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A one-electron treatment of the HY-H™ collision is proposed which is not restricted to
neutralization into H(z =2) +H, is free from two-state-crossing models, and involves an
electron translation factor. Diabatic states are found to differ from those conventionally
invoked. Neutralization into H( =3) +H is put forward and detachment is interpreted as
a dynamic polarization effect. Agreement with available experiments is found above
200 eV (c.m.). Below this energy puzzling discrepancies persist.

PACS numbers: 34.70.+e

The conventional treatment of the H"+ H™ mutu-
al neutralization into H*(n) + H assumes transi-
tions around crossings of the Coulombic ionic en-
ergy curve with korizontal covalent curves. Fol-
lowing Bates and Lewis' it has been agreed by
some authors? that, according to the Landau-Zen-
er (LZ) model,® mutual neutralization at low ener-
gy (E ¢ m.<20 eV) occurs predominantly into H*(n
=3)+H, whereas at moderate energies (50 eV
<E. . = a few kiloelectronvolts) neutvalization
into H*(m=2) +H prevails. Most of the theoreti-
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cal efforts to date have been devoted to the im-
provement of either the LZ curve-crossing pa-
rameters® or the LZ model itself.> Agreement
with experiments was found accidentally when
either incorrect LLZ parameters or ad hoc ad-
justments were used.® Dalgarno, Victor, and
Blanchard” were the first to abandon the simplis-
tic LZ point of view and considered the H*(n =2
and 3)+ H channels within an ab initio close-coup-
ling treatment. Unfortunately their calculations
suffered from an inaccurate H™ binding energy

© 1981 The American Physical Society



VoLUME 47, NUMBER 18

PHYSICAL REVIEW LETTERS

2 NOVEMBER 1981

which prevented them from drawing definitive
conclusions from that work. Subsequent close-
coupling calculations® never extended beyond n =2
channels and agreement with experiment could
not satisfactorily be achieved. Moreover, some
controversial claims concerning the effect of »
=3, 4 channels have appeared recently (compare
the relevant discussions in Refs. 1, 2, 4b, and 7
with that of Ref. 8b) but were not supported by de-
tailed calculations.

In this Letter the H* + H™ problem is revisited.®
We will be focusing herein on the salient features
of our approach and main conclusions. An ac-
count of technical details is deferred to a future
publication.’® To achieve an accurate representa-
tion of the relevant molecular properties of the
system in the range of internuclear distances 5a,
< R =100a, we modeled the problem in considera-
tion of its essential characteristics. In either
the incoming or the outgoing channels the system
involves a diffuse electron moving in a Coulombd
potential on one center (H) and a shori-range
potential on the other center (H). The second
electron (in H) lying in a compact orbital is hard-
ly expected!! to contribute to the importance of
the experimental neutralization cross section'?
which certainly results from transitions at rela-
tively large R (the corresponding geometrical
radius being R; =19a,). With this assumption™
the process we have been investigating is

H,"+Hp —H*n)+Hpg. (1)

Accordingly, the two-center one-electron Hamil-
tonian is

h==3A-1/7,+0p, (2)

where Uy representing the e™-Hj interaction has
the form of a nonlocal sepavable operator' :

e()B=" Ig>)‘<g[’
l&)=2B)2| Y A7 5)exp(= Bry)/vy).

(3a)
(3Db)

The one-center Schrddinger equation for the
model e”-Hy system involving Uy lends itself to
an exact analytic solution for both the bound and
the continuous spectra. This property enables a
straightforward determination of 8 and A by fitting
the single bound-state energy to the experimental
H™ electron affinity and the singlet scattering s-
phase shift to accurate theoretical results for e™-
H elastic collisions.™

The adiabatic energy curves |eigenvalues of &
in Eq. (2)] have been obtained in a basis set made
of exact ¢,,;,(T ,) hydrogenic wave functions (n

<F) and the exact solution x(r,) of the model
Hamiltonian for H;™. A polarization orbital
X,(f ;) was also considered in view of the high
polarizability of H™ and in order to account for
part of the transitions to the e"-Hy p continuum
(the orbital X, is derived from a perturbation
treatment of the dipole interaction between the
bound state x of H™ and the corresponding free
p-wave continuum). The calculated adiabatic
energy curves compare quite satisfactorily with
the available accurate ab initio results'® which
lends support to the proposed model.

Turning to the collision problem, it has been
known since the work of London'” and Zener3’
that processes of type (1) provide typical situa-
tions where the electron exchange can be handled
by considering diabatic states. These states were
thought to be merely the valence bond (VB) states

~ that preserve the pu7e ionic and covalent char-

acters. However, it was pointed out that such
states entail nonorthogonality problems.'® In par-
ticular, in the region where the electron exchange
takes place, the VB states have partially both
ionic and covalent character. Consequently when
building orthogonal states (as assumed in the def-
inition of diabatic states)'® either (or both) the
pure ionic or (and) covalent character should be
lost or diluted. When looking for a representa-
tion of the VB type ensuring both diabaticity’® and
orthogonality (as, e.g., a projected valence bond
representation),?® two possibilities readily sug-
gest themselves: (i) preservation of the ionic
character or (ii) preservation of the covalent
character.

Representation (i) is generated by orthogonali-
zation of the covalent states ¢,,,(r,) to the ionic
states )((rT ) The corresponding energy diagram
and electronic couplings show!® an overall simi-
larity with the pu7e ionic covalent scheme. How-
ever, this representation is not diabatic (if more
than one covalent state is considered). Indeed,
d/dR matrix elements generally exist between
two covalent states. If center B is chosen as the
electron coordinate origin spurious dynamic coup-
lings (nlm ,|V* Vg| z/n'l,,m,’) show up at large
R. If center A is chosen instead, this problem
disappears but additional d/dR| , matrix elements
couple the ionic and the modified covalent states.

In representation (ii) the ionic state x(rj) is or-
thogonalized to all the considered covalent states
@um(T ). Choosing center A as the electron co-
ordinate origin it can be shown that d/dR| , ma-
trix elements appear neither between the modi-
fied ionic state and the covalent states no» be-
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tween the covalent states themselves. This pro-
cedure generates the diabatic representation
looked for, provided the specific center A is
taken as the electron coovdinate ovigin (see the
discussion below on the electron translation fac-
tors). The corresponding potential energy dia-
gram (Fig. 1) is rather unusual in the context of
ionic-covalent interactions. Inspection of this
diagram along with the off-diagonal terms of 2
shows (when # <3) that the electron exchange
process (1) pertains to both noncrossing (Demkov-
Nikitin)# and curve-crossing (LZ type) models.

Total cross sections for neutralization have
been calculated in a basis extending up to =3
covalent states. All calculations?®® were carried
out within the impact-parameter method (IPM)?3
(test calculations involving a Coulomb trajectory?*
did not manifest significant differences in the con-
sidered energy range E. ., =30 eV). Two types
of calculations have been performed first. The
first uses representation (i) with (the deliberate)
complete neglect of dynamical couplings. The
second uses representation (ii) with all its coup-
ling (radial and rotational). As the two represen-
tations are equivalent when all couplings are con-
sidered, the comparison of the two calculations!®
shows the dramatic role of dynamic transitions
in representation (i) as well as that of transitions
outside the curve crossings [ especially those
towards H,*(n=3) +Hg|. Although intrinsically in-
structive, these calculations do not agree with
experiment.

Part of this failure is readily understood when
we notice that, in the considered energy range

10 eV<E_ ,, <10 keV, the nuclear velocities
3 HAH
-0.05} LZ/},ML
H+H'(n13)_
-0.1 DN
H+H (n=2)
5 15 25 35 Riag

FIG. 1. !=* djabatic potential energy curves resulting
from orthogonalization of the ionic state (H* +H") to the
covalent states | H*(z <3) +H]. Transition regions be-
tween the modified ionic state and the covalent states
are labeled L-Z and D-N in reference to Landau-Zener—
or Demkov-Nikitin—type models, respectively (Refs. 3
and 21).
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might become of the same order of magnitude as
those of the active loosely bound electron. The
standard quasimolecular treatment is thus expect-
ed to break down unless electron translation fac-
tors (ETF) are taken into account.?

We have selected to use ETF of the Schneider-
man-Russek type?® in a treatment where center B
is moving with constant velocity with respect to
the fixed center A. Accordingly, any orbital is
multiplied by the common ETF exp(ifv-r )
where the switching function is given by?’

F(5, R)=[ R¥/(R®+b%)] [ $(e " *®)(2+ 37~ 1%

+(1=-e *)6(n],

where n=(r, —¥5)/R and 6(n) is a step function
that cuts off asymptotically terms behaving as
R™! arising from 1 — 5 in the derivatives of f.
The parameters b (=20q,) and a (0.25a," ') were
chosen to ensure the asymptotic conditions f -1
(or 0) around center B (or A) as R >40q,.*

All coupling tevms®® have been taken into ac-
count in an IPM treatment using representation
(ii) with the above ETF incorporated. The basis
set consisted of all states arising from H  *(n=2
and 3) +Hj along with x(f5), the polarization func-
tion X,(f5), and its mate I1,(F5) under rotational
coupling. The corresponding cross section for
mutual neutralization reproduces the experimen-
tal data'? from E ., ~ 200 eV up to 10 keV, Fig.
2. In this energy range, the cross section de-
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FIG. 2. Total cross sections for H* +H™ mutual neu-
tralization. Open circles, experimental data of Peart,
Grey, and Dolder (Ref. 12b); the three data points on
the left-hand side of the figure are from Moseley,
Aberth, and Peterson (Ref. 12a). Full line, present
theoretical result. Dashed line, contribution to the
theoretical twelve-state cross section result of Hz = 2)
+H channels. In the inset is shown the detachment
cross section: full squares, measured by Hill, Geddes,
and Gilbody (Ref. 29); full line, present calculation.
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rived from the probability of populating X, and 1,
(pseudostates in the Hyz-e continuum) also nicely
accounts for the experimental data on the detach-
ment process®® (see Fig. 2). This result entails
an interpretation of this process as a dipole tran-
sition to the continuum under the effect of the po-
larization induced by the proton. Comparison of
the theoretical cross sections of Fig. 2 with that
of Ref. 8b shows the dramatic effects of the n=3
and detachment channels and the role of ETF,

Despite the above success the discrepancy seen
in the neutralization cross section (Fig. 2) for
E_ ., =200 eV is most disturbing. In view of the
important contribution of the =3 channels to the
calculated cross section we have also investigated
the effect of n=4 channels at E ., =125 eV.* It
is found that these additional channels contribute
negligibly to the already discussed results, in
contradiction with the claim of Ref. 8b.

We conclude by stressing that the present work
has attacked and consistently solved several prob-
lems which were disregarded or overlooked in
previous investigations. Although they are the
most elaborate to date our calculations still can-
not fully account for the experimental data on
mutual neutralization below E ., ~200 eV,

(DAls0 at Centre de Mécanique Ondulatoire Appliquée,
23 rue du Maroc, F-75019 Paris, France.

ID. R. Bates and J. T. Lewis, Proc. Phys. Soc. Lon-
don, Sect. A 68, 173 (1955).

23R, E. Olson, J. R. Peterson, and J. T. Moseley, J.
Chem. Phys. 53, 3391 (1970).

2bR. K. Janev and A. R. Tancic, J. Phys. B 5, L250
(1972).

2CR. K. Janev, Adv. At. Mol. Phys. 12, 1 (1976).

2dThe Phrysics of Ionized Gases, Invited Lectures and
Progress Reports of the Symposium on the Physics of
Ionized Gases, edited by R. K. Janev (Institute of Phys-
ics, Beograd, Yugoslavia, 1978), p. 171.

2¢3ee also the discussion on the LZ model in A. Dal-
garno, G. Victor, and P. Blanchard, Air Force Cam-
bridge Research Laboratory Report No. 71-0342, 1971
(unpublished) .

331, D. Landau, Phys. Z. Sowjetunion 2, 46 (1932).

3bC. Zener, Proc. Roy. Soc. London, Ser. A 137, 696
(1932).

43R, Grice and D. R. Herschbach, Mol. Phys. 27, 159
(1974).

‘PR, K. Janev, J. Chem. Phys. 64, 1891 (1976).

5See Refs. 2b and 2d. See also A. A. Radtsig and B. M.
Smirnov, in Electvonic and Atomic Collisions. Ab-
stracts of Papers of the VIIth Intevnational Confevence,
Awmstevdam, 1971, edited by L. M. Branscomb et al.

(North-Holland,  Amsterdam, 1972), p. 481.

6As shown in Refs. 2¢c and 4, the LZ parameters of
Ref. 2a (using the Smirnov formula) and of Ref. 2b
were incorrect. As shown by B. Borondo, A. Macias,
and A. Riera, Phys. Rev. Lett. 46, 420 (1981), and by
the present close-coupling calculations the result ob-
tained in Ref. 2d, using a modified LZ model, is un-
realistic.

7Dalgarmo, Victor, and Blanchard, Ref. 2e.

82K, Roy and S. C. Mukberjee, Phys. Rev. A 7, L130
(1970).

8 Borondo, Macias, and Riera, Ref. 6.

A preliminary account of the present work has been
presented at the Huitiéme Colloque sur la Physique des
Collisions Atomiques et Moléculaires (Abstracts of
Papers), Louvain-la-Neuve, Belgium, 1980 (unpub-
lished), and The Eleventh International Conference on
the Physics of Electronic and Atomic Collisions (Ab-
stracts of Papers), Gatlinburg, 1981 (unpublished).

0y, Sidis, C. Kubach, and D. Fussen, to be published.

11Arguments supporting this claim are as follows:

(i) the smallness of u-g splittings between the mate
molecular states down to R = 4q, lsee W. Kolos, J. Mol.
Struct. 46, 73 (1978)], (ii) the weak contribution of the
H core-electron exchange, an upper bound of which can
be estimated from H* +H resonant charge exchange,
and (iii) the recent results of Ref. 8b.

2a5 T, Moseley, W. Aberth, and J. R. Peterson,
Phys. Rev. Lett. 24, 435 (1970).

12bg peart, R. Grey, and K. T. Dolder, J. Phys. B 9,
L369 (1976).

By, Yamaguchi, Phys. Rev. 85, 1628 (1954).

4yy. N. Demkov and V. N. Ostrovskii, in Zero Range
Potential Method in Atomic Physics (Leningrad Univ.
Press, Leningrad, 1976); C. Bottcher and V. Sidis,
unpublished.

5¢, Schwartz, Phys. Rev. 124, 1468 (1961).

l68ee Kolos, Ref. 11. The present results deviate from
those reported by Kolos and Wolniewicz at, e.g., R =8a,
and 12a, by less than 2X1073 and 5%107* a.u., respec-
tively, for individual potential energy curves. Further-
more, the present adiabatic energy splitting in the n =2
“avoided crossing region” is reproduced to better than
5% which represents the accuracy of the computed adi-
abatic interaction in this region.

TP, London, Z. Phys. 74, 143 (1932).

8R. Numrich and W. Truhlar, J. Phys. Chem. 79,
2745 (1975).

YF. T, Smith, Phys. Rev. 179, 111 (1969).

20C, Kubach and V. Sidis, Phys. Rev. A 14, 152
(1976).

2lyy. N. Demkov, Zh. Eksp. Teor. Fiz. 45, 195 (1963)
[Sov. Phys. JETP 18, 138 (1964)]; E. E. Nikitin, in
Advances in Quantum Chemistry, edited by Per-Olov
Lowdin (Academic, New York, 1970), Vol. 5, p. 135.

22These calculations involve impact parameters larger
than 5a, consistent with the proposed model. Although
miscellaneous small B (5 3ag couplings are expected
(curve crossings and rotational couplings) their effect
is unlikely to alter our analysis as might be estimated
from the corresponding geometrical cross section.

1283



VOLUME 47, NUMBER 18

PHYSICAL REVIEW LETTERS

2 NOVEMBER 1981

e, Gaussorgues, R. D. Piacentini, and A. Salin,
Comput. Phys. Commun. 10, 223 (1975). This program
has been modified for inclusion of additional matrix
elements arising from the consideration of ETF (see
text) .

2R, D. Piacentini and A, Salin, Comput. Phys. Com-
mun. 12, 199 (1976).

¥3ee, e.g., W. R. Thorson and J. B. Delos, Phys.
Rev. A 18, 117 (1978), for a recent review of this
problem.

%63, B, Schneiderman and A, Russek, Phys. Rev. 181,
311 (1969). Radial as well as rotational couplings

1284

(proportional to v or v% have been considered in view
of the closeness of the covalent energy levels and the
fact that a traveling H™ orbital does not have puve Z,
II, A symmetry.

g, Taulbjerg, J. Vaaben, and B. Fastrup, Phys. Rev.
A 12, 2325 (1975).

%B. Peart, R. Grey, and K. T. Dolder, J. Phys. B 9,
3047 (1976).

#In view of the increasing bulk of the problem when
including #» =4 channels a test calculation has been per-
formed with all o states corresponding ton =2, 3,4
along with X and Xp.



