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The rate of the radiative decay of the HeH1(b 3S1) molecular ion has been investigated. At infinite
internuclear separation theb 3S1 electronic state dissociates to form metastable atomic helium He(23S) and
a proton H1. The optically allowed electronic transition to the lowest triplet HeH1(a 3S1) state which
dissociates to He1(1s) and H(1s) was considered. This transition can lead to the population of metastable
triplet (a 3S1) states in beams of HeH1 ions. @S1050-2947~96!05612-0#

PACS number~s!: 34.50.2s, 33.15.2e

I. INTRODUCTION

In a recent experimental study of the dissociative recom-
bination~DR! of HeH1 @1,2# it was proposed that metastable
ions in the lowest electronic triplet state (a 3S1) ~which
dissociates at internuclear separationR→` to
He1(1s)1H(1s), total spinS51) may be responsible for
the large cross sections observed. This ion can be produced
in an ion source along with the ground-state molecular ion
HeH1(X1S1) @which dissociates to He(1s2)1H1 at
R→`]. The DR cross section for the metastablea 3S1 ion
should be very large due to the large number of suitable
neutral states which cross its potential-energy curve@1#. The
ground electronic stateX1S1 does not have any suitable
neutral state crossings and so the direct DR of an ion in this
state will be slow@3#. Recent theoretical studies, however
@4,5#, involving indirect recombination via the repulsive neu-
tral states of HeH have predicted sizeable cross sections
~with rich resonant structures! for the DR of HeH1.

The a 3S1 electronic state has a very shallow potential
well, ;0.1 eV, at its equilibrium internuclear distance of
R.4.4a0 and supports five vibrational levels for4,3HeH1

and seven vibrational levels for4,3HeD1 @1#. This ion can
easily be destroyed by collisions in an ion source and so it is
a problem to explain the population of such an excited state
in the experiment@1#.

In this paper it is proposed that the HeH1(a 3S1) mo-
lecular ion can be created as a result of the optically allowed
electronic dipole transition

HeH1~b 3S,v i !→hn~;8 eV!1HeH1~a 3S,v f ! ~A!

→He1~1s!1H~1s!1hn ~B!

from the second triplet excited molecular ion
HeH1(b 3S1) which dissociates to He(23S)1H1 at
R→`. Metastable triplet atomic helium He(23S) is easily
created in an ion source and so the molecular ionb 3S1

must also be present. The HeH1(b 3S1) ion potential well
is deep enough,;0.7 eV @6#, to survive against collisions.
The processA can provide a substantial population of
HeH1(a 3S1) ions in the region downstream from the ion
source exit canal in spite of collisions within the source that

would otherwise destroy such ions. ProcessB is the radiative
dissociation of theb 3S1 state and this competes with pro-
cessA.

The main problem investigated in the present paper is the
ratio of the relative probabilities of channelsA andB. This
ratio depends on the relative positions of the potential wells
belonging to the initial and final electronic states. The poten-
tial wells of the two states are shown in Figs. 1 and 2. The
overlap integral between the wave functions of the ground
vibrational levels of the two potential wells is very small,

FIG. 1. Relative positions of the initialb 3S1 ~i! and final
a 3S1 ~f! potential wells of the HeH1 molecular ion.
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1024–1025, but for the first vibrationally excited levels, the
overlaps are close to unity. Our present calculations show
that a significant fraction of the radiative transitions proceed
via theA route for the vibrational levelsv i , f5023.

An astrophysical review by Roberge and Dalgarno@8#
lists many processes involving atomic H and He and molecu-
lar HeH and HeH1. Collisional-radiative destruction of
metastable atomic helium and radiative electron capture

He~2 3S!1H1→HeH1~a 3S1,v f !1hn ~C!

→He1~1s!1H~1s!1hn ~D!

should be added to these processes. In processesC andD,
the initial electronic state is the same as that in processesA
andB but in C andD the atomic helium and hydrogen are
initially in the vibrational continuum belonging to the initial
electronicb 3S1 state. In processC, the HeH1(a 3S1) mo-
lecular ion is also formed as in processA.

II. RADIATIVE LIFETIME OF THE HeH 1
„b 3S1

…

MOLECULAR ION

A. General

The probability per unit time of a radiative decayWif
after summation over the photon polarization is equal to

Wif5
4

3

e2v 3

\c3
z^ i urWu f & z2, ~1!

wherec is the velocity of light and the matrix element of the
dipole transition is equal to

^ i urWu f &5^x f* ~RW !c f* ~RW ,rW !urWux i~RW !c i~RW ,rW !&, ~2!

whereRW is the internuclear separation vector,x is the wave
function of the nuclear motion,c is the wave function of the
two electrons in the HeH1 ion. The coordinate system origin
is placed at the molecular center of mass.

The vector of the electronic matrix elementDW i f (RW ) is di-
rected along the vector of the internuclear separationRW

DW i f ~RW !5
RW

R
Di f ~R! ~3!

and the absolute value of the electronic matrix element

Di f ~R!5^c f* ~R,rW !urWuc i~R,rW !& ~4!

has been calculated numerically by Michels@6# as a function
of the internuclear separationR.

Using standard techniques for the summation over the fi-
nal molecular rotational statesKf and averaging over the
molecular initialKi states we can write for dipole transitions

Wif5
4e2v 3/9\c3

2Ki11
@~Ki11!z^xKi

i ~R!uDi f ~R!uxKi11
f ~R!& z2

1Ki z^xKi
i ~R!uDi f ~R!uxKi21

f ~R!& z2#, ~5!

where the wave functions of the intramolecular motionx are
solutions of the following wave equations:

d2x i , f

dR2
1
2M

\2 FEv i , f
2Vi , f~R!2

K~K11!

2MR2 Gx i , f50, ~6!

whereVi , f(R) are the potential energies of the interatomic
interaction on the initial~i!, b 3S and the final~f!, a 3S
terms. The asymptotic behaviors of these potentials are de-
termined by the polarization interactions2a/2R4 of the
He(23S)1H1 and He1(1s)1H(1s) systems. These as-
ymptotes were joined with numerical terms@6# at large in-
ternuclear distancesR and as a result we obtained the fol-
lowing asymptotic expressions:

Vi~R!52
158

~R20.013 098!4
; R>Ri520.0;

~7!

Vf~R!52
2.25

~R20.196 799!4
; R>Rf59.5.

~8!

These expressions correspond to valuesaHe(23S)5316a0
3 and

aH(1s)54.5a0
3 @10#. At internuclear distancesR<Ri , f the nu-

merical terms@6# were used.
Wave functionsxv for all vibrationally bound states were

nomalized to unity

E
0

`

uxv~R!u2dR51 ~9!

and for the process of radiative dissociationB, the wave
function of outgoing atomsxEf , Ef.0, was normalized to
the d-function of energy

xEf→
1

\S 2Mpk D 1/2cos~kR1d!; \k5A2MEf ; R→`.

~10!

In our calculations the next analytical expression for
Di f (R)

FIG. 2. Matrix element of the electronic dipole transitionDi f

~a.u.! as a function of the internuclear distanceR. Crosses: numeri-
cal values@6#, solid curve: analytical expression~11!.
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Di f ~R!5AS 12
b

ARDRCexp~2dR! ~11!

was used with numerical valuesA520.8207, b51.320,
C52.378, andd50.592 in atomic units. Expression~11!
corresponds to the asymptotic limit ofDi f atR→` @9#. The
valuesd and C are equal tod5A2J2 3S and C52/d21,
whereJ2 3S54.7678 eV50.175 214 a.u. is the ionizational
potential of the atomic metastable triplet helium He(23S).
The valuesA andb were chosen by fitting of expression~11!
to the numericalDi f value@6# and the result of this fitting is
shown in Fig. 3. This figure demonstrates the quality of the
fit and the good agreement between both sets of data. For
very large values ofR>10a0, the asymptotic expression~11!
should be better than the numerical values. The range of
largeR>10a0 is very important for calculations of the ra-
diative lifetimes of high vibrational levels of
HeH1(b 3S1). These levels have greater radiative lifetimes
than the ground vibrational levelv i50 and are especially
interesting~see below!.

Transition probabilities to the discrete vibrational states
and to the vibrational continuum of thea 3S1 state have
been calculated. The lifetimet i of the given initial state
‘‘ i ’’ is equal to

t i5~Wi !
21, ~12!

where

Wi[S (
Ef

1E dEf DWif ~Ef ! ~13!

is the total radiative decay probability from the ‘‘i ’’ state in
the initial b 3S1 term to all the states to which the decay is
possible:(Ef

is the sum over the discrete vibrational states

and * is the integral over the vibrational continuum of the
a 3S1 term.

B. Total radiative lifetime

Let us consider the simplified method for calculating the
total radiative lifetime. In accordance with the formulas
~6!,~13! we need to calculate the spectrum sum and integral

Wi;S (
Ef

1E dEf Dv f i
3 z^x i~Ei ,R!uDi f ~R!ux f~Ef ,R!& z2.

~14!

We can remove the frequency of radiation
v f i[E01Ei2Ef out of the (,* signs and use
v f i
3 >uE01Ei u3 because transitions with smallEf , uEf u

!E0 or uEf u!uE01Ei u (Ei , f are measured from the disso-
ciation limits!, make the main contribution to the matrix el-
ement in Eq.~5!. E050.32 477 a.u.58.8370 eV is the energy
difference betweena 3S andb 3S states atR5`. Changing
the order of the integration in the matrix element and the
spectrum summation in Eq.~13! and using the completeness
theorem

S ( 1E dEf Dx~Ef ,R!x~Ef ,R8!5d~R2R8! ~15!

we can rewrite expression~13! in the form

Wi>
4

9 S e2v0
3

\c3 D ^x i~R!uDi f
2 ~R!ux i~R!&, ~16!

wherev0[E01Ei . Using also the normalized semiclassical
wave functionsx i for the molecular motion in the initial state

x i
2~R!>2cos2S 1\ER1

R2
pi~R!dR2

p

4 D Y v i~R!E
R1

R2 dR8

v i~R8!
,

~17!

whereR1,2 are classical turning points and the classical ve-
locity and impulse are equal to

v i~R!5A2@Ei2Vi~R!1Ki~Ki11!/2MR2#/M ;

pi~R!5Mv i~R!. ~18!

Using the mean value cos( . . . )> 1
2 we can rewrite the total

radiation probability in the form

Wi>
4

9 S e2v0
3

\c3 D E
R1

R2
Di f
2 ~R!

dR

v i~R!YE
R1

R2 dR

v i~R!
. ~19!

Formula~19! is much simpler to use than the quantum cal-
culation of the total radiative probability but at the same time
it is sufficiently accurate~see below! ~see Fig. 4!.

C. Numerical calculations

Vibrational energy levels of the4HeH1(b 3S1) molecu-
lar ion were calculated using two approaches; by a quantum-
mechanical approach~for levelsv i5027,13) and by a semi-
classical approach~for all levelsv i50234).

For the quantum-mechanical calculations a computer pro-
gram was constructed which was used to solve the wave
equation~6! for the initial Vi(R) and the finalVf(R) poten-
tials and to calculate expression~5! ~see Fig. 5!. The interval

FIG. 3. Total radiative lifetime of the HeH1(b 3S1) molecular
ion as a function of the initial vibrational energyEi . Stars: results
of quantum calculations using formula~5!. Crosses: results using
formula ~16!. Solid curve: result of the semiclassical approximation
~19!.
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of internuclear distances 2a0<R<22a0 was divided into
23104 points with a spacingdR50.001a0. A large number
of integration points~20000! is required due to the highly
oscillatory nature of the molecular wave functionsx. Nu-
merical solutions of Eq.~6! were derived using the predictor-
corrector or Numerov method. Tables of the functions
Vi , f(R) calculated in@6,7# and the asymptotic expressions
~7!,~8! were used together with a third-order interpolation
procedure.

EigenvaluesEv i ,Ev f and eigenfunctionsxv i , f(R) of dis-
crete vibrational states were determined by the following
scheme. Two solutions were obtained. The first one had the
starting point atR52a0 and the end point atRmid . The
second one had the start point atR522a0 and the end point
also atRmid . Starting values~boundary conditions! at first
fourth points~predictor-corrector scheme! were calculated by
the semiclassical approach. Starting values of the first solu-
tion were positive while starting values of the second one

were multiplied by (21)v. Both solutions were joined at a
middle pointRmid and the relative difference of the deriva-
tives was minimized to 1024–1025 for all eigenvaluesEv .

Semiclassical wave functions in the vibrational continuum
were used in parallel with numerical solutions. Results ob-
tained by both wave functions agreed with high accuracy
excluding the range of very smallEf values when the value
of x(R522a0) was not asymptotical and the normalization
procedure~10! could not be used for the numerical solution.
The semiclassical result was used for theseEf values. An

FIG. 6. The same as on Fig. 5 but for the initial vibrational state
v i52.

TABLE I. The vibrational energy levelsEv i
of HeH1(b 3S1),

for v i50 to 22, calculated using quantal and semiclassical approxi-
mations.

v i Eq
v i

~eV! Esc
v i

~eV!

0 20.7005 20.7005
1 20.6529 20.6533
2 20.6071 20.6072
3 20.5622 20.5623
4 20.5186 20.5184
5 20.4757 20.4757
6 20.4342 20.4344
7 20.3943 20.3945
8 — 20.3559
9 — 20.3184
10 — 20.2824
11 — 20.2484
12 — 20.2164
13 20.1861 20.1861
14 — 20.1577
15 — 20.1316
16 — 20.1079
17 — 20.0867
18 — 20.0685
19 — 20.0533
20 — 20.0413
21 — 20.0313
22 — 20.0232

FIG. 4. Total radiative lifetime of the HeH1(b 3S1) molecular
ion as a function of initial vibrational energyEi for very high vi-
brational levels and very small binding energies, obtained by the
semiclassical approximation~19!.

FIG. 5. Radiative band of the HeH1 molecular ion for the elec-
tron transitionb 3S1→a 3S1 from the ground initial vibrational
statev i50. Points are results of quantum calculations using formu-
las ~5!. The line was drawn by hand.
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uncertainty in the semiclassical wave function in the vicinity
of the turning point was avoided by the use of the numerical
solution of the wave equation~7! in the range around the
turning point.

In semiclassical calculations of vibrational energy levels
the relation

E
R1

R2
p~R!dR5p\S v1

1

2D
was used. Calculations were carried out up to very large
distances (482.0a0 for v i534! and the outer turning points
Router were determined as points where the difference
E2V(R) has changed its sign. The semiclassical values of
the vibrational levelsEv i

semcl, 0<v<34, are given in Tables

I and II.
For the total lifetime calculation we need to know the

molecular spectral bandWif (Ef) which should be an analyti-
cal function at anyEf value and in particular at the point
Ef50. At this point, the discrete and continuum parts of the
molecular spectral band are joined. Such a joining is shown
in Fig. 6 for the statev i52. In the discrete spectrum, the
valuesWif (Ef)/@E(v f11)2E(v f)# are drawn, since for this
joining the discrete spectrum valuesWif (Ef) should be mul-
tiplied by the number of states in the interval of the energy
DEf . From these figures it may be seen that a smooth join-
ing takes place and that the molecular spectral band
Wif (Ef) is a very complicated function of the energyEf .
Smooth joinings of the continuum and discrete spectra for all
other initial vibrational states considered~i.e., with v i.2)
were derived and molecular spectral bands for largev i are

much more complicated functions ofEi . Figure 6 demon-
strates the good accuracy of our calculations.

III. RESULTS AND DISCUSSION

The HeH1(b 3S1) molecular ion is a very interesting
species. Its potential well is shown in Fig. 1. It has a very
broad well extending over the range 6215a0. In spite of the
relatively small dissociation energy, 0.7 eV, this well has
35 vibrational levels@for the 4HeH1(b 3S1) isotope# which
are shown in Tables I and II. Metastable atomic helium
He(23S) has a huge polarizability,a5316a0

3 @10# therefore
the positions of the highest levels,v i520234, are deter-
mined by polarizational forces. The vibrational levels
v i525234 have very small binding energies which are less
then 0.01 eV: Ev i525520.0079 eV andEv i534528.8

31028 eV.1 The molecular orbit sizes in these states are
large: Router(v i525)527.7a0 and Router(v i534)5482a0.
Periods for the classical motion are shown in Table II and are
large.

In Table III, total numbers of vibrational levels for the
HeH1 isotope molecular ions are shown. The heaviest
4HeD1 ion has the largest number of vibrational levels:
v i
max545.
In Table IV, new values of the vibrational energiesEv f

of

the lowest triplet state HeH1(a 3S1) are shown and these
are better, at the third decimal place than previous ones,@1#
(dEv f

;0.1%). However the Michels potential curves

Vi , f(R) @6# which were used by us have less accuracy than
the Kolos potential curves@7#. At equilibrium distance
R54.5a0 the Kolos potential curve is;6% deeper than that
of Michels. At R510a0 the difference between the two
curves is equal to;1%. It means that correct values of
E0,1 are larger by;5% than our values in Table IV. The
difference (E12E0)Kol should be larger than (E12E0)Mich
by about 122% only.

Lifetimes for transitions between some individual discrete
vibrational statesv i , f are shown in Table V. For the transi-
tion between the vibrational statesv i50→v f50 of the two
electronic states, the lifetime is much greater than the total
lifetime as a result of the small value (.1024) of the overlap
integral of the vibrational wave functions for these states.
For the first excitedv i , f states, the lifetimes are close to the
total ones and the overlaps of these states are close to unity.

Radiative transitions to the finalv f54,5 vibrational states
are not presented in Table V though the semiclassical for-

1The existence of the last vibrational levelv i534 is questionable
because in the asymptotes~7!,~8! higher-order momenta of the in-
teraction should be taken into account. The correct values of the
highest vibrational levelsv i531233 also depend on the accuracy
of the asymptotes~7!,~8! but the existence of these levels is not
questioned.

TABLE II. The vibrational energy levels Ev i
of

HeH1 (b 3S1) for v i523234.Router is the outer turning point of
the nuclear motion~in atomic units!; T is the period~in seconds! of
the molecular motion. Numbers in square brackets indicate powers
of 10.

v i Esc
v i

~eV! Router(a0) T ~sec!

23 20.0167 23.1 2.2@212#
24 20.0117 25.2 2.8@212#
25 20.007 91 27.7 3.8@212#
26 20.005 11 30.9 5.3@212#
27 20.003 12 34.8 7.6@212#
28 20.001 78 40.1 1.2@211#
29 20.000 92 47.1 1.9@211#
30 20.000 42 57.1 3.4@211#
31 20.000 16 73.7 7.0@211#
32 24.28@25# 102.4 2.0@210#
33 26.12@26# 164.2 8.1@210#
34 28.83@28# 482.0 1.93@28#

TABLE III. Total number of vibrational levels in the
He(23S)1H1 potential well.

3HeH1 4HeH1 3HeD1 4HeD1

34 35 43 45

TABLE IV. The vibrational levels,Ev f
of the HeH1(a 3S1).

v f 0 1 2 3
Ev f

~eV! 20.0824 20.0456 20.0209 20.007 15
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mula ~19! takes into account transitions to all final states.
The contributions of these states to the total lifetimes are
small and do not exceed a few percent. The binding energies
of these states are very small, see Table IV, and these states
would be destroyed by collisions in an ion source and by the
electric field in an accelerator as a result of electric-field
predissociation@13#.

Total lifetimes are shown in Table VI together with the
ratiosRv ib of the probabilities of the transitions to the dis-
crete levels of thea 3S1 state and to the vibrational con-
tinuum of this state. The total lifetimes have magnitudes of
the order of 1028 sec which are usual for optically allowed
electronic transitions. The values ofRv ib , the probability of
reactionA in comparison with reactionB, are the main goal
of our calculations. These values are not less than 10% even
for v i513, see Table VI.

In Figs. 4 and 5, the total lifetime is shown as function of
the initial vibrational energyEv i

. It can be seen that the total

lifetime is increased by two orders of magnitudes whenEv i
approaches the vibrational continuum (Ev i

→0). This can be
explained as follows: for high vibrational states the mean
internuclear distance is large and the dipole momentum
Di f→0 exponentially atR→`, see Fig. 3 and formula~11!.
All three approaches, the quantum@formulas ~5!, ~16!# and
the semiclassical@formula ~19!# give similar results, shown
in Figs. 4 and 5.

The lifetime of metastable atomic helium He(23S) is
equal to 2 h and 12 min@14# so that the HeH1(b 3S1)
molecular ion can be formed generally speaking at any point
inside an ion source. This fact, together with the quite large
dissociative energy~0.7 eV! of the HeH1(b 3S1) molecular
ion and appreciable relative probability of reactionA, allows
us to say that the radiative decay, considered above, may be
a reasonable way of forming the HeH1(a 3S1) molecular
ion in an ion source. Obviously, in order to derive quantita-
tive results, we need to know the populations of initial vibra-
tional levelsv i and this information can be obtained by ki-
netic investigations.

All the results presented relate to a nonrotating
HeH1(b 3S1) molecular ionKi50. From formula~5!, in
the dipole approximation, we can see that the rotational state
of a final HeH1(a 3S1) ion differs from an initial state by
only 61, Kf5Ki61. If an initial molecular ion has a large
Ki value thenKf is also large. The dissociation energy of the
final state is small, 0.0824 eV~see Table IV!, and for rela-
tively smallKf;10 the values of the initial vibrational levels
are different from Table IV data. From the equality
Kf(Kf11)/2MR0

250.0824/27.2150.003 028 we obtain~for
the equilibrium distanceR054.4a0) that atKf

lim.12 the fi-

nal a 3S1 state generally does not have stable vibrational
levels. It means that, as a function of the rotational quantum
numberK, the probability of the creation of a vibrationally
bounda 3S1 state decreases atK>5 and is equal to zero at
K.12. 2

At the same time the total radiative lifetime is not
changed appreciably for theseK values and is determined by
transitions to the vibrational continuum of the finala 3S1

term. Using formula ~19! the calculation of thet i at
Ki515 (Kf514 and 16) for the ground initial vibrational
state v i50 was performed. The valuet(v i50)5
1.9731028 sec has been derived and this value is close to
the value 1.7931028 sec from Table V forKi50.

Published papers about molecular radiative transitions are
not numerous. We would like to note the papers@11,12# in
which the radiative lifetime of the double charged
HeH21(2ps) @dissociates→He211H(1s)# molecular ion
was investigated experimentally and theoretically. The elec-
tronic radiative transition HeH21(2ps)→hn1He1(1s)
1H1 was considered. Like us, it was observed in these pa-
pers that the radiative lifetime is increased with the increase
of the initial vibrational quantum number.

The HeH1(b 3S1) molecular ions in thev i50220
states can act as an intermediate link for the formation of the
weakly bounda 3S1 ions that may have contributed to the
experimental results in@1,2#. There is the possibility how-
ever, that the very high vibrational statesv i.27 of this ion
could have taken part directly in the DR process in these
experiments since their lifetimes are comparable with the
flight time from the ion source to the collision region.~Life-
times of thev i,27 states are smaller than flight times!. On
the other hand, the binding energies of thev i.28 states are
so small that they can easily be destroyed by collisions in the
ion source and by electric field predissociation@13# in a Van
de Graaff accelerator. Only thev i527 and 28 states could
have some chance to survive against collisions in the ion
source and against the radiative decay during the flight from
the ion source to the collision chamber and after this to take
a part in the DR process directly. Quantitative conclusions
about this must await additional calculation.2

The HeH1(b 3S1) molecular ion can be formed in an ion
source by three body collisions:

He~2 3S!1H11X5HeH1~b 3S1!1X. ~E!

2For largerK values high vibrational levels exist and these levels
are metastable due to the small probability of penetration through a
rotational potential barrier.

TABLE V. Radiative lifetimes for transitions from individual initial vibrational levelsv i of the He
(2 3S)1H1, b 3S1 state to the individual final levelsv f of the He

1(1S)1H(1s), a 3S1 state. Numbers in
square brackets indicate powers of 10.

v i50 v i51 v i52 v i53 v i54 v i55

v f50 1.03@24# 3.28@25# 1.49@25# 8.47@26# 5.59@26# 3.87@26#

v f51 7.51@27# 4.80@27# 3.22@27# 2.61@27# 2.31@27# 2.08@27#

v f52 3.94@28# 1.10@27# 9.45@28# 1.72@27# 2.26@27# 3.98@27#

v f53 5.87@28# 1.33@27# 4.79@26# 1.55@27# 3.12@26# 2.49@27#
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It is interesting to note that even an electron can act as a third
body X for the formation of the HeH1(b 3S1) ion in
v i531234 vibrational states. At an electron energy
Ee.0.05 eV ~temperatureT.500 K! the mean energy
which can be transferred from an electron to the proton
H1 is equal tome /MH1Ee.2.731025 eV. This value is
approximately equal to or greater than the energies of the
v i531234 vibrational states~see Table II!.

Let us discuss now briefly the probability of the direct
mechanism~C! for the formation of the HeH1(a 3S1) mo-
lecular ion. The cross section for process~C! can be written
in the form

sC5b radsdyn , ~20!

wheresdyn is the cross section for the approach of particles
He(23S) and H1 to a short distance@15#. b rad is the radia-
tive probability during this approach. For the polarization
interaction,sdyn is equal to@15#

sdyn5pa0
2S 2a

EC
D 1/2, ~21!

wherea5316 is the He(23S) polarizability,EC is the col-
lision energy in process~C!. Expressions~20!,~21! are used
in the description of chemical ion-molecular reactions,~see,
for example,@16#!, and are correct for process~C! at the
energiesEC<1 eV. The radiative probabilityb rad can be
written as the product:b rad5b rad

0 Rv ib , whereb rad
0 is equal

to the ratiotcoll /t rad . tcoll is the mean time of duration of
collision in reaction ~C! and tcoll;10a0 /vcoll(0.7 eV!
;4.6310214 sec. According to Table VI, the total radiative
lifetime t rad.231028 sec and Rv ib;0.2 and so
b rad;431027. At the collision energyEC50.05 eV or 500
K, the dynamic cross sectionsdyn55.2310214 cm2 and for
cross section~20! we obtain a value ofsC;2310220 cm2

@rate constant̂ s3vcoll&;6310215 cm3/sec]. It is most
probable that this value overestimates the correct cross sec-
tion sC . Process~C! should be investigated in detail in a
separate paper.
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TABLE VI. Total radiative lifetimestq,cl of the individual ini-
tial vibrational levelsv i of the He(23S)1H1, b 3S1 state;tq is
the total radiative lifetime determined by the summation over all
transitions to the vibrational continuum and to discrete vibrational
statesv f of the finala 3S1 state;tcl is the total classical radiative
lifetime @Eq. ~13!#. Rv ib is the relative contribution to the total
radiative decay probability from transitions to the discrete vibra-
tional statesv f only. Numbers in square brackets indicate powers of
10.

v i tq tcl Rv ib

0 1.79@28# 1.60@28# 0.78
1 1.73@28# 1.64@28# 0.32
2 1.77@28# 1.69@28# 0.25
3 1.84@28# 1.74@28# 0.30
4 1.99@28# 1.81@28# 0.18
5 1.99@28# 1.87@28# 0.23
6 2.18@28# 1.94@28# 0.17
7 2.17@28# 2.07@28# 0.19
13 3.18@28# 2.74@28# 0.13
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