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The mutual neutralization and ion-pair-formation reactions in alkali-hydrogen diatomic systems are

investigated in the low-energy region. The ionic-covalent exchange interaction in these systems at the

diabatic curve crossings is calculated by the Landau-Herring method. The cross sections and reaction-rate

coefficients of these reactions are calculated using the Landau-Zener theory, modified to include the under-

barrier transitions and the effects of the variation of coupling interaction within the transition zone. For Cs-

H system, the calculated recombination and ion-pair-formation cross sections are compared with the existing

theoretical calculations and experimental data.

I. INTRODUCTION

The mutual neutralization reactions between
alkali positive and hydrogen negative atomic ions
are of considerable importance in low-tempera-
ture alkali-plasma and gas-laser physics. This
is a consequence of the fact that at low energies
these recombination reactions are characterized
by very large cross sections (10 "-10 " cm')
and by selective populatipn of some excited alkali-
atom final states."On the other hand, the
development of the netural injection method for
heating the thermonuclear-fusion plasma in
tokamaks has stimulated considerable interest
for investigation of ion-pair formation reactions
between alkali and hydrogen atoms. '4 Despite the
recognized importance of the ionic-pair reactions
in alkali-hydrogen systems for the above men-
tioned research fields, little information on their
cross sections and reaction rate constants is
presently available. Exceptions are the theoreti-
cal studies of Bates and Boyd' and Olson et al. ,

'
and experimental investigations of Schlachter et
al. ,

' Spiess et al. ,
' Alvarez et al. ,

' and Cisneros
et al.' In Refs. 6-9 only the reactions in Cs-H(D)
system were studied, whereas Bates and Boyd'
calculated the recombination rate constants in
Li-, Na-, and K-hydrogen ionic systems.

The aim of this article is to present systematic
cross-section and reaction-rate-coefficient data
for ion-ion recombination and ion-pair formation
reactions in alkali. -hydrogen systems in a rela-
tively wide energy range. Since the reaction
dynamics in these systems is controlled by the
long-range configuration interaction between the
ionic and covalent molecular states, it is of
crucial importance for the cross-section calcula-
tions to determine this interaction in the region of
strong nonadiabatic coupling as exactly as possible.
In this work (Sec. II} the ionic-covalent-coupling
interaction-is calculated using the Landau-Herring

method, "'"which provides asymptotically correct
results.

Another characteristic feature of alkali-hydro-
gen diatomic systems is that the ionic state [M'('S,}
+H ('S,); M denotes the alkali atom] interacts
with several covalent configurations [M('L&)
+H(~S», ) I so that a multi-curve-crossing colli-
sional problem arises. Consequently, in the case
of the ion-ion recombination, several open chan-
nels are available for the reaction and one has to
solve a multichannel problem. Fortunately, the
curve-crossing regions in alkali-hydrogen sys-
tems are well separated from one another and
the interference effects can be neglected. Thus,
the probability for a particular reaction can be
determined by using the standard procedure of ac-
cumulation of single- crossing probabilities. "'"

A final introductory remark concerns the method
adopted in the present paper for calculating the
reaction cross sections (Sec. III). We have used
an extended Landau- Zener-type theory, param-
etrized to include the effects of both the peripheral
(underbarrier) transitions and the exponential
variation with the internuclear distance of the
configuration (exchange) interaction within the
region of strong nonadiabatic coupling. " Using
such a method the ionic recombination and the ion-
pair formation cross-section calculations (Sec.
IV) are performed in the energy range of 10 ' ep
to 1-10 keV.

Atomic units will be used in this work, unless
otherwise indicated.

II. EXCHANGE INTERACTION BETWEEN IONIC

AND COVALENT STATES IN ALKALI-HYDROGEN

DIATOMIC SYSTEMS

The ionic- covalent configuration- coupling inter-
action in molecular systems has attracted recent-
ly much theoretical interest"'"" in connection
with the dominant role that this interaction plays
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where H„,(k,j =1,2) are the matrix elements of
the electronic Hamiltonian in the diabatic molecu-
lar basis and S is the overlap integral. It should
be admitted that for not too distant pseudo-
crossings (S not too small), the energy splitting
b, U(R„) may be appreciably larger than b.(R„).
In alkali-hydrogen diatomic systems such a situa-
tion is met for the crossings of the ionic potential
with the covalent ones, corresponding to the ground
and first- excited alkali- atom states. " Moreover,
the relation, Eq. (1), between h(R) and hU(R)
holds strictly at the diabatic crossing point R„.
Since for R 0 R„ the functions b(R) and b, U(R)
behave quite differently, the use of relation, Eq.
(1), to determine b (R,) from other data on b U(R)
in the pseudocrossing region crucially depends on
the proper determination of R„.

Some controversy has recently appeared in the
literature (cf. Refs. 18 and 19) concerning the role
of the ion-induced dipole forces in the ionic diabatic
states, and consequently, the determination of
diabatic crossing point R„. The two customary ap-
proximations of the diabatic ion potentials V,,„(R)

and

V;,„(R)= && —1/R (2a)

V "~ (R) =a~ —I/R-— (2b)

(with b, c being the difference between the electron
binding energies in the atomic and negative ion
states, and n, being the positive and negative ion
polarizabilities) give considerably different values
for the lower crossing points R„, as determined
from the equation

V;,„(R„)= V„,(R„),

where V„,(R) is the diabatic potential of the cor-
responding covalent state.

Adelman and Herschbach" have pointed out that
for H(1s)+H(2s, 2P), and H(1s)+ Li(2s, 2p) systems,
the approximation Eq. (2a) gives a much better
agreement of V„„(R)with the extensive variational
adiabatic energy calculations' ' ' at distances far
from the pseudocrossing region, than the approxi-
mation Eq. (2b). However, the value of &U(R„') for
H-Li(2s, 2P) system, taken as difference of the

in many nonadiabatic energy-transfer processes,
collision-dynamics problems, etc." The con-
figuration-coupling (or exchange) interaction &(R),
associated with a pseudocrossing of two diabatic
potentials, is directly related to the adiabatic
energy splitting b.U(R) at the diabatic crossing
point R =R by~4 ~6

~U(R.) = ". ~(R) =2 lan —Sa.i I

~(R„)

(2l+1)(l+ rn)!
x 2 (I ~2) t

'P txR (4)

Here N, is a "normalization" constant in the
asymptotic radial wave function of the hydrogen

corresponding adiabatic energies" at R„=R„'[R'„
calculated from Eqs. (2a)—(3)], is considerably
larger than the value b U(R„"~). On its turn,
b U(R„"~) is very close to the minimum value of
4U(R). Similar is the situation in H-Na, and H-K
systems. ""' Since the configurational mixing is
expected to be most pronounced at the minimum
of b U(R), it follows that for purposes of non-
adiabatic transition-probability calculations the
choice of R'„'~ is most appropriate as a distance
where the electron-exchange effects are strongest.
For higher covalent states, of course, there is no
such uncertainty in the choice of R„, since the
polarization term in Eq. (2b) is negligibly small.
Moreover, for these states, the overlap integral
S with the ionic state is also small and the quan-
tities b.(R„) and b, U(R„) are essentially equal. (In
what follows, by R„we shall mean R„"~.)

Most of the recent calculations concerning
ionic-covalent configuration interaction in alkali-
hydrogen systems were performed for b, U(R„)".' "
using the LCAO method. For Li-H, Na-H,
and Cs-H systems, the adiabatic energies of low-
lying molecular states have been calculated, re-
spectively, by Docken and Hinze, "Sachs et al. ,~'

and Olson et al. ,
' using the variational method.

From these calculations one can estimate the
value of the adiabatic energy splitting b, U(R„).
However, as the above discussion illustrates,
direct derivation of the exchange interaction b(R„)
from these data is not possible. [Note that only
h(R„) =2H» is the quantity relevant for nonadia-
batic transition probability calculations. ] More-
over, as argued in Refs. 10 and 11, the LCAO
and variational methods suffer from some substan-
tial drawbacks in determining the exchange inter-
action at large internuclear distances. Therefore,
in calculating the exchange interaction between
ionic and covalent states in alkali-hydrogen sys-
tems it is more appropriate to apply the method
developed in Refs. 10, 11, 14, and 15. This non-
perturbative method, inspired by the work of Lan-
dau and Herring (for details see Ref. 11), involves
an integration of the electron-exchange current
over a surface separating the influence of atomic-
core potentials. General expressions for the
ionic-covalent exchange interaction at the crossing
point R„obtained by this method are given else-

For the case of alkali-hydrogen diatomic sys-
tems the expression for b(R„) is given by the fol-
lowing formula:
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q &-'(~) =N, ~ 'e -~", ,'P'=—ZX(X),
I

with that calculated using the three-parameter
variational wave function of Chandrasekhar. The
obtained value for N, is N~ =1.1532. Since the
crossing points for alkali-hydrogen systems are
at large enough distances, one can use for p,„(r)
its asymptotic form

(~) =&V ~'" 'e-

(5)

(6)

where the constant N, has analogous meaning as
N, . For the ground-state alkali atoms N„has the
following values": 0.765(Li), 0.751(Na), 0.533(K),
0.491(Rb), and 0.416(Cs). For the excited alkali-
atom states one can use for N, its Coulomb value

1 - -z/g
N '"'=y(2y)' " I" —+l+1 I' ——l

y y
(7)

negative ion, rp„ is the radial wave function of
the electron bound on the alkali atom in a state
characterized by a binding energy --,'y', angular
momentum l, and its projection m on the inter-
nuclear axis. The value of N, is determined" by
matching the electron-density distribution obtained
by the asymptotic radial wave function

We note that in the work of Grice and Hersch-
bach" and Adelman and Herschbach" essentially
the same asymptotic forms for y (r) and y,„(x)
were used [as in expressions (5) and (6)], except
for other choices of the constants N, and N, .

The results of our calculations on b(R„) for
alkali-hydrides are given in Table I. The crossing
points R„are determined with inclusion of the
polarization term in the ionic-potential. In order
to make a closer comparison with the results of
other theoretical calculations on configura'tion in-
teraction in alkali hydrides, we have calculated
the overlap integral S with the above asymptotic
functions and then used relation (1) to obtain
b, U(R„) The-se. results are a,iso given in Table I.
The comparison of the obtained values for AU(R„)
is made with the corresponding data due to Bates
and Boyd' (BB), Numrich and Truhlar'"" (NT)
(the values in parentheses in the NT column of
Table I are taken from Ref. 16), Adelman and
Herschbach" (AH), and Grice and Herschbach"
(GH). In Table I are also listed the values of
b, U(R„) estimated from the variational adiabatic
energy calculations, where available""" (the

I

TABLE I. Curve-crossing parameters for alkali-hydrogen systems. BB, AH, NT, and GH are the results of Refs.
5, 19, 17 (and 18), and 16, respectively. The results in MCSCF column are taken from Refs. 21 (DH), 22 (SHS), and
6 (OSB).

EU(Rx) (eV)

2s
2P
3s
3P
3d

3S

7.40
10.61
21.52
33.8
35.8
7.66

3p
4s
3d

4p

12.6
22.8
35.4
43.0

State Rx
of M+ (ao)

6(R„)
(eV)

0.737
0.509
5.41(—2) '
7.70(-3)
6.28(-3)
0.760

0.397
4.35(-2)
3.35(—3)
1.04(-3)

0.452
0.260
0.115
0.1
0.1
0.475

0.239
0.1
0.1
0.1

A(R„)
1-$2

0.926
0.546
5.48(-2)
7.70(—3)
6.28(-3)
0.982

0.421
4.35(-2)
3.35(—3)
1.04(-3)

BB AH

0.61
0.43
5.36(-2)
9.14(-3)
4.53(—3)
0.59

1.35
0.71
6.24(-2)
1.02(—2)
5.02(-3)
1.36

0.32 0.46
4.35(-2) 5.05(-2)
4.86(—3) 5.40(-3)
1.87 (—3) 9.01 (—3)

NT

0.57
(1.05)
0.29
7.88 (-2)

MC SC 1"'

1.20(DH)

1.22
(SHS)

1.69

1.54

H-Rb+

H-Cs'

4s

4p
5s
5p

5s
5p
6s
6p

6s
6p
7s
7p

14.3
27.8
51.9
9.11

15.66
29.4
57.0
9.74

16.2
32.3
63.2

0.310
1.85(-2)
2.99(—4)

0.585
0.225
1.39(-2)
1.10(—4)

0.512
0.219
8.30(-3)
3.19(—5)

8.86 0.599

0.216
0.1
0.1
0.410
0.179
0.1
0.1
0.387
0.179
0.1
0.1

0.325
1.85(-2)
.2.99(—4)

0.703
0.232
1.39(-2)
1.10(—4)

0.602
0.226
8.30(-3)
3.19(-5)

0.417 0.725 0.50 0.94

0.24 0.33
1.90(-2) 2.15(-2)
3.81(-4) 3.86(-4)

0.88
0.27
1.66(-2)
1.56(—4)

0.75
0.23
9.93(—3)
4.97(—5)

0.49
(0.66)
0.23

(0.24)
3 12(-3)

1.06

0.96

'0.789 (OSB) 0.80
0.305(OSB)

(-X) means 10 ".
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MCSCF column). The values of AU(R„), calculated
by the present asymptotic method, are smaller by
about 20% with respect to MCSCF values. It is
interesting to note that OSB (Ref. 6) value for
b, U(R„) is closer to the GH value than to the AH
value, assumed to be more accurate. " We have
also calculated &U(R„) for H-H' (n =2) wi. th the
asymptotic Landau-Herring method and obtained
a value of 0.688 eV. The energy splitting of the
adiabatic HKH potential curves at R„=11.08 is
0.69 eV, as estimated by Adelman and Hersch-
bach. '" The AH value fox' this case is 0.80 eV."
III. METHOD FOR CALCULATING THE CROSS SECTIONS

In calculating the reaction cross sections for
ion-ion recombination and ion-pair formation in
alkali-hydrogen systems we shall utilize an im-
proved Landau-Zener (LZ) theory, based on the
work by Qvchinnikova. " The conventional formu-
las for cross-section calculations in the LZ ap-
proximation are"'

tt( g—) ~ —IR 6(R )] a/(E+4e) ~ (10)

v =2y5R„ (12)

Qvchinnikova solved numerically the two-state
coupled equations for a set of A and p values. In
Eqs. (11) and (12), 6R„ is the half width of the
transition zone and for a distant ionic-covalent
curve crossing is 5R„=-,'R„'n(R„). It was shown
that the parameter A. significantly affects the

where 4e (=R„') is the reaction exothermicity,
E = —,

'
p, v' is the relative collision energy, andy

is a statistical factor. "
It is presently well recognized that the major

deficiencies of the LZ approximation come from
the sma, ll width of the transition zone (the region
of strong nonadihbatic coupling) and the lack' of
variation of the coupling interaction with inter-
nuclear distance within the transition zone. These
aspects of the collision dynamics are not included
in the LZ model. In a recent paper, Qvchin-
nikova" has-systematically investigated the in-
fluence of the above mentioned dynamical param-
eters on the magnitude and energy dependence of
the reaction cross section. ,Assuming an exponen-
tial variation of the nonadiabatic coupling a(R)
= a(R„)exp( —

y~ R —R„~ ) (for the ionic-cova, lent
case this is a correct representation) and intro-
ducing two parameters

4 = (2/tr)(R„ /6R„)'~'

and

cross-section maximum (with very little influence
on its position), whereas the parameter v intro-
duces a shift of the cross section towards the
lower energies. For A -~ (5R„-0) and p=0 [a(R)
=const] the LZ model result is obtained. The
effect of the parameter A on the cross section
maximum can be parametrized as

qma x —(1 + 0 924' -a)aqmax (13)

It js important to note that parameter p affects
directly the nonadiabatic transition probability
per unit passage of the transition zone p =e
Therefore, in a multi-curve-crossing situation
the effects of parameters p, , defined for each
curve-crossing i, are separable. The reaction
channel probability P,. can be constructed by the
mentioned accumulation procedure of single-
crossing probabilities p,. in the usual way. "'"
Qn the other hand, since in calculating a given
reaction channel cross section q,. the integration
of p,. over the impart parameters p is carried
out up to the corresponding curve-crossing dis-
tance R, , it is obvious that only the peripheral
collisions with p- R„,. contribute significantly. to
the underbarrier (tunneling) transitions, involved
in that particular reaction channel. This means
that in calculating a cross section Q,. for a given
channel, only the corresponding parameter A,. is
involved. The inclusion of the effects of param-
eter A,. on the cross section q,. (for a given value
of the collision velocity) can be achieved by ap-
plying an interpolation procedure to the numerical-
ly computed cross sections" for a set of A values.
This procedure allows one to obtain q,. with an
accuracy of about 10'. The total cross section
can be obtained by summing the cross sections q,

. IV. IONIC RECOMBINATION AND ION-PAIR FORMATION
CROSS-SECTION CALCULATIONS FOR ALKALI-HYDROGEN

SYSTEMS

The ion-ion recombination and ion-pair forma-
tion reaction in alkali-hydrogen systems are not
properly time-reversed processes, due to the fact
that ionic recombination in these systems is a
multichannel reaction. We shall, 'therefore, con-
sider these two classes of reactions separately.

Ionic recombination

The reaction channels in ion-ion recombination

M' +II -M(t') +H,

In the adiabatic energy region (v « I), the param-
eter p can be incorporated in the function F,(X)
of Eq. (8) replacing A. by A.„where"

(14)
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FIG. 3. Total cross sections for Li, K, and
Rb -H" recombination.

FIG. j.. Total and partial reaction channel cross
sections for Na' -H recombination.

4'

which significantly contribute to the total cross
section in the energy region from 10 ' eVtoafew
keV, are those which lead to formation of the
alkali product atom in the states listed in Table
I. Thus, for the I,i', Na'-H ionic pairs we

have five significant reaction chanriels, whereas
for each of the other ionic. pairs we have four
such channels. For each of these channels we
have constructed the corresponding channel prob-
ability I,. and the reaction channel cross section
Q,. have been calculated by the method described
in Sec. IV. . Considerable A. and p corrections in
the cross sections are found only in the first two
(low-lying product state) channels for each reac-
tion. It is found that the total recombination cross
sections for all reactions have a broad maximum
around 100 eV and that dominant contribution to the

10

lQ

cross section in this energy range gives the reac-
'tion chanriel leading to formatiori of the product
alkali atom in its first (np) excited state At .en-
ergies below 1 eV, dominant contribution in the
total cross sections comes from the reaction
channel producing alkali atoms in the (n+1)s ex-
cited state, where n is the principal quantum num-
ber of the alkali atom ground state. The situation
is illustrated in Figs. 1 and 2., where the partial
and total cross sections for Na'-H and Cs'-8
recombination reactions are given. The dashed
curve in Fig. 2 represents the total Cs'-H recom
bination cross section, calculated by bolson et al.'
by numerical integration of the corresponding semi-
classical coupled equations. Only the Cs(6s)-H
and Cs(6p)-H covalent states were included in
these calculations, for which ab igitio potentiaJ. -
energy curves and coupling matrix elements (both
radial and rotational) were generated. As. seen
from Fig. 2, this approximation of the many-
channel problem is justified in the energy region
investigated by Olson et al. ,' but not for energies
below - 100 eV.

For Li+, K+, Bb+-H pairs, the reaction chan-
nel cross sections Q~ have similar behavior as in

10 I
I

I I I

10

10

III

E

6

Li
Na
Rb
K
Cs

M+H —M+H

10 10' 10" 10' 10' 1P"

E (eV)

FIG. 2. Total and partial reaction channel cross
sections for Cs' -H recombination. Dashed curve
represents the results of Olson et al. (Ref. 6).

e4
T(KI

FIG. 4. Reaction-rate coefficient for alkali-hydrogen
ionic recombination.
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the Na'-H or Cs'-H case. The total recom-
bination cross sections for these pairs are given
ln Flg. 3.

We have also calculated the total recombination
rate coefficients n =(uQ) for all alkali-hydrogen
ionic pairs in the temperature range from 300
to 5@10~ 'K. The results are presented in Fig.
4. As expected, the ion-ion recombination rate
coefficients are fairly large, having an order of
magnitude of - 10 ' cm'jsec in the entire temper-
ature region investigated.

-14
I

I
I I I

I

ent result

+
Cs+ D-Cs-+ D

B. Ion-pair formation

When the interacting atoms are initially in their
ground states, the ion-pair formation reactions
have only one exit channel. In hydrogen-alkali-
atom systems a number of alkali-atom excitation
channels are open due to the existence of several
ionic-covalent curve crossings, when the collision
energy is higher than the iog-pair formation
threshold (E,„=n,e,=R„'). The effect of these
channels on the ion-pair formation cross- sec-
tion is to lower its magnitude with respect to the
case when no intermediate excitation channels
exist. Within the corrected LZ method, the pres-
ence of the intermediate curve crossings has a
significant influence on the ion-pair formation
cross section through the dynamical parameters
p,. (i=0, 1, . . . ) andA, ("0"designates the ionic
ground-state covalent curve crossing). Since the
ion-pair formation threshold in alkali-hydrogen
systems is of about a few eV's, only the first
three curve crossing have a considerable @-

correction effect to the cross section.
The cross-section calculations are performed

by the modified LZ method of Sec. III and the re-
sults are given in Fjg. 5. The results are repre-

-17
10

I I I

0.1 0.2 0.5 I -2

I

5 l0
'

20 50

E'(keV)

FEG. 6. Ion-pair formation in Cs+D: from Ref.
9; o and 0 from Ref. 7; X from Ref. 8. Theory: full
curve —present calculations; dashed curve —Olson et ag.
(Ref. 6).'

sented on a deuterium energy scale. For all reac-
tions the cross-section maxima are fairly broad
and lie within the interval between 100 and 2000
eV. The largest among them is the cross section
for Cs'-D" .ion-pair formation. For this reac-
tion experimental cross-section data also exist. '
Figure 6 gives a comparison of our theoretical
calculations for Cs -D ion-pair formation (the
full curve) with the experimental data and the
close-coupled calculations of Olson et al. ' (the
dashed curve). The results of Olson et al. ' have
been reduced by a statistical weigh factor of —,

'
to incorporate the fact that only the singlet molecu-
lar channel can lead to H ('S)+M'('S) products.
The squares in Fig. 6 represent the data of Cis-
neras et al. ,

' the solid and open circles are the

M+ D —M"'+ D

-8
10o

'

L/l

Eo 10
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I
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I
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FIG. 5. ion-pair formation-cross sections in alkali-
deuterium collisions.

FIQ. 7. Reaction-rate coefficient for ion-pair forma-
tion in alkali-deuterium systems.
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data of Schlachter et al. ' (for Cs+H and Cs+D
systems, respectively) and the cross is a mea-
sured value due to Spiess et al .' As Fig. 6 shows,
the agreement between our theoretical results and
the experimental cross-section data can be con-
sidered as quite satisfactory. The extrapolation
of the theoretical curve to higher energies would
lead to an overestimation of the cross section,
because all the LZ-type theories predict an in-
correct E ' ' behavior of the cross section at high
energies.

Using the theoretical cross sections for ion-
pair formation we have calculated also the cor-
responding reaction-rate coeff icients. The re-
sults are presented on Fig. V. In accordance with
the cross-section behavior, the reaction rate
coefficients increase with temperature in the whole
temperature range investigated.

V. CONCLUDING REMARKS

In the present paper we have considered theo-
retica1. ly the ion-ion recombination and ion-pair
formation reactions in alkali-hydrogen systems.
The method which has been applied for calculating
the exchange interaction at the crossing points of
diabatic ionic and covalent potentials assures ac-
curate results for this quantity. The method for
calculating the reaction cross sections, however,
is not so accurate since it involves an interpola-
lation procedure (to include the effects of param-
eter A), 'and'for energies appreciably beyond the
cross-section maximum the effects of the param-
eters v, are not properly included. The high-ener-

gy behavior of the inelastic cross section cannot,
however, be correctly described in any LZ-type
approach.

A final remark should be added concerning the
role of rotational coupling on the processes in-
vestigated in the present paper. Since in the ion-
ion recombination the main contribution to the
total cross section for energies below the cross-
section peak comes from the (n+ 1)s covalent chan-
nel, one concludes that in this energy region the
radial g-Z coupling is the dominant transition
mechanism. For energies above the cross-section
peak important contribution to the total ion-ion
recombination, gives als'o the np covalent channel.
The partial recombination cross section g„~ of this
channel might be significantly affected by rota-
tionally induced. transitions. However, one can
expect that their. contribution to Q„~ is not larger
than the uncertainty introduced by the nonproper
account of the p corrections in this energy region.

The ion-pair formation total cross sections is
mainly determined by the radial coupling of the
ionic and ground-state covalent states in the whole
energy region investigated. Therefore it is not ex-
pected that rotational transitions, that might popu-
late the intermediate p-covalent states, will change
considerably the total ion-pair formation cross
section.
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