
PHYSICAL REVIEW A, VOLUME 63, 022709
Charge-transfer cross sections in collisions of ground-state Na atoms with H¿

at low-eV collision energies
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Cross sections for nonradiative charge transfer in H11Na(3s) collisions at energies less than or equal to 40
eV have been calculated using a fully quantum-mechanical approach. The calculated cross sections agree well
with the experimental data in the entire energy range, but do not agree with other calculations at low energies.
We discuss possible causes of this difference. Using the calculated cross sections, the rate coefficients at
temperatures below 20 000 K have been calculated, and compared with those of other theoretical calculations.
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I. INTRODUCTION

The distribution of sodium between its ionized and neu
stages is important to interpretations of observations of
resonance line of sodium atoms in the atmospheres of
planets and comets@1# and the interstellar medium wher
small scale fluctuations have been detected that may in
reflect changes in the balance between neutral and ion
sodium@2–6#. Charge transfer between sodium ions and n
tral hydrogen atoms and between neutral sodium atoms
protons may modify the ionization distribution also in stel
winds @6#. Charge-transfer processes at energies of the o
of 100 eV are significant in determining the ionization stru
ture of the edge regions of thermonuclear fusion plasma

Charge transfer in collisions of ground-state Na ato
with protons has been studied extensively both theoretic
@7,8,10–12,9,13–15# and experimentally@16–20,9#. How-
ever, most of the earlier studies were carried out at k
collision energies. A few studies have been performed in
eV region. Allan @7# calculated the cross section at 22 e
using the semiclassical impact-parameter method, and C
and Dickinson@14# carried out fully quantum-mechanica
calculations of nonradiative charge-transfer cross sections
energies below 40 eV. Kushawaha@18# measured nonradia
tive charge-transfer cross sections at energies 1.5–600 e
the present work, we have carried out fully quantu
mechanical calculations of nonradiative charge-transfer c
sections for Na(3s) colliding with H1, namely, Na(3s)
1H1→Na11H (n52)21.682 eV at energies below 40 eV
Using the calculated cross sections, we have calculated
rate coefficients for temperatures below 20 000 K. Our c
culated charge-transfer cross sections agree well with exp
mental data@18#, but are found to be different from the re
sults calculated by Croft and Dickinson@14#. In Sec. II we
describe our theoretical approach. In Sec. III we present
calculated charge-transfer cross sections and the rate co
cients, and compare with experimental data. We also ana
possible causes of the difference between the two calc
tions. Conclusions are given in Sec. IV.

II. THEORY

We calculated the charge-transfer cross section, by c
pling the six molecular states and counting from the sec
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lowest state 22S, 3 2S, 4 2S, 5 2S, 1 2P, and 22P, of
the NaH1, which separate, respectively, to Na(3s)1H1,
Na11H(2ps1), Na11H(2ps2), Na(3ps)1H1,
Na11H(2pp), and Na(3pp)1H1. H(2ps6) denotes
the Stark-split hydrogenn52 orbitals in the presence of
single charge. The same set of states was used in the c
lations by Croft and Dickinson@14#.

The molecular potentials and molecular orbitals were
tained using the configuration-interaction~CI! method in
which the Na1 core was represented by the pseudopoten
given by Bardsley@21#. The molecular orbitals are repre
sented by a linear combination of Slater orbitals chosen a
basis set. The Slater orbitals and their exponents used
are listed in Table I. The lowest@Na11H(1s):1 2S# state
lies about 8 eV below the initial@Na(3s)1H1:2 2S# state.
This state becomes important for radiative charge transfer
kinetic energies below a few eV, but may be excluded
nonradiative charge transfer. The next higher state above

TABLE I. Slater orbitals and exponents.

Site S states STO Exponent P states STO Exponen

H site 1s 2.0000 2p 1.0000
1.0000 0.5000
0.5000 0.3333

2s 0.5000 3d 0.3333
0.3333

2p 1.0000
0.5000
0.3333

3d 0.3333
Na site 2s 0.7900 3p 0.7210

3s 2.4870 0.5580
0.6940 3d 0.3370
0.3720 1.484

3p 0.7210
0.5580

3d 0.3350
0.6700

4s 0.2900
©2001 The American Physical Society09-1
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2 2P state, the@Na(4s)1H1; 6 2S] state, lies about 1.09
eV above the 22P state. This and other higher states a
also excluded. The radial and rotational coupling matrix
ements were obtained numerically. The present appro
uses the atomic plane-wave-type electron translation fac
~ETF’s!, while Croft and Dickinson used the so-called rea
tion coordinates given by Thorson and Delos@22# which
involved a different form of ETF. The nuclear wave fun
tions were expanded into partial waves. For computatio
convenience, these six states were transformed to the
called diabatic states@23# in order to eliminate the first de
rivatives of the internuclear separationR in the close-coupled
differential equations. The coupled equations were sol
using the logarithm-derivative method@24#, with integrations
carried out with the internuclear separationR from 1.5 to 70
a.u.

The rate coefficientG for the charge-transfer process w
calculated from the cross sections, using

G5E
0

`

vs~v ! f ~v,T!dv ~1!

wherev is the velocity of the incoming particle,T is tem-
perature, andf (v,T) is the Maxwell-Boltzmann velocity dis
tribution function. The calculated cross sections were sp
fitted and interpolated for the numerical integration
Eq. ~1!.

III. RESULTS AND DISCUSSION

Figure 1 shows the adiabatic potential energies of the
molecular states that were included in our coupled state
culations. The full lines and dotted lines represent the2S
and 2P states, respectively. There is an avoided cross
between the 32S and 42S states atR;5 a.u. and a broad
weak avoided crossing between 22S and 32S at R
;12 a.u. The energies of these states calculated at the i
nuclear distance,R5150 a.u., were found to agree bett
than 0.1% with the spectroscopic data@25#, except the 22P

FIG. 1. Adiabatic potentials for HNa1. Solid lines correspond to
the S states, 22S, 3 2S, 4 2S, and 52S, respectively, counting
from low energies. The dashed lines represent the 12P and 22P
states, respectively.
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state which was within 0.6%. Figure 2 shows our poten
coupling matrix elements between the different states. H
the potential coupling matrix is defined asC21eC, where the
matrix C is the matrix which is used to eliminate the fir
derivative of the wave function@23#, ande is the eigenvalue
matrix, respectively. Since the energy as well as theC ma-
trix, which depends on the complete model, are involved,
unambiguous comparison of our potential coupling w
those shown in@14# is not possible. Among our potentia
coupling matrix elements connecting the incoming 22S
channel with the charge-transfer channels, the one with 42S
is larger than the one with 32S at smallerR, but their mag-
nitudes become comparable at largerR. Figures 3~a!–3~d!
compare the rotational coupling matrix elements in t
present work with those used by Croft and Dickinson. Fro
Fig. 3~a!, it is seen that the rotational coupling matrix el
ment between the incoming 22S channel and the charge
transferred 12P state is significant forR up to;20 a.u. and
larger than the potential and rotational coupling matrix e
ments which directly couple the initial channel to the oth
charge-transfer states, 32S and 42S. Therefore, we expec
large contributions to the charge-transfer cross section f
the 1 2P partial cross section. The rotational coupling mat
elements between 22S and 22P are relatively large, but
they do not lead to charge transfer. Comparing our res
with those in Ref.@14#, there are differences in magnitud
but the overall shapes are similar.

In order to test our basis set and coupling matrix e
ments, we carried out semiclassical impact-parameter ca
lations of charge-transfer cross sections in the energy re
between 0.5 and 2 keV/u. Figure 4 compares the results
those for H (n52) calculated by Fritsch@11#. Our charge-
transfer cross sections agree very well with the overall tre
The magnitudes of our cross sections are about 70% of th
of Fritsch. This is understandable since the basis se
Fritsch includes Slater orbitals of all H (n51 – 3) and 12
Slater-type orbitals at the Na center to represent the Na(s,
3p, and 3d) orbitals. Because we are interested in very lo
energies, the basis set we used should be adequate.

Figure 5 compares charge-transfer cross sections obta

FIG. 2. The potential coupling matrix elements of the pres
work.
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FIG. 3. Comparison of the rotational coupling matrix elements of the present calculation~full lines! with those by Ref.@14# ~dashed
lines!.
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here with experimental data@18# and with cross sections ca
culated by Croft and Dickinson@14#. Our results are in very
good agreement with the experiment, except at the low
kinetic energy point, where the experimental error bar
large. The theoretical results by Croft and Dickinson a
larger than the measurements at higher energies, but

FIG. 4. Comparison of the charge-transfer cross sections c
puted using the semiclassical impact-parameter method. The
line is by Fritsch@11#, and the circles are the values calculated
the present work.
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smaller by three order of magnitude for energies near 2
The major difference between our total charge-transfer cr
sections and those by Croft and Dickinson comes from
partial cross section of the 12P state, as seen in Fig. 6. I

-
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FIG. 5. Comparison of the charge-transfer cross sections.
open circles connected by the full line are from the present wo
and the open squares connected by the dashed line are from
@14#. The experimental data of Ref.@18# are shown by the filled
circles.
9-3



sf
th
d
e

at
u

ow
th
y
on
te

th
th

e
ta
s

rg
in
tio
d
er

et
io
se
in

ick
tu

ct

ns
s
our

a

la-
the

ntal
ted

m
ft
-
rops
our
tire
iga-
ow-
ted

ans-
ults

n-
pan

al
nd

es

th

e

he

DUTTA, NORDLANDER, KIMURA, AND DALGARNO PHYSICAL REVIEW A 63 022709
both calculations, at higher energies, the charge-tran
cross sections are dominated by the contributions from
1 2P channel. However, in the calculation of Croft an
Dickinson, the 12P contribution rapidly decreases as th
collision energy decreases, whereas in the present calcul
it does not. One might expect the effect of rotational co
pling to decrease as the collision velocity decreases. H
ever, our rotational coupling matrix element between
1 2P state and the initial 22S state extends to relativel
large R values, and at very low energies the contributi
from largeR becomes increasingly significant. We also no
that in our calculation the partial cross sections of the 32S
and 42S states have nearly the same magnitude over
entire energy range. In order to understand the cause of
discrepancy, we carried out two-state (22S and 12P)
coupled calculation at 2.7 eV, and found that the cross s
tion that resulted was twice as large as that of the six s
calculation. Addition of the 22P state reduced the cros
section by 16%, but the remaining reduction of the 12P
partial cross section must come mostly from the non-cha
transfer excited states via the indirect couplings. This
volves complicated multistep processes and its elucida
by numerical calculation is difficult. Although our calculate
total charge cross sections agree very well with the exp
mental data of Kushawaha@18#, measurements at very low
energies are difficult, and further experimental and theor
cal studies would be helpful in reaching a definite conclus
on the low-energy behavior of the charge-transfer cross
tions. Figure 7 shows the rate coefficients calculated us
our charge-transfer cross sections, together with those
Croft and Dickinson and also by Natta and Giovanardi@6#.
Our rate coefficients are larger than those by Croft and D
inson, and the difference increases rapidly as the tempera
decreases because of our larger charge-transfer cross se
at lower energies. The rate coefficient atT58000 K by Natta

FIG. 6. Comparison of partial cross sections calculated by
present work with those by Ref.@14#. In the present work, the
dotted line represents the 32S partial cross section, the full line th
4 2S partial cross section, and the dash-dot line the 12P partial
cross section. The partial cross sections for 32S, 4 2S, and 12P
of Ref. @14# are given by the symbols of diamond (32S), square
(4 2S), and plus (12P).
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and Giovanardi@6# was obtained using the cross sectio
measured by Kushawaha@18#. Since our calculated cros
sections are slightly smaller than the measured values,
rate coefficient atT58000 K is smaller than that of Natt
and Giovanardi@6#.

IV. CONCLUSION

We have carried out fully quantum-mechanical calcu
tions of nonradiative charge-transfer cross sections for
process, Na(3s)1H1→Na11H (n52). Our results for the
cross sections agree well with the available experime
measurements, but differ from the cross sections calcula
by Croft and Dickinson. The difference comes mainly fro
the 1 2P partial cross sections. In the calculation of Cro
and Dickinson, the 12P partial cross section, which domi
nates other partial cross sections at higher energies, d
rapidly as the collision energy decreases. In contrast,
1 2P partial cross section remains dominant over the en
energy range. Further theoretical and experimental invest
tions are needed before reaching a conclusion on the l
energy behavior of the cross section. Using the calcula
cross sections we obtained rate coefficients for charge tr
fer at temperature below 20 000 K and compared the res
with earlier work.
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