion by the appropriate WKB transmission coeffi-
cient. In general, only one or two partial waves
greater than the largest one allowed classically
contributes to the cross sections. This is due
more to the width of the barrier rather than its
height. The barrier height was ta,ken with respect
to the potential at R =15.0a, . This reduces the
barrier to 4 x10 ' a.u. (0.0109 eV). We have also
calculated cross sections with the barrier re-
moved. For both cases, the cros s sections have
been calculated for several values of the interac-
tion matrix element in order to illustrate sensi-
tivity. The results of these calculations are shown
in Fig. 7.

There are several general features of these
cross sections which are not dependent upon the
exact values of the theoretical parameters. The
cross sections computed without the barrier in
the potential curve rise monotonically as the en-
ergy is decreased. When the barrier is introduced
into the calculation, the cross sections are reduced
due to the exclusion of the larger partial waves for
which the Landau-Zener transition probability was
the greatest. These results do indicate, however,
that experimental studies of the inelastic cross

sections as a function of temperature could be
quite useful in determining the height of the ba, r-
rier. The temperature dependence of the total in-
elastic cross section for the O 'P state has recently
been studied by Hunter and Leinhardt. " They
found that the cross section increased at very low
temperatures (-22'K). The theoretical description
of excitation transfer from the O 'P level is, how-
ever, complex and subject to more uncertainty
than the collision processes dealt with here. The
relative simplicity of collisional processes origi-
nating from the O 'S or O 'S states would make the
temperature dependence of these states particular-
ly interesting.

B. 3 P~3 S excitation transfer

The velocity-averaged cross section for O'P
-O'S ha, s also been measured by Wellenstein and
Robertson. ' There does not seem to be a mecha-
nism for this reaction among the ungerade molecu-
lar states. In the 'Z,' system, however, there is
an avoided crossing between the (4fo, 3s) and

(5Po, 3P) states near 4.75a, . The interaction be-
tween these two states in this region is probably
responsible for this transition. There is another
avoided crossing of these same adiabatic states
near 3.0a, . However, the large hump in the (5PO,
3p) potential near 3.75a, may prevent transitions
occurring in this region from leading to excitation
transfer.

5o.o— C. Associative ionization
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FIG. 7. Total inelastic cross sections for the 33S—23/
transition (via 3Z+„states) calculated within the SLZ ap-
proximation are given as a function of energy. Hesults
are illustrated for several values of the coupling-scaling
parameter f, with and without account of the potential
barrier. The experimental result of Bennett, Kindlman,
and Mercer (Ref. 2) is also shown.

The second collisional process to be considered
is associative ionization. The most recent and de-
tailed experimental investigation of this reaction
is that of Wellenstein and Robertson. ' They report
associative-ionization cross sections of (1.6+0.1)
and (4.5 +0.5) x10 "cm', for the 3 'P and 3 'D
states, respectively. They could only place an
upper bound of 0.01 A' on the cross section for
the O 'S state and suggested that in fact the cross
section may be zero. While we are not able to
provide a detailed mechanism for this reaction, we
can suggest a possible reaction path, and eliminate
other states from consideration.

In the previous section we examined several
different representations of the repulsive 'Z,' con-
tinuum states and found a "stabilized" energy in
the vicinity of the crossing point. Quberman and
Goddard have reported a 'Z,' state with simila, r be-
havior. Our 'Z' continuum curve, the He,' ion
curve, and the curves corresponding to the three
adiabatic states are shown in Fig. 8. All potential
curves have been modified by the ion-core adjust-
ment procedure. The continuum potential curve
represents an average of the three valence-bond
curves shown in Fig. 6. The location of the point
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FIG. 8. Possible "diabatic" path (dashed curve) pass-
ing through the He2 Rydberg-state curves which would

provide a mechanism, via avoided crossings, for asso-
ciative ionization from the n =3 states of He.

at which this curve crosses the ion curve is un-
certain by about 10 ' a.u. However, the crossing
does appear to be in the vicinity of the v =4 vibra-
tional state of the ion.

The UVellenstein-Robertson results' indicate that
collisions between ground state and both 3 'P and
3 'D excited-state atoms can result in associative
ioniza. tion at thermal energies. It is clear from
the potential curves that the (5fo, 3d) state cannot
be involved in the mechanism at intermediate A',

unless higher configuration interactions greatly
reduce the hump. However, this state is mixed
with the (5Po, SP) state at large R and this coupling
allows transfer to occur from (5fo, Sd) to (5/v, SP).
As A becomes smaller, the trajectory may be de-
termined by the (5Po, Sf') adiabatic potential into
the region of the peak in the curve at 4.0a, . In this
region it is strongly mixed with other electronic
states, in particular (4fa, 3s), and eventually with
the diabatic state which carries the system into the
ionization continuum in the region of v =4.

In the case of the 'Z„' states shown in Fig. 1,
there is no obvious mechanism for associative
ionization involving the (Sdo, Ss) state The la.rge
barrier in the (4', SP) curve at intermediate 8
makes it somewhat unlikely that these states are
involved in the associative-ionization mechanism.
Nevertheless, if smaller barriers were found in

a more precise calculation, the mechanism in-
dicated for the 'Z,' states should certainly be con-
sidered for the 'Z„' states as mell.

There are a number of other adiabatic states
which correlate mith the 3 'D and 3 'P atomic
states. The potential curves for these states are
either included in previous sections or may be in-
ferred from the rules for the behavior of the major
configuration-state functions from which these
states would be constructed.

Tmo 6 states may be formed from the 3 'D sepa-
rated atom state. The '~„(Sd5, 3d) curve should be
purely attractive and would not be expected to in-
teract strongly with any other molecular states of
'A„symmetry, since none lie below it. It may,
however, interact with 'H„states through angular
coupling terms. This interaction would result in
excitation transfer to the 2'P state, but would not
be expected to lead to associative ionization. The
'', (4f5, 3d) curve is initially repulsive at inter-
mediate R, due to the repulsive core, and it prob-
ably does not couple strongly with any other molec-
ular state in thermal collisions.

Four H states arise from the 3 'P and 3 'D atom-
ic states. The 'II, (SPv, SP) curve is purely attrac-
tive and should cross the 'Z,'(4f'o, 2f&) curve. There
may be a. small angular coupling between these
states which could result in excitation transfer;
however, any contribution to associative ionization
seems unlikely. The 'II, (4Pv, Sd) curve should have
a hump at intermediate internuclear separations
which would prevent its coupling with other states.
The 'H„states are shown in Fig. 3. A mechanism
for excitation transfer from 3 'D to 3 'P clearly
exists. However, the la, rge separation of the
(4dv, Sp) state from adjacent states, and the hump
present in the (5d', 3d) curve probably precludes
any direct contribution to associative ionization.
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