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Pseudopotential molecular-structure calculations have been rforme
owes molecular states. The resulting ei enfunc

'

in a perturbed-stationary-state calc 1

'
g eigen unctions and eigenvalues were used

-s e ca cu ation where electron-translation factors hav
order in the coHision velocity. The i - ' f

ac ors ave been incorporated to first
i . e ion-pair formation cross section for H+ + '

h i 1 of 33x10 cm at 1 keV/amu. The ion-'e ion-ion mutual neutralization cross t'

a rises monotomically with decreasin col
' '

s sec ion
ec easing collis on e ocity nd is —1 10 cm at

In a revio 1

the H+Cs~ H + +
p evious paper, we reported cross-section t d'ion su ies on

studies an
s H + Cs system. To complement th

and provide information as to trends in the alkali-
n ese

metal systems, we have completed a similar investigation on

H+Na~ H +Na+

ion-pair formation reaction, and the

H +Na+ ~ H+ Na

ion-ion mutual neutralization reaction. Furth
or our work arises from the disagreement between two re-

cent experimental studies on the cro t'

The calculation procedure was similar to Ref. 1. An I-
dependent pseudopotentia14 which

olarizati
ic incorporates core-

po arization effects was utilized to represent the N +-'
ater-type-orbital basis set, given in Table I, was

used in the molecular-structure calcul t . Tha ions. e calculated

within 0.01
Na-ionization energies for the 3s 3 3d d 4s, p, , an s levels are
wi in 0.01 eV for the spectroscopic values. The hydrogen
basis set was taken from Stevens K r d H' karo, an is es and in-
cludes diffuse 1s and 2p orbitals to h 1

'
ho ep in t e representa-

TABLE I. Slater-type-orbital basis set.

tion of the H +Na+ ion-pair level. All possible single and
double electron excitations were included in the
calculations w ichwhich gave rise to 129 configurations for the 'X
molecular states and 96 configurations for the 'II
states. The

s or e molecular

Fig. 1.
e calculated potential energies are d' 1 d

'
isp aye in

Of importance for the scattering calculations is the accura-

in the 'X m
cy of the calculated energy splittings at th 'd d
in e manifold. In Table II a comparison f
with t o

arison o our values

with a
ose of other researchers is given. Thn. e comparison

wi h a large configuration-interaction (CI) calculation and a
spectroscopic interpretation' is quite d

'
h

being within + 5% of these values.
~ ~

i e goo wit our values

The scattering calculations for reaction (1) '
1 d

our lowest X and the two lowest 'II 1

inc u ed the
es mo ecular states

s own in ig. . For the ion-ion mutual neutralization reac-
tion, the second 'II state was deleted
that the i

e since it was necessary
a e inc~dent leve1 be a 'X state which wic was not arti icially
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FIG. 1. C
The 'X state

alculated singlet molecular states for the N H
es are represented by the solid lines, while the iII states

r e a system.

are denoted by the dashed lines.
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TABLE II. Positions and energy differences at the avoided curve crossings between ionic and covalent
channels.

State Reference Method R„(ac) V(R„) (eV)

H+ Na(3s) This work
Olson and Liu (Ref. 6)
Yang and Stwalley (Ref. 7)

Pseudopotential
CI
Spectroscopic

7.53
7.60
7.71

1.23
1.21
1.18

H+ Na(3p)
I

This work
Olson and Liu (Ref. 6)
Janev and Radulovic (Ref. 8)

Pseudopotential
CI
Asymptotic expansion

13.0&

13.28
12.6

0.427
0.407
0,421

H+ Na(4s) This work
Janev and Radulovic (Ref. 8)

Pseudopotential
Asymptotic expansion

21.96
22.8

0.0690
0.0435

mixed at large separations by a degenerate '0 state. All
possible combinations of the radial and rotational terms
were included in the cross-section evaluations. A represen-
tative set of coupling terms is displayed in Fig. 2. The radial
matrix elements are peaked at the locations of the avoided
curve crossings.

The perturbed-stationary-state coupled channel was used
to determine the scattering amplitudes, and hence, the cross
sections. Electron-translation factors were included to first
order in velocity. Straight-line classical trajectories were
used for the nuclear motion.

The cross-section calculations for the ion-pair formation
process, reaction (1), are shown in Fig. 3. The cross section
rises to a maximum at 1 keV/amu. The calculated values
are in good agreement with the experimental data of
Howald et al. , 2 and lend credibility that these data are to be
preferred over the previous meansurements of Nagata. ~

The coupled-channel Landau-Zener calculations of Janev
and Radulovic~ are also shown for comparison. Other mea-
surements that will be published further support our calcu-
lated values at energies E & 1.0 keV/amu.

Ion-pair formation was also investigated for the case

where the Na atom is in its first excited state,

H+Na(3p)~ H +Na+ (3)
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The cross section is greatly enhanced relative to collisions
with ground-state atoms and is found to'have an almost
constant value of 1.0& 10 '5 cm at energies from 0.1 to 1.0
keV/amu. The reason for the cross-section increase is
readily understood by the larger value for the crossing ra-
dius to the ion-pair channel.

Ion-ion mutual neutralization, reaction (2), was also in-
vestigated. The calculational results are given in Fig. 4
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FIG. 2. A selected subset of the radial and rotational coupling
matrix elements used in the scattering calculations.

FIG. 3. Cross sections for the ion-pair formation process, reac-
tion (1). Our calculated values are given by the solid points and the
solid line. The calculated values of Janev and Radulovic (Ref. 8)
are given by the dashed line. Experimental data of Howald et aL
(Ref. 2) are denoted by open circles and the data by Nagata (Ref. 3)
are shown as open triangles.
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FIG. 4. Cross sections for the ion-ion mutual neutralization pro-
cess, reaction (2). Our calculated values are given by solid lines
with the overall total cross section being denoted by solid circles.
The partial cross sections to the various product states, H+Na, are
also given. The calculated total cross section of Janev and Radulo-
vic (Ref. 8) is given by a dashed line.

along with the product states of the Na atom. The
H+Na(3p) level is preferentially populated at the energies
studied. We did not include the H+Na(3d) levels in the
calculations since its crossing distance is at —35ao and the
coupling is expected to be weak. The partial cross section to
Na(3d) will be substantially less than Na(4s) which has a
crossing at —22ao. As expected, the trend in the partial
cross section is to populate the low-lying levels with small
crossing radii at high energies, and the high-lying levels with
large crossing radii at the low energies. At very low ener-
gies, E ( 1 eV, the attractive Coulomb initial channel deter-
mines the cross section which then increases as 1/E as the
energy decreases. The Na(3d) level is expected to become
increasingly important as the energy is lowered.

In conclusion, coupled-channel calculations have been
performed on the H+Na~ H +Na+ reactions. Pseudo-
potential molecular-structure calculations were made to pro-
vide the eigenenergies and eigenfunctions for the scattering
calculations. The calculated cross section for the ion-pair
formation process, reaction (1), is in good agreement with
the recent measurements of Howald etaI. ;2 however, our
values differ considerably from the experimental data of Na-
gata and the Landau-Zener calculations of Janev and Radu-
lovic. s The ion-ion mutual neutralization cross section,
reaction (2), exceeds 1 && 10 t~ cm2 throughout most of the
energy range investigated. The excited level H+Na(3p) is
the dominant product of the ion-ion reaction.
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