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The cross section for electron detachment in collisions between negative ions A~ and atoms A are
considered by the short-range-potential method (Firsov and Smirnov!*!). The adiabatic approxima-
tion is employed for quasi-stationary states; the nonzero probability for survival of the A; systems
is taken into account, and allowance is made accordingly for the energy dependence of the cross
section. The energy distribution of the emitted electrons is calculated in the same approximation.
The case of different atoms and ions (A™ + B) can be reduced to the case (A” +A) by renormaliz-
ing the parameters of the problem. The results are illustrated by the process H  + H — H + H +e
and are compared with the experiments and with other calculations.

1. m there was proposed a very simple and lucid
model of detachment of an electron in collisions be-
tween a negative ion A" and an atom B. It is based on
the following assumptions.

1) There is a critical internuclear distance R = R;,
such that when R < R, the bound state of the system
AB™' is unstable. At the point R = R;, the term E(R)
of the system AB~ and the term EpM(R) of the system
AB are equal, E(R,) =EM(R,) =D, and when R > R,
we have E(R) < EM(R).

2) If we denote by Rmin the closest-approach dis-
tance, then when Rmin > R, the detachment probability
is equal to zero, and when Rpin < R; it is equal to
unity.

3) To determine the term of the system AB~ in the
region R & R, we can use the model of two zero-radius
potentials (the Firsov-Smirnov model).

From assumptions 1) and 2) there follows a formula
for the cross section for the detachment of an electron.

aR¢(1—DJ/E), E>D (D=E(Ry)> E(c)),
°"={ 0, E<D.

Assumption 3) makes it possible to determine R; in
terms of the lengths a and b for the scattering of
electrons by the atoms A and B. The formula pre-
sented above is in good agreement with experiment in
a number of cases (Br~ + He, I’ +He), but for certain
pairs, for example H™ +H, we have not a growth but a
decrease of the cross section with increasing energy

in the region E > D, where the formula for o4 leads
to a constant value. This fact can be attributed to the
fact that assumption 2) is not correct, for when R < R;
the system AB” is in a quasistationary state, the decay
probability of which during the collision time differs
from unity. If the width of the quasistationary term
T'(R) at R < R, is known, then the probability that the
system decays within the collision time is determined!®
by

w=1—exp (-—I F(t)d‘t) ,

where the integral is taken over the time interval dur-
ing which R < R,. This formula is a natural generali-
zation of the adiabatic approximation to include quasi-
stationary states, and is valid if the considered quasi-

stationary term is sufficiently far from the other
terms. We shall not investigate here the complicated
problem of the limits of applicability of this approxi-
mation.

Integrating further with respect to the impact
parameters, we can obtain od; on the other hand, if
we know the real part of the term Re E(R) = Eo(R) at
R < R,, then we can determine the spectrum of the
emitted electrons. We use here the model of two zero-
radius potentials, proposed by Firsov and Smirnov!!],
Of course, this model is cruder than the variational
calculation, but its advantages are simplicity and
universality.

Comparison with exact calculation for H; shows
that this model describes perfectly satisfactorily the
system at R = R,. Indeed, it follows from the model
that R, should be equal to the triplet length of scatter-
ing by the hydrogen atom, i.e., 5.7 atomic units,
whereas the calculation of!*! gives for the point of
intersection of the *Z term of the hydrogen molecule
H: and of the 22g term of the molecular ion H; a
value R;~ 6 at.un. An advantage of the Firsov-Smirnov
model, besides its simplicity, is also the fact that it is
well adapted for the description of the interaction of
the bound state with the continuous spectrum, particu-
larly the conversion of the stationary state into a
quasistationary one. Therefore the use of this model
for the description of the detachment of the electron is
quite natural.

2. Let us consider two atoms A and B, assuming
that an electron is located on the atom having the lower
binding energy. The wave function of the electron in
the field of two small-radius potentials is written in
the form

e~Va
¢=A Tg ry

Here rg and rp are the distances between the electron
and the corresponding atoms, and E = —y2/2 is the
electron energy. Denoting the reciprocal length for
scattering by the atoms A and B by « and 8, we
impose the usual boundary conditions

dlIn(rap) dln (rs¥)
dar 740 ! dr
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FIG. 1. Terms of molecular ion H,". I—terms of hydrogen molecule,
[I—terms calculated by Bardsley et al. ['4], IIl—terms calculated by for-
mulas (5) and (6) of the present paper. The width I" for each term is
measured along the third axis.

which lead to the following equation for W = yR:
(W —a) (W — b) =¥, 1)

where a = @R and b = BR. The form of the term E(R)
constructed with the aid of the solution of this equation
is shown in Fig. 1.

The branch of the term that goes off to —~ corre-
sponds to positive solutions of the equation. There
exist other positive solutions, which are capable of
vanishing at R, = (af) ¥? and these are paired with
negative solutions that come from -« on approaching
R, from the side of large R (not shown in the figure).
Such a behavior of the solutions corresponds to the
motion of the paired zeroes of the Jost function along
the imaginary axis of the complex plane k = iy. The
zeroes move towards each other with decreasing R,
coalesce at a certain value R =R’, and then'®! move
apart on the plane symmetrically about the imaginary
axis. This fact is analogous to the appearance of com-
plex solutions W = U +iV of Eq. (1), which goes over
into the system

(U — a) (U — b) = eV cos 2V + V7,

V(U —a—b) = —eWsin2V. 2)

The appearance of complex solutions occurs for
a =B at R <R’ =Ry, i.e., immediately from the in-
stant of emergence to the continuous spectrum. For
a # B the solutions become complex at R < R’ < R;.
The interval R’ < R <R, corresponds to the presence
of virtual states. The calculation of R’ and of the
values of W at the instant of appearance of complex
solutions will be given below.

3. For the case @ = 8 we can obtain from (2) the
simple formulas

U='1—q—-Vcth=—lnm,

VPe=e®W — (U—a)? ¢g=1—R/R. (3)

We seek an approximate solution of the system in the
form

szcq, U:—q(i"“c/3) (4)

(c is the coefficient that does not depend on R).

As seen from Fig. 1, the most appreciable contribu-
tion to the change of the decay cross section should be
made by the regionq <1 (0 =q =1, see (3)), i.e.,
flights at distances close to R,. In this section, the

width is small and the bound states of the molecular
ion can exist for quite a long time. We shall therefore
regard q as a small parameter and, at the same time,
assume constant boundary conditions, namely the value
of a, which generally speaking can vary in time. Sub-
stituting (4) in the system (2), we get ¢ & 2, and to de-
termine the width of the level of the negative ion we
obtain the expressions

EEEo+iF,
2 2 2 (5)
U2—v a
Ey=— T~ g,
2R (1—q)?
— |UV| NZE— o? Pl 6
I=f 3 a—gr? (6)

The values of E, and I'" obtained by exact solution
of (2) practically coincide in Fig. 1 with the curves of
the approximate formulas (5) and (6).

The cross section for the decay of the negative ion
can be represented in the form

0a(v) = 'ho[0g (v) + 0u(¥)], (7)

where cg(v) and oy(v) correspond to the cross sec-
tion for disintegration as a result of departure of two
terms of the molecular ion A; to the continuous spec-
trum at the points R, and R,. In our approximation,
we can take into account the motion of the system only
for one term *Z;, but, as can be seen from the plot
calculated in'*) for the width (given by us as curve II
of Fig. 1), the molecule decays very rapidly from the
instant that the term 2Z} goes over into the continuous
spectrum, and in practice the contribution to the total
cross section can be taken into account by setting oy
simply equal to a constant:

0y = 1R (8)

To prove that in our approximation the term going
out into the continuous spectrum corresponds to the
term Zg of the real problem, we can use the reason-
ing proposed by Firsov. We assign in the spinless case
the same scattering length to each of the atoms, with-
out allowance for the presence of the singlet and
triplet scatterings. This corresponds to equally oriented
spins of the electrons of both atoms in the molecule,
and consequently, to an antisymmetrical molecular
orbital oy. A third weakly-coupled electron joining a
molecule of this type falls already on the orbital og,
and the lower state of the molecular ion will be the
state Zy. But we are interested in the higher term Zg,
which is the first to go into the continuous spectrum.

It intersects first the term ‘zé of the hydrogen mole-

cule, but within the framework of our approximation

we shall assume that the decay becomes possible at

the instant of intersection of the next term *Z{; of the

hydrogen molecule. This, naturally, is chosen to be

the origin for the construction of curve III in Fig. 1.
The cross section og(v) is determined by the

formula
R,

‘Tg(v)=2ﬂij. ow dp, ©)
0
w=1—exp[—2B:/(p)], ,
t __ N _
2501(]7):2.’.1‘(17)&‘: ~ -41%10,8 (1—p)* arctg Y1 — p? ’
H 3 v p
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Here p is the impact parameter, the time 7 is
reckoned from the instant of emergence to the continu-
ous spectrum, and 2t is the time during which the
state is unstable. An approximate formula for J(p) is
obtained by comparing the upper and lower bounds of
the integral [I'd7.

The result of an exact calculation of the cross sec-
tion for the decay of a negative ion in accordance with
(6), with allowance from (8) and (9), is shown in Fig. 3
below (curve III). The approximate value is given by
formula

og(v)= ﬂth{ 1—eP [;:-F ( 1,-:-

80) + 4| + 2 - mi— 1}

(1)
F(x, y; z) is the confluent-hypergeometric function
resulting from the integration of the exponential within
finite limits. At small collision velocities, expanding
(6) and (10) in series, we arrive at the expression

og(v) = nR2(1 — 1,21yv [ a).

In calculating the distribution of the energy of the
electrons emitted in the decay, we shall assume that at
each instant of time their energy is exactly equal to E,.
We then obtain for the distribution function the formula

dP (Eo, p) 0t(Eo) (12)

dEo =2I (Eo)—ﬁo——(uh + wz)'

Here
UEo)

w1=exp(——2 j F(t')df') =exp[— B/ (0, 0) ],

t—1(Eo)

we=exp(—2 [ T(¥)dr') =expl— po(2/ (2)— I (p,0))];

0

— arctg

082 (arig TP
J(p,p)=1(p), J(pq)~ 038 - (arctg >

The two terms w; and w: in the right side result
from the fact that the specified energy E, is reached
twice in the collision (during the approach and during
the separation).

Using the formula (v7)? = R? - p®, we can easily
establish with the aid of (5) and (6) the form of the
functions I'(E,) and 7(E,). We introduce in place of
E, the dimensionless variable s = 2E,/a?, and then
we get for g from (6)

q(s):l—R(s) =1_1/23+1——1 ‘
Ry s

When RV2q < 1, the quantity q behaves like E,/a?.

FIG. 2. Distribution of electron energy
in the reactions H + H—> H + H + ¢; the
dashed line shows the distribution calcu-
lated from the data of [?] for a relative
collision velocity v = a/8.

1’(1—q).2—p’)
p .

For the width T" we obtain the expression
2 J—
= u6V2 sYgq.

Expression (2) should be averaged all the impact
parameters p_ from R, to the minimum impact
parameter at which the given value of the erergy is
possible:

dP(Eo) 42 1 J=(1_q)z . q
dE, 3 “av ! 1+4¢ ‘[Vm(wrf‘wz)dp. (14)

If we integrate (14) numerically, we can compare the
results of the present investigation (see Fig. 2) with the
results obtained earlier in'?!, The picture is qualita-
tively the same, the positions of the maxima coincide
with good accuracy, but at collision velocities v > 0.4
at.un. the results are not in as good an agreement.

In[z], the cross section was independent of the
velocity, therefore the decay probability was assumed
to be equal to unity at p < R,. It is seen from this cal-
culation that the cross section decreases noticeably
(compared with 7R2) even at low velocities. At higher
electron energies, the distribution decreases more
slowly than in accordance with the data of!*). This is
due to the fact that at small values of R E, and I tend
in this model to infinity, something that should not
occur in fact. In addition, the approximation of
straight-line flight is not valid for tight collisions.

4. To analyze the A™ +B collisions, we introduce
the parameter

(13)

i-q

8

=——"r 1,
2Yap

which is small compared with unity in all cases of

practical interest (« and B are the reciprocal scatter-

ing lengths).

We turn first to Eq. (1) with a # B. If we regard the
solutions of this equation as the points where the para-
bola specified by the left side of the equation intersect
the exponential curve e-2W , then we can assume that
the coalescence of the two zeroes of the Jost function
correspond to the &oint of tangency of the parabola and
of the function e 2V (the parabola can be replaced by a
straight line and the small quantity W? can be dis-
carded). Equating the corresponding coefficients from
the equation of the tangent and from the equation
W(a +b) +ab = 0, we obtain a system for the two un-
knowns W' and R’. From this we get

L Tep
R’ 2 146

+1+8),

Vap 1
W = N— g’ 1F — ).
WR)=R'— 6(“‘ 1+6)
The presence of virtual states makes it necessary to
construct the function V in a different form:

Vi=1¢, U=kg, ¢ =1—R/R,
_1=3 40
T340’ 3446"

However, the quantity R’ is always close to R, and
the presence of virtual states does not change appreci-
ably the course of the solution far from R’ and R;.
Therefore, to calculate the cross section of the decay
of a negative ion into an atom not of its own kind,
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FIG. 3. Cross sections for the decay of a negative hydrogen ion into
a hydrogen atom: curve I—calculation of Bardlsey et al. [*], Il—calcula-
tion of Peach and McDowell in the Born approximation [8], III—our re-
sult; points—experiment [7].

formulas (5)—(11) remain valid as before, but the co-
efficient @®v2/3 is replaced everywhere by apk V1.
The parameter S, in (11) is replaced by

27ap % _ﬁ-

B’ Q) =~ Bo’ (0)= o

Substituting the value of I' obtained in this manner in
(13), we can obtain the electron energy distribution.

5. A comparison of the calculation of the decay
cross sections with experiment is shown in Fig. 3.
Curve I gives the result of Bardsley[G], curve III the
results of our calculation, and points are the experi-
mental data of Hummer et al.l”) We assumed for
R, = a”* the value 6.25, and R® = 3 (see!*?®). The cal-
culations of McDowell and Peach!®! in the Born approx-
imation (curve II) do not agree with experiment
(dashed curve), while the Bardsley method is not valid
for higher energies. Our calculation is likewise not
valid at energies larger than 20--25 keV,

As seen from Fig. 1, the values of Ey(R) and I'(R)
obtained by us differ quite significantly from the re-
sults of Bardsley et al.[*! Of course, this calculation,
based on an approximate model, cannot claim high ac-
curacy, in any case when R is much smaller than R,.

However, the terms obtained in[‘”, as noted by the
authors themselves, are likewise not fully reliable;
their course depends strongly on the cutoff parameter.
In addition, in calculating the distribution of the elec-
trons it is necessary to know the relative probability

of the decay of the hydrogen molecule into singlet and
triplet states.

The H; ion is the simplest molecular system in
which the bound state goes over into a continuous spec-
trum in the absence of Rydberg condensation of the
levels. Therefore a more accurate calculation of the
terms of this system is presently quite urgent.

Besides the H™ + H case, experimental data on de-
tachment cross sections are available for Li", Na’,
and K~ collisions with He-Xe['!, In all these cases,
however, the cross section increases with energy, so
that the principal role is played here more readily not
by the adiabatic but by the dynamic electron-detach-
ment mechanism. The formulas obtained here for the
energy distribution are more readily applicable to
collisions of ions and atoms of alkali metals, At the
present time, such distributions were obtained only for
collisions of I, Br™, and CI” by He-Kr!!%), In this case,
owing to the large energy of electron asymmetry, the
small-radius-potential approximation is apparently not
applicable.
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