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in the “degree of mixing’ does not change the polarity
of optical signal.®

19 The use of a He® lamp to optically orient the He* sample
provides a strong source of Ds only light because of the isotope
shift of the spectral lines. In this case a signal reversal has been
observed as expected by N. D. Stockwell and G. K. Walters
(private communication).
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The collision of a negative ion A~ and neutral atom B at a very low kinetic energy (a few eV or less) may
lead to the release of an electron through the reaction A=+ B—(A4B) ¢, known as ‘“‘associative detach-
ment,” At higher energies, A=+ B—4 -+ B¢ also becomes possible. A theory of these processes is formulated
by assuming that the electronic state is stable at large separations R of A~ and B, and changes adiabatically
as R decreases; at very small R, of the order of 1078 cm, the electronic state turns into an unstable compound
state able to emit an electron. Expressions are derived for the total cross section for electron detachment, and
for the cross sections for detachment leaving the nuclei in a single discrete final state. At thermal energies,
the total cross section can become very large because of Langevin spiralling, arising from the long-range
polarization between A~ and B. For example, in the reaction H~4-H—H,-}¢, the cross section is estimated to
be of the order of 107 cm? at a relative kinetic energy of £X400°K.

1. INTRODUCTION

NSTABLE compound states of negative molecular
ions which decay to neutral molecules by the
emission of an electron are well known.!—® So far these
states have usually been generated by the bombard-

* Permanent address: Theoretical Physics Department, Uni-
versity of Manchester, England.

1H. S. W. Massey, Negative Ions (Cambridge University Press,
Cambridge, England, 1950). Particularly, see Chaps. 2 and 3.
For the reaction O~+0—0;-te¢, see p. 119.

2H. S. W. Massey and E. H. S. Burhop, Electronic and Ionic
Impact Phenomena (Clarendon Press, Oxford, England, 1952),
Chap. 4, Sec. 3.

3G, ] Schulz, Phys. Rev. 113, 816 (1958); 125, 229 (1962);
135, A988 (1964); G. J. Schulz and R. K. Asundl Phys. Rev.
Letters 15, 946 (1965) G. J. Schulz and H. C. Koons, J. Chem.
Phys. 44, 1297 (1966) ; D. E. Golden and H. W. Bandel, Phys.
Rev. Letters 14, 1010 (1965) C. E. Kuyatt, J. A. Slmpson, and
S. R. Mielczarek, J. Chem. Phys 44, 437 (1966); H. G. M.
Heidemann, C. E Kuyatt and G. E. Chamberlain, ¢bzd 44, 440
(1966) ; D. Rapp, T. Sharp, and D. P. Briglia, Phys. Rev.
Letters 14, 533 (1965).

4T, Holstem, Proceedings of the Conference on Gaseous
Electronics, in Schenectady, New York, 1951 (unpublished);
Yu. N. Demkov, Phys. Letters 15, 235 (1965)

5 A. Herzenberg and F, Mandl, Proc. Roy. Soc. (London)
A270, 48 (1962) ; J. N. Bardsley, A Herzenberg, and F. Mandl, in
Atomic Collision Processes, edited by M. R. C. McDowell (North-
Holland Publishing Company, Amsterdam, 1964), p. 415. Proc.
Phys. Soc. (London) 89, 305, 321 (1966). The last two papers
w111 be referred to as I and II.

C. Y. Chen and J. L. Magee, J. Chem. Phys. 36, 1407
(1962) J. C. Y. Chen, Phys. Rev. 129, 202 (1963); J. Chem.
Phys. 40 3507 (1964); 40 3513 (1964).

7T. F. o Malley, Phys Rev 150, 14 (1966).

8H. S. Taylor, G. V. Nazaroff, and A. Golebiewski, J. Chem.
Phys. 45, 2872 (1966).

ment of neutral molecules with electrons, where they
give rise to characteristic peaks in the cross sections as
a function of energy. The existing theory*~7 has been
tailored for this case, and reasonable agreement with
experiment has been obtained in those cases which have
been treated in detail 5

In recent experiments,** similar unstable compound
states have been generated by another method, the
bombardment of neutral atoms or molecules by nega-
tive ions with kinetic energies up to a few electron volts.
The object of this paper is to formulate a theory of this
process, and to give expressions and estimates for the
cross sections for the formation of different final states
of the nuclei. We shall confine ourselves to the simplest
case of a collision between a neutral atom and a nega-
tive atomic ion.

It might seem at first sight that no new theory is
needed, because electron-molecule and ion-atom colli-
sions are merely two different channels through which
the same unstable compound states are formed; there-
fore it might seem that the expressions for the cross
sections should differ only in the entry width which has
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to be inserted in a Breit-Wigner formula.’? That the
problem 4s more complicated, and a new theory is
required, comes from the fact that one is here dealing
not with a single isolated unstable state—the case to
which the Breit-Wigner formula applies—but with
groups of such states. This in turn comes from the
existence of two different time scales in molecular
problems, related to the motion of the electrons and
the very much slower motion of the nuclei. As a conse-
quence, the compound states have to be defined
adiabatically for fixed nuclei, and their effect on the
motion of the nuclei treated in a second stage (as has
always been done for stable electronic states in mole-
cules). A single compound state for the electrons is the
common element either of a set of many discrete
vibration-rotation levels, if the compound electronic
energy has a minimum, or of a continuous band of
nuclear states, if the compound electronic energy is
repulsive. These sets of states have to be treated
together if the physical situation is to be seen in a
proper perspective.

The basic idea of this paper is that the electronic
state of the initial system A~-4B (where 4~ is a
negative ion and B a neutral atom) is stable at large
separations R of the nuclei, and changes adiabatically
as R decreases. When R<R,, where R, is a value
characteristic of the system, the electronic state be-
comes unstable with respect to electron emission, but
nevertheless continues to change adiabatically; its
energy becomes complex:

W(R) =E(R) —3T(R),

where E and T are real. The lifetime 7 is given by
7=7/T. Electron detachment will be a probable out-
come of a close collision between A~ and B if = is
short compared with the time the nuclei spend in the
region R<R,. The assumption that the electronic state
continues adiabatically into the region of instability
constitutes the main difference between the point of
view of this paper and that in a discussion of the
process (1.2) below given by Demkov.’* Demkov sup-
poses that the original electronic state is bound for
R> R, merges with the continum at R=R,, and ceases
to have any meaning when R<R,.

The plan of the paper is as follows. A wave equation
for the wave function describing the nuclear motion is
derived in Sec. IT and given in Eq. (2.12). The deriva-
tion is based on the assumption that in the region of
configuration space where all the electrons are within
a few angstrom units of the nuclei, the complete wave
function may be approximated by £(R)¥ (g, R), where
¢ is the adiabatic electronic wave function calculated
for fixed nuclei and belonging to energy W(R). The
nuclear coordinates are represented by R, and the

12 T M. Blatt and V, F. Weisskopf, Theoretical Nuclear Physics
g ollg)x Wiley & Sons Inc., New York, 1952), Chap. VIII, Eq.

13 Yu, N. Demkov, Zh. Eksperim. i Teor. Fiz. 46, 1126 (1964)
[English transl.: Soviet Phys.—JETP 19, 762 (1964) ].
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electronic coordinates by ¢. An important consequence
of the presence of T' is that £ is a damped wave in
R<R,, the damping representing the loss of probability
in the incident channel (A4~+B) due to electron emis-
sion. The total cross section for electronic detachment
can be obtained directly from the difference of the
incoming and outgoing probability fluxes. The relevant
formulas are given in Sec. III.

The final state of the nuclei after an electron has
been detached may be bound, yielding the reaction

A=+ B—(AB) e, (1.1)

known as associative detachment, or unbound, giving

the reaction
A~+B—A+B+te. (1.2)

The partial cross section for the states of the residual
molecule in (1.1) are derived in Sec. IV, the final
formula being given in (4.17). For process (1.2), the
cross section for leaving the nuclei in some small
finite energy range is derived in Sec. V and given in
(5.1). It is verified that the partial cross sections add
up to the total detachment cross section of Sec. III.
Process (1.1) is the inverse of dissociative attachment,
which has been studied extensively.®~ The process
will be exoergic—and therefore possible at zero initial
kinetic energy—if the separation energy in the reaction
(AB)—A B exceeds the electron affinity of 4. It may
therefore be important in ionized gases at temperatures
down to a few hundred degrees or less as the only
mechanism for the detachment of electrons from nega-
tive ions by collisions without the participation of
photons. Examples are the destruction of H~ ions in
stellar envelopes through the reaction H-+H—H,+e,
and the reaction O—+0—0.+¢ which is thought to
play a role in the maintenance of the electron density
at night in the earth’s upper atmosphere.! Process (1.2)
can occur only if the initial relative kinetic energy of
the nuclei exceeds the electron affinity of 4, which may
vary from a few electron volts down to a few tenths;
this process is therefore not likely to be very important
in ionized gases at temperatures less than some thou-
sands of degrees K. (A theory of this process at kinetic
energies of the order of hundreds of electron volts has
been developed independently by Bardsley,” and com-
pared by him with experiment.)

To calculate numerical values for the detachment
cross section would in general require a detailed
knowledge of T' as a function of R. There is, however,
a large class of compound states for which this is not
necessary, at least for rough estimates. These are the
states for which I is so large that the amplitude of the
outgoing ¢ wave is small compared with the incoming;
then almost every close collision of A~ and B leads to
detachment. The detachment cross section becomes
independent of I' and is determined solely by the
maximum impact parameter for which the colliding

1 J. N. Bardsley Proc. Phys. Soc. (London) 91, 300 (1967).
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atom and ion approachclosely enough for I' to be large.
This maximum impact parameter is greatly affected by
the long-range polarization attraction between the
colliding atom and ion, which falls off with distance as
R™* and can lead to very large detachment cross
sections at low energies (>>107® c¢m?). This effect is
discussed in Sec. VI A. Section VI B deals with the
question of whether sufficiently large values of T' are
likely to be attained.

The paper uses a number of simplifications and
approximations, which could be removed without much
difficulty. They are:

(1) As stated before, we have not considered the
case where either 4, or B, or both are polyatomic
structures.

(2) Al spin-dependent forces are neglected. (This
makes the Hamiltonian real.)

(3) The electronic states are = states. (This implies
that the rotational wave functions of the nuclei are
spherical harmonics.)

(4) Only a single electronic state is available to the
residual molecule. (This simplifies some formulas in-
volving T'.)

(5) The colliding atom and ion are supposed to be in
their electronic ground states.

For the purpose of illustration, we shall repeatedly
refer to the simple case H-4H.

II. THE WAVE FUNCTION AND WAVE EQUATION

In this section we derive an approximate wave
equation for the nuclei. As long as the velocities of
the nuclei are small compared with those of the elec-
trons, say at kinetic energies not exceeding a few
hundred electron volts, one may approximate

¥(¢g, R) =£(R)¥(¢, R), (2.1)

where R is the vector separation of the nuclei, as before,
and ¢ the electronic coordinates. (We shall work in the
center-of-mass frame.) The electronic wave function ¢
is to satisfy the wave equation in the adiabatic approxi-
mation:

[HeI(Q7 R)—-W(R) ]‘P:O (2.2)
Here

H.=H-K, (2.3)

H being the complete Hamiltonian and K the kinetic
energy of the nuclei. The eigenvalue W is determined
by the boundary condition that whenever any one of
the electrons moves off to infinity either y—0 exponen-
tially or y— outgoing wave with a wave number
determined by the energy W. [See Appendix, Eq.
(A13).] If the first case holds for all channels, ¢ is a
bound state and W is real; if the second is true for some
channels, ¢ is unstable with respect to electron emis-
sion, and W contains an imaginary part:

W(R) =E(R) —3iI'(R). (2.4)

160

The eigenvalue problem (2.2) for unstable states has
been discussed in detail in two recent papers where
further references will be found.® (These papers will be
referred to as I and II.)

To derive an equation for £ multiply the Schrédinger
equation

(H—€)¥=0 (2.5)

by ¢* and integrate over the coordinates of all electrons
while holding the nuclei fixed. (e is the total energy.)
For sufficiently large separations R, the state ¢ is
bound; the integration may then be carried over all
space. For the range of R in which T'5£0, | ¢ | increases
exponentially as 7>, where 7; is the radial coordinate
of the ith electron. [See Eq. (A8).] However, there
will be an inner region where all #; are less than a few
angstroms, and where the electron density falls to a
minimum with increasing distance from the nuclei
before starting to increase exponentially. (See Appendix,
Fig. 6.) Therefore one can surround the negative ion
by a spherical surface S with a radius near the density
minimum, and integrate over the enclosed volume. If
one now replaces ¥ by the approximation (2.1), and
uses (2.2), one obtains

#2
- m VRZE"I'[I/V(R) _GJE

=[ % (zvRs- / dg W Vet f dq¢*sz¢> / f dql¢|2].
(2.6)

We have dropped some kinetic-energy terms of order
(m/M) relative to those retained. (m = electronic
mass, M = nuclear reduced mass.)

We next show that the right-hand side of (2.6) may
be replaced by zero. The second term on the right in
(2.6) will be smaller by a factor of order (m/M) than
the kinetic energy term in H,;, and will be dropped.
The remaining integral in the numerator on the right
of (2.6) may be rewritten

1
Jaaw Vi =yva[dq |9 P+ [agorvrs—ywie).
(2.7)

To make the first term on the right of (2.7) vanish,
we shall normalize ¢ so that, for all R,

Jagly =1,

the integral being taken over the interior of S. The
uncertainty in this integral due to the imprecise specifi-
cation of .S will be small, because ¢ itself must be small
on S if the notion of a compound state is to be physi-
cally meaningful. We shall consistently treat ¢ on .S as
a small quantity, and drop terms of the first and higher
order (see Appendix); the component added to the

(2.8)
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integral in (2.8) as a result of any change in S will be

of the second order in the surface amplitude y. It may

easily be verified that there exists a real function ¢(R),

such that the second term on the right in (2.7) vanishes

if ¥ is multiplied by the phase factor exp[ip(R)].
Equation (2.6) now becomes

— (W/2M) VRE+[W (R) —eJE=O0. (2.9)

It should be noted that this wave equation is homoge-
neous, in contrast to the wave equation which has to
be used to describe the nuclear motion in a compound
state generated by bombarding a neutral molecule by
electrons. There one has a source term proportional to
the initial state of the nuclei and to the amplitude of
the wave function of the bombarding electrons. [ See I1,
Eq. (2.26).] In the present problem, the sources are at
infinity.

As an example, consider the collision of an H atom
with an H~ ion. We shall denote the electronic wave
functions for hydrogen atoms centered on the two
nuclei by ¢ and b, and the wave functions for negative
ions by ¢~ and b~. The possible functions ¥ are then,
as R—x

\Z
< )=[a(1)b~(23):tb(1)a—(23)]
‘pu

~+ antisymmetrizing terms. (2.10)

Here 1, 2, 3 stand for the coordinates of the three
electrons. The suffix g or # on ¢ distinguishes the two
functions obtained by using the corresponding sign on
the right. The two states in (2.10) are the asymptotic
forms of the lowest 22, and 22, compound states of the
H,~ ion which account for most of the features of
inelastic electron scattering at energies below 12 eV
(II). The associated complex energies will be denoted
by W, and W,. They have been calculated in I by a

= 2.+
Ho: %% state, £
g > 5

ER), eV
%
T

R, atomic units
%5+ State; €
u u

Hz:

HZ: Ground State

F1c. 1. The real parts E; and E, of the complex energies W,
and W, of the lowest 2Z,* and 2Z,* states of Hs™, together with
the energy of the electronic ground state of the H: molecule,
all taken from variational calculations as explained in I. The
numbers in this figure and Fig. 2 depend somewhat on the de-
tails of the wave functions used for the calculations (see I).
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T(R), eV

R atomic units

Fic. 2. Imaginary parts of the complex energies Ty and Ty
for the lowest 2Z,* and 22, states of Hy™.

variational principle, and are reproduced in Figs. 1 and
2 together with the energy of the ground state of the H,
molecule, which we shall need later. The calculations
leading to the results in Figs. 1 and 2 were done with
variational wave functions which go over into (2.10)
as R—w.

Since W(R) depends only on R, Eq. (2.9) is
separable. We write

& & L(R) A vk [

ER) =2 3 Vin(B) Vn(h),  (211)
=0 m=—1

where & denotes the angular coordinates in R and feo

the polar angles of the relative velocity before the

collision. Equation (2.9) becomes

— (72/2M) (6%:/0R?) +[W1(R) —e]&u(R) =0, (2.12)
where
Wi(R)= (#2/2M)[I(I+1) /R* ]+ W (R)
=F;(R) —%iI'(R). (2.13)

The angular dependence of £ is more complicated if
the electronic state ¥ has angular momentum about
the line joining the nuclei, unlike the states in (2.10) .18

III. TOTAL CROSS SECTION FOR ELECTRON
DETACHMENT

In this section we consider the total cross section for
electron detachment, irrespective of the final state of
the nuclei.

Following the notation of Ref. 16 we write

G

Sz(R)**W

X [exp(—i(BR—}m) ) —n exp (i (koR—3ir) )], (3.1)
as R—x ; here ky is defined by

h2k/2M =e—W (0 ) =e. (3.2)

The normalization of & has been chosen so that the

WLandau and E. M. Lifshitz, Quantum Mechanics

(Pergamon Press, Inc., London, 1959), Sec. 79.
16 Reference 12, Chap. VIII, Eq. (2.8).
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Energy ————

F16. 3. Notation. The collision occurs with initial kinetic energy
€, and leads to a residual molecule with energy €. The total
energy is e. The transition takes place near the point Ry, deter-
mined by the intersection of the horizontal € with the curve
Va+(e—Ev). An electron with energy ¢ is_emitted. Ry is
the turning point in the initial channel A=+B; R; is one of the
turning points in the final state €, Physically important inter-
sections are ringed.

incoming wave part is identical with that of a plane
wave exp(iko+ R) /(2)??; the vector ko has polar angles
ko. In the case of H4+H™,

W(») =Ex+Ex-, (3.3)

where Ex and Egn- are, respectively, the electronic
ground-state energies of the hydrogen atom and the
negative hydrogen ion.

The reaction cross section associated with the Ith
partial wave is [Ref. 16, Eq. (2.13)]

ca,=mA2(214+1) (1—| 0 |»), (3.4)

where A=1/ko. If 7; is calculated by solving (2.12),
then o4,; becomes the detachment cross section, because
inelastic scattering enters only through the imaginary
part —iT of W, representing the decay of the negative
ion by electron emission. We shall denote the complete
cross section for detachment by o4, so that

0q= Zﬂd.z .
1

n; may be calculated by solving Eq. (2.12) in WKB
approximation. The WKB solution regular at R=0 was
given in Eq. (2.47) of IL. It is, when the coefficient of
the incoming wave is made equal to that in (3.1),

&1(R) =[2ke" exp(—im (I4+15) ) exp(—iguw) ]
X[qi(R) /a(R) ]2
X {Hy5(q:(R) )+ exp(ir/3) Hyst (q:(R))},
(3.6)

where Hyst and Hys~ are outgoing and ingoing wave

(3.5)
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Hankel functions of order 3,

2(R)=(2M/W)[e—Wi(R)], x(w)=k, (3.7)

a(R)= / " «(R)AR,  qu= lim[q;(R) —kR]. (3.8)
Roi R->w

To define the points Ry, one has to continue W;(R)
analytically off the real R axis and satisfy the equation

G—WI(R();) =0. (39)
Unless T is very large, Ry will be close to the turning
point R;; defined by

G—El(Rtl) =0. (310)
The physical significance of Ry; is illustrated on Fig. 3.
If we make a linear approximation near Ry,

Wi(R)=E;(Ry) —Wu(R—Ry) —5iT'(Ry)  (3.11)
[—Wu= (dWi(R) /dR)r=r.],
we get
ROL""Rtl= —%’I:(F (Rgz)/Wu). (312)

1t follows from a comparison with (3.1) that

m= expli(2qutir+3m)],
so that

| m|= exp [—2Imf1::l Kz(R’)dR’] . (3.13)

Whenever I'(R)<< | (e—Ei(R)) |, the integrand may
be rewritten
2 Imk; (R)=T(R) /fwi(R), (3.14)

where

n(R)=[e—E:(R) /3 M " (3.15)
is the relative velocity of the nuclei at R. Since this
approximation cannot be used near the turning point
Ry, it is convenient to split the range of integration in
(3.13) into two sections, from Ry to Ry, and Ry to
infinity, Ry; being a real point chosen to be sufficiently
close to R;; for the approximation (3.11) to be valid,
and yet sufficiently far out to satisfy the inequality
| e—E;(Ry) | >T (Ry). For the first integral we use
the linear approximation, obtaining

M R (R) = T <2M>m 2
Im o Kz( )— m h2 3W11

l:e - Wl (Ru) ]3/2.

(3.16)

The second step is justified by the inequality governing
the choice of Ry. Thus if we suppose that T is suffi-
ciently small to use (3.14) when Ru<R, we get, using
(3.13),
22041 {1 [ o[ DR)IR
rer = RO 1 O 72 (R
9 (MI‘z(Ru) (Ru—Ruy) )1/2]} . (37
2R Wu

This formula expresses the intimate relation between
the damping of £ and o4,;. The first term in the exponen-
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tial gives the probability that the electron shall not be
detached away from the turning point on either the
inward or outward trajectories, [T'(R)/%][dR/v(R)]
being the probability of detachment in distance dR
[covered in time dR/v(R)] when the decay rate is
T'(R)/#. The second term gives the probability that
electron should not be detached close to the turning
point.

The formula (3.17) enables one to estimate a rough
lower limit on T in order that | n; |21, It will clearly
be sufficient that

FGB/ h?—)lz 1,

where T' and 7; are suitable representative values of
T'(R) and v;(R), while the Bohr radius ep is a measure
of the distance over which the damping is important.
If E, is attractive, #; will be of order M—Y2(%2/mag?) /2.
Therefore one expects that | 7, | <1 if

T2 (m/M)V2(h2/map?) 0.1 €V. (3.18)

This inequality is satisfied by a large margin by the
lowest compound state of Hy=(I). The lower limit
(3.18) is sufficiently small for the approximation (3.14)
on which the derivation was based, to be applicable. If
T is larger, (3.14) may break down; but  will then be
smaller because of the increased damping, so that
(3.18) is sufficient to ensure that |#;| <1 for states
with attractive E;.

It is not easy to make a similar estimate for an ionic
state for which E; is repulsive, because here the distance
through which the nuclei can penetrate into the un-
stable region will be strongly determined by the energy.

An instructive formula for ¢4,; may be obtained by
multiplying (2.12) by £*;, subtracting the complex-con-
jugate equation, and integrating from R=0 to R=cc.
Using (3.14), and the asymptotic form (3.1), one
obtains

272(214-1)
'Uoh

where 7, is the initial relative velocity of the atom and
ion at large separations. Since g4, is proportional to
the fraction of the probability flux lost from the
channel (atom 4+ ion) during the encounter, (3.19)
relates this lost flux directly to the rate of loss in each
interval dR.

IV. VIBRATIONAL STATES OF THE RESIDUAL
MOLECULE IN ASSOCIATIVE DETACHMENT:
REACTION A+ B—(AB)+-e

In Sec. III we discussed the total cross section for
electron detachment, irrespective of the final state of
the nuclei. In this section we split this total cross
section into partial cross sections for the formation of
individual bound states of the residual molecule. (Such
bound states of course exist only if the final electronic
energy has a minimum as a function of R.) (The
production of unbound states of the final molecule is
treated in Sec. V.) An example is the reaction H-+

0d,1=

[aRT@®) [6@®) B (3.19)
0

ELECTRON DETACHMENT IN SLOW COLLISIONS 85

H —H,+e, the final electronic state being the ground
state of Hs, as shown in Fig. 1.

We need a notation for the final channel. The
vibrational state will be denoted by a subscript v, the
rotational quantum numbers of the molecule by (', m'),
the quantum numbers of the electronic state of the
residual molecule by «, and of the emitted electron by 3.
It will often be convenient to use a single suffix f to
stand for (aBl'v).

The cross section for detachment reaction leading to
the final state fm’ is given by

Vf (27!' ) im?
Oafm! = —

n 2
LT (2 f@*m,( §) V¥ (ko) dgdR | .

(4.1)

Here ¥(ko) is the exact state, corresponding to a
relative velocity vector with polar angles ko, before the
collision, V; is the interaction potential of the emitted
electron—which we take to be the jth—with the other
particles, and ®;,(7) the final state calculated with
neglect of V;. The velocity of the outgoing electron is vy,
and the relative velocity of the colliding particles v,.
The factor (Z+1) is the total number of electrons, and
allows for the possibility that any one of them may be
emitted.

We shall approximate ¥ by (2.1), calculating £ from
(2.12) and (3.1). For &, (j) we have

By (§) =Xs(R) Sg¥ vms () (ot )
X[exp(iks-1;)/(2m)3/2].  (4.2)

Here x; is the final vibrational and ¥y, (R) the final
rotational state of the nuclei. pq(not ) is the electronic
state of the residual molecule, which contains all elec-
trons except the jth. 7ik; is the momentum of the out-
going electron. Its spin state is denoted by Ss. The
normalization of ¥ is such that

V—{exp[iko+ R]/(27)32}¢ (¢, R) + scattered wave
(4.3)

as R— . The state ¢ is supposed to be normalized as
in (2.8), and is supposed to be completely antisym-
metric.

The cross section ogm Wwill be integrated over all
directions k; of the outgoing electron, and summed
over m' and the spin Sp; the result will be denoted
by [

(4.4)

= Z Z /dkfo’dfml.

Sg m/

Since this sum is independent of the direction f, of the
initial relative velocity, it remains unaltered if we
average over ko, 1.e.,

o1y = (%)_lfdfc«)/dfﬂfz 2 Gagm.

8 m

(4.5)

Performing the integration over ko and the summation
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over spins on (4.1), one gets

47im?
ov= = (2D T X2 [dy
tm m'/Sg Vo

exp( iKe1;)

where
—amr S as(n0t]) Vi(g, R)¥(g, R).

Cap= / d
(4.7

To do the sum over / and = one notes that ¥*;,,» and
Y 1 oscillate rapidly with respect to angle. For example
in a collision of two oxygen atoms at thermal energies,
say 0.03 €V, and at an impact parameter of 1 A, one
has I~30; therefore a typical wavelength in angle is
27/30. On the other hand, the factor ¢ varies slowly
with angle, so that only terms with (I, m)~ (¥, m’)
weigh appreciably in (4.6). We can therefore replace
&(R) by £ (R), so that the sufficies (/, m) appear only
in ¥ . The completeness relation

> V¥ (R) Vin(R) =8(R—R) (4.8)
Im

then reduces the two integrations over R in the two
factors in the square in (4.6) to a single one. The
integration [dk; makes the product of the two factors
independent of B, so that the remaining integral over
R can be done by using the normalization of ¥,,». The
sum Y, then yields a factor (2//41). One gets

o= (hrn 1) (Z-41) (/) (20 +1)
XX [dhy | [aR R (R) g (R) o R, )|
Sg
(4.9)

This expression can be simplified further by noting
that the main contribution to the integral must come
from limited regions determined by the Franck-Condon
principle. To show this, note that the factor { varies
slowly, with a characteristic distance of order 10~ cm,
coming from the electronic wave functions in (4.7).
The nuclear wave functions have reduced wavelengths
of order (m/M)Y2X10~% cm, where m is an electronic
and M a typical nuclear mass. Therefore most of the
contribution to (4.9) will come from points where the
wavelengths of x; and & are equal, since the rapid
oscillations of the product x*;£; make the contribution
to the integral from other points small. To evaluate
the integral in (4.9), we shall replace x; by the WKB
approximation

Rx;(R) = (2Mw/wh)"?
X{cos[q;(R) —im]/[k(R) ]2}, (4.10)
where
R
(R = /R % (R)R,
% (R)= (M /i) 2 e— Vo (R) ]2 (4.11)

[ ¥ B Vi) [RIR X (R R 58, B ) |
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(4.6)

R, is the smaller root of the equation &— V. (B,) =0,
& is the energy of the residual molecule in state al'v,
V. the corresponding electronic energy, and « the
vibrational frequency. The normalization constant in
(4.10) has been calculated by assuming V to be
parabolic, and chosen so that

/RZ | xs(R) [dR=1.

We then substitute (3.6) and (4.10) into (4.9),
replacing the Hankel functions in (3.6) by their
asymptotic forms [this will be justified because it
turns out that the main contribution to (4.9) does not
come from the neighborhood of turning points]. The
integral in (4.9) then becomes, up to a constant factor,

/ de{ exp (i[qv (R) —4;(R) ])
+ exp (—i[gr (R) —@;(R) D} (R),
g‘(R) Eg‘aﬁ(kf, R; R);

and where only those products of oscillating exponen-
tials have been retained which have a point where the
phase is stationary. Since in (4.12), ¢ will be slowly
varying in comparison with the exponentials, the main
contribution will come from the neighborhood of points
R; defined by

{(3/0R)[qv (R) —qs(R) 1} z=r, =0,

e—Wu(R) =4—Var (Ry). (4.13a)

Although the solution of this equation will in general
be complex, we shall simplify the discussion by as-
suming that T' is sufficiently small for the imaginary
part of .Rf to be neglected [There would be no great
difficulty in removing this restriction by introducing
linear approx1mat10ns for Wy and V. (R) near R;.]
Equation (4.13a) is an expression of the Franck-
Condon principle. The left- and right-hand sides are
the kinetic energies of the nuclei before and after the
emission of an electron. Therefore (4.13a) says that an
electron can be emitted only near a point R; at which
the velocity of the nuclei remains unchanged.

Introducing the energy €@ of the emitted electron,
then since

(4.12)
where

ie.,

& =e—¢,
@ =Wy (R;) =V (R)).
This relation is illustrated in Fig. 3.

The slowly varying function {(R) in (4.12) will be
approximated by ¢ (Ry), taken outside the integral, and

(4.13b)
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written in terms of I'(R;) by the formula

r (R) mzvf

ot D LT [abh |t RB) B, (414)

which is derived in the Appendix. The remaining
integral in (4.12) may be evaluated by the saddle-point
method, using the notation

(=) {(6°/0R*) [qv (R) —q;(R) I} r=r,= M As/T?x1 (Ry),

(4.15)
where

A= {(3/0R)[Wy(R) —Var(R) Bpr, . (4.16)
The formula (4.9) finally becomes
orv= (1) wxr, (D(R,) /1) | Ayemig A et |2,

(4.17)
where
us/2= —im+ Re(qr —3)) r=r, (4.18)
and
Ti= ﬁw/?)lr(Rf) Af . (419)

o Ry
Aj = exp {— Im [/ ki (R)AR'+ | v (R')dR’]} ,

Rot Ro1

A =expl—Tm| [ xe(R)IR |}.
J,

Formula (4.17) is the final expression for the cross
section for associative detachment. The various factors
have simple physical interpretations:

(4.202)

(4.20b)

(i) (2U'+1)wA* is the geometrical cross section for
the collision of atom and ion with relative angular
momentum 7/ and linear momentum #/X.

(ii) 7s is the time a classical particle moving with
velocity v (R;) would spend traversing the region
0R;=R;(al'v+1) —R;(al'v) separating the point sR;
corresponding to two adjacent vibrational levels of the
final molecule. To see this, we note from (4.13) and
(416) that I Af l ‘ 5Rf | = I éayv+1—2ay7, | =ﬁw; there-
fore 7,=0R;/vi(Ry) =Tw/[vy(Rs)As], in agreement
with (4.19). This physical interpretation of 7, must
not be taken to mean that the R axis may be divided
into intervals 6R; in each of which there is autoioniza-
tion to only one final vibrational level. The range of R
contributing to a single level v is the range near the
point R, in which the phases of the exponentials in
(4.12) are slowly varying; from (4.15), it follows that
this is of order

I thl{z/ (Rf) /MA[ ll/Z = (6Rf) 172 (Z'Uzl (Rf) /w)I/Z;

which will generally differ from 6R;.

(iii) T'(Ry)/7 is the decay rate in the region where
autoionization to the level » occurs.

(iv) The factor | «-- |2 is the square of the sum of
the probability amplitudes for the oscillating nuclei to
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be at the point R, during the inward and reflected
motions, multiplied by phase factors depending on the
final state. In the first term, the factor 4, contains
the damping of the incident wave from R=« to R=Ry,
while the factor exp(—ius/2) contains the correspond-
ing phase. In the second terms, the factor A, is the
modulus of the reflected wave, damped from R=x to
the reflection point near Ry on the way in, and again
from the reflection point to R, on the way out. The fac-
tor exp(iu;/2) contains the phase of the outgoing wave.

The presence of the two terms in | «-+ |2 in (4.17)
gives rise to oscillations in o1, as a function of e. One
has

| AjemiurlPtAp el P=A; 2+ A5 +24 7445 cosuy.
(4.21)

To estimate the period of the oscillations, we note that
from (4.18) and (4.13) and neglecting T,

dps/de=2 Re(d/de)qu(Ry; €)
__g B dR 14(e)
Blpg v (R) R

(4.22)

77(€) is the time a classical particle would take to move
from R; to the turning point and back in the potential
Ey(R). Replacing 7,(¢) by a typical value 7, we have
as a rough estimate for the period &e of the oscillations

dex22nli/ 7. (4.23)

This will be of the order of a typical vibrational spacing,
say about a tenth of an eV. The oscillations of the
partial cross sections with different // will not be quite
in step because of the dependence of u; on I [Eq.
(4.18) 7.

The dependence of u, in (4.18) on the final vibra-
tional state, through ¢, implies that the interference in
(4.21) will make oy, fluctuate from one v to the next
at a constant initial energy. This effect may be esti-
mated by considering the change Ay in uy as v changes
by unity. One obtains from (4.13) and (4.18)

Aus= —Zw;v(éf) )

where 7,(¢;) is the time a classical particle of energy
& would take to move from R; to the inner turning
point in the potential V. Since 27,(&) will usually be
a sizable fraction of (27/w), there will generally be a
change of order unity in the term containing cosy; in
(4.21) from one vibrational level to the next.

The expression (4.9) can be summed over all final
states of the nuclei to verify consistency with (3.19).
To do this, we take { outside the R integral, replace it
by ¢ (R;) [as we did in treating (4.12)7], and substitute
for | ¢ |? from (4.14). The result is

2 (2 +1)
N ‘Z)oﬁ

2

o / dR Ry*,(R)Ew (R) | . (4.24)

T'(Ry)

One can now use the slow variation of I'(R) with R to
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insert T' back into one of the R integrals, replacing
L[ f-- by

Xxva(R)x*1a(R)).  (4.25)

Equation (4.24) can then be summed over v by using
the completeness relation

D oxvo(R)X*1o(R) =8(R—R')/RR’,  (4.26)

. f RAR R'dR'T(R)£* 1 (R) v (R)

to recover (3.19). This argument is still valid if some
of the final states of (4+B) are unbound, since (4.26)
remains true in that case.

If the individual levels v are not resolved, the inter-
ference term in (4.21) may be dropped because of the
fluctuations of cosus. One may then consider an interval
& to &+ A€, for the final energy of the nuclei, containing
several levels (i.e., A§>>iw). Denoting the cross sec-
tion for all final levels of angular momentum /' in this
interval by o (&) A, one finds that (4.17) is replaced
by

ov (5) A= (21'+1) A2

I‘(:;f) [

{The physical interpretation of the factor [--+] is
similar to that of Eq. (5.1) in the next section.}
Equation (4.27) applies if the final levels are so close
that the nuclei may be treated classically; the two
contributions A, % and A2 then correspond to nuclei
approaching and separating as they pass R;.

Ay
v (Ry) Ay

] (A Ap2). (427)

V. NONASSOCIATIVE DETACHMENT : REACTION
A~+B—A-+B+te

After the emission of an electron, it may happen that
the final state of the nuclei lies in a continuum, either
because the final electronic state is repulsive, or be-
cause the electron carries away too little energy to
leave the nuclei bound. The expression for the cross
section for detachment in this case can still be obtained
from (4.9) by taking the nuclear wave functions x to
be normalized within a box of radius L large compared
with atomic dimensions. The cross section for leaving
the system A-+B with energy between & and &-dé;
will be denoted by o (é;)dé;, as at the end of Sec. IV.
The difference between (4.27) and the present case is
that in (4.27) A% has to spread over many discrete
final levels, whereas here we are dealing with a true
continuum so that dé; can be infinitesimal. On letting
L tend to infinity, one finds that oy (g;) dé; is given by
(4.17) with 7, replaced by

d’rf-—_-'—’dgj/'vl’ (Rf) Af. (51)

Ry is still defined by (4.13a) and A, by (4.16). It
follows, by an argument similar to that in point (ii)
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below Eqs. (4.20) that dr; is the time which a classical
particle would need to traverse the distance OR;
between the points R, corresponding to & and &-dé;.

VI. ESTIMATES OF THE CROSS SECTION FOR
ELECTRON DETACHMENT

A. An Upper Limit on ¢,

The expression (3.19) for the cross section for
detachment depends on I'(R), so that exact calcula-
tions would require a knowledge of the complex
energies of the compound states involved. However,
the estimate (3.18) shows that it is easily possible for
the contribution of the /th partial wave in the incident
beam to reach the maximum attainable, according (3.4),
when |7, ] =0. We shall calculate an upper limit to
the cross section by assuming that all partial waves
with / below some upper limit l,.x(e) are completely
absorbed by the process of electron detachment. We
shall consider later to what extent this upper limit may
be approached in practice.

If ;=0 for 0<I<In.x(€), the cross section for elec-
tron detachment will be denoted by &,4. It is

lmaz
Ga(e) =mR2), (2041) =Rt =7bmax2(e) .  (6.1)
=0
Here A is the reduced wavelength in the incident beam,
and bmax(e) the classical impact parameter correspond-
ing to an angular momentum %/max. The values of 7 of
interest will be so large that one always replace (I+1)
by I. In reality, if the partial waves with /<l have
7 small but finite, one has

04<a(e). (6.2)

We shall assume that there is a radius Ry such that
detachment takes place with certainty whenever the
nuclei approach to R< R, With a potential W having
an attractive real part, R; will be of the order of the
separation at which the potential curve starts to slope
down sharply as the nuclei approach. For the sake of
illustrating orders of magnitude, we shall take R;=
2X107% cm. The quantity #ilmax is the highest angular
momentum for which the particles can approach into
R< R, In making the estimate, we shall neglect all
barrier-penetration effects.

A knowledge of the interaction potential is needed
only for R> R;. To a good approximation this will be

given by the polarization potential
—ae?/2R* (6.3)

between an ion of charge e, and an atom of polariza-
bility @. Thus the complete effective potential for the
Ith partial wave is

Wi(R) = — (e2a/2RY) 4 (BP/2MR?) +W () (6.4)
when R> R;. For the sake of illustration, we shall take
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for « the value
a=0.7X10"2 cm3 (6.5)

for atomic hydrogen. Curves for W, are shown in Fig. 4.
Note that when ! is small, W;(R) has a maximum in
the region R>R;; when / is large, there is no such
maximum. The value of / marking the transition
between the two regions will be denoted by 7. It is
determined by the condition [dW;/dRJr—r,=0 to be

12=20eM /7R 2. (6.6)

With the reduced mass of two hydrogen atoms for M,
one gets [,=224. The curve for /, is marked on Fig. 4.
In calculating lnax(€), there are two different regimes
to consider, depending on whether e>e€. or e<e,
where ¢ is the initial kinetic energy introduced in
(3.2) and

€0c= Wl; (Rd) - W( © ) = +ae2/2Rd47 (67)

€. is marked on Fig. 4. With the numerical values
quoted above, one gets €,=0.3 V.
(1) e>e.. This case is illustrated by the line ¢ in
Fig. 4. Here
e=Wlmax(Rd)’

so that one gets from (6.4)
bmax (€) =[Tilmax/ (2Me0) V2] = Ra[ 1+ae?/2eR 2. (6.9)

(6.8)

W[(R), eV

R, A units

F1c. 4. The range R> R, outside the region where electron de-
tachment becomes almost certain. 4~ and B interact only through
the polarization potential —ae?/2R: When eo=e2<eqc, there is a
finite gap between R and the distances of closest approach (which
always exceed Ry) in collisions which do not lead to detachment.
When eg=e>€qc, there is no such gap. Rp(e) is the Langevin
spiraling radius at which 4~ and B can circle about one another
if e2<epe.
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Fic. 5. Upper limit &4 to the detachment cross section on the
assumption that every collision in which the nuclei in 4~ and B
approach to within R3(=2X10"% cm) leads to detachment.
When the initial kinetic energy e is less than eo.( =ce?/2 R4*), the
cross section is determined by Langevin spiraling and inde-
pendent of Ry. When ep>>eq,, the cross section falls to mRz2% The
curve is drawn for a polarizability «=0.7 X102 cm?,

(2) €< €. This case is illustrated by the line marked
2. The distance of closest approach at lmax, which will
be denoted by Rz (€), and lnax itself are determined by

[0Wi1,,x(R) /0R ] g=r, =0,  Wi,,.(Rz) =e.

One gets
Ry (€) = (a/2e) 4,
and

bmax(€) =VZRL(e).

With the value for « above, at ¢g=0.04 eV, one obtains

R;=234X10% cm, and bmax=4.7X107% cm. At the

radius Ry (e), the two particles can circle around each

other steadily at energy e. The classical orbits in a

polarization potential (6.3) and the special role of

R;(e) have been thoroughly discussed by Langevin.”
From bma.x and (6.1) one can calculate G4:

5’d=7rR,12(1+Eoc/€o) 5 (610)
Ga=2m (ae?/2¢0) /2. (6.11)

Formulas (6.10) and (6.11) give the same values for 64
and das/de at eg=eo,; Fig. 5 gives G, for the values or R,
and a quoted above. Note that 4 can become very
large at thermal energies; at ¢=0.04 eV (i.e., kT at
400°K) one gets 04=20.7X 107 cm?. This large value
arises from the pulling together of the colliding parti-
cles over large distances by the polarization potential.

for €> €oc,

for e<eq,

B. The Order of Magnitude of 9,

We can now make rough estimates of the values of
o4 likely to be encountered in practice. Before doing
this, we have to remove the restriction to a single
electronic state on which the earlier sections were based.
In general, there is not a single unique electronic state

17 P, Langevin, Ann, Chim, Phys. 5, 245 (1905).
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corresponding to the initial configuration
A=+B,

even if 4= and B are in their ground states. Instead,
if the ion A~ and the atom B have nonvanishing
angular momenta, there will be a number of different
states at large R which can be classified according to
the spin and the orbital angular momentum along the
internuclear axis. If the charges on the two nuclei are
identical, there will be in addition a quantum num-
ber corresponding to reflection in the plane which
bisects the internuclear axis and is normal to it. In
the example of H-H~, there are two such states,
given by (2.13). Each has its own potential energy
curve given in Fig. 1. The cross section ¢; may be
written

Ca= D guOan, (6.12)

n

where 7 runs over the initial electronic states with
different sets of quantum numbers; o4, is the detach-
ment cross section one would have if the system were
prepared in the nth state initially, and g, is the statis-
tical weight of the nth state. The g, must satisfy

Zgn=1.

In the example of H-+H, the two states in (2.13)
each have g=3%. The o4, for different # have to be calcu-
lated along the lines discussed earlier in this paper.
According to the estimate (3.18), any state » with a
value of I' exceeding about 0.1 eV will have a o4,
approaching 4. If any of the states #» have detachment
cross sections approaching 4 they will dominate the
sum (6.12).

There is a large class of compound negative-ion states
of which many will satisfy condition (3.18) by a large
margin; they are the states which give rise to shape
resonances in electron scattering. The associated wave
function ¢ has approximately the form y =y,p, where
Yo is the ground state of a neutral molecule, and ¢ is
the wave function of the additional electron. The
reason for this large width can be seen from formula
(A25) in the Appendix and the remarks following. We
shall refer to these states as “shape compound.” That
some of the states # should be of this kind is probable
for the following reason. Since we may assume A~ and
B to be originally in their ground states, the initial
electronic state of the configuration A+ B has a wave
function with a strong component of the form Y.y¥ze,
where ¥4 and ¥p are the ground states of the neutral
atoms 4 and B, and ¢ is the wave function of the
additional electron attached to 4. As the nuclei move
together, the product ¢¢p will go over adiabatically
into the ground state Y45 of the molecule 4 B, provided
that the angular momentum and spin quantum num-
bers are those of Yaz; this will be the case with some
states z. The state ¢ will then either remain bound, or
move up in energy relative to the ground state of (4B)

(6.13)
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to become a shape compound state. Which of these
alternatives happens can only be settled by detailed
calculations in a particular case; in the example of
H~+H, the lowest 2Z, state turns into an unstable
shape compound state.

There is another class of unstable negative ion states
which should generally have much smaller widths.
These are the states envisaged by Feshbach,® consist-
ing of an additional electron bound to a neutral molecule
in an excited electronic state. Here electron emission is
inhibited by the need to change the state of the residual
molecule at the same time. The widths of these states
will vary widely from one case to another, and the
corresponding values of ¢4 should vary from ¢; down-
wards.

A high probability of electron detachment requires
not only that I' should be large, but also that the
colliding nuclei should reach the region where this
happens. If E(R) is attractive, then this will certainly
happen even at low energies if [<lmax(€). If E(R) is
repulsive at short distances, then the energy may have
to exceed a threshold before the detaching region can
be reached.

In the example of H4-H~, the lower state shown in
Fig. 1 of paper II is attractive, and has a large T' at
small R. It should therefore have a detachment cross
section very close to 4. The upper state is repulsive
so that more detailed calculations are needed before its
contribution to oz can be estimated. According to
(4.12) with g=% for each state, we therefore get, for
H4-H-,

164<04<5q.

At low energies, the value of 3; becomes the polariza-
tion limit given by Eq. (6.11), so that below about
0.5 eV, for H4+-H-,

0.1X107 cm? 0.2X10% cm?
LeoeV) I Leo(eV) I

The figure of 0.5 eV is very uncertain owing to its
dependence on the ill-defined parameter R;. At higher
energies where the upper states also contributes, the
cross section will fall to wRz2; for R/ ~22 A, this is
1071 cm?.

(6.14)

o<

VII. DISCUSSION

We have shown how a theory of electron detachment
in the collision of a negative ion and a neutral atom can
be founded on the assumption of a unique electronic
state which changes adiabatically with the separation
R of the nuclei, becoming autoionizing when R is of the
order of 1078 cm. Because the simplicity of the physical
picture is somewhat obscured by the mathematical
details, we shall now summarize the physical aspects.

The nuclear wave function ¢ in the channel A—+B
satisfies the Schroedinger Eq. (2.9) in which the motion

( 8 H. Feschbach, Ann. Phys. (N.,Y.) 5, 357 (1958); 19, 287
1962).
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of the electrons enters only through the adiabatic
energy W(R), which has an imaginary part —iI'/2
arising from autoionization at small R. The function §
can be separated into partial waves corresponding to
definite orbital angular momentum #! of the nuclei
[Eq. (2.11)7; each of these consists of an incoming
wave and a wave reflected by the short-range repulsion.
The damping of £ by the term (—:I'/2) makes the
amplitude of the reflected wave smaller than that of
the incoming wave by the factor u; in Eq. (3.1). The
contribution of the /th partial wave to the total cross
section for electron detachment is proportional to the
loss of probability from the channel A=+4B during
reflection, i.e., to (1— | n; [2); [see Eq. (3.57)]. For
incident kinetic energies up to a few eV in the channel
A~+B, a value of T' exceeding about 0.1 eV over a
region of atomic dimensions will be sufficient to make
electron detachment in a close collision so highly
probable that the #; are negligible in all partial waves
affected (3.18). The total cross section for electron
detachment is then determined by the largest impact
parameter for which the colliding particles reach the
detaching region and will be of the order of 10715 cm?
except at kinetic energies so low that the Langevin
spiralling arising from the long-range polarization at-
traction can pull 4= and B together over distances
much larger than the gas-kinetic diameters (Sec. VI);
cross sections much larger than 10~ are then possible.
If one assumes that there exists a separation R; such
that detachment becomes virtually certain whenever
the colliding particles approach to within R; the
detachment cross section approaches wRZ at high
energies, and is proportional to (kinetic energy)2 at
low energies; the transition occurs at the energy e
determined by R; and the polarizability and given by
(6.7). As a consequence the rate constant for electron
detachment is independent of temperature at low
temperatures (less than a few thousand degrees in the
case of H™+H) and proportional to 72 at high tem-
peratures.’®

The total cross section for electron detachment may
be split into partial cross sections to individual states of
the residual system A4 B. All these cross sections may
be calculated from the overlap integral of & with the
states of the residual system [Eq. (4.1)]. Because of
the rapid oscillation of both ¢ and the nuclear wave
functions of the final states, the major contribution to
each overlap integral will come from the neighborhood
of a point determined by the Franck-Condon principle,
i.e., where the wavelengths of the two wave functions
are equal. Since £ consists of two separate components,
the incident and reflected waves, each overlap integral
consists of two terms, as shown by the last factor in
(4.17) [this gives the cross section for a bound state
of A+B, while (5.1) gives it for a continuum state].
The interference of these contributions leads to oscilla-

1 M. R. C. McDowell, Observatory 81, 240 (1961). This paper
predicts a T2 dependence for 7'<10° °K.
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tions of each cross section as a function of energy
[Eq. (4.23)], and to fluctuation in the cross sections
from state to state. If the total detachment cross
section is close to the upper limit 4 the outgoing £
wave will be small compared with the incoming, and
may be ignored for a rough estimate of the partial
cross sections. In this case, associative detachment
should produce a highly inverted population of vibra-
tional levels in the final molecule (4B), since detach-
ment is more likely to occur just after entry into the
autoionizing region at large separations than in the
Franck-Condon domains of the lower vibrational levels
where the £ wave has a much reduced amplitude.

No experimental detachment cross sections at well-
defined energies on which the theory could be tested
have been published. The nearest available are measure-
ments of the rate constant for electron detachment in
drift tubes containing negative ions and neutral atoms
or molecules® ™ at laboratory temperatures. These rate
constants correspond to average cross sections of the
order of 107 cm? in many cases, i.e., greatly in excess
of gas kinetic.?® It should be noted that although this
order of magnitude is in general agreement with the
theory for the interaction of negative ions with neutral
atoms, in the case of interaction with neutral diatomic
molecules the polarization potential (= R™*) may be
dominated at large separations by the ion-dipole
potential (o« R~2) for a heteronuclear molecule, or the
ion-quadrupole potential (e« R™%) for a homonuclear
molecule; in these cases the simple theory given in
Sec. VI does not apply.
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APPENDIX: DERIVATION OF EQUATION (4.14)

Equation (4.14) expresses the decay width of an
unstable electronic state in terms of the volume integral
(4.7). This relation has been derived before (see, e.g.,
Ref. 18) for Feshbach states—autoionizing states con-
sisting of an electron bound to an excited target—but
we need it under more general conditions. At no point
have we made any restrictive assumption about the
physical nature of the compound state of the electrons,

2 The first interpretation of these large cross sections in terms
of the Langevin spiralling process seems to have been given in
two independent papers by E. Ferguson and the author at the

Symposium on the Physics and Chemistry of the Lower Atmos-
phere, University of Colorado, Boulder, 1966 (unpublished).
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F16. 6. Schematic electron density in an unstable compound
state. There is a central peak falling to a minimum followed by a
slowly growing exponential tail. The tail arises from the open
channels [see Eq. (A9)]. The radius 7o of the surface S is to be
taken at the density minimum.

whether it be a Feshbach or a shape compound reso-
nance. It is therefore desirable to derive (4.14) with
the same degree of generality; that is the purpose of
this Appendix.

The method we shall use to establish (4.14) is to
imagine a spherical surface .S surrounding the system
A~+B, and to express both sides of (4.14) in terms
of amplitudes on S. (Only the case where the nuclei
lie within a few Bohr radii of one another has to be
considered, since only then is I's#£0.) The radius of .S
will be denoted by 7o; its magnitude will be important
in what follows and is discussed below.

The following definitions are needed:

He(not7) is the electronic Hamiltonian with the jth
electron omitted,

ua(not ) 1is one of its eigenfunctions belonging to the
eigenvalue ¢,, so that

[He(not ) —éq Jua(not 7) =0.

€. depends on the separation of the nuclei, i.e., e,=¢,
(R); this dependence will mostly be left to be under-
stood.

K; is the kinetic energy of the jth electron, and

V; its interaction with the rest of the system, so that
the complete Hamiltonian is

Ho=H.(notj)+K;+V;.

(A1)

(A2)

(There are as many such ways of splitting up He as
there are electrons.)

f5(7;, €) is the radial factor of an eigenfunction of K;
with energy ¢, the suffix 8 standing for the spin- and
orbital-momentum quantum numbers; thus

(Kj—€)fs(rs, €) Vp(7;) =0.

Y5(7;) is a spherical harmonic (7; denoting the an-
gular coordinates of the jth electron).
Ss( ) is a spin function for the jth particle.

(A3)
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We expand ¢ in a series
¥y=(-1) f%%a(notj) Yas(r5), (A4)
where
¢as(not j) =pa(notj) Ys(7) Sp(7),  (AS)

satisfying the orthogonality relation

/ d7idg(not 7) ¢*5(not 7) pargr (N0t 7) =8aardesr.  (A6)

[fdg(not )+ + denotes integration over all coordinates
except the spatial coordinates of the jth electron.]
Clearly there are as many expansions of the form (A4)
as there are electrons. The factor (—1)7 ensures anti-
symmetry, provided that the coordinates in u, are
written in ascending order, and u, is itself antisym-
metric.

The electron density associated with ¢ is, after
averaging over angles,

p(r) = constant X2 [ Yas(r) 5, (AT)
of

from Eqs. (A4) and (A6). If ¢ were a bound state, all
the functions ¥us(r) would decrease exponentially as
r—oo. If  is an unstable compound state, most of the
Yap (the closed channels for which E<e,) will still fall
off exponentially; however, in the open channels one has
E>e¢,, so that

Yas(r)— (constant/r)

X exp{ir[ (2m/h2) (W —eq) 142} asr—o. (A8)
If IK(E—¢,), then approximately
| Yas(7) | —(constant/r)
X exp[ I'r/2%iv,], asr—o, (A9)

2e=[(2/m) (E—ea) ]V,

so that each open channel contributes an exponentially
growing tail to p(r) at large ». The function p(7) in a
well-defined compound state must look as in Fig. 6,
with a central maximum falling to a relatively low
minimum before the exponentially rising tails start to
predominate. The tails make it necessary to cut off p(7)
at some arbitrary radius before it can be normalized;
therefore p is defined only up to a constant. An example
of a quasistationary state behaving as in Fig. 6 would
be a particle confined to the neighborhood of a point
by a high but nevertheless penetrable barrier; then the
probability density is high in the space enclosed by the
barrier, falls exponentially through the barrier, and
rises again from the outer edge of the barrier to infinity.
Another example is a compound state of Feshbach’s
type®® consisting of an electron temporarily bound to
an excited state of an atom; there the closed channels
give the major portion of p close to the nucleus, while
the open channels contribute exponentially growing
tails at large distance.
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We shall choose 7, at the minimum in the electron
density. If the compound state is to be physically
meaningful, then p(7) must be small compared with
the order of magnitude of p in the central peak. Since
the individual channels contribute additively to (A7),
it follows that

i sl P/ [aglv@) bt (a10)

#2
— > { f rfdfdq(not )
ri<ro; 147

2mi 5

*
(22 —rfaglvr
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for each (a, 8), the integral in the denominator being
taken over the interior of .S for all particles. In what
follows, we shall treat the surface amplitudes ¥q5(7) as
small quantities and repeatedly drop terms above the
lowest order.

A relation between T and y.5(r0) may be obtained
by multiplying (2.2) by ¢*, subtracting the complex
conjugate, and integrating all electron coordinates over
the interior of S. The result is

A1l
ar; 7; ( )

Now substitute (A4), constructing the coefficients ¥,5(7) so that the sum of the series vanishes whenever any one
particle is outside .S; this is permissible since the integrations in (A11) are carried only over the interior of S.
Using the orthonormality relation (A6) and the identity of all electrons, one gets

A roWas (7o) ]

72
(Z+1) i :‘; {foll/*aﬁ(f’o) e

bes(r) o Dot 1} =T [y P

(A12)

The derivatives in (A12) can be expressed in terms of Y¥.5(7y) by means of the outgoing-wave boundary condi-

tion which, together with (2.2), defines ¢:

L1/¥as(r0) 1(9/070) [rohas (r0) 1=F™® (10, W —€a)

=[hs™® (ro, W —ea) J7(3/10) 1ol (10, W —ea) ],

where kg™ (r, W) is an outgoing-wave spherical
Hankel function, satisfying

{r1(8%/0r) r—[ls(lg+1) /r*]+ (2m/5%) (W —e,) }

Xhe™® (7, W—ez) =0. (Al4)

In applying the boundary condition (A13) at 7
instead of at infinity, we are ignoring the interaction
of any particle outside .S with the rest. With the aid
of (A13), Eq. (A12) becomes

I'=(Z41) 2 T, (A15)
af

Tag=

(o190 1/ faalyr)

X (—=3)[FP (ro, E—ea) —Fg*(ro, E—ea) ]

=0

Here we have used the fact that for closed channels

(A13)

where

af=

2:;02 (’°3 [Yes(ro) [ / / dg| ¥ 12)

X (—1) [Fg (ro, W —ea) —Fs*(r0, W—ea) .
(A16)

Equations (A15) and (A16) can be simplified by work-
ing with terms of lowest order in the yus(7o) . By writing
Fg® (7o, W—e4) =FP (ry, E—¢,)+ terms of order T,
one can construct from (A15) and (A16) a series in
powers of | Yas(70) |2; the leading term is

(Al7a)
(A17D)

for open channels (E>e,),
for closed channels (E<e,).

Fs™ (15, E—ea) —Fg* (7, E—e,) =0.

Another expression for the y¥,s(7) appearing in (A17) can be derived as follows. The product ga.s(not 4)fs

(7j, E—e,) satisfies

[Kr{-Hel(nOt 1) —-E}p*ag (not 1)f*ﬂ (ri, E—e,,) =0.

(A18)

(We shall neglect all spin-dependent forces, so that H*=H.) Multiply (A18) by ¢, (2.2) by ¢*ss(not2)f*s
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(r:, E—e,), subtract, and integrate all coordinates over the interior of .S. The result is

ﬁZ
(— ﬁ) EJ: {/er #Jrfdr]dq(not]) [ 9 ((p W8 (110t 2) f¥5 (75, E-ea)> —¢*gg(not 1) f*3(r;, E—ea) a—lp]}“:m

61’]'

- f dg ¢*as(not 1) f*s(ri, E—ea) Vi —3 (T f dg ¢*as(not ) f*s(ri; E—ea)y=0. (A19)

We shall suppose that the states u.(not 7) correspond-
ing to the open channels are bound, so that the magni-
tude of ¢,(not 7) will be small whenever one of the Z
particles whose coordinates appear in uq(not ) is on or
outside . Therefore we shall drop all the terms except
that with j=1 in the sum over j, the magnitude of the
remaining term being determined by fg.

To simplify the term containing 9fs/d7; in (A19), we
decompose fs into outgoing and ingoing wave compo-
nents; i.e., for any energy ¢ we write

Jolr, &) =fsP(r, ) +fsO(r, €),  (A20)

where
(8/0r) [rfs® (7, €) J=Fg® (1, &) fP (r, ). (A21)

[F© is defined by (A13) with 2™ replaced by £9.]

Substituting (A21) into (A19) after dropping terms
with 774, expanding ¢ according to (A4), and neglect-
ing terms of second and higher order in ¥.5(70), one gets
finally

B2/ 2m) roas (7o) f5O* (0, E—€a)

X[Fs™ (10, E—ea) —Fp7 (ro, E—€a) ]

= [dg astnot f*s(r, E—e) Vi (A22)

(using FgH*=F™ for open channels). The factor
[FgH—Fg] may be expressed in terms of the
Wronskian of the functions fs™ and fs™, leading to

| /6 (70, E—ea) |2
X[Fs® (ro, E—ea) —F (10, E—€a) 1=1/mkaro, (A23)

where k.2=2m(E—e,)/h2 The functions fs have been
normalized so that

=Yy

lgmg

—’LK r

(2r)3i2 (”], > Ve(R)Ye*(7). (A24)

Equation (4.14) is obtained by substituting (A24)
into (4.7), setting #%?/2m=E—e,(R;) [in accordance
with (4.13b) ], expressing [dg+++ in terms of Yap(70)
from (A22), taking the squared modulus, integrating
over the directions of K;, summing over g, sg, and mg,
and using formula (A15).

Formula (A17) can be used to give a rough estimate
of the widths of possible “shape resonances.” These are
compound negative-ion states with wave functions ¢ =
Yop, where ¥ is the electronic ground state of a neutral
molecule, and ¢ the wave function of the additional
electron. The choice of 7y at the minimum in Fig. 6
implies that 7o, must lie outside any possible centrifugal
barriers in important channels. We may therefore
approximate [Fg™ (ry, E—e,) —Fg*(ro, E—ea) =2
2tkyry, where #2k.2/2m=E—e, The structure of ¢
makes ¥, cancel out from (A17). Moreover, as stated
in the Introduction, we are supposing that there is only
a single decay channel in which the additional electron
departs to leave the molecule in the state Y, with energy
€, After summing over 3, (A17) is replaced by

h2
'~ ()
2’”’”’02
X {7’03/(1? ] go(ro, ?) IZ / /rzdrd? l gD(f(), ?) IZ} Zkai”o.

(A25)

With 7222 &, and E—e, 1 €V, one gets ko1 and
(h2/2mr?)=21 eV. The factor in the bracket is the ratio
of the mean-square amplitude of | ¢ | on .S to the mean
square within S, and must be substantially smaller
than 1 for there to be a physically meaningful com-
pound state at all. However, except for the possible
centrifugal barriers, there is no mechanism to make
{+++} very small, so that a value of I' of the order of
1 eV should be possible.




