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CHAPTER I

INTRODUCTION

Of the two broad categories of the effects of radiations on
matter, namely atomlic displacements and_ionizatinn, the first one is
of basic importance in selid state studieé, since it is closely de-
pendent on the Iinteractlon of identical atems of the irradiated sample,
Atomic -displacements constitute the only permanent radiation damage in
non fissile metals and they are enly produced to an important extent
by massive particles, those coming into consideration being neutrons
for pile irradiation and protons, deuterens, alpha-particles for
eyelotron irfadiation° The present status of theoretical and experi-
mental research in this field has been summarized in a previous paper,(l)
Some Indications relative to this status will be given in Chapter II,
Backgreund, Much more experimental work has been done than theeretical
work., The two most important recent pleces of theoretical work are
Brinkman theory of displacement spikes(a) and Snyder and.Néufeld(5)
calculation ef the total number of atoms dlesplaced per atom displaced
by bombarding particles, i.e. per primary knock-on. Brinkman assumes
an interaction petential energy between a knock-on and a statlonary
lattice atom which is the electrostatic mutual potential energy of
two rigid charge distributions having each a typical screened potential,
This potential energy 1s negative deep within the atom, which stems
from the fact that closed shell repulsion between the two atoms is
neglected in this treatment, and leads to a discentinulty in theé inter-

action when the separation of the two atoms drops belew the value for

1w
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which the potential energy has its minimum. Brinkman uses an impulse

approximation to assess energy transfer between moving and stationary
atoms and obtains a mean free path between displacing collisions which
is smaller than the interatomic distance when the knock-on energy falls
below a certain transition value, typical of the metal, Hence he con-
cludes to the existence of highly disturbed localized regions, which
he calls "displacement spikes'"., This theory leads to a qualitative
explanation of the phenomena ocbserved when‘samples are thermally
annealed after low temperature irradiation.

Snyder and Neufeld proposed the only calculational model
allowing qualitative confrontation to be made with experimental results.
This model assumes hard sphere scatter between moving and stationary
atoms, at all energies. It is worth noting that a direct confrontation
is impossible. It is necessary to adopt a theoretical value for the
change in electrical resistivity due to a fraction eof one percent of
atoms displaced, i.e. of Frenkel pairs if we regard the sample as per-
fect before irradiation., This value has been calculated for some
monovalent metals by Jongenburger(h), Blatt(5), and Dexter,(6) The
author(l> has made an independent calculation, assuming a screened
potential interactien between defect and conduction electron of the
same form, but opposite sign, depending whether the defect considered
is an interstitial atom or a vacancy. His result, for 1% Frenkel
Palirs in copper, is about the same as Dexter's estimate and about three

times smaller than Jongenburger's. Dividing the observed change in



electrical resistivity by the adopted value of the influence of one
percent Frenkel pairs on resistivity (2.7 p & x cm is generally admitted,
after Jongenburger) furnishes a first estimate of the fraction of
existing defect pairs, If the experiment shows radiation anneal; the
tangent t¢ the curve at the origin is extrapolated to replace the
experimental curve, A second estimate is gbtained by calculating the
fraction of lattice atoms becaﬁiﬁg primary knock-ons, from cross sectiaemns,
and bombarding particle fluxes,and the number of atoms displaced per
primary, using Snyder and Neufeld method. Such a confrontation made, in
the case of pile neutron irradiation of copper and cycletron deuteron
irradiation of the same metal shows that the second estimate is 4 times
and 6 times higher then the first one, for pile and cyclotron irradia-
tion respectively. ©Similar treatment of other properties, such as
changes in Hall coefficient and neutron scattering cross section of
graphite during neutron irradiation and volume expansion of copper under
deuteron bombardment, have shown deviations in the same direction, and
of about the same magnitude, between the two estimates. It seems, there-
fore, that Snyder and Neufeld method ever estimates the number of atoms
displaced per primary knock-06n.

Measurements of electrical resistivity have been performed
during cyclotren irradiation(7), (8) and reactor irradiatien(31), in
both cases . at very lew temperature. The cyclotron experiﬁents show
that, as irradiation progresses, the line representing the change in

resistivity versus integrated particle flux deviates from linearity,
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bending downward, Thus some damage is recovered in this way and this
process is called "radiation anneal”, Seitz and Koehler(9) have in-
vestigated the problem of recombination between defects of various
generations, i.e. corresponding to various primary displacing collisions
between bombarding particles and lattice atoms and conclude that the
values of knock-on range required for such process are higher than the
values one would reasonably expect for a moving atom. But the case they
considered was that of extreme recombination, i.e. saturation, when

the rate of recomblnation equals that of formation.

The reactor experiments show that, for exposures of 150 hours
in a fast flux of the order of 7 x 101 neuts em-1 sec~1l, the change in
resistivity ié proportional to irradiation time, in other words that no
appreciable radiation anneal is taking place.

The aim of this dissertation is to study in an independent
fashion the problems of interaction energy and energy transfer between
knock-ons and lattice stationary atoms, knock-on displacement cross
section and mean free path, radiation anneal, énd,number of atoms dis-
placed per primary knock-on. The results are compared to those obtailned
from the existing theories and to experimental data, qualitatively and
quantitatively. Comparison of expected damage in light and heavy metals,
both for charged particle and neutron irradiation is drawn up. Basic
principles are obtained for the design of a pile neutron irradiation
experiment.,

Assuming, subject to check by the results, that the problem

at hand is a two body problem, the colllsion of two identlical particles



interacting through a mutual potential energy and acted upen by an
external field which is essentially the same at the pesition ef both
particles at any time of the interaction for the separations coming
into consideration, is first reduced to a problem (in the center of
mass frame) of scattering of a particle by a center of force, the
potential energy in the reduced preblem being the same as the inter-
action potential energy of the two identlcal particles,

The potential energy adopted for two interacting atoms is
the sum of the electrostatic potential energy of two rigid charge

“distributions with screened potential and of a term corresponding to
closed shell repulsion of the two atoms. It has the ceorrect Coulombian
form at small separation and takes a value with the correct positive
sign (repulsion) and a magnitude consistent with compressibility data,
at separatlons of about 5 te 7 times the screening distanee.

The case of copper is treated numerically in detail. First,
it is seen that, for E = 25 ev, the distance of closest approach is
about the atomic radiﬁso This tends t¢ show that an atom recelving an
energy of the order of 25 ev in a cellision will not be able to pass
through the nearest neighbors, but will be pushed.back to its nermal
lattice site., At any rate, it is clear that low energy defect pairs
have a small separation. It is shown that classical treatment is valid
over the whole range of knock-on energies for pile neutron irradiation
and for deuteron irradiation with deuteron energy up to at least 12 Mev.

Instead of using the impulse approximation, the center of mass frame



reduced problem is treated as a Kepler problem, A strict first integral
of the motion is obtained and more proper boﬁndary conditions than a
condition at infinity are employed. This result is quite general, in-
dependent of the form of potential energy. Angle of scatter, dis-
placement cross section and displacement mean free path at various
energies are then bracketed between an upper value and a lower value by
replacing the potential energy by two functions of the separation, one
overestimating the interaction, the other underestimating it and such
that the only remaining integration giving the equation of meotion can
be performed. The lower value of the displacement mean free path is
shown to be a good approximation at high knock-on energy. An advantage
of this method over Brinkman's is that it yields an upper and a lower
limit for the interaction parameters; " The lower values of the dis-
placement mean free path are close to the estimate of Brinkman at energies
down to 10-3 Mev and are larger below; This is consistent with the con-
clusions of a critique of Brinkman model, namely of the form of inter-
action energy and the screening distance it uses, and of the impulse
approximation, all of which tend to overestimate the interaction, es-
peclally at low energy. The results obtained essentially check the
validity of the assumption made of a two body collislien problem,

In the model of this paper and the case of copper, there 1s
an energy region, estimated to lie between 10-1 and 10‘5‘MEV;where the
displacement mean free path is comparable to the interatemic distance

and where we may consider that a knock on creates a displacement spike,



But this model "attaches a tail” to Brinkmen displacement spikes: a
knock-on slowed dewn to 10-3 Mev within the spike can escape from it
and travel quite a distance; creating displacements; before 1t is
trapped as interstitial, or recombines with a vacancy. However, the
low energy pairs formed toward the end of a track have a small sepa-
ration. The region of the sample disturbed by a primary kneck-on and
its progeny is seen as & cylindrical region, along the track of the
primary, essentially linear down to energy 10Jev, which we call a
"demege spike". It comprises the digplacement spike in its middle,
For a 1 Mev primary, its length, or about the range of the primary
knock-on, is estimated of the order of 660 ro for copper, i.e.

1.68 x 10=7 cm, This is still much less than the estimated range

4 x l@”h cm - of Uranium fission fragments in Uranium; it is also com-
patible with the number of secondaries for a primary of that energy.
This shows another superiority of the methed; namely the obtention of
an analytical expression appreximating the displacement cross section,
manageable enough to permit the calculatieon of the average energy trans-
fer in a cellision; hence that of the approximate range.

Using results obtalned later in the paper, the number of atoms
displaced pef primary is obtained for a copper knock-om having the aver-
age energy of a primary produced by a 1 Mev neutron and for a copper
knock-on having the average energy of a primary preduced by a 12 Mev
deuteron; these average energies are 3.1 x 104 ev and 275 ev, respec-
tively, the numbers of displacements per primary, about 600 and 6
respectively .. Hence displacement splkes will occur in the neutron

irradiation, not in the charged particle irradiation.



Consideration of the distance, from the point of birth of a
primary knéck~on, at which small separation defect palrs are formed,
at the end of the track of the primary, of the number of defect pairs
per primary, and of the separation of the points of birth of the various
primaries, shows that, for irradiation of copper by 12 Mev deuterons(B),
at one fourth the full irradiation used in the experiment, interaction
of defects newly formed with defects previcusly formed can be appreciable.
For neutron irradiation, a similar reasoning shows that such interaction
would not be appreciable with the exposures coming into consideration in
experiments., Hence, for charged particle irradiation, there is the
possibility that the thermal or electron spikes of the knock-ons of a
generation (i.e. corresponding te a primary collision) will cause appre-
cilable recombination of low separation defects of a previous generation.
This would explain the phenoﬁenon of radiation anneal which, on this
basis, is not expected in pile neutron irradiation, for the exposures
and fast fluxes coming in consideration in experiments. As peinted out
before, this last prediction is confirmed by reactor experimentso(3l)
The type of recombination proposed explains quite well the differential
equation which Coeper(lo) found to fit closely the curve of change in re-
sistivity versus integrated flux in the deuteron experiment.

Classical treatment as used in the case of copper is still
valid for pile neutron irradiation of beryllium and even cycleotron
irradiation of beryllium by deuterons of more than 20 Mev. But, for
low atomic number, the model is inadequate at high energy, where ieni-

zation is important. The potential energy of the form used, where a



screening distance depending on the atomic number is involved; is shown
to decrease monotonically with the atomic number Z at all separations
coming in consideration, s6¢ that energy transfer and displacement cross
section decrease with Z and the dlsplacement mean free path increases
when 7 decreases. For Z lew ensﬁgh, it is possible that ne displacement
splkes are formed at any knock-on energy.

For charged particle irradiation there will be less disturbed
regions in light metals than in heavy metals, but the mean free paths
will be larger; so that the chances of recombination will not be appre-
ciably changed. Hence we expect radiation anneal to have approximately
the same effect in various metals. This conclusion is borne out by the
experimental results of Marx, Cogper, and Henderson, (8)

For neutron irradiation, the number of disturbed regions mainly
depends on the scattering cross sectieon. The number of defects in a
region varies on the average as the reciprocal of the mass number, so
that, altheugh radiation anneal is not expected for "reasonable"
irradiatiems, chances for its appeardnce are larger for light metals
with high neutren scattering cross section., As said before, it it pessi-
ble that, fer an atomic number low engugh, displacement spikes will not
form.

These conclusions show the interest presented by in plle
measurements for neutron irradiation.,

If knock-on collisions with stationary atoms can be described
at all energles by differential cross sections analytically known, an

integral equation, replacing that of Snyder and Neufeld, but mere general,
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can be studied in the asymptotic case of a primary with high energy com~-
pared to the energy needed to displace an atom from a normal lattice site.
The application of the method to the approximate interaction cross section
in copper found earlier in this paper shows that a linear asymptotic
solution is a possible approximation, i.e. nuwber of atoms displaced per
primary varying linearly with energy of the primary, the coefficient of
the variable energy being almost equal to that found by Snyder and Neufeld
(2 x lOLL in this paper, against 2.24 x lohfrom.theSmyder and Neufeld equation,
E in Mev). Since the approximate cross section used overestimates inter-
action at low energy and most primary knock-ons in charged particle
irradiation and secondary knock-ons in neutron irradiation have low energy
(say, below 107 ev), the estimate of the number of atoms displaced per
primary is too high, hence, also the Soyder and Neufeld estimate is too high.
This agrees with experimental results, as shown before in this Intro-
duction., We also expect the estimate to be better for neutron irradiation,
where an appreciable fraction of primaries have high energy, than for
charged particle irradiation (at reasonable particle energies, say 20 Mev
at most for deuterons) where most of the primaries have low energy. This
trend seems to be followed by the results of experiment and of calculations
for the 12 Mev deuteron experiment(g) already mentioned and a pile ex-
periment(ll) performed in the same conditions of temperature (liquid helium).
In summary, the interaction potential energy used yields collision
and damage parameters qualitatively and quantatively compatible with ex-

perimental results and the method of investigation throws light into the
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mein processes of atomic displacements both in the case of neutron and
¢harged particle irradiation. It allows for useful comparisons between
these two modes of irradiation and shows the" importance of the in

pile measurement during neutron irradiation.



CHAPTER II

BACKGROUND

In this brief review, the most important pieces of theoretical
and experimental work in the field will be described, with the exception
of that by Brinkman and by Snyder and Neufeld, already described in the
Introduction, and on which we shall spend some time, later in this dis-
sertation.

a. Determination of the energy Eg needed to displace an atom
permanently

Ey has been calculated theoretically by'Huntington.(lg)

He employs an interaction potential energy between atoms, of the
form Jo= A e e \- & 7 s )
where " is the separation of the interacting atoms, "z the normal
spacing of the lattice, A and f constants. Depending on the direc-
tion in which the atom is displaced, it is found that, for copper,
Eq should be bracketed between the two values 18 ev and 40 ev.

The above formula is of the Born-Mayer type. The constants
A anﬁ.P are chosen to fit compressibility data. In Appendix I it
is shown that it is comparable to and yields values of the same
order as the potential energy used in this dissertation for the
interaction of two copper atoms, at large separation.

Eggen and Laubenstein(13) have messured E, experimentally
in copper by observing the threshold electron energy for which atomic

displacements are evidenced by X-ray inspection. They found the value

25 ev.

-12-



-13-

Denny [unpublished work, quoted by Seitz and Koehler(9)]
has studied the effect of electrons on precipitates of iron in a
CuFe alloy with 2.4% iron and found that Eg should be 27+ 1 ev in
iron.

b. Irradiation of CuzAu by alpha-particles

Dixon and Bowen (%) irradiated CusAu with 36 Mev alpha-
particles. .They found that the initial disordering rate, as measured
by change in electrical resistivity)was proportional to the bombard-
ing flux.

e. Irradiation of iron, nickel, and cobalt wires by 10 Mev deuterqns

Yruék-and Wert(15) irradiated iron, nickel, and cobalt wires
by 10 Mev deuterons, at -150°C. For an integrated flux of 1017 geuts
,cm‘a, the relative change of electrical resistivity, measured at
~150°C, was 0.5 for irbn,'body;cenﬁered cubic,and 0.1 for nickel and
cohalt, hexagonal,closé packed and face centered cubic.

d. Irradiation of copper wires by 20 Mev deuterons

Dieckamp and Crittenden(16) bombarded high purity (99.999%)
polycrystalline copper wires by 20 Mev deuterons at -175°C. The
recovery .of the change in shear modulus was observed at close temp-
erature intervals between ~196°C and +300°C, with an allowed annealk-
ing time of 15 minutes at each temperature step. The shear modulus
decreased by 1.5% upon irradiation (8u A hr cm=2). One third of
this change annealed at -125°C, further very little recovery took
place at -100°C and ~75°C and practically the final two thirds were

recovered continuously between -50°C and +100°C.
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e. Irradiation of copper, silver, and gold by 12 Mev deuterons

Cooper, Koehler,andh&ﬂxﬁxe7)irradiated pure thin wires of
copper, silver, and gold at 10°K, using 12 Mev deuterons. Measure-
ment of electrical resistivity during irradiation showed the occur-
rence of radiation anneal. After irradiation, the samples were left
to warm up. It was found that, for ecopper and silver, a very rapid
recovery takes place near 43°K (40-50% anneal) and 30°K (13-24% anneal)
for each of the two metals, respectively. Recovery continued gradu-
ally from 50 to 220°K, becoming more rapid above 220°K. At 300°K,
the remaining changes were

8% of initial change for copper
10% of initial change for silver and gold.

f. Irradiation of copper by 19 Mev deuterons

McDonnell and Kierstead(17) irradiated a bent tube of
commercial copper by 19 Mev deuterons, at -180°C. The volume expansion
of the sample was measured by the c¢hange in bending. A relative
volume change of 0.068% was found for 1.15 x 10+7 deuts em™2,

g. Irradiation of copper, silver, gold, nickel, and tantalum

Marx, Cooper, and Henderson(T) irradiated thin foils of
copper, silver, gold, nickel, and tantalum by 12 Mev deuterons at
liquid nitrogen temperature. .This experiment, performed, chrono-
logically, before the experiment quoted in (e) above, gave results
similar to those obtained in that experiment. The comparison of the
two shows the influence of thermal annealing of the defects below

liquid nitrogen temperature.
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h. Isothermal,annealingzof irradiated copper

overhauser(18) has followed the annealing of the damsge
4induced in copper by 12 Mev dauterons at -145°C. He found that the
activation energy for annealing varies linearly with temperature, at
low temperature, and that there possibly exists also a single iso-.
lated recovery, at -30°C, of activation energy 0.68 ev.

i. Pile irradiation of copper and gold

Redman, Noggle, Coltman, and Blewitt(1l) irradiated
copper and gold in the Qak Ridge reactor, at 17°K, for 154 hours.
The theoretical change in resistivity, obtained from Snyder and
Neufeld method(3) for the fraction of defects formed, from Jongenburger
value(n) of an increase of resistivity .of 2.7u SL cm per one per cent
Frenkel defects, and from relations by Holmes [unpublished, but quoted
by Seitz and Koehler(9)] expressing the neutron flux dD(E) in the
experimental hole used, has been calculated in the Preliminary=study.(l)
It is found that the theoretieal value is about four times higher
than the experimental one.

Js Pile irradiation of UCr

Tucker and Senio(l9) used fission thermal spikes by bombard-
ing ﬂranium.containingwe%wchromium in the Brookhaven reactor. X-~-ray
obgervationiafter irradiatiion failed to show the presenée of beta-
uranium, which should be retained by chromium if nueleation after
melting took place in & thermal or displacement spike.

k. Pile irradiation of copper and aluminum

McReynolds; Augustyniak, McKeown and Rosenblatt(2o) have
irradiated copper and aluminum in the Brookhaven reactor, at ligquid

nitrogen temperature. Electrical resistivity and critical shear
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stress changes were measured after irradiation, and their recovery
wasg followed during thermal anneal. For copper, it was found that
there is recovery of electrical resistivity in a lower temperature
process, between -80 and +20°C, and in a higher temperature process,
between 300 and 350°C, this last process being accompanied by the
recovery of the critical shear stress. For aluminum, recovery of
electrical resistivity and of critical shear stress takes place in
a single process around -60°C.

1. Evidence of melted regions in the spikes.

Denney(el) has irradiated ferromagnetic samples of a
FeCu alloy with 2.4% copper in a cyclotron. Such an alloy is
metastable, iron precipates, the precipitate being paramagnetic,
but going over to a ferromagnetic form under the influence of cold
work or particle irradiation. The ferromagnetic precipitate is
stable; except when the sample is heated above the two phase region.
In the experiment, it was found that irradiation decreased the ferro-
magnetism of the sample, from what one can induce that melting has

taken place in some regions.

m. Low temperature pile irradiation of various metals and alloys

with measure of electrical resistivity during irradiation

Blewitt, Coltman, Holmes, and Noggle(3l) have bombarded
various metals and alloys, including copper, aluminum, nickel, iron,
gold, cobalt, Cu3Au, brass, around 22°K. The interesting result of
these experiments, for the purpose of this dissertation, is that the
increase of electrical resistivity varies, for all metals and alloys
investigated, proportionally to the time of irradiation, i.e. that

no radiation anneal is apparent.
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This list is very incomplete but, nevertheless, containg
more background than will be used in the study. It is believed it

gives a fair cross section of the status of atomic displacement studies.



CHAPTER III
COLLISION BETWEEN TWO IDENTICAL PARTICLES
INTERACTING THROUGH A MUTUAL POTENTIAL
ENERGY AND ACTED UPON BY AN EXTERNAL FIELD
(Application to the collision of a knock

on and a stationary atom in copper)

1. Generalities

Congider 2 particles of masses Ml’ ME’ subjected to an external
potentialiblsuch that, if Bl and R are the coordinates of the particles
in the laboratory frame, the potential energy of the system of the 2 par-
ticles in the external field is

U (Bys Ry)
Assume a potential energy of the system of the 2 particles, isolated
from the external field, of the form
N (r)
where
r=|R - R
The Schroedinger equation defining the wave function\§f(§l, BQ’ %)
representative of the system of 2 particles is:
. ,@”’—
—— \P [lm‘ R,

Where the dot denotes derivation with respect to time and the Taplacians

% A ARGE U(R.,R)]Hu e

are taken with respect to the coordinates of each paréicle.

Defining(gz= E_.Bl + E_Lﬁe s where i is the reduced mass of the system,

o my
equal to M2 ;ﬁ.ﬁiis the coordinate of the center of mass in the
my +mo - .

-«18-
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Jaboratory frame, and

r=R, -R
- = "=,

Eguation (1) can be thrown into the form (see Appendix II),

p=l & By -l v,y

Wwhere M = my + m, and the laplacians are taken with respect to the com-
ponenets of dS and r.

We now consider the interaction between two idenetical atoms,
one & knock-on moving through the lattice, the other one stationarj“before
collision.  The potential energy U is due to the other atoms of the lat-
tice, i.e. the nearest neighbors of the stationary atom:

U(Byy Bp) = U (By) + U (Ry) -

For a typical screened potential interaction between the two
atoms, it will be shown later that for r approximately equal,to.ro/2,
half the interatomic distance, the interaction is weak in copper. Hence
we may assume that, during a "collision", r is small compared to the dis-
tance of the center of mass to any neighboring atom except the struck one
and approximate’ the: U's thusly, if both atoms are on the same side with

,fespect to the minimum of the potential - trough:

U(R) =U R + (B -R) eV U

UB) = U@+ (B -R) .Y QU
Since

m =My = my

(B, -R) + (B -®) = o

If the two atoms are not on the same side with respect to the minimum,

they must be close to the minimum during the collision, and

U(R) YU (B) =U(®) .
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In both cases,
U (Rys Ro) ¥2U (R)
Hence the variables@i, r of the spatial partkys of\y can be separated and

a solution is

Y, ® )=y, @Y, ()

with.LPl_and.qje satisfying
[vv@ -2U(<R).J'\{/ &) = =-E v (®) ) (3)
[

kxvrz \/(r)]k\/z(r :-szyz(_c) . (1)

7

Equation (3) is the equation of motion of the center of mass in the ex-
ternal field. (4) is the equation of relative motion and may be considered
as the equation of motion of the reduced mass, about the center of mass,
i.e. in the center of mass frame, at a distance r = Bl - 52 from the center
of mass. Substantially, this shows that a two body treatment is permiss-
ible.

The velocities&[fcand Uae , in the center of mass frame, of
the knock-on Al and the stationary atom Ap, after collision, are colinear
and their support passes through the center of mass G (Figure 1). Since
r = El - Ry = é@é}} the angle of scatter(? of the knock-on in the center
of mass frame is equal to the angle of scatter of the particle P with re-
duced mass p in its motion about G.

Hence tﬁe problem of findingif, which furnishes the interaction
cross section, is reduced to that of studying the motion of the mass p
about the center of force G, in a field giving the potential energy V(r)

to the particle P of mass u.
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Figure 1. Diagram for the Collison of Two Particles.
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If the velocity of the incoming knock-on, in the laboratory
frame, is (~ before collision, the initial velocity of P (in the center

=0

l\';)Uc

of mass frame) is, since the atom A, is stationary and hence
initially:
[} []
r=R =
For elastic collisions, P, in its motion about G, keeps a constant total

energy equal to

E,=S Ut =5(2v)=% )

where E is the absolute energy of the knock-on before collision.

It will be noticed that this treatment neglects ionization and
atomic and conduction electron excitation, The second one is in effect,
a case of inelastic scattering. It has been shown by Seitz(9) that the
third one is negligible in all cases and by;Cottrell,(zg) on the basis of
a classical criterion, that the first two are only significant in light
metals(?eryllium.and aluminunb. The release of an atom from a normal site
is envisioned as a two stage process:

1. The incoming knock~-on transfers energy to the stationary atom by
elastic process.

2. If the energy transfer haslbeen large enough, the initially
stationary atom, by losing an energy Ey to the field of the
neighboring atoms, escapes from its site. In this paper, Eq

will be taken equal to 25 ev-(lz’ 13)

2. Choice of an Interaction Potential Energx

Brinkman(2> has studied the interaction of two similar atoms,

considering a rigid atomic charge distribution corresponding to a
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potential, at distance r from the atom,

V() = 2 exp(- )

where :Ze is the charge of the nucleus and a the screening distance.
This leads(see Appendix XIII) to a potential energy of interaction

between two identical atoms

W) - EE (- 2) e (- D )

The force F, counted positively from O (center of force) to

P (particle), is, for such a potential energy (Figure 2),

dr a Dgeye

i.e. Fis >0 for o <r <a (1 +43)
F is <o for r>a (L+3) .

Hence V(r) is repulsive for o< r <a (1+3)

and attractive for r > a (1 ++3)
The screening distance a is much smaller than,ro.

An accepted value for a is ah,Z'l/B, where &, is Bohr radius
for hydrogen. For copper, ﬁhis gives a = 0.172 ;. Hence such an inter-
action potential energy corresponds to no physical reality. . V(r)
should be repulsive up to r = r, and attractive only for values of r
exceeding r,. However, for r << a, Equation (5) gives the correct
Coulomb unscreened form of interaction and, for r >> &, the magnitude of
v(r), i.e.

2

72" €
AV = .
|v(r)| =

2

exp(- £)

when employed for a repulsive interaction, leads to values agreeing well

with compressibility data, after Huntington(la)'and Brinkman(ez and as
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Figure 2. Brinkman Potential Energy.
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further shown in Appendix I. Hence it appears that an inter-

action of the form
2.2

W(r) = 25 (1+ L) exp(- L) (6)

is more realistic. It is derived from Equation (5) by adding to the
interaction obtained from two rigid charge distributions with typical

screened potential, a term
Z?e2 r
a eXP(‘“a)

which would account for closed shell repulsion, admittedly neglected by
Brinkman.
For copper, this potential energy is

-2 /1 - 1 r
v = 1.2 10 - — -
(r) Lx (r + 0. 34k ) exp( 0.172 (7)

where V is in Mev and r in K.

Table I gives numerical values of V for r = 2R (R nuclear radius),
a/100, a/10, a/5, a/2 through 15a by increments equal to a/2, and 20a.

.The problem at hand may be treated by the methods of classical
mechpnics provided the "dimension of the scatterer" is large compared to
the wavelength of the incoming particle,
i.e.

b o> x

where b is the smallest value of the radius vector r in the motion of the
particle with mass u equal to the reduced mass around the center of mass
G, 5* is the reduced wavelength of P when it has the speed of the incoming

knock-on.
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TABLE 1. V(r) = - (1";_3) exp(-:—);
for Cu, V(r) = 1.21x10-2 (% + 0.;“*) " OTITZ Mev; T in A
2 r r
SR AR .- . YT I SN

- L192x10%  8.37x105  6.92107% " 1.000 8.37x10  8.37x103 1.01x102 7.00x107 * 1.4ix10-6
8/100  1.72x103  5.80x0°  1.00x207  9.00x10-1  5.83x102  5.78x102 7.00 3.35x105  2.09x107
8/10  1.72x02  5.80m10  1.00x1070  goosxiol  6.09x10  5.50x10 6.65x00 33105 Lgoxi0™*  6.65x101  1.99x107
a/5 3,44 x102  2.90x10 2.00x10"  8.19x101 | 3.19x10 2.60x10. 3.1hx1071 8.40x10% 3. 7hx107* 3.14x10°1  3.7hx10-4
a/2 8.60 x10™  1.16x10 5.00x10"%  6.07x1071  1.45x10 8.80 1.07x10-1 1.34x102 8.00x10°% 1.07x101  8.00x20°%

a 1.72 x10"1 5.8 1.00 5.68xi0'1 8.80 " 3.20 3.86x10"2 3.35x10 1.15x10™3 3.86x102  1.15x10-3
3a/2 2,58 x10°1  3.88 1.50 2.23x107 - 6.78 1.51 1.62x1072 1.50x10 1.08x10°3 1.62210°2  1.08x1070
28 3.4k x107 2,90 2,00 1.35x10"1  5.80 7.82x1071 9.50x1077 8.40 1.13x10-3 9.50x107>  1.13x10-3
5a/2 4,30 x1071 2.3 2,50 8.21x1072  5.22 L.28x107% 5.18x1073 5.39 9.60x10"4 5.16x1070  9.60x10-%
3a 5.16 x10"1  1.9% 3.00 4,98x10-2 4,84 2.40x107 2.90x10%3 3.75 1.75x10"‘ 2,88x10°3 7.75x10'1‘
78/2  6.02 x10°1  1.66 3.50 3.02x107 k.56 1.38x1071 1.67x10°3 2.75 6.08x107%  1.65x1073  6.08x107*
ka 6.88 x101 1.5 1.00 18102, W35 7.95x1072 9.65x10°% 2.10 L6ox10  g.hoxio™t  4,48x107H
a/2 7.7 x207t 1,29 .50 1.11x10-2 - k.19 4.65x10°2 5. 641074, 1.66 3.40x20°4 5.49x10"F  3,26x10"4
58 8.60 x107r  1.16 5.00 6.7hx10"3  14.06 2.72x1072 3.30x1074 1.34 2.46x10"%  3.05x10°%  2.28x107%
lla/2  9.46 x1071  1.06 5.50 4.09x10°3 3,96 1.62x10-2 1.96x10-4 1.12 1.75x1074 172107 1531074
6a . 1.0%2 9.70x10°1  6.00 2.48x1075  3.87 9.60x10%3 1.16x107% 9.40x10"1  1.23x10°% 9.10x10°%  9,70x10°5
13a/2  1.118 8.95x10"L  6.50 1.50x1070  3.795 5.68x1073 6.88x105 8.00x01  8.60x107 4421075 5.53x10°5
Ta 1.204 8.30x107r  7.00 9.12a10"%  3.730 3.40x10"3 k.12x107 6.90x0"  6.00x107  1.66x105  2.h1x10-5
158/2  1.250 775500 T7.50 5.5510™%  3.675 2.03x10"3 2.46x105 6.00x10°  14.10x10"5 0 )

8a 1.376 7.26x10"1  8.00 3.35%10" 5,606 1.21x1077 1.46x100 5.30x10"1  2,76x10-5
17a/2  1.462 6.85x10"1  8.50 2.0310°%  3.585 7.30x1074 8.85x10° k702071 1,88x1070 v(-’fzﬂ) ¥ v(laa)

9% 1.548 6.45¢10"1  9.00 1.23%10°% 3,545 L.37x107% . 5.30x1076 k.15x10"  1.28x1070 = 2.46x10°5 Mev
19a/2 1.634 6.11%107F 9.50 7.48x1073 3.511 2.62x1074 3.:L7x1<>'6 3. 7hx1071 8. 50x10'6
108 1.720 5.80x10"1  1.00x10 4.5x1075 3,480 1.57x1074 1.90x1076 3.35x0  5.70x1076
21a/2  1.806 5,55x10™L  1.05x10 2,75%10°5  3.455 . 9.50x1075 1.15x10~6 3.07x10"L  3.75%106
11a 1.892 5,30x10°1  1.10x10 1.67x10°5  3.43%0 .  5.72x107 6.95x10°7 2.80x10"  2.48x10-6
238/2  1.978 5.05x10°1  1.15x10 1.01x10%  3.405 3.41x10™7 1, 16x10°7 2.55x101  1.64x10-6
12a 2,064 4.85x107  1.20x10 6.10x10°6  3.385 2,08x1075 2.52¢10°7 2.35x10° 0 1.07x20
25a/2 2,150 4.65x1071  1.25x10 3, 72x10%6 3365 1.25x10°5 1.52¢10°7 2,16x10"1  7.05x10°7
13 2,236 b.48xa0l | L.30x10 2.26x106 3,348 7.57x1076 9.15x10-8 2.00x10"1  L.57x10-7
2Taf2  2.322 4.20x10"1  1.35x10 1372106 3.320 4.55x106 5.50x10-8 1.76x1071  3.13x10°7
14a 2,408 L15x107l  1.40x10 8.31x1077  3.315 2.76x1078 3.34x1078 1.72x10°1  1.95x10-7
29a/2 2,494 4.00x10"%  1.45x10 5,04x10~7 3.300 1.66x1076 2.01x1078 1.60x107F  1.26x10°7

r,  2.557 3.90x10"L - ¥1.50x10 3.06x10-T  3.290 21.00x10-6 1.22x10-8 1.52x10"%  38,15x10-8
15a 2,580 3.88x10"  1.50x10 3.06x10"7  3.288 1.00x10~6 1.22x10°8 150007 8,15x1078
20a 3,440 2.90x1071  2.00x10 2.06x10%9  ¥.190 6.60x1079 é.oono-ll 8.40x102  9.50x10-10
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If b, is the "distance of closest approach”, i.e. the minimum value of
r for a particle shot directly at the center of force (p = o) with the

same speed v, it is clear that (Figure 3),

for

V(o) =§ and  V(b) = B 44k w2(b)

E being the initial energy of the incoming knock-on, w(b) the speed of P

at distance b from G. Hence V(b) < V(b,) and b > b,. Naturally, for

For pile neutron irradiation of metals, the energy of a primary
knock-on is practically always smaller than O.72 Mev, which is the maximum
energy transfered by a 2 Mev neutron to a Be 9 atom in an elastic collision.

For copper, with the interaction potential energy (7), Table I

shows that
for E/2 = 0.72 Mev, b, = 8/10 = 1.72 x 1072 §
for E/2 = 25 ev, bo = 10a = T7.5a = 1.29 §

In Appendix III, the following reduced wavelengths are obtained:

for E/2 = 0.72 Mev, X = 1.35 x 10713em << = 1.72 x 10-10cnm

1.29 x 10-8em .

"
It

for E/2 = 25 ev, % = 3.0 x 10Henm <<
For smaller energies, the same inequality will hold, even more so. It
also holds for E = 1.5 Mev, maximum energy transferred by a 12 Mev deuteron

to a copper atom.

Hence, classical treatment is applicable over the whole range

of energy of the knock-ons, for a potential energy such as (7) between

two copper atoms and in the case of pile neutron irradiation. It remains
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Figure 3. Distance of Closest Approach.



-29-

applicable, in the case of deuteron irradiation, for a deuteron energy
of 12 Mev.

In Table I, it is worth noting that V(r) = 2.46 x 10~5 Mev for
r =15 a/2 QQro/e, so that an atom receiving in a collision an energy
smaller than Ey = 25 ev will not approach another atom closer than ro/2.
It is then plausible that this atom will be pushed back to its site. It
is clear that an atom recelving an energy slightly in excess of 25 ev will
at most become interstitial at the interstitial position cleosest to the
site from which it has been eJected. Hence a knock-on becoming inter-
stitial at low energy will have a small separation from its vacancy and<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>