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POTENTIAL CURVES AND INELASTIC CROSS SECTIONS

" FOR LOW ENERGY COLLISIONS OF 0% AND He'

by

S. D. Augustin, W. H. M111er
- Inorgan1c Materials Research Division, Lawrence Berkeley Laboratory

and Department of Chemistry; Un1vers1ty of California,
Berkeley, California 94720

and

“P. K. Pearson and H. F. Schaefer I1I"

Nuclear Chemistry D1v1s1dn, Lawrence Berkeley Laboratorv and
Department of Chemistry; University of Ca11forn1a, Berkeley
California 94720

ABSTRACT

-Potential curves corresponding to all the vaTence statés of HeO"
have been calculated with a minimum basis set and full configuration
interaction. The principa]-inelaétic process in low energy collisions
| Qf.ground state He and 0' is seen to be the 4S'+IZD éxcitatioh of 0+,
the transition arising from a spin-orbit interaction‘at a crossing of

4 and %I states of He0', Much more accurate calculations

the lowest
" were thus carried out for these two states, as well as a semié]assica]
caléulatfon of the cross section for He + O+(4S) > He + 0+(ZD). The
cross section has no activation energy other than its energetic threshold

(3.3 eV) and rises to a maximum of - 8.6 x 1073 AZ at ~ 6 eV. There is
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a residual osci]]atory'structure in the energy dependence of the cross
section, and it is shown how experimental observation of this could‘be
used to obtain precise information concerning the relevant potential

curves.
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I. Introduction

To theIEXtent that one can determine reliable potential energy

- curves for the low-lying electronic states of diatomic molecules, the

problem of electronic transitions in Tow energy atom-atom collisions is
to a large degree a solved pfOb]em. The reason for fhis is that at
low collision energies ( ~ 10 eV, say) curve-crossings effective]y
dominate the picture (i.e., a particular transition ﬁas an appreciable

cross section only if it can take place via a curve crossing), and the

“two-state atom-atom curve-crossing problem was essentially solved 40

years ago by Landau, Zener and Stuckelberg] 4.

This paper reports calculations of the e1ectron1c potential curves
that correspond to valence states of the HeO system, i.e., all the
diétomic poténtia] curves that arise from the ground states of He and
1

S

He*, the %5, %0, and %P states of 0%, and the %, 'n_, and

"states of 0. Section II describes these ca]cu]at1ons and d1scusses a

‘number of qua11tat1ve pred1ct1ons that can be made about the Tow energy

collision processes simply by exam1n1ng the potential curves themselves.

The principal ine]éstic process at low energy abpears to be

he(1s) + 0 (%) > ne('s) + 0¥y, (1)

‘, the1re1eVant potential curves being‘coupled by a spinedrbit interaction.

| Section III thus presehts a calculation of this inelastic cross section

as a function of initial collision energy; there is no activation energy

necessary for the transition, the cross section rising from its threshold

) o ‘
at 3.3 eV to a maximum of ~ 8.6 x 1073 A2 at . 6 eV and then falling off

slowly at higher-energy in the typical Landau-Zener fashion. There is a
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residual oscillatory structure in the energy dependence of the cross
section, and Section III shows how observation of this could be used
to determine precise information about the lowest 42 and %I poential

curves.

1. Potential Curves

A. Method of Calculation.

The total energy as a function of internu¢1ear'separatipn‘was

5, thus

calcu]atedeifh a configuration interaction computer program
| including e]éctroh correlation in the wavefunctions. Two sets of poten-
tia]{curve'calcu1ations were.carried:out: first,.a_get of minimum basis
full CI calculations on several states provided a rdugh picturé of the
sys;em; then, far more elaborate ca]Culationé wére‘pérfOrmed on a few

states which seemed interesting in the simpler calculations.

The minimum basis calculations included 13 of the 14 states arising

from the 6 Towest states of the sepafated atoms (3'states for separated
He»and'0+, 3 for separated’He‘+ and 0). The basis set included, on-

oxygen: 1s (z = 7.655), 2s (z = 2.295), 2p (¢ = 2.317); on helium:

1s (z = 1.840). The orbital exponents are averageé»of the corresponding

optimized g's for the atoms and the ions, an admittéd]y crude procedure,
but presumable adequate for the rough picture desifed, Because of.the.
small baéis_set; the calculated wavefunctions were cénstrutted from.
very few configurations, the exact nuhber fanging-from 4 tb 24. Thése
preliminary_ful] CI calculations are ana]ogbus to those carried out by
Schaefer and Harris6 for the oxygen‘molecuie;

The more elaborate calculations used a basis set of 6s, 4p, and 1d

\_«’_1
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Slater functions on oxygen, 3s and 2p-typé orbita]é_on,hélium, contracted
into 140 and,ﬁo molecuIar orbitals, as shown in Téb]e£1. The 42”,
%I; and %I states were studied'with this basis set.

Since full cOnfigu;ation interactionvcalculations with this many
Orbifals would have required a formidable number éfrconfigurations in
the wavefunction, we restricted ourselves to "firétforder"'wavéfunctions7,
composed of restriéted sets of configurations. The_configdrations'included

in a first-order wavefunction are:

i) all configurations in which only va1ence orbita1s'are occupied
(10, 20, 30, 40 and 17 in this case), and

ii) all singie excitations from the configurations in part i).

-

For a further reduction in the numbér'of,configurations, we restricted
the 1o orbital to be doubly occupied except for single excitations from

the reference configuration. (In the case of the %I state, there are

two reference'configurationsg,»name?y 1022023021n3 and 1022023024021n.'A11

"singlés-from both Were_includéd;) Configurations in the 42--first-order
wavefunction are tabulated in Table II. For the‘42‘ state 209 configur-
ation were included, for 41 417, and for % 265. |

Each calculation began with‘a self-consistent-field (SCF) stage to
proyide reasonable starting orbitals for the later first-order state.
, SCF orbitals were obtained by performing natura14orbita1 iterations on
: ~the anéfunctfon composed of the reference configuration(S} and all single

4

excitations therefrom. In the 'y~ and 11 cases, a short Heo'™ calculation

folldwed‘the SCF stage to rotate the SCF orbitals into a consistent order.’

Finally, natural orbita]-interations]o Were performed on the first-order
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- wavefunction until the energy impfovemeht from one iteration to the next
fell below a threshold of 10"5 hartree. The resultant energies are
presented in Table III.

B. Qua11tat1ve Observations.

Flgure 1 shows the potent1a1 curves for a]] the valence states
of Heo® (su1tab1y sh1fted vertically so that the d1SSOC1at1on limits
1
.

correspond to the experimental atom1c energy 1evels S1mp1y 1nspect-

ing them leads to a number of qualitative predictions concerning the
poss1b1e Tow energy co111s1on processes. _
(1) For collisions of the He ‘with ground state ot ( S) the principal in-

2,

‘elastic transition should be exc1tatjon of the “D state of Of,

te + 0'(%) > He + 0*(%D) . T (2)

4 and %I'states occurs just below the

Since the‘re]evantvcrossihg'of the
| asymptotic Timit of the %I curve, there should be no activation energy"
for this transition (other than the 3.3 eV threshb]dfenergy itself).

(2) The 2 state of 07 should be readily quenched:by collision with He,
the inverse transition of Equation (2), wherees the}?P state shouid-not
be. _ | v o

(3) ‘Low energy collisions of He w1th ground state 0( P) should Tead to

2

charge transfer exclusively into the P state of 0

het + 0%) > He + 0¥ (%), | j | (3)

and there should be little if any activation energy for this transition.
(4) The ]D state of O should be readily deactiveted.by He' to ground

state 0,



het +0(T0) > wet v 0% | B @

“(5) Theu]S state of 0, on the other hand, should be quenched by Hé+

only -via a charge transfer process leading exclusively to the 4P state
of ot (of the va]enCe-exCited configuration 252p4),
ey o one w othey . \
He" + 0 S) + He + 07 ( P). | (5)

ITI. INELASTIC CROSS SECTIONS

Th1s sect1on d1scusses the calculation of the inelastic transition

.ré]ated to the crossing of the lowest ZH and 42 potential curves, i.e.,

Equation (2). The semiclassical Landau-Zenef—StUcke]berg (LZS) Theor‘yl'4

is ideally suited for thfstUrve crossfng‘problem; the only tricky ‘aspect
of the éa]cu]ation‘being the determination of théHSpin-orbit coupling

af the croésing pbint. First we summariie‘the appropriate cross section
fOrmuTae, then estimate the spin-orbit coup]ing;;and finally present the
results of the cross section for the transition.in Equation (1).

A. Summary of LZS Expressions.

The cross section for the 1+ 2 electronic transition is given

where P2 *_](b E;) 1s the transition probability as a function of 1mpact

_'parameter b and 1n1t1a1 trans]at1ona1 energy E] If the transition is

B dqminated by a single, well-defined curve-cross1ng,'then the LZS

approximation gives the transition probability as

P2 T B - ) ang i) . - (7)
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In Equation (7) 6§ is the imaginary part of a classical action integral

'+ _ '
26 = Im f dr [kz(r) - k](r)] R - (8)
r. . ' :
where kz(r) and k](r) are the local momenta on the édiabatic, or diagonal- v

ized potential curves
ky(r) = {2ulE < W (r) - EpZP 2 Em , (9)

and'r+ are the two complex crossing points of the adiabatic potentials,

i.e., the roots of the equation.
r) =(r) 5 - o
r, and r_ are complex conjugates. The adiabatic.pofentials wi(r) are

the eigénva]ues of the 2-by-2 matrix

Ve V)

V() V() | . | (1)
where Vi(r)'gre the 42 and ZH potentfal curves and~V]é(r) is the spin-
orbit codp]ing between'the$e two states. [An illustration of the con-

' fuéion in the Tanguage fé]ated to the‘curve-crossingvproblem is the fact
that the Born-Oppenheimer 42 and 2vaote‘ntial éurve§, which are ordinarily
. referred tp as'"adiabatic" curves, are in this céSe,the "diabatic" curves
~ which actually cross.]

- The variable z in Equétion (7) is related to the difference of the
'c]assical action infegrals on the potentials Ni(r)_ffom fheir respective

classical turning points to the crossing point:

2= 20, - o 2)




N

where
‘l'-f drk(r)-f dr ky(r) , - (13)
r-l r2 : :
with r. = Re(r). The usual form of Equation (7) [cf. Stucke]berg3]

0
corresponds to use of the asymptotic form of the Airy function, whereby

4n21/2'Ai2(-z) > 4 sinz(%-+ T) 3 B : ‘ (14)

~ use of'the)Airy function form in Equation (7) makes the expression

~‘applicable even for small t (i.e., when the crossing point is close to

the turnlng po1nts) where the usual result is invalid.
For the present app11cat1on 1t 1s not necessary to employ Equat1on
(7) 1n its fu]l genera11ty as summar1zed above. Since the spin-orbit

interaction is so weak (~10° eV) for example, Equat1on (8) effect1ve1y

'reduces to -the usua1 Landau- Zenar _pprox1mat1on

25 = %% , ]2(r )' , R (15)
o lV1 (r0 - V (rg )l '

where V]Z(rb) is the spin-orbit coupling and Vo the velocity at the
crossing point r,, the value of r for which V](r) = Vé(r) Similarly,
the action integrals -in [Equation (13)] can be eva]uated using the |

potential cUrVes Vi(r); i.e., Wi(r) [W,(r)] can be replaced by V,(r)

e _[V](r)] in Equat1on (9). It should be noted, hoWever, that this Landau-

Zener approx1mat1on to Equation (8) is va11d only because of the very

weak coupling, and it would typically not be valid for a strong]y "avo1ded

_intersectidn“ of two Born-Oppenheimer potential curves of the same

- symmetry.
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Although the}Landau-ZEner approximation in Equatibn (15) is valid
in'the preseht case (as was verified computationally), the other Landau-
.Zener apbroximation indicated by Equation (14) causes a noticeable change
in the magnitude of the calculated cross section. The reason for this
is that the weakness of the spin-orbit interaction causes the most
significant impact parameters to be those for which the crossing point
~is close to the tﬁrning points - precisely the situation for which the
approximation in Equation (14) is poorest. o

B. Estimation of the Spin-Orbit Coupling.

A rigorous calculation of the spin-orbit coupling between the
~ two molecular states would be a substantial project in it§e1f12, but a
reasonable estimate can be made quite easi]y]3 by'using information from
atdmicvSpin-orbit interactfons. | |
Quite brief]y, one assUmes‘the molecular spin-orbit Hami]tonian to

be a sum of terms related to éach of the nuclei separetely,
_ e L2 . v S )

where riN'is the distance from electron i to nucleus N, and for purposes
of estimating the matrix element of this operator one writes the Wave-

functions in terms of individual atomic states. Our 45 wavefunction at
the croésing point, for example, had one dominant configuration, corres-

ponding to the ground state of He and the 45 staté,of.0+,
a7

2

.JThe l state, on the other hand, involves three significant atomic

\3



-effective centra] force interaction

'3'atom1c sp1n orb1t sp11tt1ngs, but for the 2p

order sp1n-orb1t sp11tt1ngs van1sh

-1-
components at the crossing point,

2 N . |

|12 (18)

n .
- 0.338[ S *uel D372 >t

In'constfucting the matrix element of the spin-orbit opérator‘between

these two wavefunctions one furthermore neglects overlap between orbitals

vcentered on different nuclei. Since all the wavefunctions contain on1y

the ]S state of He there is no contribution to the sp1n-orb1t coup11ng

related to th1s center, and one thus obtains

.
S3/2

. 21, (4
Vis <}H|HSO| T >= 0, 631 < P3/2|H |

: +
, 4 , 04
+ 0.668 < 05/2|H50| S3/2 > - 0.338 < D3/2]HS°| S3/2 > »

.

where H0 is the atomic spin-orbit operator for 0" alone. The atomic
’sp1n orb1t 1nteract1on between 45 and 2D states of O is zero, however,
so that this becomes |
Voo = 0.631 < 2. I, | s L (19)
12 ) : 3/2 3/2 : : | 7

The spin- orb1t matr1x e]ement connecting ‘?P3/2 and 433)2 states '

of the 203 conf1gurat1on is equal to ¢z , the 2p rad1al 1ntegra1 of the
14

é T dr:rz 2p(r)2,50g(r)

0

In most cases it is poss1b1e to determ1ne the va]ue of ¢ from the

3 conf1gurat1on the first

14

By not1ng, however, that the ¢ values
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1 1 1

, 202.cm ', and 153 cm ',
1

~ for 0+3(2p]), 0+?(2p2), and O(2p4) are 256 cm
respectively, one can interpolate and obtain a value of 168 cm ' for
0+(2p3). The spin-orbit interaction connecting the»4£ and 2 states at

“the croSsing point is thus estimated to be
Vy, = (0.631)(168 cm™') = 106 en™' (20

which should be fe]iab]e to within 20% .or so.

C. §e§u1ts.

Figure 2 shows the cross section for-thea4S > 2 excitation of

0" as a function of initial collision energy, as cé]cu]ated frpm
: Equations (6)-(7), with z and & given by Eqdatioﬁs (12)7(13) and (15),
vrespectiVe1y; as noted in Section'IIIA, there is no loss of accuracy for
~ the present applicatibn in using this Landau-Zenéf approximatiqn for 6.
If the additioﬁal approximation in Equation (]4)'55 made, however, the
' reﬁu]ts in Figure 2 are increased uniformly.by_~’20%;

The dsci11atory structure in.the'crpss sectidn in Figure 2 is a
remnant of the oscillatory nature of Py +’](b,E1)§ Thus if the approxi-

mation in Equation (14) is made, and one in addition replaces sinz(%-+ T)

by 1/2 - i.e.,
an2 /2 pi%(-z) » 2

- the oscillations in(é « ] versus E] disappear.
" To understand the nature of thiévoscillatofy structure in the
energy dependence of the cross section the fo]]oang analysis is useful.

With the approximation in Equation (14) the cioss-SeCtion»is given by ‘
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o « 1(E7) = 2 S db b Py o (b)) 2 sin[F+ <(b)] (21)
where
P, q(bsE) =271 - )

2«1
is thevphase'avéragéd transition probability.

~ Since
2 s{nz[%~+.r(b)] ;;1 + ;infét(b)] o
vKuatibn (215 bécomes | |

.where the non- osc111atory part of the cross section is the usual Landau-

Zener resu]t
o(E]) = zn g db b Py _ (b.Ey ), |
..ahd.the oscillatory part is given by
so(Ey) - 2n£ db b ﬁé'+ 1(b,E;) sin[2t(b)] e (23)

For purposes of estimating Ao(E ) the 1ntroduct1on of the approx1-'
mat1on in Equation.(14) is not too ser1ous, for the dom1nant region of
b that contributes to the 1ntegra1 in Equat1on (23) 1s_b ~ 0 where
r(b) is large and Equat1on (14) valid. Expandingsthé_integrand of

o Equat1on (23) about b 0,

Ao(E]) é 2#-5 b b Eé « 1(0.E;) sinf[21(0) Far (0]
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-gives the desired result:
Cpol(E)) = -5 P, ](o,E])'[T-A(o)]'Z sin[2t(0)] . (24)

Equation (24) does not predict thelmagnitude of the oscillations in
0y ](E ) particularly well, but it describes the frequency of the

A osc111at1ons in Figure 2 essentially exact]y Obéervation of.these
osc111at1ons in the energy dependence of the cross sect1on WOuld thus
determ1ne.the energy dependence of T at zero 1mpact parameter; i.e.,

TO(E), which is given by

T,(E) = f dr {2u[E - Vz(r)]/h2}1/2
Y‘Z . .
- f dr’ {zu[E -V, (r)]/h }1/2 ’ . (25)
N ‘ N

would be an experimentally known function. An RKR-Tike integral trans-
form of this function could thus be used to give definite information
about the Crossing‘potential curves. Proceeding in-the usual fashidn15;

one obtains the following result:

ri(E) - rp(E) = ry(0) - ryl0)

._( 2)1/2 EdE' '(E')(E B')” 1/2 ‘. o
'2— 0 TO - ) o ’ (26)

r](E) and ré(E) being'thevclassiea].turning points for b = 0 and enengy
E on potential curves Vj(r) and Vz(r), respectively. Equation (26)
pertains as written to the case that the position of the crossing pofnt
is below Vz(m) the asymptotic value of the excited state. If the

cross1ng po1nt is above this value, then the resu]t becomes



-15-

R o 2 V2E
Y‘](E) - rz(E) = Tn'(‘z"ﬁ) 6 dE. To (E')(E - E)

. o
Vo being the common value of V.I and V2 at the crossing point.

']/2 . (26')

Observatioh of oscillatory structure in d, ;»1(E]) wouldAthus be
a valuable piece of information in obtaining precise knowledge about the
potential cufveé 1nv61ved in the transition. Equations (26) and (26').
show specifica]]y what this information is, nameiy fhé lateral distance
between pointS,on the potential curVe§ V](r) and Vz(r) that'correspohd

to the same value of the total energy.
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- TABLE I

Exfended'Basis‘Set of Slater FunctionS”for HeO+

Q;ygenACenféfed'Functions
I | 1s st 2s
s (g = 13.328)2 0.03814 -0.00310_ - -
1s (z = 7.616)° 0.93888 -0.23613 -
2s (¢ = 5944)a _ 0.04195 -6.15723 -
2s (¢ = 4.283)° - - 1.0
25 (¢ = 2.562)3 - - .
2s (¢ = 1.758)a, - - -
| a 2p 2p" 2p"
2p (z = 8.450)° 10.01278 - -
2p (¢ = 3.744)° 0.25334 ) ]
2p (¢ = 2.121)° - 1.0 -
2p (= 1.318)° - - 1.0
: , 3d
3d (z = 2.0)¢ 1.0
He]ium-Centefed Funétidns |
| : 1s 1s! 1s"
1s (g = 2.906)° 1.0 ; ;
s (= 1.453)° - 1.0 .
1s (z = 0.9)° - - 1.0
| "> 2p 2p'
b(;=3ﬁf 1.0 -
2p (z=1.5)° - - 1.0
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TABLE 1 -,References' -

3 Functions taken from E. Clementi, Tables of Atomic Functions, a

supplement to IBM J. Res. Develop. 9, 2 (1965).

b Funétions,taken from P. S; Bagus and T. L. Gilbert, Argonne National

Laboratory Report ANL-7271, January 1968.

€ Functions chosen in the present work.
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TABLE II

45 heot

Configurations Included in the First-Order WavéfuﬁctiOn of

Excitation

2, 2 2

10" 20

392401

46 + no (n = 5,...,14)
ic =+ 8¢ (i = 1,2,3)

+ No

]ﬂ'*m (m 2-900736)

j02 + 4ono (j_? 2,3)

lmmm -

2030-+4on§'
-+ Tmmmw

jodo+ 1

jolo +4omm

Number of
Occupancies

1

10
3
30
S
20
10

10

0
10

: Number.of_42' ' i,
Configurations

10

90

20
10
30
20
0

et
o

209
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© TABLE III

5

Calc‘ulated.Energies for the ZII,' and 41 states of Heo

R(Bohrs) | 42_" zﬁ o 4
1.5 -76.60552 -76.99118 -76.32981
2 -77.04583 -77.1275 -76.71622
2.25 -77.14154 © -77.13933 -76.78539
25 -77.19701 _77.13964 -76.81741
3 -77.24736 -77.13133 -76.83405
3.5 -77.26323 -77.12921 -76.83357
4 -77.26759 -77.12968 -76.83260
-77.26833 -77.12938 -76.83214



FIGURE 1:

'FIGURE 2:
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'FIGURE CAPTIONS

Potential curves arising from the valence states of He and o*, |
‘and,Hef and 0, shifted vertically so as to match the known

~atomic energy levels at infinite separation. The dashed

cruves are the results of the more accurate calculations, as

" discussed in Section IIA.

s . . e | +,4., +,2.\
The inelastic cross section for He + 0°('S) ~ He + 0" (D),
as a function of initial collision energy; The method of

véalculation_is described in Section III,
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




- e

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





