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The cross section for capture of two electrons by protons in single collisions with hydrogen and inert gas
targets has been measured over the energy range 2 to 50 keV. Cross-section values are given relative to the
well-known single-electron-capture cross section by protons in each target gas. In hydrogen, a peak value
of 1.0X10 '7 cm'/molecule at 17 keV is obtained for the double-capture cross section 0.

~, ~. The double-
peaked cross section versus velocity function, which is probably attributable to 10/ —12 and 10/ —13e
processes, is con6rmed. In He, the cross section 0i, r reaches a maximum of 7.10 " cm'/atom at 30 keV
and steadily decreases to 2.10 "cm'/atom at 2 keV. In Ne, the present values show a peak cross section
of 1.2X10 s cm'/atom being reached at 14 keV. The present values when extrapolated above 50 keV agree
well with Mittleman's corrected Born approximation calculations for H2.

INTRODUCTION

'HE double electron capture by protons in single
collisions with hydrogen molecules and helium

atoms is uncomplicated by the presence of excited states
and may be represented symbolically as

Ht++H. ~ Hr +2Ht++E,

Ht++He ~ Ht +He+++E.
(1)

(2)
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The two electrons of the target gas are in their ground
states prior to collision; after collision they are both
captured by the incident proton to form the negative
hydrogen ion H1 which is unlikely to have any bound
excited states. ' There are no free electrons produced in
the collision. For these reasons the collision is attrac-
tive for both theoretical and experimental study.

The cross sections o-1, 1 for these collisions have been
measured over the energy range 2—50 keV by the method
of passing a monoenergetic beam of protons through a
differentially pumped target gas cell and observing the
emergent fast H1 ions as a function of the target gas
number density. Previous measurements by Foge12 '
and McClure' in hydrogen were made by this method.

The only measurement of 0.
&, 1 in helium is that of

Fogel. 5

In the other inert gases Fogel' has shown that the
cross section has two maxima in the energy range 2—50

keV, the lower energy maximum being attributed to a
10/ —12 collision and the higher energy maximum to a
10/ —13e collision. (A charge —exchange collision of the
type A'++8~~ A'++8"+ may be simply referred to
a,s an ab/cd collision. )

Since it seemed improbable that a 10/ —13e collision
would have a larger cross section than a 10/ —12
collision, the cross section o1, 1 has been remeasured in
the other inert gases.

The apparatus was identical'to that described pre-
viously. ' Momentum-analyzed proton beam currents
of about 1 pA were focused through a 1.0-mm beam
defining aperture into the collision cell. The large exit
aperture of the collision cell made possible the collec-
tion of all fast secondary collision products which may be
produced up to 3.2' from the primary beam. The nega-
tively and positively charged hydrogen ions were col-
lected in Faraday cups, while the uncharged particles
were detected by a secondary electron-emitting-type
detector, similar to that described by Gardon. '

The method of measurement, which has already been
discussed fully, 7 determines the relative cross sections
from the slope of the linear portion of a graph of the
number of fast collision products versus collision cell
gas number density. The single electron capture cross
section, gap and the double electron capture cross sec-
tion, 01 1, were measured simultaneously at various
energies in the range 2—50 keV. These relative cross
section values were standardized in the manner of
Fite' and McClure' against the well known single elec-
tron capture cross section, 0.1p, at 10 keV in each of the
target gases. This standardization procedure avoided
both the difhculties in determining the pressure pro6le
in the collision cell and the inaccuracy, which may be
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Thsz.z I. Composition of charged and neutral ion beams pro-
duced by a 10 keV proton beam in hydrogen at typical gas
pressures.
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I'IG. 1. The growth with relative target gas number density, n',
of the ratio of the current of collision product ions H~ to the cur-
rent of primary beam iona, H&+ for (a) 10-keV H&+ incident upon a
molecular hydrogen target gas and (b) 2-keV H&+ incident upon
helium target gas.

as large as 25'P~, in an absolute pressure measurement

by a liquid-nitrogen-trapped McLeod gauge. '
Figure 1 shows two examples of the growth of col-

lision product ions H~ with target gas number density.
The slopes of the linear sections are used to determine
the cross sections. Both graphs show v, etl-de6rIed linear
regions.

RESVLTS

large pressure di6erentials at each end of the collision
cell, Kozlov" has sought to eliminate any error by
separating the fast secondary H&

—ions from the fast
primary protons using a retarding electric field within
the target gas. His values in the energy region 0.2—5
keV show a similar energy dependence to the present
values but are a factor of three larger in magnitude.

It is readily seen that very large errors may arise
from the presence in the primary proton beam of small
percentages of neutral atoms which may originate from
neutralization of the primary beam upon collision with
a beam upon collision with a beam defining aperture,
the collisiorI-cell entry canal mall or residual gas atoms
along the beam path before the collision cell. From the
review paper by Allison" it is seen that such neutral
atoms are lost from the primary beam by electron cap-
ture rather than by electron loss processes, since

Figure 2 shows o.&, & over the energy range 2—50 keV
in hydrogen. Above 10 keV there is good agreement be-
tween the present data and those of McClure, ' which are
considerably larger than those of Fogel. ' Below 10 keV
there is a further disagreement, which is much greater
than the experimental inaccuracy, between the present
values and those of Fogel and McClure. Fogel's earlier
results' ' 4 are quite diferent from the later values.

Recent Born approxtmation calculations by Mittle-
man" show little agreement with the experimental
values in the energy region below 50 keV where the
Born approximation is expected to be poor. However, an
extrapolation of the experimental values to higher ener-

gies shows better agreement with the Born approxima-
tion when it is modified to correct for the nonorthogonal-

ity of initial- and 6nal-state wave functions rather than
with the unmodihed approximation.

For the present apparatus it has been shown' that
the diameters of the entry and exit canals are suSci-
ently large that 0&, & is insensitive to any increase in
their values. While most of the earlier values' ' have
been obtained with the use of cylindrical canals to cause

MH. Ishii, and K. Nakayama, Transactions of the Eighth
Vacuum SymPosium and Second Internation Congress, edited by
I.. E. Preuss (Pergamon Press, Inc. , New York, 1961},p. 519."M. H. Mittleman, Phys. Rev. 137, A1 (1965).
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I'IG. 2. The cross section aj. j. as a function of primary proton
energy for molecular hydrogen target gas. ~ ~ ~ Present experi-
mental values; G. W. McClure (Ref. 6); — ~ — ~ Y. M.
Fogel (Ref. 2); ——— Y. M. Fogel (Ref. 3); ———— Y. M. Fogel
(Ref. 4); ~ ~ ~ ~ ~ Y. M. Fogel (Ref. 5); Z V. G. Kozlov
(Ref. 12); Mq M. H. Mittleman (Ref. 11), Born approxima-
tion;

AERY

M. H. Mittleman, (Ref. 11), modified Born approxi-
mation (see text).
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TABLE II. Values of the individual terms of Eq. (3) used to
determine the excitation energy, E, , of the doubly ionized target
atoms of Ar, Kr, and Xe.

V' (doubly
E,x charged ion)
(eV) (eV)

f
AEf Eo-
(eV) (eV)

—E„
(ev)

29.07
24.27
19.04

Target Em1Lx
atom (keV)

41.9 40.9
36.0 36.9
32.7 32.1

40.8 30.2
36.3 24.0
30.9 20.85

Ar 28
Kl 22
Xe 16
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Fxo. 4. The cross
SeCtiOn crl I aS a
function of primary
proton energy for
neon, argon, kryp-
ton, and xenon tar-
get gases. .~ ~ Present
experimental values;

Y. M. Fogel
(Ref. 5); ————V.
V. Afrosimov (Ref.
17).

I ~ i ~ i, al

o-o, »)00& particularly at low energies. Then it is
readily shown that the contribution to 0.~, ~, for a per-
centage E of neutral atoms in the primary beam, is ap-
proximately IV'os, &/o&, &. For example, in He at 3 keV
proton energy os, &/ot, t——1.1X10 "/0.025X10 's=44
while at 30 keV, oo.-r/oa. -r=6.3X10 "/0.65X10 "
=9.7. Therefore, if at 3 keV 1V equals 1'p& the impurity
neutral atoms contribute almost half as many, H& ions
as do the primary protons. This possible source of in-

accuracy has been measured by the use of a pair of elec-
trostatic defIection plates placed immediately before
the collision-cell entry canal and has been allowed for
at every 0-&, & cross section measurement. As shown in
Table I for a determination at 10 keV the error is
generally quite small.

Figure 3 shows 0-~, ~ for protons incident upon helium

gas. The agreemeot with Fogel's data' is similar to that
in hydrogen, the present values being smaller. than
Fogel's values at low energies.

There is no agreement between the theoretical and
experimental values. The Born approximation calcula-
tions of Gerasimenko" for proton energies above 100
keV are clearly orders of magnitude too large and of
quite a different energy dependence from that shown by
the experimental data. Rosentsveig's perturbed sta-
tionary state calculation gives values" from 2 to 10
keV which show little similarity io either energy de-

pendence or magnitude with the experimental data.

IP-le

I I I I I I I I I I I I 1 I I

10 l00
PROTON ENERGY- keV

Figure 4, shows 0~ ~ for protons incident upon Ne, Ar,
K.r and Xe. It is readily shown by application of the
Massey adiabatic hypothesis" that the lower energy
peak is due to a maximum in the collision process
10/ —12, and the second peak occurs for the collision
process in which the excitation energy of the target atom
is its third ionization potential, i.e., a 10/ —13e collision,
within 4% (see Table II). In applying the adiabatic
criterion the product, ma, of the interaction distance, a,
and the number of electrons transferred in the collision,
m, is assumed equal to 7 A. Then the energy defect

~
AE

~

which corresponds to the experimentally observed maxi-
mum cross section value at energy X~:, is calculated
and the excitation energy E, of the doubly ionized
target atom is found from the relationship.

iAEi =E„—E,„—E,
= V'(H)+S(H) —V'(He)

—V'(He+) —E,„—Eo, (3)
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Fr G. 3. The cross
section o~ I as a func-
tion of primary pro-
ton energy for helium
target gas. ~ ~ ~ Pres-
ent experimental val-
ues; Y. M. Fogel
(Ref. 5); ——— L.
Rosentsveig (Ref. 15);
———V. Garasimenko
(Ref. 14).

where V' is the ionization energy of a given atom and S
is the electron afFinity; E~ is the Coulomb attraction
energy between the collision products and is calculate
in the manner of Hasted. "

Even though this explanation is readily made by in-
volving only the ground states of the doubly- and triply-
charged target ions, the experimental cross section is,
in fact, the superposition of all the cross sections for
double electron capture by protons in which the target
atoms are left in their ground doubly- and triply-ionized

t
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states and all higher excited states. The adiabatic
criterion then indicates that the probability of the
target atom being left in any of its excited states is small
compared with that for the ground ionized states.

Two facts indicate why a second peak is not observed
in the cross section a1, 1 in Ne. First an adiabatic
hypothesis argument indicates that the maximum cross
section for a 10/ —13e collision in Ne should occur at a
proton energy of about 95 kev which is above the pres-
ent range. Secondly, Fig. 4 shows that, as the atomic
number of the target decreases, the height of the higher
velocity peak relative to that of the lower velocity peak

decreases while the height of the lower velocity peak
itself decreases, i.e., the maximum values of the gross
sections for 10/ —12 and 10/ —13e processes have a dif-
ferent dependence upon atomic number. Thus in Ne it
is probable that the 10/ —13e peak is too small to be
seen above the 10/ —12 peak.
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The modified adiaba, tic scattering function previously used to compute phase shifts for positron-helium
scattering below the positronium threshold is applied to the problem of annihilation in helium. A large
enhancement factor relative to the Dirac rate is found, varying with energy from 2.30 to 3.16.The probability
of finding the spectator electron in states of the He+ ion other than the ground state is computed and found
to be small but probably observable.

I. POSITRON SCATTEMNG FUNCTION

K have previously discussed the adiabatic ap-
proximation' and applied it to the problem of

low-energy positron-helium scattering. ' Let us now con-
sider its application to the computation of positron
annihilation in helium.

The scattering wave function for a positron of mo-
mentum k has the form

shielding approximation employed previously'

4 (ri, re) = sr 'p' expt —p (r,+re) j,
the equation for G(r,x) becomes

d|."
v'G —2p =2 ——

dr x fx—rJ

(3)

This is similar to the equation solved by Dalgarno and
Lynn4 for the case of hydrogen, and can be related to
that result directly by making the change of variables
y=Pr, z=Px. Then one finds that PG(y, z) satisfies the
same equation as does the function derived byDalgarno
and Lynn, 4 and can be taken over from their work.
They derived an expression, in elliptical coordinates,
which contains implicitly all terms in the Legendre
polynomial expansion,

@~(ri,re, x) =x„(x)L1+G(ri,x)+G(rs, x)jP(ri, re) . (1)

Here x is the positron coordinate, and r1, r2 are the co-
ordinates of the two electrons, all measured from the
helium nucleus. The function d describes the ground
state of the helium atom. The asymptotic form of the
function 4 will be correct if Xl, ~ e'~'* since the correla-
tion function 6 vanishes for large values of x, and the
two electrons are assumed to be independently polarized.

Taking the positron interaction as perturbation

(2)

one can evaluate G(r, x) correct to 6rst order in V by
the method of Dalgarno and Lewis. ' If we make the

' R. J. Drachman, Phys. Rev. 138, A1582 {1965).' R. J. Drachman, Phys. Rev. 144, 25 {1966).' A. Dalgarno and J. T. Lewis, Proc, Roy. Soc. {London) 4233,
7o {19ss).

G(y, z) = p gt(y, s)&t(cos ), t cosn=y zj. (3)
l =0

our previous experience' indicated that the monopole
term in the expansion gives excessive short-range at-
traction (correlation), and in the following it will be
completely suppressed. Then, in elliptical coordinates

4A. Dalgarno and N. Lynn, Proc. Phys. Soc. {London) A70,
223 {&9S7).


