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Asymmetry Effect in the Neutralization Reaction H++H
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The transition between the ionic state of H2 correlated with H +H, and the covalent
states correlated with H(1s) +H(nl) is studied. The processes whereby the diffuse elec-
tron of H is carried off by the proton dominate the neutralization cross section. This
asymmetry effect is used to explain an (apparent) disagreement between experimental
results of neutralization cross sections at high impact energies.

PACS numbers: 34.70.+ e

Following the early work of Bates and Lewis, '
the reactions

H++H -H(1s)+H(n), n=2, 3, 4,

are usually presented' as standard examples of
neutralization processes which occur via ionic-
covalent transitions, and of the applicability of
Landau-Zener theory. In a recent work' we have
found that the Landau-Zener model cannot be ap-
plied to study these reactions for two reasons:
(1) strong nonorthogonality between the covalent
and ionic states, at least for n= 2, and (2) the ex-
ponential behavior of the electrostatic interaction
between the diabatic states in the crossing region.
The detailed analysis of these features and, in

particular, the necessity of replacing Landau-
Zener theory by Nikitin's exponential-linear mod-
el4 has been presented elsewhere. '

In this Letter we point out a different feature of
these reactions, which has its origin in the open-
shell structure of the negative ion H, and which
has hitherto passed unnoticed in the literature.
We shall then use this feature in order to explain
an (apparent) disagreement between experimental
results for neutralization cross sections at high
impact energies, which has been the object of
discussion in the recent literature. "Like Bates
and Lewis, ' for the energy range considered (E
& 500 eV), we shall employ a semiclassical ap-
proach with straight-line trajectories. The sys-
tem is initially described by a wave function

g= g~+ f„(v 2 ) [Xz(H ) —y„(H ) jexp[- i E(H )t].
g&~OO

For each g, u subsystem, the H, quasimolecule
evolves adiabatically, except in the vicinity of the
avoided crossings between the molecular states
which correlate with H++ H and H(ls) + H(nl ).
As is well known, ' a consequence of this is that
the states H(n = 4, 3, 2) are selectively populated
as the nuclear relative velocity increases, be-
cause for each avoided crossing the transitions
will not be effective if the system behaves adia-
batically (low velocities) or diabatically (high ve-
locities) in this region; this gives rise to charac-
teristic peaks of the neutralization cross section
for the intermediate velocities. '

Our main point is that to calculate, however
roughly, the neutralization cross sections, one
should consider transition amplitudes, and not

transition probabilities, in the avoided crossing
regions, as is always done. ' This is so because
the interference (or coherence) effects between
the g and u channels are very important; this co-
herence is due to the fact that for large internu-
clear distances the molecular energies and coup-
lings for the g, u subsystems involved in the neu-
tralization processes are practically identical,
and so will be the g, u transition amplitudes, pro-
vided the cross sections are dominated by trajec-
tories with large impact parameters.

To show this in more detail, let us consider a
particular velocity range for which the transitions
to H(ls)+H(nl) are favored. We ca.n then use a
(n+ 1)-state molecular expansion to describe the
evolution of each g, u subsystem:
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where y' are the molecular wave functions, with energies E~, and g' are their asymptotic forms for
infinite internuclear distance. For j=1, .. . , n the functions g are the covalent states correlated with

H(ls)+ H(n), and x"" is the ionic state.
An important property of the covalent states, but one which is not essential to the point raised in this

paper, is that the exponentially decreasing electric field due to the H(ls) atom mixes the n spherical
states of the H(n) atom, yielding n Stark, or hybrid, atomic orbitals. This Stark mixing has a negligi-
ble contribution (exponentially decreasing terms) to the asymptotic form of the covalent energies,
which are dominated for large 8 by the Coulomb (8 ) dipole-dipole resonant interaction. Hence, the
asymptotic form of the covalent wave functions is

x« = &I(1s„)(ngs ) x(lss)(nt„" '")+(nts')(ls„) &(ng„" '")(1ss)].
For example, for the n = 2 manifold, we have

2$' =(2s+ 2p)/V 2, 2)2 =(2s —2p)/v 2.
The expression for the total probability amplitude for the reactions

H'+H -H(nl)+H(ls), 1=0, 1, . . . , n-1,
1S

n n

&= »m Z ((~» '(X,'+ X.') exp(- ~&'~)
I 0, + 4.)=(~» 'Z(a, '+a. '),

00 j~] g=1

and for the complementary reactions

H'+H -H(ls)+H(nl), l=0, 1, . . . , n —1, (2)

ls
n n

8= lim g((v2) '(x ~- x„~)exp(- iE~t)I g + $„)=(v2) 'Q(a ~-a„~).
g~ oo j=l j=1

Now, under our basic assumption that transitions
take place only for large internuclear distances,
ag'=a„~, and hence IAI»IBI.

This result is not surprising when one consid-
ers that the H ion is described by an open-shell
wave function with an electron occupying a con-
tracted orbital and the other occupying a very
diffuse one. In the collision with a proton at
large distances, it seems more likely that the
outer electron of H will make a transition to a
diffuse H(n = 2, 3, 4) orbital.

This result can explain the apparent disagree-
ment between the experimental results obtained
for the reactions

H(2s)+H(ls) -H + H',

H++ H -H+ H.

(3)
(4)

In the impact energy range of 40 eV to 25 keV,
the total cross section for the first reaction is
O(10 "cm'),"while for the second reaction,
the total cross section is greater than 10 "cm'. '
Assuming (correctly, as we shall see). that the
cross section for H(2P)+ H(ls) -H + H' is of the
same order as that of reaction (3), and taking in-
to account that the initial states of the system in
(3) were not spin polarized, ' one obtains' a factor

of ~ between the total cross sections for (3) and

(4); to explain the remaining difference it has
been suggested that higher states have an impor-
tant role."This explanation, though obviously
correct for relatively low energies, is unlikely
to hold for the whole range of nuclear velocities
used in Ref. 8, and another reasoning is needed
for the high energies considered in Ref. 5. We
shall now show that a likely cause of discrepancy
is that Hill, Geddes, and Gilbody' have measured
the cross section for reactions of type (2) while
the experiments of Peart, Grey, and Dolder' in-
cluded the much larger cross sections for reac-
tions of type (1).

%e show, in Fig. 1, the energies of the 8, mol-
ecular states correlated with H(ls)+ H(2s, 2p) and
(diabatically) with H+ +H in the avoided crossing
region. These energies were calculated with use
of a configuration interaction method with the
basis set described in Ref. 3. These values are
slightly above ((0.01 a.u. ) and almost parallel to
the accurate results of Ref. 10. The radial coup-
lings between our approximate wave functions
were calculated exactly" and are presented in
Fig. 2. The (small) radial coupling (p „'Id/
dAI p& „') has been integrated out (see Ref. 3).
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Angular and radial couplings to other states are
unimportant in this internuclear range and have,
therefore, been neglected.

The cross sections for the reactions (1) with
n = 2 were calculated with the program PAMPA"
and are presented in Fig. 3, while those for re-
actions (2), calculated in the same way by numer-
ical integration of the impact-parameter-coupled
equations, were found to be 0(10 "cm') and are
therefore not shown in the figure. Hence, for
high energies the discrepancy between Refs. 5
and 8 ean be explained without involving higher
molecular states.

It should be pointed out, however, that in order
to compare our results with the experimental
data' one should also take the following into ac-
count.

(1) The ionization process H++ H -H++ H(ls)
+e, which becomes very important at high ener-
gies. We notice that the complementary reaction
that yields H(ls)+H++e would be highly unlikely
for the reasons presented above.

To estimate the influence of this ionization

I

5 20
R(a.u. )

FIG. l. Electronic energies {without nuclear re-
pulsion), in atomic units, for the molecular states
correlated with H(ls) + H(2s, 2p) and (diabatically) with
H++ H . E', E, and E are the energies of (E,E'Z&+;

respectively. Results for g, u subsystems are indis-
tinguishable in the scale of the figure.

FIG. 2. radial couplings, in atomic units, between
the states of Fig. 1 (solid line, g; dashed line, u).

process we can use the following approximate
argument. If transitions to H(2s, 2P) oc'cur only
in the avoided crossing region (Fig. 1) and ioniza-
tion takes place for all internuclear distances,
we can consider these processes as roughly in-
dependent and obtain a more accurate upper bound
for the neutralization cross section by subtracting
from our results the ionization cross section.
As theoretical estimates of this cross section are
not available yet, we have subtracted from our
results the experimental ionization cross sec-
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FIG. 3. Solid line, cross section measured by Peart,

Grey, and Dolder for the reaction H++ H —H+ H.
Dashed line, calculated cross section for the reaction
H+ + H —H(2s, 2p) + H(1s). Dotted line, same as dashed
line "corrected" by subtracting the experimental ioni-
zation cross section for H++ H -H++ H(1s) + e
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tion"; these "corrected" results are also pre-
sented in Fig. 3. Given the approximate charac-
ter of our argument, the excellent agreement be-
tween these results and the experimental data is
probably fortuitous. %hat these results show is
that the flat maximum of the neutralization cross
section corresponding to transitions to H(n = 2) is
not observed experimentally as it is canceled out
by the ionization process.

(2) At high velocities the processes occurring
for trajectories with small impact parameters
become important. One should notice the loga-
rithmic energy scale of Fig. 3 and realize that
the last point calculated corresponds to a relative
nuclear velocity of 0.77 a.u. , where the applica-
bility of the molecular model itself is question-
able.

For impact energies less than 3 keV, the dif-
ference between our results and the experimental
data of Peart, Grey, and Dolder' can be explained
as follows: Roughl. y speaking, at energies beyond
0.1 keV, the neutralization cross section is the
sum of three peaks (which flatten considerably
as n increases), corresponding to selective popu-
lation' of H(n=4, 3, 2) in the vicinity of the cross-
ings between the ionic and covalent molecular
potentials. The results of Peart, Grey, and
Dolder' indicate that the peaks for n = 4 and n = 3
are located at 0.24 and 1.2 keV, respectively,
while our results show that the third peak is can-
celed out by the ionization reaction. The asym-
metry effect will be present for each of the cor-
responding neutralization reactions.

Finally, as explained in Ref. 3, the radial coup-
»ng &y6 I«dIiI V g.:&~~«g, .'I dldIi I &2..'&

hence for t-~ ja „')» )a6 „'( and the yield of
H(2P) will be roughly the same as for H(2s) (the
possibility that the former would be much higher
than the second has been proposed to settle the
controversy).
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