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The short-range potential model is used for analytic description of the detachment of electrons
from negative ions in collisions near the reaction threshold. The dependence of the detachment
cross section, electron spectrum, and isotope effect on the parameters of the problem is discussed.
A comparison with experimental data is made for the reaction H™-He at energies 1-6 eV.

PACS numbers: 34.50.Hc

§1. FORMULATION OF THE PROBLEM

Recently interest has arisen in the problem of detach-
ment of electrons from negative ions in slow collisions with
atoms.’ Of the new results in this field we note the qualitative
conclusion drawn in Smirnov’s book? on the basis of the for-
mulas for the detachment cross section in various energy
regions—the isotope effect should depend on the collision
energy. A recent review article by Bydin and Demkov? pro-
posed a qualitative explanation of the energy dependence of
the isotope effect in the spectra of the electrons produced in a
collision of atoms.

In the present work" we have obtained an analytic de-
scription of electron detachment from negative ions in colli-
sions near the reaction threshold, which permits separation
of the parameters on which the cross section and the electron
spectrum depend and allows one to study quantitatively the
isotope effect in the cross section and the electron spectra.
The discussion is based on the model of a short-range poten-
tial of variable depth (SRPM)* in which the boundary condi-
tion for the logarithmic derivative at the origin depends qua-
dratically on the time.>"® As has been shown experimentally
in Ref. 7, in study of the reaction H™-He in the range of
collision energies 0.08-2 keV this version of the SRPM cor-
responds to the collision-detachment process.

§2. CROSS SECTION FOR ELECTRON DETACHMENT FROM
NEGATIVE IONS NEAR THE REACTION ENERGY
THRESHOLD

In discussing the process of electron detachment from
negative ions, in Refs. 4-6 it was assumed that electronic
transitions in A~ -B collisions occur only in a small region
t, < 0 of intersection of a discrete term AB ™~ with the edge of
the continuum, i.e., with the term AB. With this assumption
the parabolic approximation®’ would satisfactorily describe
the detachment process for all collision energies which are
achievable in the SRPM. In reality, as was noted in Ref. 9,
transitions occur in the region 4t = |t , — t,|, where ¢ ;is the
moment of time at which the adiabatic approximation is vio-
lated. Therefore let us investigate, first, up to what collision
energies we can consider the interval 4¢ small or, in other
words, when the parabolic approximation®® is applicable,
and, second, let us establish how one should go over from the
real f(¢) to a model parabolic function.

In accordance with adiabatic perturbation theory'® ¢,
can be determined from the equation
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in which the amplitude of the transition from a bound state
to the continuum is|Cy | = 1/2. Setting by way of estimate
IV /Ot =3V oo/t = JE/It (V, is the matrix element of in-
teraction of the discrete level with the continuum) and recog-
nizing that for the boundary of the continuum

AE, = E,= — f?/2, we obtain an equation for determina-
tion of ¢ ,:
4 df
Co=———.
0 7 dt )

Assuming that it is possible to introduce a classical trajec-
tory R (¢ ) for the motion of the atoms, we shall expand f (¢ ) in
the vicinity of the turning point R,:

AR 1=f(R)+ L SB) &R,

2 dR df
2

1 (R (ﬂ)’ pr 3)
8 dr* \adr

If the conditions of the collision are such that for |¢| < ||
we can restrict the discussion to just two terms of the expan-
sion, i.e.,

di(R) 1 dH(R) &R,
dt 4 dR* df

tr (4)

then the real dependence f (¢ ) for such conditions can be ap-
proximated by a parabolic dependence f(t) = 8 — at?, and
here the parameter A =3 /a'/, as a function of which the
probability of detachment was calculated in Ref. 5, is

o [A di(R) @R
A=1(R) [7 dt e ] Bl

In the case of crossing of terms of real ¢ it is convenient to go
over the values at #, = (R,), in which case

) 6

A
2Ys dt

or, returning to the trajectories R (¢ ) in motion of the atoms in
an initial repulsive potential U (R ) with an impact parameter
p and a collision energy E = uv*/2,
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where R, is the coordinate of the turning point.

We note that for sub-barrier transitions R, < R, both
the time of the collision #, and the relative velocity are imagi-
nary, and therefore we have the parameter A <0, as should
be the case in accordance with the meaning of 4 for the para-
bolic approximation, and for allowed transitions R, > R, the
values of ¢, and the velocity are real and A > 0.

For collisions near the reaction threshold and for small
p»> when the trajectories differ substantially from rectilinear,
Eq. (7) is further simplified since

E U(R,) P\
o e e T 8
where
dU(R
F‘= ;R‘o)rl-zE —I—l—;, B,°=R‘(p=0) zRo’ (9)

and therefore finally we have

where
U(R.,) ]/’ldf(Ro I ( ) : 6=U1(ET.,)'

(11)

In the opposite case of large impact parameters, p/R,> 1,
when it is possible to neglect the influence of the potential on
the motion of the atoms, it follows from Eq. (7) that

= (1-2). (12
where
X _[ URay ] _[df(RO) | ( )/ (13)

Equation (12) coincides with that obtained previously® for
straight-line travel of atoms in the case 8> 1. We can assume
approximately that Egs. (10) and (11) describe both the case
of small p and the case of large p, since R,~2E /F, and
Y'=7.

We shall calculate the cross section for detachment,
neglecting the weak dependence of ¥ and p, i.e., setting
F,=F,,=F,(p=0),

L] 6‘/l
0=2n _[p,(p)pdp=uﬁoz , O(h), Ao=
(]

The integral

Ao
@ (ho) = j P.(A)dA

can be calculated by means of the formulas from Refs. 5 and
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e (1-5);

FIG. 1. Cross section for electron detachment from negative ions in colli-
sions with atoms near the reaction threshold, Eq. (14), as a function of the
collision energy 8 = E /U (R,) in threshold units for various values of the
parameter ¥ (the numbers on the solid curves). The dashed curve is the
cross section in the approximation of unit probability of stripping for

R, <R, Eq. (16).

6:
0.29+2,, A=>0.9,

O(h)=] 045+0.620+0.210,  —1<Ao<0.9,  (15)
3n'h

chp (—%Mol’/‘) y he<—1.

The dependence of the detachment cross section on the colli-
sion energy near the reaction threshold 6 =~ 1 for various val-
ues of ¢ is shown in Fig. 1.

We note that a similar problem of calculation of the
cross section with allowance for the contribution of various
regions of impact parameter for the crossing of discrete lev-
els has been solved in the work of Ovchinnikova. !

§3.DISCUSSION. COMPARISON WITH EXPERIMENTAL DATA

Equation (14) describes the cross section for electron
detachment from a negative ion when the condition (4) is

|
5 0é

FIG. 2. Regions of applicability of Eq. (14) (hatched): I—the main contri-
bution to the cross section is from trajectories with small p and R,, > R,;
II—the main contribution to the cross section is from sub-barrier transi-
tions on trajectories with R,, R R; IIl—the main contribution to the
cross section is from transitions in trajectories which pass through a
sphere of radius R;; IV—the main contribution to the cross section is from
straight-line trajectories with p S R,; 1—plot of the function

Aol¥, 8) = 0.6; 2—plot of the function y = & '/°.
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FIG. 3. Isotope effect as a function of the parameter A, = 6 ~'/* (1 — 1/
&) as given by Eq. (17).

satisfied. An estimate of 7, on the basis of Egs. (2) and (3)
gives

t,=2 (

df(Ry) d*R,\ s
dR dt? )

and therefore the condition (4) expressed in terms of the pa-
rameters of the problem takes the form /8 /5> 1.

In the approximation considered, the electron spec-
trum W (k ) depends only the parameter A, and therefore the
spectrum averaged over impact parameter is described by a
formula similar to (14) with replacement of P, by W (k).

At small collision energies the parameter 4, will depend
on the energy of the collision {regions I-III in Fig. 2), but for
8> 11,=y/8""° ~v~%5(region IV in Fig. 2). As follows from
Eq. (12), this change of the dependences is due to the fact that
the main contribution to the cross section for > 1 is from the
straight-line trajectories, and the formula for the cross sec-
tion (14) goes over to the formula of Ref. 6 for a straight-line
path. In the region of collision energies greater than thresh-
old but for small 4,, a situation is possible in which the main
contribution to the cross section is from sub-barrier transi-
tions, i.e., 2@ (0) > @ (1,,). Equation (15) shows that this takes
place for 4,2 0.6 (region II in Fig. 2). A consequence of sub-
barrier transitions is in addition the fact that the cross sec-
tion (14) is always larger than the value

o=nR:?(1—1/5), (16)

which is obtained in Refs. 12 and 13 in approximation of P,

TABLEI.
Parameter Theory'* Present work**
7, atomic units 23* 2+0.4
R, (a,) 2.7 2+0.4
UR,), eV 1.34 1.6+0.1

*Calculated according to the data of Ref. 15 with use of the approximation

U=de R £=1.

**The error is determined from the experimental error of the cross section
in Ref. 14, which is 209% for E = 2 eV.
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FIG. 4. Cross section for electron detachment from H ™ in collisions with
He near the reaction threshold. O—experiment,'* solid curve—Eq. (14)
with the parameters from the table.

by the step function P, = 8 (R, — R,) and is denoted in Fig.
1 by the dashed curve.

Change in the nature of the trajectories which make the
main contribution to the cross section is responsible also for
the energy dependence of the isotope effect in the total cross
section and in the electron spectrum. Equation (14) permits a
simple estimate of the isotope effect in first order in (1’ — p):

0,—0, 1 [ Pi(he) 1 W —p
] KB WALy Lol 17
o sl ™om e .

The isotope effect will depend on the parameter 4, and is
most strongly pronounced in the threshold region (Fig. 3);
with increase of 4, it decreases to a value of the order of zero
for 1,% 2, which corresponds to a smooth minimum in the
dependence of the isotope effect on the collision energy. In
particular, for collisions of H™ or D™ with an inert gas near
the reaction threshold we have 4o/0 <0.1, which agrees
with the general conclusion drawn in Ref. 14 on the basis of
experimental data.

Specific calculations of the cross section for electron
detachment from negative ions are possible for those systems
for which the quantum-mechanical part of the problem has
been solved, i.e., for which the terms at R =R, have been
determined and, consequently, the parameters y, §, and R,,
Such calculations have been carried out recently for the sys-
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FIG. 5. Isotope effect in reactions of H ™ and D~ with He: ®—experimen-
tal data, '* O—computer calculation,'® solid curve—Eq. (14) with the pa-
rameters from the table, y, = 1.1yy.
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tem H~—He.'* Taking into account, however, the complex-
ity of the calculations of terms in the vicinity of R, we shall
proceed as follows: we shall replot the experimental data on
detachment from negative ions near threshold from Ref. 14
on alogarithmic scale and combine the resulting dependence
with one of the curves in Fig. 1. This combination permits
determination of the necessary parameters, which are given
in the table. The results of the combination are shown in Fig.
4. In Fig. 5 the isotope effect calculated according to the
formulas of Ref. 15 with the parameters from the table is
compared both with experimental data and with the result of
Ref. 16in which the isotope effect was calculated on the basis
of a computer solution of the short-range-potential model.
We note that at E =7 eV the parameter A, is equal to 1.5, i.e.,
it is extremely close to the position of the minimum of the
isotope effect mentioned above.

Thus, the combination of a quantum-mechanical de-
scription of the motion of the weakly bound electron in the
framework of the SRPM with a classical description of the
motion of the atoms describes the main features of electron
detachment from negative ions near the reaction threshold.

The author is grateful to Yu. N. Demkov for a helpful
discussion of this work.

Y The results of this work have been partly reported at the VIII ICPEAC,
Leningrad, 1981.%

1182 Sov. Phys. JETP 57 (6), June 1983

'J. S. Risley, in Electronic and Atomic Collisions/Ed. N. Oda and Ta-
kayanagi, North-Holland Publishing Company, Amsterdam, 1980, p.
619.

’B. M. Smirnov, Otritsatel’nye iony (Negative Ions), Moscow, Atomiz-
dat, 1978.

*Yu. F. Bydin and Yu. N. Demkov, Usp. Fiz. Nauk 137, 377 (1982) [Sov.
Phys. Uspekhi 25, 453 (1982)].

“Yu. N. Demkov, Zh. Eksp. Teor. Fiz. 46, 1126 (1964) [Sov. Phys. JETP
19, 762 (1964)).

SA. Z. Devdariani, Teor. Mat. Fiz. 11, 213 (1972) [Theor. Mat. Phys.
(USSR)].

SA. Z. Devdariani, Zh. Tekh. Fiz. 43, 399 (1973) [Sov. Phys. Tech. Phys.
18, 255 (1973)].

V. Esaulov, D. Dhuicq, and J. P. Gauyacq, J. Phys. B11, 1049 (1978).

8A. Z. Devdariani and I. K. Ryzhikova, VII ICPEAC, Abstracts of Pa-
pers, Leningrad, 1981, p. 16.

°A. Herzenberg and P. Ojha, Phys. Rev. A20, 1905 (1979).

9L, D. Landau and E. M. Lifshitz, Kvantovaya mekhanika (Quantum
Mechanics), Moscow, Nauka, 1979, p. 178 [Pergamon].

''M. Ya. Ovchinnikova, Zh. Eksp. Teor. Fiz. 64, 129 (1973) [Sov. Phys.
JETP 37, 68 (1973)].

2Yu. F. Bydin and V. M. Dukel’skii, Zh. Eksp. Teor. Fiz. 31, 569 (1956)
[Sov. Phys. JETP 4, 474 (1957)].

BE. A. Mason and J. T. Vanderslice, J. Chem. Phys. 28, 253 (1958).

"R. L.Champion, L. D. Doverspike, and S. K. Lam, Phys. Rev. A13, 617
(1976).

SR. E. Olson and B. Liu, Phys. Rev. A22, 1389 (1980).

1), P. Gauyacq, J. Phys. B13, 4417 (1980).

Translated by Clark S. Robinson

A.Z. Devdariani 1182



