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* Penning Ionization of H2 'by. He : 

LBL-6083 

* Calculation of Anomalous Structure in the Singlet Interaction Potential 

* ** A. D. Isaacson, A. P. Hickman and W. H. Miller 

Department of Chemistry, and Materials and Molecular Research Division 
Lawrence Berkeley Laboratory, University of California, 

Berkeley, California 94720 

1 2 
Recent experimental measurements ' of Penning ionization of several 

1 species, H2 being one, by the singlet metastable state of helium (ls2s S) 

have indicated that there is a relative maximum in the interaction potential 

(cf. Fig. 1). This is somewhat mystifying since experiments with the 

triplet state of helium (ls2s 3s) do not imply interaction potenti~with 

such a structure. If the "inner well" is thought to arise from an avoided 

. + -
crossing with the ionic state He -H2, for example, then it is not clear 

why it should affect the singlet interaction potential and not the triplet. 

Hickman, Isaacson, and Miller3 have recently reported large scale 

configuration interaction calculations for the interaction potential of 

* 3 triplet He (ls2s S) and H2 (and also the "width" of this state with 

respect to autoionization) which was used to compute cross sections f.or 

* + -the Penning ionization reaction He + H2 ~ He + H2 + e , etc. Related 

4 calculations have also been carried out by Cohen and Lane (see also Preston 

. 5 
and Cohen ), but the interaction potentials were obtained from a much smaller 

(i.e., valence bond) configuration interaction expansion and also involved 

a single center approximation for H
2

• Rate constants computed with both 

f h i 1 . 1 3, 4 b 11 h 1 o t ese tr p et potent1a s agree reasona ly we wit experimenta 

6 results, although the potential obtained by Haberland by fitting his 

molecular beam differential cross section measurements agrees mu,ch better 

1 
\ 
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3 with that of Hickman et al. • None of these triplet potentials, theoretical 

or experimental, show a relative maximum: Also, the anisotropy of both 

3 4 
theoretical triplet potential energy surfaces ' is quite small, so 

that most aspects of the scattefing can be analyzed by taking the 

interaction to be spherically symmetric. 

This.Communication reports our calculations7 for the singlet He*-H2 

potential energy surface. Figure 1 shows that the potential curve for a 

perpendicular (c2v) approach does have a relative maximum while that for a 

collinear (COOV) approach does not. This singlet potential surface is 

much more anisotropic than· the triplet one, 3 however, so that the effective 
rz 

spherically symmetric pbtential (cf. Fig. 1) which Haberland6 obtained·by 

fitting to his experimental data bears no simple relation to the true 

potential energy surface. It is interesting, and perhaps significant, 

that the height of the relative maximum of our c 2v potential is approximately 

the same as that of Haberland's6 effective potential, but a meaningful 

comparison between theory and ~xperiment must await scattering calculations 

with the full anisotropic potential energy surface. These are in progress. 

Th'e physical origin of the structure in the singlet potential appears 

(from a preliminary analysis of our wavefunction) to be due to interaction 

* 1 between the two states that dissociate to He (ls2s S)-H2 and to 

* 1 He (ls2p P)-H2 : for internuclear distances beyond the relative maximum 

the outer electron of helium is in essentially a 2s orbital., while for 

internuclear distances shorter than the relative maximum it is in an 

orbital roughly characterized as a 2s-2p hybrid. (The fact that the structure 

appears for c2v geometry and not c indicates that it cannqt be due to inter-oov 
action with the ionic state + -He -H2 , because in c2v the singlet and ionic 

I •· 
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states are of different ,symmetry.) This same .~ffect is seen in the · 

8 interaction potentials computed by Slocomb et al. for the states 

arising from He(ls 2 1s) and H(2s,2p); here the 2s and 2p states of H. 

are: degenerate ·so that s-p hybridization is induced at large internuclear 

distances ,and leads to an interaction potential with a sizable ("- 2.5 eV) 

well depth. 

The "mechanism" . leading to s-p hybridization can be understood in 

9 10 terms of the Demkov model :' used in electronically non-adiabatic 

scattering theory. A two-state approximation is assumed· for the elec.tronic 

Hamiltonian matr.ix {H .. }, i,j = 2s,2p, and the Demkov model assumes that 
1,] ' 

the matrix elements vary with internuclear .distance as 

constant 

H A 
-f..R 

"' e 2s,2p 

-f..R 
For large R,f:..E >> Ae so that the Hamiltonian is diagonal in the 2s,2p 

-f..R 
basis; for sufficiently small R, however, f:..E << Ae , and the Hamiltonian 

is diagonalized by a transformation to the states 2s ± 2p, i.e., s-p hybrids. 

The switch-over takes place in the region of R for which jH
2 2 s, s 

2jH
2 2 

I, i.e., at R = A-l ~n(2A/f:..E). 
s' p 

- H I = 2p,2p 

This same type of interaction is also possible, of course, for the · 

triplet interaction potential--the relevant states of helium in this case 

being ls2s 3s and ls2p 3P--but asymptotically the ls2s 3s - ls2p 3P separation 

is 1.14 eV, while that for ls2s 1s - ls2p 1P is only 0.60 eV. The Demkov 

model thus implies that s-p hybridization in the triplet case will not take 

place until smaller R (because f:..t is larger) where no attractive well 
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appears because the potential is too steeply repulsive. 

The Demkov.picture also provides a qualitative explanation of the -

anisotropy of the potential inside the relative meximum (cf. Fig. 1). 

s-p hybridization essentially places the 2s-2p electron on the opposite 

side of He from H2, effectively bearing the +1 core of He to H2" The 

interaction is thus qualitatively that of a charge-quadrupole, V(R,y) "' 

-. P 2 (cosy), so that the perpendicular geometry is niost stable. (The 
, 

charge~quadrupole picture is not quantitative because of the small 

ihternuclear distance.) 

Calculation of the autoionization width for the singlet potential 

surface and cross sections for Penning ionization are in progress. 

.. 
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Figure Caption 

The two solid curves are the present results for the He*(ls2s 1s)-H 
2 

interaction potential for perpendicular (c
2
v) and collinear (C

00
) approaches. 

R is the distance between He and the center of· mass of H2, and the H-H 

distance is fixed at its equilibri1.1m val1.1e 1. 4 a
0

• The units of energy 

are milli-electron volts and of distance are Bohr radii.· The dashed 

curve is the effective spherical·ly symmetric potential of ref. 6. 
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