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Charge-transfer cross sections for radiative charge transfer in Na¿H¿ and K¿H¿ collisions
at very low energies
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The total cross sections for radiative charge transfer in H11Na(3s)→H(1s)1Na1 and H11K(4s)
→H(1s)1K1 collisions at energies below 8 eV have been calculated using an optical potential method. The
relevant molecular states and molecular potentials were obtained by full configuration interaction calculations
using pseudopotentials for the ion cores of Na and K. From the calculated charge-transfer cross sections, the
radiative charge-transfer rate coefficients were obtained for temperatures below 10 000 K. The rate coefficients
for both systems are found to have broad maxima around 20 K with values of the order of 10212 cm3 s21. The
rate coefficient for Na1H1 remains nearly constant below the maximum, but that for K1H1 decreases at
lower temperatures. Both the rate coefficients and the differences between them decrease as the temperature
increases beyond 20 K.

DOI: 10.1103/PhysRevA.66.044701 PACS number~s!: 34.70.1e, 34.20.2b
as
th
m
to
io

ol
a
b

th
o

l
, w
er

w

he
e
te

e

f

ic

agi-
sent
ss

ten-
ms
ten-
-
ra-
is
s
s
e

-

Charge transfer in collisions of neutral sodium and pot
sium atoms with protons affects the ionization balance in
atmospheres of planets, dwarf stars, and the interstellar
dium @1–15#. Nonradiative charge transfer of Na and K
H1 has been the subject of numerous studies for collis
energies ranging from low eV@16,17# to low and high keV
@18–32#. However, at low temperatures, such as in ultrac
experiments or in interstellar space, collision energies
much less than 1 eV, and radiative charge transfer may
come dominant over nonradiative charge transfer.

In this paper, we present a theoretical investigation of
total radiative charge-transfer cross sections in collisions
ground state Na and K atoms with H1 ions, using an optica
potential approach. From the calculated cross sections
obtained the corresponding rate coefficients in the temp
ture range of 1–10 000 K.

The collision processes of interest are

Na~3s!1H1→Na11H~1s!1hn ~1!

and

K~4s!1H1→K11H~1s!1hn. ~2!

To calculate the radiative charge-transfer cross sections
use an optical potential method@33–36#. The probability per
unit time for radiative neutralization of the H1 ions is deter-
mined by the imaginary part of a complex potential. T
scattering waveFA(R), whereR is the internuclear distanc
and the subscriptA denotes the initial upper molecular sta
(A 2S), is obtained by solving

F21

2m
¹RW

2
1VA~RW !2EGFA~RW !5

i

2
A~R!FA~RW !, ~3!

wherem is the reduced mass of the alkali-metal–hydrog
system, andA(R) is the Einstein coefficient given by
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A~R!5
4

3c3 D2~R!uVA~R!2VX~R!u3. ~4!

In Eqs. ~3! and ~4!, VA(R) and VX(R) are the real parts o
the molecular potentials of the upperA 2S and lowerX 2S
states, respectively. The quantityD(R) is the transition di-
pole matrix element connecting theA 2S and X 2S states.
For largeR values, theA 2S state separates into the atom
Na(3s) or K(4s) state and H1, while theX 2S state sepa-
rates into the atomic Na1 or K1 states and H(1s).

The scattering wave functionFA(R) is expanded in par-
tial waves. Since the right hand side of Eq.~3! is imaginary,
the phase shifts of the partial waves are complex. The im
nary parts represent the neutralization of the protons pre
in the initial A 2S state by a radiative charge-transfer proce
into theX 2S state.

In the present work, we used Gaussian-type pseudopo
tials @37# for the Na and K ion cores, and treated the syste
as one-electron systems. The corresponding molecular po
tials VX(R) and VA(R) and the molecular orbitals for calcu
lating the dipole moments were obtained by full configu
tion interaction calculations with Slater-type orbital bas
sets, taken from@16#. The molecular interaction potential
should tend at largeR to the dispersion potential, which i
significant for low energy collisions below 1 eV. Th
asymptotic dispersion potential can be parametrized as

Vdisp~R!5
21

2 FC4

R4
1

C6

R6
1

C8

R8G , ~5!

whereC4 , C6, andC8 are, respectively, the dipole, quadru
pole, and octupole polarizabilities of the atoms@38,39#, listed
in Table I. The calculated potentialVA(R) was smoothly
connected to the dispersion potential at the value ofR where
the two potentialsVA(R) andVdisp(R) merge.
©2002 The American Physical Society01-1
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After obtaining each partial waveFA,J and the corre-
sponding imaginary part of the complex phase shifthJ for
the Jth partial wave from Eq.~3!, the total charge-transfe
cross sections(kA) was calculated using

s~kA!5
p

kA
2 (

J50

`

~2J11!@12exp~24hJ!#, ~6!

wherekA is the wave number of the incident particle. Th
calculations employed the program written by Allison@40#
for the numerical solutions of Eq.~3! and the evaluation o
Eq. ~6!.

The radiative charge-transfer rate coefficientG can be ob-
tained from the calculated cross sections using

G~T!5E
0

`

vs~v ! f ~v,T!dv, ~7!

where v is the velocity of the incident particle,T is the
temperature, andf (v,T) is the Maxwell-Boltzmann velocity
distribution function.

Figure 1~a! shows the calculated adiabatic potentialsVA
andVX . The two upper curves correspond to theA 2S states,
and the two lower curves to theX 2S states. The full lines
refer to the NaH1 system, and the dashed lines to the KH1

system. We will follow this convention in all figures wher

FIG. 1. ~a! Adiabatic potentials for HNa1, and HK1 as a func-
tion of internuclear distanceR. The solid lines are for the HNa1

system, and the dashed lines correspond to HK1. The upper pair is
for the A 2S states, and the lower pair for theX 2S states.~b! and
~c! show the minima ofA 2S andX 2S of the Na and K potential,
respectively.

TABLE I. Polarizabilities of Na and K atoms. To obtainC6, the
quadrupole polarizabilities of Na and K, we added estimated va
of 24.0 a.u., and 30.0 a.u., respectively, to include small contr
tions of van der Waals interactions@38,39#.

Atom C4 C6 C8

Na 162.7 1873.0 54139.0
K 322.8 5000.0 55518.0
04470
both Na and K results are presented. The potentials h
shallow wells. The potential minima of theA 2S and X 2S
are, respectively, shown in Figs. 1~a! and 1~b!. The A 2S
state of KH1 has a minimum atR58.45 a.u. with a depth of
0.023 a.u., and theX 2S state has a minimum atR55 a.u.
with depth of 0.005 a.u. TheA 2S state of NaH1 has a well
of depth 0.016 a.u. atR57.80 a.u., and theX 2S state has a
well of depth 0.0038 a.u. atR54.65 a.u. These shallow
wells may contain quasibound states which cause reson
peaks in the cross sections at low collision energies.

Figure 2 shows the calculated dipole momentD(R). For
the transition between twoS states, only thez component of
D(R) is not zero. The peak of the dipole moment for NaH1

is higher than that for KH1, but the dipole moment for
NaH1 vanishes faster than that for KH1 asR increases. This
behavior influences the calculated Einstein coefficie
A(R), which are shown in Fig. 3. In both cases,A(R) van-
ishes exponentially at largeR.

FIG. 2. The calculated dipole moments as a function of inter
clear distanceR. The solid line is for the HNa1 system, and the
dashed line is for the KH1 system.

FIG. 3. The calculated Einstein coefficients Eq.~4! as functions
of internuclear distanceR. The solid line is for the HNa1 system,
and the dashed line is for the HK1 system.
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The calculated radiative charge-transfer cross sections
shown in Fig. 4. The numerical integration of the Sch¨-
dinger equation was carried out with convergence criteria
the phase shift of the real part of the wave function. T
phase shift is calculated each time the wave function chan
sign. When the difference of successive phase shifts bec
less than a predetermined valueephase, the integration was
terminated. As has been argued@40#, this approach is valid
only if the real part of the potential has a range compara
to or greater than the imaginary part. In the present ca
this condition is satisfied. When the contribution from thl
partial wave became less than a percentageecross of the total
cross section, thel expansion was terminated. We cho
ecross to be 5%. The value ofephasewas 1025 in the higher
energy range, but for lower energies the convergence of
phase was relaxed to 1024 for Na1H1. For K1H1, ephase
above 0.2 eV was taken to be 1024, but it was increased a
the energy decreased, and for energies up to 0.003 eVephase
ranged over 1310232731023, and for the lowest three
energiesephasewas 931022.

As the collision energy decreases, interactions at largR
values become more important. Because of the 1/kA

2 factor in
Eq. ~6!, the corresponding cross sections increase. The c

FIG. 4. The total radiative charge transfer cross sections
HNa1 ~solid line! and HK1 ~dashed line!. The circles and triangles
indicate the computed energy points.
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sections for K1H1 are larger than those for Na1H1 at
lower energies, but the difference decreases at higher e
gies. The structure in the cross sections reflects contribut
from shape resonances. Figure 5 shows the calculated
coefficients. Because the cross sections for K1H1 are larger
overall than those for Na1H1, so are the rate coefficients
but the difference decreases as the temperature incre
This is because, at high temperatures, the main contribut
to the rate coefficients come from energies where the c
sections are of comparable magnitudes in both systems.
though the cross sections for K1H1 were not calcuated be
low 1025 a.u., we can obtain the rate coefficient at 2
since the Maxwell velocity distribution function at 2 K is
narrowly peaked at 831025 and the contribution fromv less
than 1025 is of the order of 10217 cm3/s.
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r
FIG. 5. The rate coefficients for HNa1 ~solid line! and HK1

~dashed line!. The circles and triangles indicate the computed te
perature points.
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