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CROSS SECTIONS FOR ATOMIC DISPLACEMENTS IN SOLIDS BY FAST POSITRONS
Ordean S. Oen

Solid State Division, Oak Ridge National Llaboratory
P. 0. Box X, Oak Ridge, TN 37831-6032

ABSTRACT

The Mott series has been used to calculate the cross section for
atomic displacements produced in elastic collisions between relativistic
positrons and atomic nuclei. The Kinchin and Pease displacement model
was used. Several elements spanning the atemic table were treated
using positron energies ranging from threshold to several tens of MeV.
The results are compared with previous calculations for relativistic
electrons. It is found that for the same energy and atomic number the
positron crcss sections are always smaller (up to a factor of 5 or more).
It is also found that the McKinley-Feshbach formula which is frequently
used in radiation damage analysis is even less reliable for positrons

than for electrons.



INTRODUCTION

The use of energetic electrons to produce radiation damage in
solids is well krown [l]. Their usefulness stems from several fac—
tors: A monocromatic collimated beam can be readily obtained, they
have a large penetrating ability, and it is believed that they produce
a simpler type of damage than heavy particles such as neutrons or
heavy ions. Since a positron is the same as an electron except that
its electrical charge is positive rather than negative, one would
expect a positron to have similar properties for producing displace-
ment damage. The main reason that they have not been used lies in the
difficulty in obtaining a sufficiently intense source. 5Since more
intense positron sources are a distinct future possibility, it seems
worthwhile to do some exploratory damage calculations. In this paper
we present some atomic displacement calculations for fast positrons
and compare them with similar quantities for fast electrons {2,3].

Positrons in the energy range of one MeV possess sufficient
momentum to displace atoms from their normal lattice positions
directly through near head-on collisions. To calculate the probabi-
lity of such a displacement it is necessary to know the scattering
cross section between a positron and an atom. The scattering of a
nonrelativistic positron by the Coulomb field of a point nucleus is
given by the Rutherford formula and the relativistic extension was
done by Mott [4] using the Dirac theory of the positron. Since
positrons that can produce recoil or knock-on damage are in the

relativistic range, it is necessary to use Mott's theory. Mott has
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expressed the Coulomb scattering of a positron (and an electron) by

a point nucleus as an infinite series of Legendre polynomials. Since
that series is cumbersome to evaluate, several authors have approxi-
mated it to get simpler, more tractable expressions. The so-called
McKinley-Feshbach [5] version of the Mu:t equation that frequently is
used to calculate atomic displacement cross sections for fast
electrons may also be used for fast positrons. It might be expected
that the McKinley-Feshbach formula for positrons would break down for
heavy elements as it does in the case of electrons. In that case it

would be necessary to use the more accurate Mott series formulation.

METHOD OF CALCULATION

The method used to calculate the atomic displacement cross sec-
tions by fast positrons follows closely that of fast electrons [3,5].
The calculational procedures are outlined here.

The energy transferred to a heavy nucleus by a positron scattered

through an angle 6 is given by
T =T sin? 8/2 (1)

where Tm’ the maximum transferred energy which occurs for a head-on

collision, is

E
T = — (E 2 .
T 2 " (E + 2mc?) (2)

Here E is the kinetic energy of the positron and M is the mass of the

target atom. The rest energy of the positron is me? = 0.511 MeV.



The conventional sharp displacement threshold model has been
used. It assumes that an atom can be displaced only if it receives

an energy equal or greater than some threshold energy, T Upon

q°
receiving such an energy, the probability that the atom is displaced
is taken as unity. Furthermore, the primary displaced atom can, if
sufficiently energetic, produce additional displaced atoms. The
cascade model used is that of Kinchin and Pease [6] which gives the

average number of displacements, v, produced by a primary knock-on of

energy T as

v(T)

"
—

Td < TK ZTd

T/ZTd T > 2T, . (3)

The total cross section (primary plus secondaries) for producing atomic

displacements by a positron of energy E can be written as

T
m

0,0 (BT = [ w(m) S at (4)

T4

while the cross section for producing primary displacements only is

Tm
do

9] (E,Td) =I d_T dT . (5)
T

In Eqs. (4) and (5) the quantity do/dT is the differential scattering

cross section for transferring an energy T per unit T to an atem by a

positron of energy E. The above integrals can be done analytically

for the McKinley-Feshbach version of do/dT, but numerical methods



become necessary when using the Mott series. Rewriting Eq. (4) more

explicitly using the results of Eq. (3) gives

1
_ mZ2e"(1-82) dx j
0, o (EaTy) g e {T {T ) M(x,E)} T < T, < 2T, (4a)
d m
2T /T
d 1 T
_ nZ2e% (1-82) { f m M(x,E) dx + f m M(x,E) dY}
m2 g4 T,/T x2 2T /T 2Td X ‘
d’" "m d" m
Tm > ZTd
(4b)

where B2 = E(E+2mc2)/(E+mc2)2. Z is the atomic number of the target
nucleus, e is the electronic charge and M(x,E) is the ratio of the Mott
to the Rutherford cross section. The ratio M(x,E) was calculated using
the method of Doggett and Spencer [7] and the integrals evaluated by
16~point Gauss-Legendre quadrature techniques. The primary displacement
cross section given by Eq. (5), when written out more explicitly,
becomes identical to Eq. (4a) except that now there is no restriction
on the magnitude of Tﬁ provided it is larger than Td.

The McKinley-Feshbach differential scattering cross section per

steradian is

doMcK—F(B) ) doR(B)
da daf

[1 - B2 gin? %—— faB sin %—{1 - sin %}] , (6)

where

doR(B) 2264 (1-82)

d@  p2cMg4gin® PZ_

(7)
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is the Rutherford differential scattering cross section per steradian.
Equation (6) is an expansion of the Mott series to first order in the
coupling constant o« = Z2/137. It is a good approximation to the series
when a << 1. Inserting Eq. (6) in Eq. (5) and integrating, one gets

the following result for the primary displacement cross section.

T T T T
n22e% (1-62) m 2 m myl/2 m
S 12te UBT) r B ) - 32 1n =B - mas{2[(S2 ~ 1] - 1n =2] .
P m2 gy [(Td ) tr, o™ { [(Td) I - 1n Td]
(8)

Equations (6) and (8) also hold for electrons provided the sign of the
term linear in the coupling constant a is changed from negative to
positive. The range of validity of Eq. (8) will be discussed in the

next section.

RESULTS AND DISCUSSION

The Mott series was evaluated using the computer code of Doggett
and Spencer [7] taking 36 terms in the Legendre sums. For those cases
of overlap the present results, as expected, are in excellent agreement
with theirs and therefore their comments on the accuracy of the method
apply here also. They have made several comparisons with other calcu~
lations and find good agreement. It should be pointed out that the
present calculations were made assuming a point nucleus. At ultra
high positron energies and large scattering angles this ascumption
becomes less valid because of nuclear size effects [4].

All of the integrations were performed using 16 point Gauss-Legeundre

quadrature techniques. The integration routine was checked by integrating



the McKinley-Feshbach version of the Mot:t series numerically and comparing
that with the analytical result. Excellent agreement was found.
Figure 1 shows the primary and total displacement cross sections
for gold calculated using the Mott series and the McKinley-Feshbach
approximation. 1t is seen that the latter method significantly
underestimates the displacement cross sections which is not unexpected
since for gold Z = 79 and the condition Z/137 << 1 is unfullfilled.
The primary displacement cross section using Mott and McKinley-
Feshbach [Eq. (8)] scattering is shown as a ratio in Fig. 2. It is
seen that for the case of uranium the McKinley-Feshbach formula may
underpredict the primary displacement cross section by a factor of
five or more and, of the four solids considered, it is a good approxi-
mation to the Mott series only for the relatively low Z case of copper.
Figure 3 gives the ratio of Mott to McKinley-Feshbach [Eq. (6)]
scattering as a function of the positron scattering angle for uranium,
geld, and silver. It is noted that the McKinley-Feshbach approxima-
tion becomes progressively poorer with increasing positron energy and
with increasing atomic number. For uranium the ratio actually
diverges near a scattering angle of 100 degrees. This says that the
McKinley-Feshbach scattering goes to zero, a result that can be seen
by examining Eq. (6). In fact Eq. (6) can become negative which leads
to nonsensical predictions.
Figure 4 shows the ratio of the calculated atomic displacement
cross sections of positrons to that of electrons as a function of pro-

jectile energy for four different solids. It is seen that the ratio
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is less than unity at all energy and for all of the cases studied.
The deviation from unity is least for the relatively low Z case of
aluminum and greatest for the highest 7 case of gold. Although Fig. 4
was calculated using the Mott scattering series, differences between
positrons and electrons are already present in the McKinley-Feshbach
formula as seen in Eq. (8). Tha prediction that positrons cause less
damage than electrons may be of relevance in studies of electron and
positron channeling radiation.B

The present work has treated recoll or knock-on damage produced
by positrons. It has not considered, for instance, damage arising
through ionization that might occur in certain insulators. Knowing
the cross section for recoil damage one can immediately evaluate the
expected damage for a given irradliation condition. It may be men-
tioned that although positrons are unstable and will decay rather
quickly (10710 sec), their lifetimes are long compared to the positron
slowing-down time. Thus, the typical positron decays aflter it has
effectively come to rest in the solid. Finally, it should be mentioned
that positron induced damage may also arise in a somewhat different
context, from pair production arising from high energy gamma ray
bombardment. This type of dumage was briefly mentioned several years

ago.8

ACKNOWLEDGMENT

This research was sponsored by the Division of Materials Sciences,
U. S. Department of Energy under contract DE-AC0O5-840R21400 with
Martin Marietta Energy Systems, Inc. The author would like to acknow-—

ledge fruitful discussions with Mark T. Robinson.



(1]
(2]

3]

[4]

£5]

(6]
7]

[8]

(9]

REFERENCES

P. Vajda, Rev. Mod. Phys. 49 (1977) 481.

0. S. Oen, in: Radiation Effects in Semiconductors, ed. by

F. L. Vook (Plenum, New York, 1968) p. 264.

0. 5. Oen, "Cross Scctions for Atomic Displacements in Solids by
Fast Electrons," ORNL-3813 (1965) and ORNL-4897 (1973).

N. F. Mott, Proc. Roy. Soc. (London) Al24 (1929) 426; Al35 (1932)
429; N. F, Mott and H. S. W. Massey, The Theory of Atomic (ollisions
(Oxford University Press, New York, 1965) 3rd ed., chap. IX.

F. Seitz and J. S. Yoehler, in: Solid State Physics, vol. 2, ed.

by F. Seitz and D. Turnbull (Academic Press, New York, 19u6) p. 305.
See also J. W. Corbett, Electron Radiation Damage in Semiconductors
and Metals (Academic Press, New York, 1966).

G. H. Kinchin and R. S. Pease, Repts. Progr. Phys. 18 (1955) 1.

J. A. Doggett and L. V. Spencer, Phys. Rev. 103 (1956) 1597.

S. Datz, R. W. Fearick, H. Park, R. H. Pantell, R. L. Swent,
J. 0. Kephart, and B. I. Berman, Nucl. Instrum. & Methods Phys. Res.
Sect. B (Netherlands), vol. 230, no. -3 p. 74~9 (1984).

0. S. Oen and D. K. Holmes, J. Appl. Phys. 30 (1959) 1289.



Fig.

Figo

Fig.

Fig.

~-10-

FIGURE CAPTIONS

Comparison of the displacement cross sections computed from

the Mott

positron

Ratio of
the Mott

aranium,

series and the McKinley~Feshbach formula for gold vs

energy.

the primary displacement cross section computed from
series to that of the McKinley-Feshbach formula for

gold, silver, and copper vs positron energy.

The ratio of Mott to McKinley-Feshbach scattering vs positron

scattering angle for uranium, gold, and silver.

Ratio of

atomic displacement cross sections of positrons to

that of electrons vs projectile energy.



DISPLACEMENT CROSS SECTION (barns)

ORNL-DWG 87-12220

150 T T T T T T T 1
—— PRIMARY DISPLACEMENT
CROSS SECTION )
— — TOTAL DISPLACEMENT ,/’
CROSS SECTION //’
100 +— - ]
//
2=79 -
£ =40 eV // MOTT SERIES
//
///
//
s
(McKINLEY—FESHBACH
5 | N S T B
o) 1 2 3 4 5 6 7 8 9 10

POSITRON ENERGY (MeV)

Comparison of the Displacement Cross Sections Computed
from the Mott Series and the McKinley-Feshbach Formula
for Gold vs. Positron Energy

Fig. 1



ORNL-DWG 87-42z21

| l l l l o o
S — —
2=92 |
Sl Ey=40eV
©
—
I
o =z Z=79 —
Ed=40eV
2
1

o) 1 2 3 4 S 6 I 8 9 10
POSITRON ENERGY (MeV)

Ratio of the Primary Displacement Cross Section
Computed from the Mott Series to that of the
McKinley — Feshbach Formula for Uranium, Gold, Silver,
and Copper vs. Positron Energy.

Fig 2



ORNL-DWG B7-12223

’ T I I ] 1
L —_
Z=92
6 — E =10 MeV ]
5 _ 2=79 ]
E =10 MeV
I —
O 4 —
2 —
x _
3 _
2 7 .47 —
E=10MeV_ _ _ =
4 === 2=47
| | | | | E=iMeV | J

O 20 40 60 80 100 120 140 160 180
SCATTERING ANGLE (deg)

The Ratio of Mott to McKinley —Feshbach Scattering vs. Positron
Scattering Angle for Uranium, Gold, and Silver.
Fia 3



1.0

0.8

0.6

RATIO

0.4

0.2

Ratio

ORNL-DWG 87-12218

R RRRRE IR R ———

' Z=79

DISPLACEMENT THRESHOLD ENERGY =24 eV

Lt Lt | Ll

1 10 100
ENERGY (MeV)

of Atomic Displacement Cross Sections of Positrons to that of
Electrons vs. Projectile Energy.

Fig. 4



