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Molecular treatment of electron capture by protons from the ground
and excited states of alkali-metal atoms

M. Kimura and R. E. Olson
Physics Department, Uniuersity ofMissouri Ro-lla, Rolla, Missouri 65401

J. Pascale
Service de Physique des Atomes et des Surfaces, Centre d'Etudes Nucleaires de Saciay,

911Ã Gif sur Yu-ette -Cedex, France
(Received 24 June 1982)

Electron-capture cross sections for H+ plus alkali-metal atom (Na, K, Rb, and Cs) sys-

tems have been computed for projectile energies from 10 eV to 10 keV. An impact-

parameter perturbed-stationary-state theory using molecular states that incorporate elec-

tron translation factors was used to calculate the cross sections. The wave functions were

generated by employing the pseudopotential method. These yield equilibrium parameters

R, and D, for the A X+ molecular state that are in good agreement with ab initio results.

Interaction energies are also presented for the LiH+ system. Basis sets of up to eight

molecular states were used to calculate the electron-capture cross sections from ground (ns)
as well as from the first excited (np) states of the alkali-metal atoms. Results for electron

capture from the ground-state alkali-metal atom are in good agreement with the recent ex-

periments of Nagata. Electron capture from excited alkali-metal (np) atoms does not yield

enhanced cross sections relative to capture from the ground state and, in fact, shows de-

creased cross sections for the heavy alkali-metal atoms. Such behavior is contrary to pre-

dictions made using arguments based on the magnitude of the energy gap AE to the

electron-capture product states.

I. INTRODUCTION

H++M (ns) ~H+M+

and

H++ M*(np) ~H+M+, (2)

Recently, processes of electron capture by protons
on alkali-metal (M) atoms have been of both
theoretical' and experimental interest. " Much
of this interest is motivated by the use of alkali-
metal atom targets in polarized-atom and negative-
ion beam sources. Experimentally, with the use of a
laser, it has now become possible to pump the first
excited state of the alkali-metal atoms and measure
the electron-capture cross sections for collisions
with protons.

In this paper we address the problem of electron
capture from the ground electronic state as well as
from the first excited electronic state and present
calculated cross sections for

where n is the alkali-metal —atom valence-electron

principal quantum number (n =3 for Na to n =6
for Cs). The collision-energy range investigated was

from 10 eV to 10 keV with M =—Na, K, Rb, and Cs.
Detailed cross sections for production of H(ls),
H(2s), and H(2p) are also given and the cross sec-

tions are compared to recent experimental data.
A recent interesting measurement is one achieved

by Kushawaha et a/. ' for electron capture in the
H++Na(3s) and H++Na~(3p) systems at collision

energies from 5 eV to 1 keV. These authors ob-

served that the ratio of the Lyman-a production
cross sections for H++Na*(3p) and H++Na(3s)
collisions is nearly unity for E) 10 eV. These ob-

servations have not been justified theoretically. One

of our goals was to understand these experiments

and predict results for similar types of measure-

ments on the heavier alkali-metal atom systems.

Most of the theoretical effort has been concen-

trated on the H++Cs system in the energy region

E=0.1 —10 keV, since this system provides insight

into electron-capture mechanisms between near-
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resonant initial and final channels. ' The theoreti-
cal calculations that determine electron-capture
cross sections for the H++Cs system are based
upon a molecular treatment with the use of the
perturbed-stationary-state (PSS) method. ' The re-
sults are usually in good agreement with those of
experiment.

More recently, Kubach and Sidis have per-
formed a series of calculations for electron capture
in H++M collisions using a molecular-state expan-
sion basis generated by the projected-valence-bond
(PVB) method. For the H++K and H++Rb sys-
tems their results agree well with recent measure-
ments in the energy range of 0.1 to 6 keV. For the
H++ Na system, however, the results were in
marked disagreement with the measurements, par-
ticularly at collision energies below -2 keV. Their
reasoning for the discrepancy is attributed to experi-
mental error, because good agreement was obtained
for the H++K and H++Rb systems. Since Ku-
bach and Sidis did not provide detailed informa-
tion about their calculation in the paper, one cannot
definitively determine the origin of the discrepan-
cies. However, their method for generating molecu-
lar eigenstates and eigenvalues adopted an exceed-
ingly small Slater-type-orbital (STO) basis in the
PVB expansion which displayed incorrect asymp-
totic energies. Because the dynamical coupling
terms are very sensitive to the quality of the wave
functions, any inaccuracy in them can lead to seri-
ous error in the cross-section evaluation.

In this study we have employed a molecular-state
expansion basis set with associated molecular elec-
tron translation factors (ETF's) based on a formula-
tion derived from the time-dependent Schrodinger
equation. ' Only recently, the important effects of
ETF s in calculations of slow ion-atom collisions
have been noticed. Some limited studies' ' about
the effects have clearly indicated that the neglect of
the ETF's causes spurious long-range couplings and
in some cases yields completely unphysical results.
Therefore, the inclusion of ETF's within the frame-
work of a molecular treatment is inchspensable. An
excellent review article about the subject can be
found in Ref. 17.

Our studies on the H++M systems focus on the
following: (i) the generation of molecular eigen-
states by the use of the pseudopotential method, '

(ii) the inclusion of ETF effects to evaluate the
nonadiabatic couplings, and (iii) the determination
of the total and detailed electron-capture cross sec-
tions from boih the ground and the first excited
state of the alkali-metal atoms in the collision-
energy regime of 10 eV to 10 keV.

II. THEORETICAL METHOD

A. Molecular states

One method used to generate the molecular eigen-
states of the [H+M]+ systems is to solve the
Schrodinger equation with the full electronic Ham-
iltonian. This method is very cumbersome as well
as time consuming, especially for the heavier
alkali-metal atoms. To remove some of these diffi-
culties a pseudopotential is used to replace the po-
tential produced by the core electrons and nucleus
of the alkali-metal atom. This reduces the calcula-
tion to a much simpler one-electron problem. Since
the details of the technqiue are well established and
various articles about the subject have been pub-
lished, we will not repeat them here and refer the
interested reader to the review by Bardsley. '

Therefore, it is sufficient to summarize some
features of this method. The one-electron
Schrodinger equation which represents the wave
function of a valence electron in the molecular ion
[H+M]+ is given by

——V„+V„(r„)— +—E;(R) 4—;(r,R)
1 2 1 1

rg R

where r„and rz are the position vectors of the
valence electron with respect to the alkali-metal ion
core and the H+ nucleus, respectively. The eigen-
value E;(R) and eigenfunction 4;(r,R) depend
parametrically on the internuclear coordinate R
(Born-Oppenheimer approximation) and Vq ( rq )

represents the interaction between the valence elec-
tron and the alkali-metal ion core. This term is re-
placed by a pseudopotential. The pseudopotential
we chose is an I-dependent Gaussian type of the
form

with

V( r ) = y VI (r )
~

Yl ) ( YI
l, m

(4a)

2 &d
Vi(r) = A~ exp( fir )——

2(r +d )

2(r +d )
(4b)

where
~

Yg~ ) are the spherical harmonics. The
parameters A~, g~, ad, a~, and d have been chosen to
fit spectroscopic data and are tabulated by Bards-
ley. "

The electronic wave function 4(r,R) is con-
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structed using a two-center expansion in terms of a
linear combination of atomic orbitals —molecular
orbital treatment (LCAO-MO). Fixed orbital ex-
ponents in a STO basis are employed. The form of
%(r,R) is given in terms of STO orbitals,

%(r,R)= gc;X; (r„)+gd~Xj~ (rg) .

For the X+ molecular states 18 STO's (9 STO's on
each center) have been employed. The individual
basis sets include p and d orbitals to account for po-
larization effects. For the II molecular states 16
STO's (8 STO's on each center) have been em-

ployed. The basis sets and the exponents used are
tabulated in Table I. The alkali-metal atom
(n —1)s-, ns , an-d np-orbital exponents (where n

represents the principal quantum number of the
ground-state valence electron) are from Stevens
et al. ,

' while the hydrogen-atom basis set is from
the previous work of Olson et al. For each
alkali-metal atom two additional 3d orbitals and
one (n+1)s orbital were added and the exponents
optimized for the lowest energy of the representa-
tive atomic level. With this basis set and the pseu-
dopotentials of Bardsley' the atomic energies of the
H(ls) and H(n =2) levels are exact, while the aver-

age error in the ionization energies of the four
lowest electronic levels of the alkali-metal atoms is
0.0034 eV with the maximum deviation being
0.0081 eV.

Our calculated results for the equilibrium param-
eters R, and D, of theA X+ state are presented in
Table II and compared to other theoretical results.
These pseudopotential calculations are in good
agreement with the ab initio results for NaH+ and
KH+. As a test of our basis set we expanded the
basis set to 29 STO's from 18 STO's and found only

slight changes in the equilibrium parameters; the re-
sults are also given in Table II.

The calculated interaction energies for the
[H+M]+ systems are shown in Figs. 1 to 5. For
the NaH+ and KH+ cases ab initio results are
also included and agree well with the present calcu-
lations. The general features of the potential curves
are the following: (i) progressing from Li to Cs, the
energy gap between the A X+ and the B X+
molecular states decreases causing the location of
the avoided crossing between the A X+ and B X+
states to shift toward larger R ( —1 lao for Na to
19ao for Cs), (ii) the position of a narrowly avoided
crossing between the X+ states dissociating to the
H(n =2) manifold shifts outward (R -6ao for
NaH+ to R -9ac for CsH+ },even though the ener-

gy separation at the crossing point stays almost con-
stant, (iii) the 8 X+ and C II states of
H(n =2}+M+ cross at 8ao for NaH+ to 12ao for
CsH+, so one can expect strong rotational coupling
around this point. Also, the C II state approaches
very closely to the A X+ state for all systems at
R & 5ao. Such behavior may influence the electron
capture allowing strong rotational coupling between
the A X+ and C II states at small R. It should be
noted that the pseudopotential method becomes in-
valid at R &2ao where core-core overlap becomes
significant. However, as far as the scattering is
concerned, the important couplings occur at rela-
tively large-R values (R &5ao) and therefore, the
calculated cross sections are relatively insensitive to
the small-R region.

B. Coupled equations

We have assumed that. the relative motion of the
heavy particles is described by a classical trajectory.

TABLE I. Slater-orbital basis-set exponents.

(n —1)s

ns

{n +1)s

np

3d

2.000
1.000
0.500

0.500
0.333
1.000
0.500
0.333

0.333

Li

0.412

1.610
0.732
0.300

0.375

2.013
0.501

0.701
0.333

Na

0.790
2.487
0.694
0.372

0.290

0.721
0.558

1.484
0.337

1.135

1.134
0.689
0.394

0.352

0.820
0.556

1.770
0.394

Rb

1.473

1.456
0.831
0.453

0.348

1.063
0.671

1.290
0.412

Cs

1.620

1.569
0.903
0.494
0.302

1.200
0.743

1.149
0.467
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TABLE II. Equilibrium distance R, (a.u.) and well depth D, (eV) for the A X+ states.

26

Present' Ref. 4 Ref. 20 Ref. 6 Ref. 8

LiH+ R,
D,

NaH+ R,
D,

KH+ R,
D,

RbH+ R,
D,

CsH+ R,
D,

7.47 (7.47)
0.47 (0.49)

7.89 (7.87)
0.42 (0.46)

8.68 (8.58)
0.63 (0.68)

8.87 (8.85)
0.68 (0.73)

9.20 (9.17)
0.82 (0.86)

8.2
0.34

8.6
0.49

8.8
0.50

9.0
0.70

7.98+0.1
0.47+0.05

8.75+0.3
0.61+0.1

8.7
0.39

94
0.49

10.4
0.55

10.4
0.71

10 +1
0.77+0.05

'In the present results numbers shown without parentheses were obtained with the 18-term

basis set given in Table I and used in the scattering calculations. The numbers in parentheses

test the convergence of the calculations and are for a 29-term wave function with an expanded

basis set which includes 1 n +2)s, (n + 1)p, 4d, and 4f optimized functions.

The total electronic wave function is expanded in
the ETF modified Born-Oppenheimer (BO) wave
function,

F,(r;R) =exp f;(r;R) I"V
2A

ql(r, r)= ga;(t)p; (r;R)F;(r;R),

where P; (r;R) is obtained from the pseudopoten-
tial calculations; it is the eigenfunction of the elec-
tronic Hamiltonian with eigenvalue E;(R) that de-

pends parametrically on R. F;(r;R) includes elec-
tron translation factors of the form

where V is the relative velocity of the heavy parti-
cles and f;(r;R) represents the switching function
used' ' ' to incorporate the two-center molecular
character into the ETF's. To obtain the coupled
equations we substitute Eq. (6) into the time-

dependent Schrodinger equation, multiply by

O.I—

O.I-

0.0-

0.0-

-O.I—

Li(3s)

~II~ ~ s ~I~ Ioeesaa H(n-2)
LI(2p)

-O.I-
~Il ~ I II~ I~sly

~II~ I ~II~ I~Isis

Na(hs)

Na(3p)

H(n=2)

-02-
- Na(3s)

-0.2-
I

IO

I

20

Li(2s)

30

I

IO

I I

20
R (a, u)

30

R (a. u. )

FIG. 1. Interaction energies calculated for the LiH+
system. The X+ molecular states are denoted by solid

lines and the 2II states by dashed lines.

FIG. 2. Interaction energies for NaH+. The notations
are the same as in Fig. 1 and the circles are the results of
ab initio calculations (Ref. 20) for the A X+, 8 X+,
D X+, andI' X+ states.
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O.l- O.l-

0.0- 0.0

~I~I~III~IMII ~ IMIMI ~I~ ~I

K(5s)

O

-0 I-

Cs(5d)
~ »ie.eeieeii»MI ~ I {S(6p)

-O.I- ~I»assail~a ~I-~~ M ~"~" K(4P)

~ alias ~I~ ~I ~ II~III~ & H( 0 2 )

Cs(6s)

~ iseeeeeeeiieesisiTieessii&ee~ H(n=2)

K(4s)

-0,2-

IO

R (a.u. )

I

20 50

-0,2-
I

IO

R (a.u.)

I

20 30

FIG. 3. Interaction energies for KH+. The notations
are the same as in Fig. 1 and the circles are the results of
ab initio calculations (Ref. 20) for the A X+, 8 X+,
D X+„and F X+ states.

Fk from the left, integrate with respect to the
electronic coordinates, expand the ETF's in powers
of velocity V, and retain the first-order terms of V.
This leads to the set of coupled equations

FIG. 5. Interaction energies for CsH+. The notations
are the same as in Fig. 1.

aj(t) = g V (P+A)a;i'
gexp ——I [E,(t') E; (t')]dt'—

OI-

Here P and A are the nonadiabatic coupling and the
correction terms due to the inclusion of ETF's,
respectively. They have the form

P„,=&k
i

irV"-„ ii &,

Ak =&k
l [&oi Si] I i&

0.0-
=(E„—E, ) &k

~
Si

~

i &,

S; = ,f;(r;R)r, —
(10)

-O.l-

~ I~ iiseiiiii ~IIIIII~ I~ Ie

Rb(4d)

»IIIIIII ~ I~IIIIIIII»ei Rb(5p)

where the V (P+A) terms can be divided into two
contributions in the rotating-frame coordinate sys-
tem

esseiiereiesssesesessiee H (p„-2) V (P+A) =R(P +A")+8(P'+A'), (12)

Rb(5s)
with

-0.2—
I

(0
I I

20
R (o.u. )

Aki «k —E )&k
I 2fi~ I

i &

(13)

FIG. 4. Interaction energies for RbH+. The notations
are the same as in Fig. 1 ~ and
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Pk; =
& k

~

iL~
~

i ),
~ki =(Ek E—)&k

~

—,f;x
~

i )

(14)

The first term in Eq. (12) represents the radial cou-

pling and the second term in Eq. (12) is the rota-
tional (angular) coupling with its corresponding
ETF correction term. R and 8 describe radial and
angular velocities, respectively, and in the impact-
parameter approximation, they can be written

E (0.1 keV, the linear trajectory does not accurate-

ly describe the heavy-particle motion, since the de-

viation from the linear trajectory due to the repul-
sive wall of the potential is not negligible. There-
fore, in this energy region, we have employed a
screened Coulomb trajectory which corresponds to
the repulsive wall of the incident channel.

III. RESULTS

R
(15) A. Coupling

where b is the impact parameter and Uo is the rela-
tive velocity of the collision.

There has been a growing awareness about how to
choose, or determine uniquely, the switching func-
tion to describe the two-center character properly
and satisfy the boundary conditions in the
molecular-state treatment. ' Since we have em-

ployed the two-center LCAO-MO-STO wave func-
tion given in Eq. (5) as the molecular eigenstate, we
can attach well-defined atomic ETF's to each basis
function. This approach is sometimes called a
"generalized traveling orbital method. ' Our
nonadiabatic coupling matrix elements are non-
Hermitian, resulting from different switching func-
tions for each state.

In the evaluation of the (P+A) matrix elements
for the radial and rotational couplings we have used
Gauss-Laguerre and Gauss-Legendre numerical in-

tegration and found that ten points are sufficient to
maintain four to five significant-digit accuracy.
The coupled equations were integrated numerically
with the use of the method of Bulirsch and Stoer
with a relative truncation error automatically main-
tained between 10 "and 10

The initial condition for solving the coupled
equations is ak( —ao ) =5;k, if i designates the initial
state. Therefore, the probability of finding the
products in molecular state k is given by

B,E(R)

IO

RADIAL
COUPLING

NaH

KH,
RbH

CsH

In Fig. 6 the long-range radial couplings from the
A X+ to the B X+ states are displayed along with
the potential difference bE (R). The
A X+~B X+ coupling is very strong and dom-
inates the electron-capture process in proton-alkali-
metal atom collisions. The general trends of this
coupling and the b,E(R) are the following. (i) As
the Z of the alkali-metal atom increases, the posi-
tion of the maximum peak of the coupling shifts to
larger R (peak position of NaH+ =11.5ao,
CsH+=17. 5ao) and the position of the minimum
of bE(R) also shifts in the same direction, (ii) the
maximum position of the peak of the coupling does
not match with the minimum position of bE (the
maximum peak of the couplings lie at smaller-R
values), (iii) KH+ and RbH+ share similar values
of physical properties such as orbital radii, ioniza-
tion potentials, and dipole polarizabilities; these

Pk(E»)=
~

iik(+ 00'»)
~

(16) O

and the corresponding integrated cross section is

Qk(E)=2~ J db bPk(E, b) . (17)

It can be shown ' that Eq. (8) conserves unitarity
for non-Hermitian coupling matrix elements with
errors of order (V) caused by the neglect of the
second- and higher-order terms of V in Eq. (7). For
most of the cases with E & 0.1 keV we used a linear
trajectory (impact-parameter approximation) for its
simplicity. However, in very slow collisions,

cQ IZ

Q.

O

IO
0 IO I5 20 25

R (a.u. )

FIG. 6. Potential-energy differences between the
A X+ and 8 X+ molecular states. Also shown are the
long-range A 2+~8 X+ radial coupling matrix ele-
ments.
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characteristics produce similar potential curves and
couplings for both systems.

Some coupling matrix elements in the CsH+ sys-
tem have been reported by Olson et al. along with
the electron-capture cross sections (they did not in-

clude the ETF's correction). Our A X+—B X+
radial coupling matrix element in CsH+ is some-

what smaller in magnitude than that of Olson et al. ,
while the A X+ to C II rotational couplings show
similar structure. Turning to the NaH+ system, the
A X+—B X+ and A X+—C X+ radial cou-
plings have been reported by Valance et al. How-
ever, these authors have not published calculated
cross sections. Their A X+—B X+ radial cou-
pling is about 15% larger in magnitude at the max-
imum when compared to ours. Unfortunately, Ku-
bach and Sidis have not published the coupling
matrix elements used in their cross-section compu-
tations. Hence we are not able to compare our re-
sults to theirs.

B. Collision mechanisms

We have performed two-, three-, four-, six-, and
eight-molecular-state coupled calculations for the
[H+M]+ systems. The dominant states involved
are the near-resonant electron-capture states consist-
ing of the B X+, C II, and D X+ states [all corre-
spond to the H(n =2) manifold], in addition to the
A X+ M(ns) ground state. The most important
state which governs the electron-capture cross sec-
tion is the B2X+ state which is strongly coupled to
the A X+ state by radial coupling at relatively
large internuclear separations. A study of the two-
and three-state calculation results shows that the
contribution from the B X+ state to the total
charge transfer process is at least 60%%uo in all cases.
A major contribution is made also by the C II state
which crosses the B X+ state at relatively small-R
values and approaches the A X+ state at small R.
We find strong rotational coupling between the ini-
tial A X+ and final C II state for small impact-
parameter collisions. Also, the C II state plays an
important role as an intermediate state for flux pro-
motion through strong angular coupling at the
B X+—C II crossing region.

Our two-state (A X+,B X+) and three-state
(A X+,B X+,C II) calculations indicate that the
dominant charge transfer processes in electron cap-
ture from ground-state alkali-metal atoms are
A X+~B X+ radial coupling at large R,
A X+~C II rotational coupling at small R, and
the two-step process A X+~C II~B X+ at in-

termediate R caused by rotational coupling between
the B X+ and C II states near the curve crossing.
This picture is also confirmed by a collision-history
study in which we observe the time dependence of
the scattering process. The D X+ state also cou-
ples with the A X+ state strongly at small R, but it
has a relatively large energy gap. The D X+ plays
an important part in redistributing the flux in the
H(n =2) manifold by long-range rotational and ra-
dial couplings on the outgoing part of the collision.
Thus we conclude that a minimum of three
(B X+,C II,D X+) electron-capture states along
with the initial A X+ state should be included in
the molecular expansion basis to obtain an accurate
cross section for capture from ground-state alkali-
metal atoms.

For electron capture by protons from excited
alkali-metal atoms H++M*(np), there are two
molecular states which are asymptotically connect-
ed to the initial levels, F X+ and E II. The statist-
ical weights for the particles following these molec-

1 2
ular states are —, and —,, respectively. We find

strong radial coupling between the F X+ and
D X+ states in the region R=18aa. However, the
E II states do not couple strongly at large R with

any of the electron-capture channels, either via radi-
al or rotational coupling. Hence, approximately
two thirds of the incident flux is lost to nonre-
action. Correspondingly, the total electron-capture
cross sections are much smaller than predicted us-

ing arguments based on the asymptotic energy gaps
hE to the product channels.

The above behavior implies that the electron-
capture cross section from M~(np) will be highly
dependent on the polarization of the laser beam re-
lative to the collision axis. If the F X+ molecular
state is pumped, the cross sections may be several
orders of magnitude larger than if the E II molecu-
lar state is preferentially pumped, even at the same
collision energy. Numerical results are given in the
next section.

C. Cross sections

The calculated total electron capture and detailed
cross sections for H(2s) and H(2p) formation for
the H++M(ns) systems, with M =—Na, K, Rb, and
Cs, are shown in Figs. 7—10 and presented numeri-
cally in Table III. Similarly, results are also given
for the H++M*(np) collision systems. The calcu-
lations are directly compared to the recent experi-
mental data of Nagata, " which are representative
of the numerous measurements performed on the
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FIG. 7. Calculated electron-capture cross sections for
H++Na(3s) collisions are denoted by solid lines and
those for H++Na*(3p) collisions by dashed lines. The
heavy solid and dashed lines belong to the total capture
cross sections. The detailed H(2s) and H(2p) cross sec-
tions are labeled. Experimental cross sections of Nagata
(Ref. 11) are given by solid circles for total electron cap-
ture and by solid triangles for H(2s) production for col-
lisions of H+ with ground state Na(3s).

ground-state alkali-metal atom systems. A
comprehensive review of available experimental
data has been presented by Schlachter.

The calculated results displayed in the figures
employed an eight-state molecular expansion basis

FIG. 9. Electron-capture cross sections for
H++Rb(5s) and H++Rb~{5p) collisions. The same no-
tation is used as in Fjg. 7.

set. These states included the A X+ state arising
from H++M(ns), the B X+, C II, and D X+
states from H(n =2)~M+, the X X+ state from
H(1s)+M+, the I' X+ and E II states from
H++M~(np), and the 6 X+ state from
H++M~[(n +1)s or (n —1)d]. To check the con-
vergence of the cross section as a function of basis-
set size, we included the next higher X+ excited
state in place of the X X+ state which contributes
a negligible amount to the cross sections.
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FIG. 8. Electron-capture cross sections for
H++K(4s) and H++K*(4p) collisions. The same nota-
tion is used as in Fig. 7.

FIG. 10i Electron-capture cross sections for
H++Cs(6s) and H++Cs~(6p) collisions. The same no-

tation is used as in Fig. 7.
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TABLE III. Calculated total electron-capture cross sections (in units of 10 " cm ). (a)
H++M(ns) collisions, (b) H++M*(np) collisions; M:—Na, K, Rb, and Cs.

E (keV)

0.01
0.05
0.1

0.5
1.0
5.0

10.0

NaH+

6.24X 10-'
1.82X10 '

5.61X10-'
4.20
5.13
3.48
1.98

KH+

(a)
7.89X10 2

3.14X 10-'
8.78X 10-'
4.40
5.42
3.69
1.99

1.45 X 10
1.34
2.71
8.04
7.71
4.77
2.18

CsH+

2.03
6.81
9.13

11.2
10.2
4.97
2.37

0.01
0.05
0.1

0.5
1.0
5.0

10.0

2.09X10 '
2.08 X 10
6.41 X 10-'
4.48
5.76
4.32
2.99

(b)
7.74X 10
1.04X 10-'
3.43 X 10
2.35
3.52
2.73
1.82

2.22X10 2

2.84X 10
7.81X 10-'
3.44
4.37
2.78
1.73

7.56X 10-'
8.42 X 10
1.81
4.11
4.32
2.42
1.16

A classical-trajectory approximation was used for
the heavy-particle motion. %e have employed both
straight-line trajectories and curvilinear trajectories
to test the validity of the straight-line trajectory ap-
proximation. We found that the reduction of the
cross sections due to the use of curvilinear trajec-
tories is at most 10% at 0.1 keV in the light alkali-
metal atom systems. The effect is less pronounced
for the heavier alkali-metal atom systems, since the
cross sections are primarily determined by long-
range interactions. At energies E p 0. 1 keV, the use
of straight-line trajectories is valid. However, in the
low-energy collision study (E &0.1 keV), we found
it necessary to employ curvilinear trajectories which
were determined by the repulsive potential of the in-
itial channel.

1. H+ alkali metal —(ns) coll-isions

Our H++K, H++Rb, and H++Cs total charge
transfer cross sections shown in Figs. 8 —10 agree
quite well with the recent measurements of Naga-
ta" and also, with the recent theoretical results by
Kubach and Sidis (not shown). For the detailed
H(2s) cross sections we reproduce the oscillatory

structure observed experimentally, although with
smaller amplitudes than indicated by the measure-
ments. These oscillations are caused by a maximum
in the difference of the potential energies between
the B X+ and the D X+ states. This gives rise to
nonrandom phase contributions to the cross sec-
tions. This interpretation is further confirmed by
the fact that the H(2s) and H(2p) formation cross
sections are out of phase with each other.

As a test of the convergence of the electron-
capture eros's sections in terms of the expansion
basis set, we have carried out the cross-section cal-
culations to channels other than the H(n =2)
electron-capture channels. The electron-capture
cross sections to the H( ls) ground state for
H++M(ns) collisions are at most approximately
O. l%%uo of the total electron-capture cross section at
10 keV and are a negligible contribution to the total
cross section at low energies. Numerical values for
the H( ls) production cross sections are presented in
Table IV and are probably accurate to only a factor
of 2 or 3 because of their sensitivity to the descrip-
tion of the repulsive wall of the potentials where the
pseudopotential method begins to fail.

TABLE IV. Detailed electron-capture cross section to the H(1s) ground state for
H++M(ns) collisions (in units of 10 ' cm ).

E (keV)

0.1

1

10

NaH+

2.21 X 10
3.26X.10 "
1.38X 10

KH+

1.45 X 10-'
1.82 X 10
7.84X 10

RbH+

1.21 X 10
1.28 X 10
5.42X 10

CsH+

7.92 X 10
5.21 X 10
2.12X 10
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The inclusion of the H++M* excited states had
a small effect on the magnitude of the electron-
capture cross sections. Direct exritation cross sec-
tions to H++M~ products increased rapidly with
increasing collision energy and attained values of
-25%%uo of the total electron-capture cross sections
at 10 keV. The mechanism of direct excitation to
M* excited states is most probably due to the two-
step process with the H(n =2)+M+ levels as inter-
mediates. We have examined the convergence of
the cross section as a function of expansion basis
size at 0.1, 1, and 10 keV. Taking the CsH+ system
as a typical example, as we increase the basis from
four-states to eight-states by adding the X X+ and
the Cs excited states, the electron-capture cross sec-
tions decrease by only 0.43%%uo, 3%, and 9.7% at 0.1,
1, and 10 keV, respectively. Therefore, the electron
transfer cross sections are reaching convergence in
the energy region studied. As the energy is further
increased above —10 keV, ionization effects dom-
inate so that the theoretical description which in-
cludes only bound states becomes invalid.

We next investigated the interesting case of H+-
Na(3s) collisions (Fig. 7). Our calculated results are
in very good agreement with the recent experimen-
tal data of Nagata, "but not with the older data by
Gruebler et al. The calculations of Kubach and
Sidis show a large disagreement with experiment in
the low-energy region. Their calculated values are
over an order of magnitude below the data at
E &0.5 keV. It is impossible for us to trace the ori-
gin of the discrepancies. However, as we have
pointed out, Kubach and Sidis used an exceedingly
small basis set to generate the eigenfunctions, which
made it necessary to artificially shift the asymptotic
limits of the molecular eigenenergies in order to
perform the scattering calculations. Since the nona-
diabatic coupling matrix elements are very sensitive
to the shape of the wave functions, and because
ETF effects were neglected, it is quite probable the
calculations are in error. Direct comparison be-
tween the various experimental and theoretical re-
sults for NaH+ have been presented elsewhere.

2. H++M~(np) collisions

Presented in Figs. 7—10 and in Table III are cal-
culated cross sections for electron capture from the
resonance state of the alkali-metal atoms [Eq. (2)].
The magnitude of these cross sections is similar to
those for capture from the ground state for the
lighter alkali-metal atoms, but it is smaller than the

ground-state capture cross sections for the heavier
alkali-metal atom systems.

These results can be understood by referring to
the asymptotic energy gaps &F- ( ao ), to the
electron-capture channels, and to the possible cou-
pling mechanisms. Of importance is the fact that
the E H state, which is asymptotically connected to
the H++M*(np) state, is not strongly coupled to
the H(n =2) electron-capture channels via either ra-
dial or rotational coupling. Hence the major en-
trance channel to the H(n =2) manifold is the
F X+ state, which carries only one third of the in-

rident flux. Thus even for the H++Na system
where the bE(00) values for the major electron-
capture states decrease from 1.74 eV for
H++ Na(3s) collisions to 0.36 eV for H++ Na~(3p)
collisions, no significant enhancement in the cross
section is predicted for collisions with excited
Na*(3p). For the heavier alkali-metal atom systems
the energy gap from the excited state to the
electron-capture states becomes comparable to that
from the ground state, so a decreased cross section
is predicted and calculated.

Convergence tests for capture from M~(np) were
examined as a function of basis-set size using the
most difficult case H++ Cs*(6p). Calculations
were performed using a small basis set which only
included the three states from the H(n =2) mani-
fold and the two states from the initial Cs~(6p) lev-
el. These were compared to eight-state calculations
which further included the Cs~(7s) level and two
higher-lying states asymptotically connected to
Cs*(5d). For energies E&1 keV convergence was
better than 10%, while at increased energies the im-
portance of including higher-lying levels becomes
important. At 10 keV, the results are converged to
at least 26%, 29%, and 17% for the total electron
capture and for the detailed H(2s) and H(2p) cross
sections, respectively.

An interesting set of experiments has been report-
ed by Kushawaha et a/. ' They have measured
cross sections Lyman-a production, H(2p)~H(ls)
transitions, and for collisions of H+ with both
ground Na(3s) and excited Na~(3p) states at ener-
gies E & 1 keV. No difference in the cross sections
was observed for energies from 0.02 to 1.0 keV.
Our calculations (Fig. 7) confirm the measurements
and show that enhancement due to collisions of
Na~(3p) relative to Na(3s) will only be important
for E &20 eV.

The calculations indicate that pronounced effects
will be observed for electron capture from the reso-
nance states of the alkali-metal atoms if specific
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magnetic sublevels are populated by laser pumping.
The use of a circularly or linearly polarized laser
beam can preferentially populate either the ~X+ or
II sublevels of the H++M~(np) manifold. Be-

cause the II state does not actively participate in
the electron-capture process, one can expect large
differences in the cross sections. Calculated cross-
section ratios for initially producing either the
F X+ or E II state are presented in Table V. At
collision energies E=O. 1 keV, differences of up to
two orders of magnitude are predicted.

IV. CONCLUDING REMARKS

Pseudopotential molecular-structure calculations
have been used to obtain information on the molec-
ular structure of the LiH+, NaH+, KH+, RbH+,
and CsH+ systems. The wave functions were used

to evaluate both radial and rotational coupling ma-
trix elements for electron-capture cross-section cal-
culations on all of these systems except LiH+. In
this latter case the near degeneracy between the
H++Li~(2p) and H(n =2)+Li+ levels prohibited
us from presenting accurate results.

The calculations employed electron translational
factors which are necessary for the correct descrip-
tion of the asymptotic boundary conditions of the
scattering equations. Spurious long-range couplings
are thus eliminated and allow us, for the first time,
to present accurate detailed cross sections for pro-
duction of H(ls), H(2s), and H(2p). For capture
from ground-state alkali-metal atoms our calcula-
tions are in good agreement with the measurements
of Nagata. "

TABLE V. Ratio of cross sections for electron capture
from the excited state H++M*{np), where the entrance
channel is prepared in the F X+ and E H molecular

states, respectively.

E (keV)
Ratio Q(F'X+)/Q (E 'll )

NaH+ KH+ RbH+ CsH+

0.1

1,0
10.0

9.2
4.1

3.0

11
9.9
4.8

16
11
5.5

210
25
7.8
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Of special interest are our studies on electron
capture from the resonance state of the alkali-metal
atoms H++M~(np) Co.ntrary to usual arguments
we did not observe significant enhancement of the
cross sections over those for capture from the
ground state. This lies in our observation that the
E II molecular state of the H++M*(np) level does
not participate actively in the electron-capture pro-
cess. An interesting prediction is that the use of a
polarized laser beam should show significant differ-
ences for capture from the I' X+ and E II states
(see Table V).
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