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1. INTRODUCTION

AT the present time, because of the rapid develop-
ment of atomic energy, study of the effect of nuclear
radiations on the structure and properties of solid
materials is being carried on more intensively than
ever before. The interest in this relatively new prob-
lem is due to the practical importance of the change
in the mechanical and physical properties of materials
used in construction of nuclear apparatus, primarily
nuclear reactors.

Study of the nature of radiation damage in the crys-
tal lattice also has great possibilities for the develop-
ment of solid state physics.

In the theories developed in the 1950’s for the
formation of radiation damage in solid materials (the
theories of cascade displacements of atoms [”3],
thermal spikes [4,5], displacement zones, and others),
the regularities of the atomic arrangement in the
crystal lattice have not been properly taken into ac-
count. The main premises of these theories are ap-
plicable both to crystalline and amorphous media, ex-
cept perhaps the mechanisms- of vacancy formation
and implanting of interstitial atoms.

On bombardment of a crystal by charged or neutral
particles, the influence of the regular location of the
atoms in the lattice leads to preferential propagation
of a wave of atomic collisions along the most closely
packed directions. This phenomenon has been called
the focusing of atomic collisions.

The first information on this type of focusing was
obtained in 1954 by Wehner in studies of cathode
sputtering (8], At the present time the number of
similar experimental investigations is approaching
one hundred. Theoretical papers have also ap-
peared (o-153 High-speed electronic computers are

used for solving some of the problems in this field 183,

The study of atomic collision focusing is very im-
portant not only for investigation of radiation damage,
but also in connection with studies of cathode sputter-
ing["] . The sputtering of surfaces under the action of
fast particles has acquired particular importance in
connection with the flight of artificial Earth satellites
and space ships, whose surfaces are subjected to bom-
bardment by particles in the upper layers of the at-
mosphere and in interplanetary space (18], The laws
governing the destruction of metals by ionic bombard-
ment are important also in design of plasma and ion
engines for space ships [193, Finally, study of the
mechanism of metallic sputtering by ions of relatively
high energy is very important since this process af-
fects the contamination of plasmas in thermonuclear
devices [20-21],

In this review we have systematized and, as far as
possible, completely explained the theoretical treat-
ments of the mechanism of atom focusing occurring in
the crystal lattice when solid materials are bombarded
by fast particles, and we have brought together the
main experimental results.

2. THEORY OF RADIATION DAMAGE

2.1. Cascade Displacements of Atoms

In the passage of a high energy particle through a
solid body, transfer of energy from the particle to the
lattice can occur initially only by means of ionization,
and the probability of a displacing collision is small.
Seitz (22 established that at high energies the energy
loss of a particle through Rutherford scattering by
nuclei amounts to ~ 0.1%.

However, as the particle energy is decreased, the
ionization loss falls rapidly and below a definite criti-
cal energy goes to zero. At the same time there is an
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increased probability of a displacing collision in which
a rather large amount of kinetic energy (from 10 to
probably 10° eV) is transferred from the bombarding
particle to one of the stationary atoms of the lattice.

The moving primary displaced atom, by colliding
with other lattice atoms that are in equilibrium posi-
tions and transferring to them a certain threshold
amount of energy (~ 25 eV), produces so called secon-
dary displaced atoms and forms in its path a whole
cascade of such displacements.

Thus, the theory of cascade displacements of atoms
during irradiation suggests the appearance of Frenkel
pair defects (a vacancy and an interstitial atom), the
number of which we can calculate[?2], At a sufficiently
high temperature the vacancies and interstitial atoms
can diffuse in the lattice, and if they come sufficiently
close together, recombination can occur. In addition,
the vacancies and interstitial atoms can segregate,
collecting in clusters. Present-day transmission
electron microscope techniques [23-2"] allow observa-
tion of such clusters in irradiated materials.

2.2. Thermal Spikes

According to Seitz [22], only a small fraction of the
energy of a primary knock-on atom is expended in
formation of Frenkel defects. The remaining part of
the energy of the displaced atom, when its mean free
path becomes commensurate with the interatomic dis-
tance, will be transferred to neighboring atoms. As a
result there occurs a rapid heating of a limited region
with a diameter of about 40 interatomic distances,
containing ~ 60,000 atoms.

The temperature of this region rises to approxi-
mately 4000 degrees, and during this thermal spike
(of duration 10712 gec) the material acts essentially
like a liquid and not a solid material. Kosevich and
Tanatarov showed[?7 that in the process of solidifica-
tion of the melt in the region of a thermal spike, very
great negative pressure can arise in the liquid, pro-
ducing under certain conditions a rupture in the liquid.
The latter phenomenon can lead to formation of cavi-
ties in the material after complete solidification.
Proofs of the existence of local melting during irradia-
tion were obtained by Gonser and others 33, who
observed small regions of the liquid phase in crystals
of GaSb bombarded by deuterons and Ge bombarded by
neutrons.

Since the specific volume of the liquid phase in the
region of the melting is greater than the specific vol-
ume of the surrounding solid phase, this leads to plas-
tic deformations around the region of local melting.
As the result, in the region of greatest m%chanical
stress, at a distance of not more than 10 A from the
center of the spike, dislocations should be formed (el
Since the dislocation lines can be either closed, or
interrupted at the crystal surface, these dislocations
form in the crystal individual loops or systems of
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loops. Recently these loops and systems of loops have
been observed with an electron microscope in a num-
ber of irradiated metals L33,343,

2.3. Displacement Zones

If the excitation of the atoms of the material by the
energy transferred to them by primary knock-on
atoms is sufficiently great that rupture of the bonds
begins to occur, then, according to the mechanism
proposed by Brinkman'®?, they begin to be displaced
from their equilibrium positions in the lattice, and
are implanted in interstitial positions. As a result
there is formed a region of broken-up material which,
for a period of 1.2 x 10°% gec [35], may be in a gaseous
or liquid state, after which it solidifies. In the course
of this disturbance, recrystallization can occur with a
mixing of all the atoms located in this region and the
formation of a small number of microcrystals with
completely new orientations. Thus, all the atoms will
be displaced from the positions which they previously
occupied and will occupy new positions, forming a so-
called displacement zone.

This process must be distinguished from the ther-
mal spike described above. According to Brinkman [5],
Frenkel pair defects produced by irradiation cannot
be preserved in displacement zones. Furthermore,
the recrystallization of the entire volume of the dis~
placement zone should result in sharply defined boun-
daries which are not present in the case of thermal
spikes.

The dimensions of a displacement zone can be ap-
proximately established from the difference between
the energy of the primary knock-on atom at the begin-
ning of the displacement zone formation and the mean
energy of an atom in the zone of melting. Calcula-
tion'®! has shown that for copper the displacement
zones produced by irradiation with 2 MeV neutrons
consist of 2 x 10* atoms and have, for the case of
spherical shape, a diameter of ~ 75 A.

The existence of displacement zones is somewhat
problematical and probably has a significance only for
heavy metals. The theory of the formation of displace-
ment zones is incomplete and requires further de-
velopment.

Each of the theories enumerated above has its
weaknesses. Attempts to introduce specific correc-
tions have not as yet been successful. In all of these
theories it has been assumed that the atoms in the
solid material are distributed statistically; that is,
any influence of the regular position of the atoms in
the crystal lattice on the distribution of the collisions
has been completely neglected. Therefore it should
not surprise us to find discrepancies between the
theoretical predictions and the experimental data.
Actually the mechanism of the collision of particles
in the crystal lattice of a solid material is much more
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complicated than was assumed by the early theories
of radiation damage.

2.4. Replacement Collisions

In some collisions the bombarding atom, having
knocked a stationary atom from its lattice site, can-
not move away from the vacancy which it has formed,
since its residual energy is insufficient. Recombining
with the vacancy, it diffuses its kinetic energy in the
form of thermal oscillations of the lattice. Collisions
of this type, which lead to a change in the type of atom
located in certain lattice sites, are called replacement
collisions.

The mechanism of rejalacement collisions proposed
by Kinchin and Pease (363 g extremely important in
discussion of radiation effects in alloys. In particular,
with this mechanism it has been possible to explain
satisfactorily the disordering process which occurs
upon irradiation of the ordered alloy MnNi; [373,

2.5. Crowdions

If an atomic collision leading to replacement occurs
in one of the close-packed directions, for example
(100, in a face-centered cubic crystal, the implanted
atom will be confined inside a unit cell and its residual
energy will be distributed among the neighbors. One
of its six nearest neighbors can be ejected into the
center of a neighboring unit cell. If this happens, then
the newly implanted atom will have its kinetic energy
“channeled’’ in the (100) direction. Huntingtonm] has
shown that the energy associated with this process is
almost independent of the position of the implanted
atom along the (100) direction.

Implanted atoms, located in a close-packed row
and shifting the array of atoms for several inter-
atomic distances along this row, form a crowding of
the atoms, in which P + 1 atoms occupy P places
along the close-packed row. Such crowdings have
received the name crowdions 3. Lomer and
Cottrell ") showed that crowdions exist in copper,
traveling along the {100) direction for many inter-
atomic distances.

2.6. Depleted Zones

Seeger41:42) showed that in face-centered cubic

metals, at the end of the range of a primary displaced
atom, a zone is formed in which an appreciable frac-
tion of the atoms are displaced. However, in contrast
to Brinkman’s displacement zone, a fraction of the
displaced atoms do not remain near the multiple
vacancy produced and do not return to it as assumed
by Cottrell'43), but leave this zone by a distance of
the order hundreds of A, migrating as dynamic crowd-
ions. In this way there is formed a so-called depleted
zone of diameter ~ 10 A with a reduced density, in
which 20—30% of the atoms are missing (Fig. 1).

481

)
@ 0%
. ,Ooéo?)oro/;gooogo
> 65707010 0,070 0 0 0
</ﬂﬂ)5 .

FIG. 1. Schematic representation of radiation damage pro-
duced by a fast neutron in copper. 1 — Close Frenkel pair;
2 — exchange or replacement collisions; 3 — dynamically migrat-
ing crowdion; 4 — interstitial atoms; 5 — depleted zone; 6 — fo-
cusons; 7 — vacancy; 8 — primary knock-on atom.

Irradiated materials can be strengthened by the exis-
tence of such zones, since they will hinder the move-
ment of dislocations. Seeger’s assumptions are in
agreement with the experimental data obtained for
copper.

Such forms of radiation damage as replacement
collisions, crowdions, and depleted zones were ob-
served after the crystal structure of the irradiated
materials began to be taken into account properly in
the discussion of radiation damage mechanisms. The
role of the crystal lattice is also important in the
formation of such types of radiation damage as
focusons.

Crowdion collisions represent a means of trans-
porting a concentration of atoms over significant dis-
tances. The focusing of atomic collisions is a mech-
anism which permits the transport, along a linear
chain of atoms in a close-packed direction, of impact
energy received by one of the atoms in the chain. Let
us discuss what this mechanism of radiation damage
is, what experimental confirmations exist for it, and
how with its aid we can explain the effect of irradia-
tion on the properties of solid materials.

3. FOCUSING OF ATOMIC COLLISIONS

3.1. Propagation of Collisions Along a Linear Chain of
Atoms

silsbee'®? in 1957 was the first to point out that in
a close-packed isolated chain of equally spaced atoms,
focusing of an impact can occur under certain condi-
tions.

It was assumed that the atoms interact with two-
body repulsive central forces of the Born-Mayer type:

V(r)=Aexp<—§>. (1)

Over a wide range of energies of the moving particle
(for heavy atoms up to several tens of keV) the inter-
action between the moving and stationary atoms can
be calculated to a first approximation by use of the
elastic-hard-sphere model. In this model the potential
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(1) is replaced by the interaction potential of two hard
spheres:

V(=45 E (2)

where E; is the kinetic energy of the moving atom.
From (1) and (2) we obtain the following expression
for the diameter of the hard sphere:

24
r_alnfo—. (3)

For the particular case of irradiation of copper,

Huntington[”] found that the best approximation was
given by the potential

V (r) =0.038 exp [—ﬂ:sz’l] ev, (4)

where D is the distance to the nearest neighbor atom,
which is in its equilibrium state.

The effective hard-sphere diameters calculated
from (3) and (4) for cop er, for various ion energies
E, are listed in Table I+ , where the value of D has
been taken to be the smallest distance between copper
atoms in the {110) direction, 2.55 x 1078 cm.

Table 1
E,ev |11.6 » 50 | 100 1 400
rn A ’ 2.23} 1.57 | 1.51 ’ 1,28
Djr ‘ 1.41[ 1.80 | 1.69 { 1.99

Silsbee’s analysis shows that, for values of r close
to D and for small values of D (i.e., D/r =« < 2); the
moving particle transfers its momentum to the sta-
tionary atoms of the close-packed chain in such a way
that the momentum is propagated along the chain at an
angle 6 to its axis, which is less at each successive
collision. The angle 0 (see Fig. 2) is determined by
the following equation:

(5)

sin 0, =sin 0,-; [a cos B,_;— (1— a? sin? 9n_1)1/5].

The energy transferred in a series of successive

collisions is given by
Ep=Eq(1—a?sin? ,_,). (6)

Since the angle 6 becomes steadily smaller with each
successive collision, for sufficiently small values of

L/

FIG. 2. Focusing effect in the propagation of an impact along
a linear chain of hard spheres.
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8 Eq. (5) reduces to
B, = 0,1 (a—1). (7

The ratio 6,/6p —1, which indicates the degree of fo-
cusing, has been called the focusing parameter A:

A=8,/0,_,. (8)
For small angles we obtain from equation (7)

A=o—1. 9)

3.2. Focusing and Crowdion Collisions

Two different types of collisions can take place,
depending on whether the parameter A is greater or
less than unity 1

r/2>0/2

FIG. 3. Focusing and crowdion collisions.

a) A < 1 (cos 6; > @/2; the collision point is P¢ in
Fig. 3, to the left of D/2). Here the conditions are
realized for focusing collisions, which result in the
transfer of impact energy only along the chain of
atoms. Sequences of such focusing collisions have re-
ceived the name focusons. Under certain limiting con-
ditions the focuson begins to be propagated in the form
of consecutive binary central collisions with zero
angle (Fig. 4). The limiting energy below which a
focuson begins to be propagated along the axis of the
chain with essentially no loss of energy is known as
the focusing energy Ef.

a01 i

70

FIG. 4. Focusing collisions along the <101> direction in a
face-centered cubic metal.
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FIG. 5. Ratio of the incident particle energy E, to the energy

E¢ transmitted along a chain of atoms for different values of 4,
and a.

Figure 5 shows the ratio of the energy of the inci-
dent particle E, to the energy Ef which is transferred
along the chain of atoms, for different values of 6, and
ot For o = 1.6 and 6, = 25°, 36% of the initial en-
ergy E, will be transferred by the focuson.

From the focusing condition @ =D/r < 2, it can be
geen that the focusing effect occurs preferentially
along close-packed rows of atoms. Such rows are
formed by atoms located along the (100) direction in
the case of a simple cubic lattice, the {110) direction
in a face-centered cubic lattice, and the (111) direc-
tion in a body-centered cubic lattice.

For the propagation of a focuson in copper along the
{110) direction, using the potential of Eq. (4) with the
constants A = 2.1 x 104 eV and a = D/13[38], we obtain

E¢=2Aexp(—6.5)=63eV. (10)

For this value of the energy Ef the relative loss of
energy in the close-packed (110) direction, €',
amounts to 1.1% [see Eq. (12)].

Focusons can be propagated large distances from
their place of origin and can produce there displace-
ment effects leading in different cases either to pro-
duction of radiation damage or to ejection of the last
atom of the chain from the crystal (i.e., sputtering).

b) A>1 (cos 6, < &/2; the collision point in Fig. 3
is Pg» to the right of D/2). Collisions occurring under
these conditions have been named by Leibfried 0]
crowdion collisions. In this case (Fig. 6) there is a
high probability for the formation of a-vacancy and a
compression of the atoms, similar to the crowdions
suggested by Paneth 3%, If the initial angle 6, is not
very large, then although a defocusing of the collisions
occurs as a result of the condition A > 1, the crowdion
is propagated along the chain for a large distance.

The maximum angle 6 for which formation of fo-
cusons and crowdions will ocecur, as can be seen from
Fig. 3, is given by the condition

1
cosBc= T (11)

a0r7 (/4
5,

5, w0

FIG. 6. Crowdion collisions along the <101> direction in a
face-centered cubic metal.

The distinction between a crowdion and a focuson lies
in the fact that a crowdion transfers not only energy
{momentum) like a focuson, but also matter. Accord-
ing to Seeger 2], crowdion collisions play an impor-
tant role in the formation of the depleted zones dis-
cussed above.

4. FORMATION OF FOCUSONS IN FACE-CENTERED
CUBIC METALS

4.1. Focusing of Atomic Collisions in the {(110) Direc-
tion

Silsbee (%7 and Leibfried (1) have shown that during
the propagation of focusons along the close-packed
(110) direction in face-centered cubic metals it is im-
possible to neglect completely the effect of neighboring
atoms. But, since the hard-sphere potential falls off
very rapidly with distance, it is quite sufficient to con-
sider the effect on focuson propagation along the {110)
direction of the ring of the closest four atoms 011,
011, 110 and 110, located in the two neighboring {100}
planes (Fig. 7a).

Calculation of the fractional energy loss in the in-
teraction with these four atoms leads to the following
expression 107

8110=%}f—=2 [exp <——z~€>—-exp<—”2%>] , (12)

where AE is the energy loss in a collision. The num-
ber of focusing collisions in this case will be ne = 1/¢,
and the range of the focuson along the {110) direction
will be Rf = neD.

For copper Leibfried 1’ , using the potential of
Eq. (4) with the constants A = 2.1 x 10* eV, a = D/130%8],
and E¢ = 63 eV, obtained €'!” = 1.1 x 10%, and the
maximum focuson range corresponding to these values
of Ef and €'’ was found to be Rf = 90D.

Nelson and Thompson 457 calculated the range of
focusons in gold in the {110) direction for different
values of Ef and D/a (Table II). For D/a =15 and
Ef = 800 eV, they found e!1? for gold to be 5 x 1073,
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Their calculation used the potential of Eq. (1) with
the constant A = 0.8 x 10% eV, The use of this potential
is justified by the fact that the value of compressibility
obtained from it without considering the effect of free
electrons is 0.33 x 10712 cm? dyne™!, which is in very
good agreement with the experimental value
0.54 x 1072 cm? dynel.

According to Silsbee, focusing in the (100) direction
in a face-centered cubic metal is impossible, since an
atom displaced in the {100) direction must collide with
an atom in a {110) row before it approaches an atom
in the (100) row. However, with a more rigorous cal-
culation, we can explain also the experimentally ob-
served focusing in the (100} and {111) directions.

Table II

D/a

o]
Rf, A ‘ 190 l( 300 i 400% 500{ 600
o e s00]

4.2. Replacement with Focusing in the (100) Direction

Let us consider an atom A; moving in the (100)
direction through a ring of four B atoms and colliding
with the atom A, (Fig. 7b). The result of the deflection
¢ of the atom A, during its passage through the ring
of B atoms (Fig. 8a) will be a small deviation of its
trajectory angle €,. This deflection depends on the
energy of the atom A,. Nelson and Thompson [45],
discussing this problem, found that

2 Aa? ( 3D

=30~ ) (13)

This expression can be extended to any plane of inci-
dence, and therefore, since ¢ is proportional to 8;, the
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FIG. 7. a) Focusing of atomic collisions in the <110> direc-
tion; b-c) replacement with focusing in the <100> and <111> di-
rections, respectively.

ring of B atoms acts like a condensing lens with a

focal length f = (D/V2) (6,/9), i.e.,

3 E a? 3D
(4

100 Loa® 8D
M=smas(w):

(14)
The condition for focusing of the collision of atoms
Ay and A, is 0, > 6, (Fig. 8a). Here D2 > 4%, Hence
the maximum energy for formation of a focuson in the
(100) direction, Ef!® will be, according to Nelson and

Thompson [45],

A D? ~ 3D
EYr=—f-exp (— 7 ) (15)
and the ratio of the maximum energies for the forma-
tion of focusons in the {100) and {(110) directions is

EY° 1 po D
E 6 a2 %P —47) .
The fractional energy loss of the atom A, on passing
through the ring of B atoms will be

(16)

1 D242 © 3D
e = — %) an
and when E = Efmo,
s}°°=9—;)12. (17a)

If we neglect the weakening effect of the B atoms at
the time of the collision, the minimum energy E¢'" for
collision of atoms in a {100) direction can be obtained
by equating the kinetic energy of the atom A, to the
difference in potential energy between the points A
and 0 in Fig. 8a, i.e.,

E1® =54 exp ("711)75 (18)

or, referred to E%Oo,

Ejo0 DY2—1
gy =5 %P <—7“2——>-

o] ot

(18a)

The condition for replacement of A, atoms by A,
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FIG. 8. Focusing effect in a) <100> and b) <111> directions,

atoms is that the A; atom after collision with the A,
atom should again pass the point 0, i.e.,

D

172 .

In the limit this condition is identical with the limiting
conditions for formation of focusons in the {110) direc-
tion and is fulfilled for certain values of 6, at an en-~
ergy A exp (—D/a v2). This energy is naturally less
than E{%, the energy required for penetration of the
ring, and therefore all collisions in the {100) direction
eventually lead to replacements, and when the energy
becomes less than E%OO, focusons are formed.

This process in collisions of atoms along a row
was called by Nelson and Thompson [45] replacement
with focusing. The idea of replacement collisions was
first introduced, as we have mentioned above, by
Kinchin and PeaseLa‘ﬂ . However they did not suggest
any concrete mechanism for explaining these collis-
ions.

Since the energy losses are accurately known only
for €% < 0.2, there is no necessity of obtaining an ex-
act expression for the number of replacements 11100

R<

in the focusons formed at an energy Efoo. As a very
rough evaluation we can take
L;oo ~ ; 81{00,
or
D2
L~ 55 (19)

4.3. Re [placement With Focusing in the (111) Direc-
tion

From Fig. 7c it is evident that the atom A,, having
received an impact in the {111) direction, is focused
on passing through two rings of three B atoms and,
colliding with the atom A, replaces it. At high ener-

gies the atom A; loses practically no energy, and
therefore both rings of B atoms will have the same
focal length (Fig. 8h),

P(-2VE).

The limiting energy E%OO for which 6, > 6, and fo-
cusing is observed is

19 E. a2
1L __ a®
/ ADH

: 6 .AD? D 19
E111= i‘g—aﬁ—exp<—-2—a I/E N (21)
and
E'R 6 D2
f
Ew =2V 19ar EXP ) ( ) (22)

The minimum energy required for passage through
one ring is

Ei'=4Aexp <"~ﬁ (23)

and

X o exp& D 2= ‘/3>. (232)

111
£ f

The fractional energy loss per replacement is

3 1 D242 3D
el =2 5 =L exp __27>, (24)

and, for E = E%H,

D2
. (24a)

8lfll —

S

The number of replacements n“1 occurring in the

propagation of focusons starting w1th energy E% ! (cal-

culated with an accuracy of 5%) for energy losses

6%“ < 0.2 {for a *D/5), will be, according to a rough

evaluation,
m D?
ntt & T0aZ * (25)
Table III lists values of Ef, Ey, €f, and nf in the (110),
{100), and (111) directions for co| per and gold. For
copper the potential of Leibfried 1% was used, and for
gold the potential of Nelson and Thompson (451, The

Table III
Crystal- { Ef eV t E, eV {
lographic | |
;directionl Cu r Au l Cu E Au I
(110y l 60 | 800 | 1] :
100y | 65 | 700 | 10 | 90 |
A1y ]490 ' 7300 | 44 | 500
Crystal- ef nf {
lographic
direction ! Au Cu ] Au
110y {o.ou’o.ooai 90 [170
100y 10.053\0.040( 9 | 13

|
|
‘ A1y ]0.027‘0.021[ 17 | 45
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FIG. 9. Energy loss as a function of D/a.

ratio of the fractional energy loss in the (100) and
(111) directions to €; is shown as a function of D/a
in Fig. 9.

4.4. Dependence of the Number of Focusons on the
Total Number of Displacements

Leibfried 3 calculated the number of focusons ve
formed in bombardment of a crystal as a function of
the total number of atomic displacements v:

vf:1.5v{1_;;% (1420}

Here n* is the average number of atomic collisions,
and n*(0) is the number of atomic collisions beginning
from a state of rest.

Sinee n*(0) ~ 10%, for n* = 50 = n*(0)/2, the number
of focusons formed is v¢(E, 50) = 0.22v. This value is
five times larger than the number of crowdions formed
under the same conditions: vg (E, 50) & v x 10/n*?
=4x103p

The number of focusons in the energy interval dE,
produced by a primary displaced atom with an energy
Ep = Ef, is equal to (11]

2Ep 12q
v(Eg, B) =" 2

(26)

E

In—- with E < Ey; (27)

here Ef is the energy limit for formation of a focuson,
and E is the energy of the focuson. Since a/D =1/13,
(27) ultimately acquires the form

Ee
2 n
(7))
Correspondingly, it is possible to determine the num-
ber of focusons with a range in the interval dR:

7 ()

here R is the focuson range and Rm is the maximum
range. From (29) we can obtain the number of focu-
sons n(Ep, R) with a range greater than R (Fig. 10):

V(Efv E)"‘ (28)

v(Es, R)= (29)

By

- '__ _ Rm\Y
n(E,, R) i v(Es, R))dR {1 (1+1 )}
(30)
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nr)

7 R/Rp

"Ep/Ef

FIG. 10. Number of focusons n(R) with range greater than R.
The dashed line gives n(R) for the case where focusons with
initial energy less than E; are neglected.

4.5. Interaction of Focusons With Lattice Defects 11}

In irradiation of a face-centered cubic metal, as the
result of formation of focusons along a close-packed
direction, displacement of a chain of several atoms
can occur in the direction of the impact. Here each
atom will occupy the site of the preceding atom. On
encountering a lattice packing defect of the split dis-
location type, the focuson should form a Frenkel de-
fect. Leibfried(!? calculated the number of Frenkel
defects arising in this case:

2E, aRp

b= Ft 1082 ° G

Here a is the splitting separation of the dislocation and
A is the average distance between dislocations in the
lattice. The number of Frenkel defects formed by a
focuson on meeting a dislocation will be proportional
to the density of dislocations pp = 1/A% However, this
proportionality extends only up to the density at which
the dislocations begin to overlap each other. The
maximum number of Frenkel defects formed, which
is reached at a very high dislocation density, is of
course equal to the total number of focusons v¢. The
maximum value of the coefficient aRm/lo)\2 cannot ex-
ceed 1/3, the value at which the number of Frenkel
defects produced becomes constant and independent
of the dislocation density (Fig. 11).

Using the cascade model of radiation damage

vy /

/
Ztp L /
3Ef /

aRm
A%

FIG. 11. Number of Frenkel pairs formed at an energy Ep, as
a function of the dislocation density 1/A%




FOCUSING OF ATOMIC COLLISIONS IN CRYSTALS

formation, according to which the number of Frenkel
defects formed by a primary displaced atom with en-
ergy Ep is equal to

V(E,) =2 (Ep>2Ey)

P/ =5E, p=c5d)

where Eq is the limiting energy of displacement, and
taking account of dislocations, Leibfried calculated the
total number of Frenkel pairs arising in irradiation,
due to intersection of focusons with dislocations,

v (Ep) =v(Ep) +vp (En) = v(Ey) (1+52 Hn) . (32)

For copper, using Ef =63 eV and E = 22 eV, he ob-
tained

v,_v(E,,)(1+141W>. (33)

5. FORMATION OF FOCUSONS IN BODY-CENTERED
CUBIC METALS

5.1. Focusing of Atomic Collisions in the (111) Direc-
tion

The interaction between the atoms in body-centered
cubic lattices can be described by the repulsive poten-
tial of (1). However the constants A and a used in the
case of face-centered metals such as Cu, Ag, and Au
are not very suitable for other metals. Therefore
Brinkman (467 suggested an empirical expression for
the atomic interaction potential for several metals
with Z > 25. Nelson and Farmery [47) ysed Brinkman’s
potential for evaluating the focusing conditions in body-
centered cubic metals. If we take D & a;, where a; is
the lattice constant, then Brinkman’s potential acquires
the form of (1) with the constants

1.5ag

A=1.9-10"EZ""? and a=— " el

where Z is the atomic number, ER is the Rydberg en-
ergy, and aB is the Bohr radius for hydrogen. Brink-
man used this form of potential for calculating the
elastic constants for various metals and obtained
relatively satisfactory agreement with measured val-
ues. The parameter a for the majority of body-cen-
tered cubic metals is assumed to lie somewhere be-
tween D/10 and D/20. For tungsten, for example, the
Born-Mayer constants will be A = 4.9 x 10° eV and
a = D/17.140

In body-centered cubic structures the densest pack
ing of atoms occurs in the (111) direction, and we ex-
pect the greatest probability for formation and propa-
gation of focusons to occur along this direction. In the
hard-sphere approximation the focusing condition in
this case according to Silsbee (97 will pe p'/r < 2,
where D! is the distance of separation between
nearest neighbor atoms along the {111) direction.
Since the diameter of the hard sphere depends on en-
ergy according to Eq. (2), the maximum energy E%“
at which focusing will occur in the {111) direction can
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be found for the condition that r = D!'1/2, where
D! = 3a3,/2.
Consequently,
3
Em_ g exp<—-‘2—%>. (34)

For face-centered lattices it has been shown that
atoms located in neighboring rows affect the propaga-
tion of focusons. By a similar calculation we can de-
termine the fractional energy loss per collision in
propagation of a focuson in a body-centered lattice,
taking into account nearest neighbor atoms:

3[exP< 0.38 % )——exp( —0.43 % )]

Assuming a constant loss per collision, which is ap-
proximately valid as a result of the slow variation of
diameter with energy, we can determine the number
of collisions in a focuson beginning with E%“:

(35)

111 1

ne —--e—lfh—' . (36)

5.2. Focusing of Atomic Collisions in the {100) Direc-
tion 47

The focusing energy in the (100) direction, obtained

from the focusing condition, is
E = A exp <- 2o, (37)

However, in this case the ring of neighboring atoms
surrounding the {100) direction will affect the propa-
gation of focusons along this direction. Figure 12

A4, =a,

V2
08 = 79

FIG. 12. Focusing effect in the <100> direction in a body-
centered cubic metal.

shows how an atom A, moving with energy greater
than Ef at a small angle 6 to the {100, direction
undergoes a deflection ¢ in passing through the ring
of B atoms before its impact with the next atom in the
(100 direction, A,. Thus the ring of B atoms plays
here, as in a face-centered lattice, the role of a lens
with a focal length f°° = a,/2 (6/¢) or, using the ap-
proximation of grazing collisions,

9 E a2

3 a
100 __. 4 2 20
f 8 A aoexp 4 a>'

From Fig. 12 in the approximation of small angles we
can obtain

rp= <~—r (20—¢) for r<—azi,

(38)

(39)
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where

!
@

=<%_1><2—£§>.
=< 1}(2 s ) (40)

Figure 13 shows ¢/0 as a function of E for a,/a = 10
with a correction introduced for the short interval in
which grazing collisions are observed at low energies.

Thus,

/6
0%
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40

20|

.
AE®® £

1
160
3E¢

- 100
23 2B
*100
Ef
FIG. 13. Relative increase in angle between sequences of

<100> collisions at energies above E{*.

For comparison we have shown in the plot of ¢ /6
the relative increase in angle which occurs if we neg-
lect focusing by the ring of B atoms. From these
curves we can draw the conclusion that the ring chan-
ges the focusing cgndition to some extent, since the
focusing energy E; ' increases somewhat and focu-
sons are formed which then are defocused relatively
slowly at energies greater than E%oo‘ Therefore colli-
s1on focusing which was initiated at 2Ef or even at
3Ef % will be contmued at a rather large distance be-
fore the energy Ef is reached, below which focusons
will be propagated in the focused state.

Since the potential reaches a maximum value in the
focusing ring, sequences of collisions involving pene-
tration past the point O (Fig. 12) are replacement
collisions. Sequences of collisions falling short of the
point O accomplish only momentum transfer. In the
ha}gg-sphere approximation the latter will occur at
Eg .

! The fractional energy loss of a focuson in the (100)
direction is

gl — 2[exp< 0207“") 2pr< 0.367 °)J.(41)

Assuming the energy loss per collision to be constant,

we obtain the total number of collisions in a focuson
o . 100

beginning with E¢ :

1

n’ =g - (42)
f

5.3. Focusing of Collisions in the (110) Direction "

From the discussion of the body-centered cubic
structure it becomes clear that the focusing of atomic
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collisions in the {110) direction is due to the influence
of a succession of rhombic-shaped rings of atoms
surrounding this direction. The potential distribution
of these rings is rather asymmetrical and forms the
equivalent of a strongly astigmatic lens. The trajec-
tories of atoms passing through these rings are shown
in Fig. 14. A focuson propagated through a series of
such rings will tend to be reflected from the X-atoms,
which leads to oscillations of the successive collisions
from side to side in the {100} plane.

FIG. 14. Focusing effect in the <110> direction, showing
astigmatism of the focusing ‘‘lenses.”’

True focusing, as we can see from Fig. 14a, occurs
only for deflections in the {100} plane, that is, along
the direction to the X-atoms. Proceeding from this
we can evaluate the focusing energy of a series of
collisions in the (110) direction. For this purpose let
us consider the section X-X of the ‘““lens.”” The focal
length in this case will be

=2 B L op( L)), (43)

X "% e A

The focusing energy will then be

;wx_—(%) Aexp(—--'/—s ®Y, (44)

and the fractional energy loss is given by

=5 L)% (45)

If there were no defocusing in the plane of the Y-Y
section (Fig. 14b), then the number of collisions in the
focuson would be

n}l’ox — ( ap > (46)

However, because of the astigmatism of the focusing

rings, a large number of focusons will be rapidly de-
focused. Only a few of them will be propagated an ap-
preciable distance from their place of origin. There-
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FIG. 15. Comparison of the focusing energies in different di-
rections in a body-centered cubic metal as a function of a.
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fore the number of knock-on atoms in the (110) direc-
tion is relatively small.

Nelson and Farmery [47], using the Born-Mayer
constants obtained for tungsten, obtained the following
values for the focusing energy and the number of colli-
sions in focusons in the {111), {100), and {110) direc-
tions:

EM=(00eV, E®=200eV, E=2700eV,
A =150,  nl=20, iy =30,

Figures 15 and 16 show the limiting energies at which
focusing is observed and the maximum number of
collisions in focusons in the (111), (100), and (110)
directions for different values of ay/a.

6. FORMATION AND PROPAGATION OF FOCUSONS
IN OTHER CRYSTAL STRUCTURES

Balarin*%! showed that focusing of atomic colli-
sions is possible inside the layers of the graphite
lattice in the (1120) directions. The smallest effective
diameter of the carbon atom for which focusing is
possible is 2/3 of the atomic spacing (2/3 X 1.42 A).

In contrast to face-centered cubic crystals, indirect
focusing due to neighboring rows of atoms is unimpor-
tant in the layer lattice of graphite. The cutoff focus-
ing energy is several tens of electron volts.

7. STUDY OF ATOMIC COLLISION FOCUSING WITH
HIGH-SPEED ELECTRONIC COMPUTERS

By means of a high-speed electronic computer,
Gibson, Goland, Milgram, and Vineyard[m] made an

ng
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FIG. 16. Maximum number of focusons as a function of a.
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analysis of radiation damage in a model of a copper
crystal consisting, in the limiting case, of 998 atoms.
In their calculations three Born-Mayer potentials
were used of the type of (1) with different constants A
and a.

The radiation damage process was initiated at a
time when all the atoms of the model except one were
at rest in their normal lattice sites. This one atom
was given a certain amount of kinetic energy in a se-
lected direction, as if it had just received an impact
from a moving particle. In this way the paths of the
atoms and the resulting damage in the crystal were
determined for primary impact energies up to 400 eV.

Figure 17 shows the motions of atoms occurring in
the (y, z) plane when an atom (A) is given a kinetic en-
ergy of 40 eV in a direction lying in this plane at an
angle of 15° to the Oy axis.

The initial positions of atoms in the planes located
immediately above and below the main plane being
considered are shown by the very small dots. The
large hollow circles show the atoms of the main plane
at time t = 0, and the large solid dots show the posi-
tions of the same atoms at time t = 99 (the unit of time
is 3.27 x 107% sec). The diameter of the large circles
corresponds to the atomic dimensions determined by
the distance of closest approach in head-on collisions
between an atom with an energy of 40 eV and a sta-
tionary atom. Atoms whose trajectories are not shown
undergo only minor displacements.

In Fig. 17 replacement collisions can be seen at
points B and C, a vacancy remains at point A, and an

ORNCRNcREC
O - @ 0
@@@)@2

O we

FIG. 17. Paths of atoms in a collision with an energy of 40
eV in a direction lying in the plane of the paper and at an angle
6 = 15° to the Oy axis. 1 — position of atoms in the plane of the
paper at time t = 0; 2 — at time t = 99, The radius of the circles
corresponds to the distance of closest approach of the atoms in
a 40 eV collision. The small points 3 show the projections of the
equilibrium positions of atoms in the neighboring planes.



490 R. I.

interstitial atom is formed at point D.

The regular location of the atoms in the lattice of
the copper crystal model leads to focusing of atomic
collisions along the (110) and (100) directions (AD, AB,
FG, BH, etc.). The focusing along the (110) direction
is essentially that which was predicted by Silsbee [e3
The focusing along the (100) direction occurs only as
a result of the effect of neighboring rows of atoms and
was not foreseen earlier. More recently the focusing
in this direction has been treated by Nelson and
Thompson (45, Leibfried (137 and Frere[!5?, using
analytical methods.
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FIG. 18. Plot of A vs. E for the <110> direction. 1 — Com-
puter calculations; 2 — hard-sphere approximation.

An approximate determination of the cutoff energy
for focusing showed that it lies between 35 and 25 eV
for collisions in the {110) direction and between 40
and 25 eV for the {100) direction (Figs. 18 and 19).
The closeness of the values of cutoff energy for focus-
ing in the (110) and (100) directions showed that both
these directions are important in the propagation of
radiation damage.

Since the energy loss per collision for focusing in
the (110) direction at initial energies of the moving
atoms from 3 to 400 eV does not exceed 2/3 eV, the
length of the focusons can be very great. The inter-
stitial atoms produced by such focusons will be far
from the beginning of the focuson. For a focuson

A(U?ﬂ)
20

.
s
0+
a5

R 1 1 1 ]
g 20 47 & &7 /74 zq
£eV

FIG. 19. Plot of A vs. E for the <100> direction. 1 — Calcu-
lations for an isolated row of atoms; 2 — hard-sphere approxima-
tion; 3 — computer calculation; 4 — with the Born-Mayer approxi-
mationt'}; 5 — impulse approximation.[*]
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FIG. 20. An impact in the {100} plane with an energy of 400
eV at an angle of 10° to the <011> axis. Paths of atoms are
shown up to a time t = 45 units. The primary atom started at K
and traveled to K'. At the end of the time interval considered, the
chain of collisions A, B, ...H is still in a state of active motion.

propagated along the (110) direction, interstitial atoms
will be found at least 10 atomic distances from the
beginning of the focuson, if the initial impact has an
energy close to cutoff, and at least 150 atomic distan-
ces for 100 eV.

Figure 20 shows the trajectories of displaced atoms
resulting from collisions with a primary atom which
received an energy of 400 eV at an angle of 10° to the
(011) direction. A primary atom from K transfers to
K’. The picture refers to time t = 45; at this time the
motions have propagated to the boundaries of the
block, and the whole configuration is still rather far
from equilibrium since this event exceeded the capa-
city of the calculation method used.

Focusing along the (110) direction, as we can see
from Fig. 20, does not play the same exclusive role
as in collisions with low initial energy. Since the en-
ergy considerably exceeds the maximum focusing en-
ergy for atoms in {(110) rows, the collisions branch
out along (100) rows, for which the energy turns out
to be equal to or less than the cutoff value. The
focusons in the (100) direction in the figure, even at
the end of the calculation, remain active at A, B, C,

D, E, F, G, and H. Determining the kinetic energy at
these points and assuming that 7 eV per collision is
lost in focusing along the (100) direction, we can esti-
mate that up to 8 interstitial atoms can be formed out-
side the main block of the crystallite model as shown
in Fig. 21. In addition another 3 atoms apparently are
formed inside the block at the sites indicated in the
figure. Eleven vacancies should be formed accord-
ingly. The vacancies are located close to the point of
the initial impact, and the interstitial atoms are loca-
ted some distance away. Comparison of Fig. 21 with
Fig. 1 shows that the region of radiation damage pro-
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FIG. 21. An estimated extrapolation of the event shown in
Fig. 20 gives a total of 11 vacancies (shown by the hollow
circles) and 11 interstitial atoms (shown by the pairs of large
black citcles). The rectangle shows the boundaries of the crys-
tallite used in the trial (see Fig. 20).
duced is more similar to the depleted zone of Seeger[“]
than to the displacement zone of Brinkman L8] since
there is nothing here which suggests the melting or
the turbulent mixing of the atoms.

8. EXPERIMENTAL CONFIRMATION OF THE EXIS-
TENCE OF ATOMIC COLLISION FOCUSING BY
THE CRYSTAL LATTICE

8.1. Cathode Sputtering of Face-centered Cubic Metals

A focusing effect in atomic collision processes in
metals was first observed in 1954 by Wehner [48:50),
who, in sputtering single crystals of Pt, Ag, W, Mo,
and o-Fe by low energy mercury ions (up to 200 eV),
observed at the collector near the sputtered sample
the appearance of a deposit in the form of symmetri-
cal spots (Fig. 22). The number and location of the
spots in the deposit from ion bombardment of the
different planes of single-crystal silver indicated that

FIG. 22. Deposits obtained in sputtering different planes of a
silver single crystal by bombardment with Hg ions. a) {111}
plane, ion energy 100 eV; b) {110} plane, ion energy 50 eV;

c) 1100} plane, ion energy 100 eV.
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they corresponded to close-packed rows of atoms
located normal to or at some angle to the sputtered
surface.

For explanation of this result Wehner %19 proposed
a momentum transfer mechanism of cathode sputter-
ing. According to this mechanism a slow ion which
has collided with the surface of a metal cannot eject
atoms from the metal but can only produce oscillation
of atoms about their equilibrium position. The distur-
bance or impact wave produced by the ion is more
efficiently transmitted along the close-packed rows of
atoms in the crystal lattice. A certain fraction of the
energy of the propagated waves can be transmitted
along these rows toward the surface of the metal.
Consequently a surface atom receives the greatest
momentum from the neighboring atom belonging to a
close-packed row. If the energy transferred to this
atom exceeds its binding energy, then the atom will
leave the surface of the metal and will move in the
direction of close packing.

Using this mechanism, we can explain the appear-
ance of figures of regular shape on a bombarded sur-~
face as due to preferential sputtering of material in
definite crystallographic directions.

Wehner, in this same paper,[“] and several other
investigators [s,52] suggested that the preferential
sputtering of single crystals in particular directions
should not occur if the bombardment was carried out
with more energetic ions. However, in the later in-
vestigations of Yurasova and her colleagues (53,547 and
of Koedam and Hoogendoorn [55) the energy of the
bombarding ions was raised to 5 keV and preferential
sputtering of single crystals was still observed in the
four close-packed (110) directions for bombardment
of a {100} plane (Fig.23). Furthermore, it was noted
that if the ion energy exceeded 1 keV, a copper single
crystal was strongly sputtered also in the {100) direc-
tion (which is next in density of packing to the (110)),
as a result of which there appears in the center of the
deposit a new spot whose intensity increases with in~
creasing energy.

Further investigation[‘r’sj of sputtering of the {100}
plane of a copper single ecrystal at various energies
and angles of incident Ar and H, ions showed that on
increasing the bombarding ion energy up to 50 keV,
the preferential yield of particles of the sputtered
material along certain crystallographic directions
({(110), {100) and others) is preserved. Therefore on
a collector placed parallel to the {100} surface of
copper, a deposit is produced in the form of separate
spots. The appearance of the deposit changes with in-
creasing ion energy and is practically independent of
the angle of incidence (from 0 to 60°). Development
of relief was also observed on the {100} surface of
copper in sputtering by 40 keV Ar* and H," ions.
Four-sided pyramidal depressions characteristic of
this surface were visible, similar to those observed in
sputtering by slow ions. Oblique incidence of the ions
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FIG. 23. Deposits obtained in sput-
tering a copper single crystal {100}
face by normally incident Kr* ions. Ion
energy: a) 500 eV, b) 1000 eV, ¢) 1500
eV, d) 2000 eV; e) theoretical location
of the close-packed directions in the
{110} plane.
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on the {100} surface leads, moreover, to formation of
less regular figures extended in the direction of inci-
dence of the ions. The outlines of these figures, as
well as of the finer relief, are quite clear and show
no visible traces of melting.

In another study Yurasova 54) has shown that the
symmetry of the oriented depressions produced on the
surfaces of single crystals agrees with the symmetry
of the figures produced in sputtering of particles from
these surfaces onto a mica screen placed parallel to
the sputtered surface (Fig. 24a-c). It is particularly
interesting that the appearance of additional new di-
rections of preferential yield of atoms sputtered from
single crystal surfaces, observed by Yurasova 53] and
Koedam 55! for increased ion energies, leads to a
change in the shape of the oriented figures on the
crystal face.

Actually, Yurasova et al, 1% wehner, and
Koedam 373 observed that in sputtering, for example,
of the {111} face of copper and silver single crystals
by slow ions, the preferential yield of particles occurs
in the three close-packed (110) directions and the re-
lief of the crystal face consists of three-sided figures.
On increasing the ion energy to 300-400 eV, the
preferential sputtering of material occurs not only
in the three (110) directions but also in the three (100)
directions coming out of the {111} face (see Fig. 24c).
Correspondingly, characteristic six-sided depressions

[49-51]
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a b c

FIG. 24. Upper row: oriented depressions arising in ion bom-
bardment of a copper single crystal on the following faces:
a) {100}, b) {110}, and c) {111}; lower row: deposits obtained in
sputtering of these sutfaces onto a mica screen placed parallel
to the sputtered face.

appear on the {111} face of the sputtered specimen;
one of these depressions is shown in Fig. 24c.

In addition to the noble metals, preferential sputter-
ing of particles in the close-packed directions has
been observed in Ni single crystals by Wehner 5’
and Koedam %7, on bombardment by ions of Hg,[ssj
Ar*, Ne*, and Kr*'%J with energies up to 500 eV. A
similar phenomenon has been observed by Perovic [80]
in lead single crystals bombarded by high energy Ar*
ions. Yurasova 4’ observed an anisotropy in the
sputtering of 5-Co under ion bombardment.

In the bombardment of aluminum single crystals by
50 keV Ar* jions, Nelson and Thompson 811 observed
that the density of the deposit obtained from preferen-
tial sputtering of atoms in the {110) direction was 2.4
times greater than in the {100) direction and 5 times
greater than in the (111) direction.

An electron microscope study carried out by
Haymann and Mihama(62:63] of the orientation of the
planes developed in the surface of single crystals of
silver, uranium, and other metals as the result of
bombardment by Ar ions showed preferential develop-
ment of the close-packed planes (see for example
Fig. 25a and b). It was established that the set of
planes developed is a function of the direction of the
ion beam: not one of the developed surfaces was at an
angle greater than 30° to the direction of the ion beam
or to the direction perpendicular to the beam. The re-
sults obtained, when discussed from the point of view
of the theory of atomic collision focusing (97, show
good agreement with the predictions of Silsbee’s
theory.

8.2. Cathode Sputtering of Polycrystalline Face-
centered Cubic Metals

The ejection of atoms in a close-packed direction
under ion bombardment is observed not only in the
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FIG. 25. Electron-microscope pictures of the
{110} face of an Ag single crystal sputtered by Ar
ions incident at angles of (a) 90° and (b) 60° to the
sputtered surface.

case of single crystals but also for polycrystalline
metal samples. Nelson and Thompson,[45 studying
the sputtering of polycrystalline foils of copper, sil-
ver, and gold bombarded by 10 keV Ar* and Xe* ions
from a glow discharge, observed that the distribution
of sputtered material on the screen indicated prefer-
ential sputtering along the crystallographic directions
(110), {100, and (111), which they explained by the
focusing action of the crystal lattices of the bom-
barded metals. On bombarding surfaces of targets
with {100} plane preferred orientation by an ion beam
at an angle of 20° to the surface, the deposit revealed
a four-fold symmetry (Fig. 26). The central spot is
due to the preferential emission of atoms in the {100)
direction; the four outer spots, which together with

Aft P

FIG. 26. Deposits obtained in sputtering Cu, Ag, and Au foils
with {100} preferred orientation by Ar* and Xe® ions incident at
an angle of 20°
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the central spot form a rhombic figure, are due to
preferential emission of atoms in the four {110) direc-
tions. Figures 27 and 28 show the deposits obtained
in sputtering of the surfaces of targets with {110} and
{111} plane preferred orientation. Nelson and Thomp-
son, in explaining the processes occurring in atomic
collisions along close-packed directions, point out
that focusing and energy transfer occur along the {110)
direction without formation of recoil atoms, while
along the {100) and (111) directions the energy trans-
fer is accompanied by replacement of a target atom
by an incident atom, as we have discussed earlier in
Sec. 4.

Preferential sputtering in polycrystalline materials
has been observed by Rol et al. (eed iy copper,

FIG. 27. The same as Fig. 26 but with {110} preferred orienta-
tion.
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FIG. 28. The same as Fig. 26 but with {111} preferred orienta-
tion.

Koedam, [®%) and O'Briain!® in silver, by Perovic
and Cobic "7 in copper and lead, and by Wehner and
Rosenberg [% in nickel and platinum.

For verification of the question whether or not the
preferential sputtering of atoms in close-packed direc-
tions is a surface effect, Nelson and Thompson [45:6%]
performed an experiment with high energy sputtering.
A polycrystalline gold foil with accurately determined
crystallite orientations was bombarded by 0.3 MeV
protons. They observed a preferential ejection of gold
atoms from the reverse side of the target in the {110)
direction. This is shown by the shape of the deposits
obtained on the screen placed behind the target (Fig.
29). They further established that the gold is ejected
from the target in the form of singly charged ions
with energies 350 £ 100 eV. Since the experimental
arrangement allowed them to change the energy of the
bombarding protons, they were able to show that the
gold ions were emitted from the target even when the
protons penetnrated the target only to a point of the
order of 10 A from the back side. This allowed them
to determine the range of focusons in gold under high
energy bombardment.

8.8. Cathode Sputtering of Body-centered Cubic Metals

For crystals with a body-centered cubic lattice the
focusing condition @ < 2 can be fulfilled not only in the
closest-packed direction (111), but also in the {100)
direction although that is less favorable. Therefore
sputtering of material is to be expected in the second
most closely packed direction (100) for bee crystals,
which has been observed by Yurasova and Sirotenko' 4]
and Nelson and Farmery. 4"

Figures 30a and b show the autographically recor-
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FIG. 29. Deposits obtained from proton irradiation of: a) gold;
b) gold foil with random distribution of grains; c) gold foil with
cubic preferred orientation of grains; d) gold foil with two pre-
ferred orientations of grains in a {111} plane in the surface;
e) the same as (d) but with application of +120 V to the collector.

ded deposits obtained by Nelgson and Farmery (41 from
a single crystal of tungsten on bombardment of the
{111} and {110} faces by 50 keV Ar* ions. The spots

in the deposit correspond to the preferential emission
of atoms in the direction parallel to the {110} plane.
Quantitative measurements showed that in the (111)
gpot together with its three auxiliary spots there are
twice as many tungsten atoms as in the {100) spot and
twelve times as many as in the (110) spot.

The general appearance of the spots in the deposits
obtained by Nelson and Farmery[”- from the bom-
bardment of molybdenum is similar to the case of
tungsten, including the position of the main and
auxiliary spots. The intensity of the (111) spot for
molybdenum, as for tungsten, was two times greater
than for the (100) spot, but only eight times greater
than the intensity of the (110) spot.

The authors assert that if the process of atom ejec-
tion can be explained by the arrival of focusons at the
surface, the results presented above imply that the
initial momentum obtained by an atom of a crystal is
dispersed in the (111, (100, and {110} directions at
the end of the range of the bombarding particle. The
oval shape of the deposited spots produced by atoms
emitted from tungsten in the (110) direction is ex-
plained by Nelson and Farmery as due to astigmatism
of the focusing ‘‘lens’’ in this direction in body-cen-
tered cubic lattices, which we have discussed in Sec. 5.

A possgible explanation of the auxiliary spots in Fig.
30 was given by Nelson and Farmery. They assumed
that focusons reaching the metal surface not only
eject atoms but also create surface vacancies. Be-
cause of these vacancies, strains are produced in the
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FIG. 30. Deposits obtained in sputtering of a W
single crystal by 50 keV Ar* ions: a) the {111} face,
b) the {110} face.

surrounding lattice, leading to a relaxation of the
neighboring atoms. Figure 31 represents the location
of atoms in one of the three {110} planes intersecting
the {111} surface. It is assumed that V is a vacancy
produced in the surface layer. The nearest neighbor
atoms, including atom A, undergo relaxation and move
toward V by an amount 6. Then, if a focuson is propa-
gated in the (111) direction to atom A, as a conse-
quence of the relaxation the ejection of atom A will
occur at a small angle n to the true focusing direc~
tion. Relaxation of the next nearest neighbor atom
will also affect the deviation of the ejected atom, but
by an amount much less than 7. In the approximation
of hard spheres of diameter D!''/2 the deviation angle
1 will be given approximately by

28

N= puigg - (47)

The values of 7 measured from the deposits obtained
from ejection of tungsten atoms in the (111) direction
are ~ 10°, which gives a relaxation of the atoms of
approximately 8%. This value of relaxation is close
to the theoretically calculated value of ~6% for tung-
sten and molybdenum. [7%:71]

Bands which are observed in the deposition patterns
of atoms ejected from tungsten are considered by
Nelson and Farmery to be due to the emission of re-
coil atoms channeled between neighboring {110}
planes. The distance between these planes is large
compared to other planes, and therefore the space
between them is relatively transparent for recoil
atoms.

Similar bands observed in the deposition patterns
from sputtered face-centered cubic crystals have also
been explained by Nelson and Thompson[”] as due to
channeling of recoil atoms between neighboring {111}
planes.
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FIG. 31. Effect of a surface vacancy on a series of atomic
collisions in the <111> direction.
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Preferential sputtering of atoms in close-packed
directions in body-centered cubic crystals has been
observed by Yurasoval*] in single crystals of Fe,
Cr, and W, and by Wehner and Rosenberg (e8] jn poly-
crystalline Mo and Fe.

8.4. Cathode Sputtering of Diamond Structure Metals

In the sputtering of single crystal spheres of ger-
manium and of indium-antimony alloy on bombard-
ment by 1 to 10 keV Kr ions, Yurasova and Siro-
tenko 447 observed deposition spots corresponding to
sputtering of material in the (110) and (100) direc-
tions. However, in comparison with the spots obtained
from bee and fec crystals, the spots for Ge and InSb
were less distinct. The appearance of these spots, in
the opinion of the authors, cannot be explained by the
focusing effect. The focusing condition o < 2 cannot
be fulfilled for any one of these directions in this
case, since if it were the spheres of two neighboring
atoms, spaced a distance of ay/3/4 along the (111)
direction, would overlap.

Koedam 377 did not observe sputtering in preferred
directions in the bombardment of Ge single crystals.
However, an electron diffraction study of the target
showed that amorphous layers were formed on its
surface during the bombardment. On heating the Ge
to 500°C the crystal structure of the surface layer
was partially restored, which led to appearance of
a weakly expressed preferential sputtering direction.
Anderson, |3 in bombardment of the {100} and {110}
surfaces of germanium and silicon single crystals by
Hg, Ar, and Ne ions, observed preferential ejection of
atoms corresponding to the (111) and {100) directions,
which can perhaps be explained by the presence of a
large number of atoms in interstitial positions on the
surface of the bombarded specimens. From the re-
sults of his experiment Anderson concluded that
focusons do not play as great a role in crystals of the
diamond structure as in face-centered and body-cen-
tered cubic crystals. The focusons can be formed and
propagated only in thin surface layers of the bom-
barded crystals. The structure of the surface layers
evidently approximates a bce structure, since it would
otherwise be impossible to explain the ejection of
atoms in the (100} direction.
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8.5. Cathode Sputtering of Hexagonal Metals

Yurasova and Murinson ™ studied the cathode
sputtering of a cylindrical single crystal of zinc whose
end plane was the basal plane {001}. The most closely
packed directions, (110), which lie in the basal plane,
were perpendicular to the cylinder axis. The sputter-
ing was carried out in a Kr plasma at a voltage of
1.2—1.3 KV. The appearance on the spherical collec-
tor after the sputtering of six spots located along a
great circle of the sphere at equal distances from each
other and corresponding to the close-packed {110)
directions indicates that for crystals with a hexagonal
lattice preferential sputtering of material occurs in
the close-packed direction, as in cubic crystals.

8.6. Effect of Nuclear Charges of Moving and Station-
ary Particles on Cathode Sputtering

According to an analysis made by Bohr, [76) the in-
teraction potential between moving and stationary par-
ticles is given by

V(r)=ﬁ?r2—eiexp<—%>, (48)
where Z; and Z, are the nuclear charges of the moving
and stationary particles, a is the screening constant,
and r is the distance between the centers of the moving
and stationary particles. It is evident from (48) that,
generally speaking, the effective hard-sphere diam-~
eter r depends not only on E but also on the nuclear
charge of the moving and stationary particles Z; and
Z,. The greater Z, and Z,, the greater is r. It follows
from this that focusing should occur best of all for
materials with high Z. This is in agreement with the
experimental results obtained by Yurasova and Siro-
tenko %7 on the sputtering of tungsten and chromium.
Actually tungsten and chromium have approximately
the same value of sputtering coefficient and the lattice
constant of tungsten is even larger than that of chrom-
ium, but nevertheless the spots in the deposition
pattern of tungsten are more distinct than for chrom-
ium. This may be due to the fact that the radius r/2
of tungsten is significantly larger, other conditions
being equal, than for chromium (since Zyw > Z¢y).

8.7. Effect of Specimen Temperature on Cathode
Sputtering

Nelson and Thompson[”] studied the distribution
of the deposits obtained in sputtering of the {111} sur-
face of a gold single crystal by 43-keV Ar" ions, as a
function of the crystal temperature over the range
80—1170°K. They observed a preferential yield of
sputtered particles in directions close to the (100)
axis of the crystal. Fig. 32a shows a deposition pat-
tern obtained from a specimen heated to 370°K, and
Fig. 32b, from a specimen heated to 1170°K. The
spots in both patterns correspond to the three (110)
directions of preferential sputtering of gold atoms.

GARBER and A. I.

FEDORENKO

FIG. 32. Deposit obtained in sputtering the {111} face of a
gold single crystal by 43 keV Ar* ions at target temperatures
of: a) 370°K and b) 1170°K.

Increase in the temperature of the specimen increases
the size and density of the spots. Quantitative meas-
urements of the density and angular distribution of the
sputtered deposits on the screen, carried out by ir-
radiation of the deposits by a flux of thermal neutrons
and subsequent autoradiography, showed a linear rise
of the mean squared angle of deviation $? with tem-
perature up to 800°K, and above that a more rapid in-
crease (Fig. 33). The authors also calculated the num-
ber of focusons formed in gold at different tempera-
tures during the bombardment (Fig. 34).

The experiments of Yurasoval78] on sputtering of
the {100} and {111} faces of a copper single crystal as
a function of temperature showed that preferential
sputtering in the close-packed directions is observed
over a wide temperature range: from 103°K, obtained
by cooling the specimen with liquid nitrogen, up to a
temperature of 1223°K where the sample vaporized
rapidly. It was observed that the directional yield of
sputtered particles was particularly striking at tem-
peratures up to 723°K. On cooling the specimen with
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FIG. 33. Mean squared angle of deviation from the <110> di-
rection, °, as a function of target temperature. The upper curve
shows the experimental results and the lower curve the theoret-
ical calculation.
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FIG. 34. The number of collisions in a focuson as a function
of the energy, for different target temperatures. The upper curve
refers to the hypothetical case of a stationary lattice.

liquid nitrogen the sharpness of the individual spots
in the deposition pattern was practically unchanged.
Increasing the temperature of the single crystal up to
1223°K resulted in an increase in the general back-
ground in the deposition pattern and in a considerable
increase in density and size of the central spot (Fig.
35).

In order to remove any doubts as to the mechanism
of preferential sputtering, Yurasoval™! carried out
supplementary experiments on the thermal evaporation
of a copper single crystal at a temperature of 1223°K.
These experiments showed that, independently of the
initial state of the surface (after polishing, ionic etch-
ing, or heating of the crystal to a high temperature)
the deposit on the screen due to evaporation of ma-
terial from the {100} face was distributed not in the
form of individual spots but with a conical distribution
(Fig. 35e). On subsequent ion bombardment of the
same surface region, the characteristic shape of de-
posit was formed without any change.

Yurasova and her colleagues (18 explain the changes
in the sputtering pattern obtained on increasing the
temperature by a weakening of the binding of the atoms
in the lattice with increased temperature and an in-
crease of the thermal oscillations of the atoms, which
deteriorates the focusing conditions; the sputtered
atoms emerge from the crystal surface with a larger
deviation from the close-packed direction than at low
temperatures. Therefore the spots in the close-packed
direction become less sharp. Furthermore, the
weakening of the binding of the atoms in the lattice
may have the result that the momentum required for
ejection of atoms from the surface can be transferred
from deeper layers of the crystal, just as this occurs
on increasing the energy of the bombarding ions. [se
In this case the yield of particles from the surface
has a somewhat different mechanism than at low tem-
peratures and energies, and in particular the yield of
atoms (or the momentum transfer) has a higher
probability along the shortest path from the place of
excitation to the surface than in a direction inclined
toward the surface, even along close-packed rows.

In this way we can explain the strengthening of the
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FIG. 35. Deposits obtained in sputtering of the {100} face
(a and b) and the {111} face (c and d) of a copper single crystal
at different temperatures: a) 100°C; b) 950°C; c) 100°C; d)800°C;
e) pattern obtained from the evaporation of material from a {100}
face at 950°C.

central spot in comparison with the outer spots which
is observed for sputtering of the {100} face on increase
of the crystal temperature (Fig. 35). This assumption
is also confirmed by the fact that in the sputtering
pattern from the {111} face at 823°K (Fig. 35) there

is also observed a central spot which at 1223°K ex-
ceeds the other spots in density and becomes apprec-
iably broader than any of them.

Studying the sputtering of tungsten at different tem-
peratures, Yurasova and Sirotenko (4] ohserved that
at 1300°C the spots were more sharply bounded than
at 200—300°C. This phenomenon is explained as
follows. On increasing the temperature of the speci-
men two processes occur: removal of various con-
taminants from the surface, which results in increased
clarity of the picture, and an increase of the oscilla-
tions of the atoms about their equilibrium positions,
which should lead to a reduction in the sharpness of
the deposit pattern. Probably at a temperature of
1300°C in tungsten the first process prevails over the
second.

Molchanov, Tel’kovskii, and Shakh-Melikova ™
also studied the effect of temperature (from
150—700° K) on the angular distribution of the
sputtered particles from a copper single crystal
during irradiation by 27 keV Ar ions normal to the
{100} surface. They observed that with increasing
temperature the width of a spot in the deposit decrea-
ses somewhat and then grows slightly. However, the
authors consider that the current density in the ion
beam and the value of radiation dosage in their ex-
periments might have been insufficient to produce
distortions capable of affecting the angular distribu-
tion.
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8.8. Study of the Angular Distribution of Sputtered
Particles in the Bombardment of Metals by Ion
Beams

Study of the angular distribution of sputtered par-
ticles is of more than solely scientific interest.
Recognition of the regularities of metal sputtering by
ions arriving at angles near grazing incidence is very
important for solution of many technical problems,
for example, in the study of the effect of sputtering on
the operation of ion engines, [19) and is vital for ex-
plaining the mechanism of cathode sputtering.[m

We know that the condition for focusing of atomic
collisions along any crystallographic axis is deter-
mined by the ratio of the energy-dependent effective
atomic diameter to the interatomic distance. In some
crystals the distances between atoms along different
axes are greatly different, so that focusing is possible
along some axes and impossible along others. By
studying the anisotropy of the sputtering coefficient
of such crystals, we can draw certain conclusions
about the effect of focused collisions on sputtering.

Molchanov, Tel’kovskif, and others (81821 egtah-
lished that the sputtering coefficient increases with
increasing angle of incidence of the ions on the target
inversely as the cosine of the angle of incidence. The
independence which they observed of the distribution
of sputtered atoms on the mass and energy of the ions
serves as indirect confirmation of the transfer of en-
ergy by focused collisions.

The anisotropy in the sputtering of zinc, which has
a hexagonal close-packed lattice, was studied by
Balarin, Molchanov, and Tel’kovskif.[8) For hexa-
gonal crystals the {100) directions in the basal plane
will be focusing directions; in other directions, par-
ticularly (210), indirect focusing is possible from the
action of neighboring rows of atoms, but energy trans-
fer in these directions is rapidly attenuated. Experi-
mental studies have confirmed the existence of focus-
ing in hexagonal crystals and have shown that on the
average the sputtering coefficient is larger for a larger
distance between corresponding atomic layers, i.e.,
for a smaller packing density of an axis. The close
correspondence between the angular dependence of the
sputtering coefficient and the angular distribution of
sputtered material, [83) in the opinion of the authors,
indicates a connection between the sputtering coeffi-

80l

cient anisotropy and focused collisions in the specimen.

An irradiation of the basal plane of a single crystal
by 30 keV Ar® ions, carried out by Molchanov, Soshka,
and Faruk, 8] also revealed a directional yield of
particles along the {101) axis, as the result of which
six deposition spots occurred on the collector. The
half-width of the angular distribution of particles
sputtered in the (101) direction was 24°. Thus, as in
the case of cubic crystals, hexagonal structures have
a close correspondence between the angular distribu-
tion of sputtered particles and the dips in the angular
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dependence curve of the sputtering coefficient. A
large number of experiments on cathode sputter-
ing (8988 have shown that these dips are observed
only when the ion beam direction coincides with a
close-packed direction in the irradiated metal.

9. EXPERIMENTAL CONFIRMATION OF THE PART
PLAYED BY FOCUSING PROCESSES IN RADIA-
TION DAMAGE IN METALS

9.1, Electron-microscope Observation of Radiation
Damage

Brandon and Bowden 88 made an electron-

microscope study of thin gold foils before and after
their bombardment by 75—~100 eV Ar* ions. The maxi-
mum energy transferred to the gold atoms was 57%

of the maximum energy of the bombarding ion. They
observed numerous defects in the crystal structure,
whose nature depended strongly on the crystallographic
orientation of the bombarded foils. The density of de-
fects turned out to be greatest for low temperature
bombardment (241°K). For bombardment at 295°K
they observed lines formed by dislocation loops up to
500 A in size along the (111) direction (Fig. 36). Since
the dislocation loops formed as the result cgf the bom-
bardment were observed at a depth of 150 A under the
surface of the foil, and the Ar ions could penetrate
only one or two atomic layers beneath the surface,

the authors concluded that radiation damage at such a
depth below the surface was due to focusing collisions
of atoms.

FIG. 36. Electron-microscope photograph of a gold foil irra-
diated by 80 eV Ar ions. Dislocation loops are distinctly visible
along the <111> direction.

Amelinckx and colleagues [90,51] subjected platinum
foils to irradiation by fission fragments and alpha
particles and then studied them in a transmission
electron microscope. They observed preferential
formation of prismatic loops at specific boundaries,
especially along coherent twin boundaries (Fig. 37).
The mechanism of formation of these defects becomes
clear if we consider a focusing sequence of collisions
along the {110) direction in the irradiated platinum.

In a platinum erystal the {110) direction on one side
of a twin is parallel to the {114) direction in the other
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FIG. 37. Preferential formation of defects at coherent twin
boundaries in a platinum foil irradiated by fission fragments.
The plane of the foil is a {110} plane.

part of the crystal. On arriving at the internal sur-
face of the twin, the focusing collisions suddenly are
defocused, and since they deliver to this point energy
sufficient for production of displacements, they begin
to form defects at the twin boundary. Figure 38 shows
a coherent twin boundary located perpendicular to the
plane of the drawing—the {110} plane. There is clearly
a high probability that the chain 1, 2, 3 will produce
displacement of atom 5. Furthermore, atom 3 will
almost certainly be ejected from the row 1, 2, 3.

This shows that such chains of focused collisions,

on defocusing at a coherent twin boundary, will lead
to preferential formation of defects along this boun-
dary. The loops apparently originate at clusters of
vacancies remaining from previous processing of the
foil, or else the vacancy clusters lead to a decrease
in the focused collisions and consequently to an in-
crease in defects in the structure.

9.2. Direct Observation of Radiation Damage

By using transmission electron microscopes with
resolution as good as 10 Ato study thin metallic
foils subjected to irradiation, we can observe large
clusters of radiation defects. However, many proces-
ses occurring in the bombardment of metals by nu-
clear particles cannot be resolved. In particular, the
electron-microscope method does not provide the
possibility of studying such defects as single vacancies
and interstitial atoms.
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FIG. 38. Diapram of the propagation of atomic collisions
leading to preferential formation of defects at coherent twin
boundaries in a platinum foil irradiated by fission fragments.

Only with the aid of the ion projector, which has a
resolution of 2—3 A, has it been possible, in the work
of Miiller ®3" and Brandon and Wald™®¢', to observe
point defects produced in tungsten by o -particle ir-
radiation (at the time of observation in the projector).

Miiller’s experiments (93] have shown that each
incidence of an o particle is visible and that the de-
fects are visible only at the point of exit. Displace-
ment of roughly 15—30 atoms occurs in a region of
diameter about 50 A. Two thirds of the displaced
atoms appear to be interstitial atoms directly under
the surface, and about one third of the displaced atoms
disappear from the surface. This could be the end of
a wedge-shaped displacement zone at the surface. In
approximately half of the collisions observed by
Miiller, simultaneously with major damage in the
region of the particle’s exit, small defects appear,
for example, from one to three interstitial atoms lo-
cated in a close group, separated from the place of
the main damage by a distance of up to half the radius
of the point. Miiller considers that the small defects
result from the high energy impact produced by secon-
dary atoms which have branched off from the main
track, or else are the result of energy transfer by
sequences of focused collisions. We must also note
that craters are never observed in o -particle irradia-
tion, although we would expect them if the temperature
rose in the displacement zone.

Figure 39 shows photographs of the same area of a
tungsten surface before and after the incidence of an
«a particle. The photographs were obtained by Brandon
and Wald " who bombarded a tungsten point in a
projection tube with 5 MeV o particles. The atoms
ejected from the surface are marked by points in
Fig. 39a. Atoms which have moved to new positions
on the surface are similarly marked in Fig. 39b. It
is evident that within a solid angle of ~m, about 40
atoms have been ejected. If we assume that every
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FIG. 39. a) Picture of tungsten atoms in an ion projection tube,
obtained before the incidence of an a particle on a tungsten point.
The atoms ejected as a result of the collision are marked with
dots. b) Picture of the same tungsten atoms after collision with
an a particle.

fifth site in the crystal lattice is visible, the total
number of sequential collisions resulting from the
initial o-particle impact must be about 800. Damage
to the structure on the surface is observed at a dis-
tance of more than 200 A from the point of the initial
collision. This distance is considerably greater than
that which would be traversed by an atom which re-
ceived the initial impact. Figure 40 shows a diagram
of consecutive displacements resulting from incidence
of an a -particle, which helps to understand the picture
obtained. The momentum received by a metallic atom
in a collision with the o -particle is successively
transferred by focused atomic collisions along close-~
packed (111) and {100) rows to the surface on the other
side of the tungsten point. As a result of the removal
of the atoms at the ends of these rows, vacancies are
formed which are visible in Fig. 39b as dark spots.

10. EXPLANATION OF THE CHANGES IN THE
PROPERTIES OF METALS UNDER IRRADIATION,
IN TERMS OF ATOMIC COLLISION FOCUSING

In a study of the energy dependence of radiation
damage produced in pure copper and copper with im-~
purities of Be, Ag, or Au by electron bombardment at
a temperature of 4.2°K, Sosin (35 established that the
experimental results are in good agreement with the
mechanism of focused collisions along close-packed
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FIG. 40. Diagram explaining the process of defect formation
in a tungsten point as the result of a collision with a single a
particle. The surface defects ate formed: 1) as the result of sec-
ondary collisions, 2) by focusons.

directions. With this mechanism it has been possible
to explain the occurrence of displacements at a rela-
tively large distance from the place of the initial
electron-atom collision, which cannot be explained at
these temperatures by other mechanisms.

The mechanism used by Sosin can be applied to ex-
planation of the hardening effect observed by Makin
and Blewitt(®®7 in copper single crystals under elec-
tron bombardment. According to their hypothesis,
the most probable factor responsible for the harden-
ing is the formation of strongly diffused obstacles in
the crystal lattice which block the motion of disloca-
tions; these obstacles must be extremely small since
they are not observed under the electron microscope.
According to the mechanism of focused collisions,
such obstacles to the motion of dislocations can ap-
pear as the result of the intersection of focusons with
dislocations.

Leibfried, (103 4 discussing the work of Thompson,
Holmes, and Blewitt®") on the effect of low tempera-
ture neutron bombardment on the mechanical proper-
ties of a copper single crystal, used the mechanism of
focused collisions to explain the decrease in internal
friction. In easily deformed metals such as copper,
with a high dislocation density the effects of low tem-
perature bombardment cannot be explained by the old
theories of radiation damage, since the defects are
immobile at such temperatures.

Billington (387 has shown that near the end of the
range of secondary displaced particles in copper ir-
radiated by neutrons, thermal spikes arise which, he
assumes, lead to the appearance of small melted
regions. Leibfried, (1 in evaluating the maximum
temperature in the region of a possible thermal spike
in copper, showed that regions of melting cannot occur
in this case since the temperature will reach only
500°C. The residual energy of the displaced atom
will be propagated throughout a large volume by
means of focusons. :

At the same time a study by Thompson 0991 of ther-
mal spikes produced in gold on bombardment by
43 KeV Xe* and Ar* ions showed that the atoms de-
posited on the screen are obtained as the result of
evaporation from a region of local heating. These
regions arose from thermal spikes giving tempera-~
tures up to 1750°K. It was observgd that the radius of
the region of local heating (~ 110 A) depends to a
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FIG. 41. Position of the basal plane of single-crystal speci-
mens of zinc with respect to the particle flux emitted by a source
located at point O. a) Transverse position of the basal plane;

b) longitudinal position, after totation of the specimen about its
own axis by 180°.

greater degree on successions of focused collisions
than on the energy of recoil atoms.

Focusing processes can affect the change of mech-
anical properties in metal single crystals with a hexa-
gonal lattice if they are appropriately oriented with
respect to the bombarding particles. As an example
we can cite the experiments of Troitskil and Likht-
man %3 on electron and y-ray bombardment of zinc
single crystals in a brittle state. Numerous experi-
ments carried out by them on the stretching of amal-
gamated zinc single crystals subjected to radiation
during the process of deformation showed that the
orientation of the basal plane of the crystal with res-

pect to the direction of the radiation is very important.

When the basal plane is perpendicular to the particle
flux (Fig. 41a), a significant embrittlement is ob-
served, and when the basal plane is parallel to the
flux (Fig. 41b) an increase in ductility, i.e., ultimate
elongation, occurs. This phenomenon in zinc crystals
also occurs under conditions of natural cold brittle-
ness (at —196°C).

According to the theories proposed by the authors,
one possible explanation of the observed phenomenon
is the development of obstacles in front of the moving
dislocations for the case of the basal plane perpen-
dicular to the beam, which leads to a rapid pile-up of
dislocations in front of these obstacles and even to the
formation of a brittle fracture. From our point of
view, such obstacles can arise from focused atomic
collisions which can produce Frenkel defects on inter-
secting dislocations and thereby retard their motion.

In connection with the experiment of Troitskii and
Likhtman we can suppose that the acceleration of
creep in cadmium single crystals due to a-particle
bombardment of their surfaces, which was observed
by Andrade, 1% can be explained by appropriate ori-
entation of the specimen with respect to the «-particle
beam. Garber and Gindin, 12! in discussing the re-
sults of this work, note that the intensity of irradiation
and the depth of penetration were so insignificant that

up to this time the existence of this effect has been a
source of astonishment. The negative results obtained
by Makin[1%7 in an attempt to reproduce this experi-
ment with more intense irradiation can be explained,
in our opinion, by the fact that the orientation of the
crystals with respect to the beam of bombarding par-
ticles was not reproduced.

As Seitz "1 hag recently suggested, focusing ef-
fects can play an important role in order-disorder
transformations in alloys composed of atoms with
almost equal masses, for example, copper-zinc.

It is possible that the ordering observed by Daun-
treppe et all1%) in an alloy of 50% Fe - 50% Ni under
neutron irradiation in a magnetic field can be ex-
plained by atomic collision focusing. In fact the direc-
tion of the magnetization which resulted in uniaxial
anisotropy coincided with the {100} and (110) direc-
tions.

Gonser 108 explains the radiation-induced expan-
sion of @-U and related phenomena on the basis of
atomic collision focusing (Fig. 42). He considers that
the transition observed at high temperatures from
anisotropic radiation-induced expansion to isotropic
expansion is due to the defocusing of atomic collision
sequences.

11. EXPERIMENTAL METHODS OF STUDYING
ATOMIC COLLISION FOCUSING

11.1. Investigation of Cathode Sputtering in a Glow
Discharge

A considerable number of papers [10-187 pave been
devoted to the physics and technology of producing
glow discharges. In order to obtain a glow discharge
specifically for investigation of cathode sputtering, the
following experimental conditions must be fulfilled. 110]

1) The mean free path of the ions and the sputtered
atoms must be larger than the dimensions of the ap-
paratus to avoid reverse diffusion of the sputtered

FIG. 42. Formation of focusons and crowdions in a — U.
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atoms to the target and to guarantee strictly defined
ion energies. These conditions can be fulfilled in a
discharge at a sufficiently low pressure.

2) The ion current density should be high and the
residual gas pressure should be low in order to avoid
contamination of the surface.

3) To secure normal incidence of the ions, the tar-
get should be rather large and without sharp edges.

4) The voltage drop in the discharge should be rela-
tively low in order to avoid formation of multiply
charged ions.

5) The angle of incidence of the ions on the target
should be well defined.

The collision energy of the ions in a glow discharge
is ordinarily determined by the negative voltage ap-
plied to the target with respect to the anode.

The sputtering yield (atoms/ion} can be found by
measuring the decrease in weight of the target, W
(grams). Then, knowing the ion current I (amperes)
and the time of sputtering t (sec), we can obtain the
sputtering yield

w

v=10°Z77 -

(49)
where A is the atomic weight.

A rather sensitive method of determining the loss
of material from sputtering is to weigh the target in a
quartz microbalance, which permits detection of a
change in weight of the order of 0.14 + 0.05 micro-
grams. The weighing is carried out in vacuum at a
pressure of 107 to 1071 mm Hg.l11!]

At high bombarding ion energies, and also if the
material being studied has a low melting point, the
target can be cooled either by blowing air through a
hollow target holder[112] op by circulated water or
liquid nitrogen.

Figure 43 shows the design of the apparatus used
by Wehner (51! in his study of the sputtering of differ-

FIG. 43. Discharge tube. 1 — Reflector; 2 — target; 3 — glass
collector; 4 — graphite grid; 5 — stainless steel ring; 6 — plastic
spacers; 7 — auxiliary anode; 8 — to vacuum pump; 9 — cathode
spot anchor; 10 — cathode; 11 — mercury; 12 — ignitor electrode;
13 — anode.
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ent metals by 300 eV Hg ions, with an ion current of
10 mA/cm? from a high density plasma produced in a
glow discharge.

Sputtering by high energy Hg ions (4—15 keV, with
an ion current density at the target of 0.32 mA/cm?
at 4 keV and 2.8 mA/cm? at 15 keV) was carried out
by Wehner and Rosenberg 8] in the apparatus shown
schematically in Fig. 44. In both sets of apparatus the
glow discharge utilized liquid mercury cathodes.

9'” (\U‘ﬁ/z

™~

FIG. 44. Apparatus for sputtering of metallic targets by Hg
ions from a glow discharge. 1 — Liquid nitrogen trap; 2 — high
voltage, 4—15 kV; 3 — accelerating ring; 4 — grid at potential of
+15 V; 5 — region of glow discharge; 6 — glass ring; 7 —~ anode
potential of +22 V; 8 — means of translation in a plane; 9 — tar-
get foil with magnet; 10 — collector plate.

Nelson and Thompson,“r’j in sputtering metals by
Ar* and Xe* ions, used a 10 kV glow discharge be-
tween a cylindrical anode and a plane cathode. The
ion beam emerging through a cylindrical slit in the
cathode (1 mm in diameter and 10 mm long) was fo~
cused onto the target. The ion currents obtained in
this apparatus were 15 p A for Ar and 5 uA for Xe.

11.2. Study of Cathode Sputtering by Means of Ion Guns

Use of ion guns for study of metallic sputtering has
a number of advantages over sputtering in the plasma
of a glow discharge, where the number and energy of
the ions and their angle of incidence on the target can-
not be exactly determined. 113115

Figure 45 shows a diagram of the experimental ap-

+50kV +40kV2 J 4

W

7 £§7 630

l_ﬁ‘
To pump
FIG. 45. Diagram of apparatus for study of cathode sputtering.
1 — ion source; 2 — insulator; 3 — single potential electrostatic
lens; 4 — container; 5 — viewing window; 6 — quartz screen;
7, 10 — glass collectors; 8 — copper support; 9 — copper single
crystals; 11 — mica diaphragm.
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paratus used by Yurasova et al ts6] for study of aniso-
tropy in cathode sputtering. The ion beam was pro-
duced by an ion gun with a Von Ardenne source, (1167
with double constriction of the plasma, as developed
by a number of authors. [ 117

The ion gun produced well focused beams of Ar and
H ions 6—12 mm in diameter with currents up to 3
and 20 mA, respectively, at an accelerating voltage
of 50 kV. The ion beam, after acceleration and focus-
ing by a single electrostatic lens, passed through an
aperture 4—8 mm in diameter in a quartz plate and
hit the specimen. In front of the specimen and parallel
to its working surface was placed a mica sheet or
glass collector on which the sputtered particles were
deposited.

Bradley and Ruedl,[“Bj using the sputtering appar-
atus shown in Fig. 46, obtained an ion beam by ioniza-
tion of a neutral gas with an electron beam. The ions
obtained in this way were then accelerated to 1 keV.
The maximum current density reached with this ap-
paratus was 10 mA/cm?. The targets studied could be
bombarded by ions of Ar*, N, O, or Xe’. The particles
ejected from the target were ionized by an electron
beam and then analysed.

For studying the sputtering of atoms from the re-
verse side of a target of polycrystalline gold foil
20—25 mg/cm? in thickness, with strictly defined
crystallite orientation, Nelson and Thompson [45] yged
protons from a Van de Graaff accelerator. The accel-
erator gave protons from 0—0.6 MeV. The proton
energy was chosen experimentally for each target.

It corresponded to the minimum proton energy at
which all protons pass through the target. The target
temperature was held at 200°C during the irradiation.
The gold atoms leaving the back side of the target
were deposited in vacuum on a glass plate covered
with a layer of aluminum to improve the adherence.

The method used by Nelson and Thompson and
others 4547 for studying the distribution of the de-
posit on the collector is of considerable interest.
Since the number of sputtered atoms deposited on the
collector can be very small (~ 10!%), the density of
the deposit cannot be determined photometrically.
Therefore the collector with the atoms deposited on it

FIG. 47. a) Diagram showing sputtering by an ion
beam of a target heated by electron bombardment:
1 — target, 2 — electron gun, 3 — collector, 4 — ejected
atoms, 5 — ion beam; b) details of electron gun for
heating the target: 1 — current lead, 2 — filament,
3 — target, 4 — glass insulator, 5 — thermocouple leads.
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FIG. 46. Apparatus for analysis of sputtered particles.
1 — primary (bombarding) ion beam; 2 — electron beam; 3 —neutral
gas; 4 — electron beam ionizing sputtered particles of the target;
5 — secondary ion beam, directed into analyser; 6 — sputtered
particles; 7 — target.

was subjected to irradiation for five days by thermal
neutrons in a nuclear reactor (1012 neutrons/cmz—sec).
The distribution of atoms in the collector deposit was
then determined either by autoradiography or by a
Geiger-Mueller counter.

In some studies 4747 the targets were bombarded
by ions with energies up to 50 keV obtained from the
Harwell heavy ion accelerator. [t1s] Figure 47 shows
the experimental setup for study of the effect of tem-
perature on atomic collisions in a single crystal gold
foil bombarded by Ar ions from this accelerator. The
ejected atoms were deposited on a quartz collector.
Heating of the target to 1170°C was achieved by bom-
bardment with a 2 kV electron beam with a maximum
current of 2 mA (Fig. 47b). Pictures of the deposit
which resulted from the sputtering were obtained by
autoradiography.

11.3. Study of Cathode Sputtering with an Electron
Microscope

Haymann, [es) using equipment mounted on the base
of a vertical electron diffraction apparatus, studied
the selective sputtering of metallic crystals on bom-
bardment by Ar ions with controlled energies from 0
to 20 keV, and an ion beam density of 2 mA/mm? ob-
tained from an ion gun mounted in the column of the
diffraction apparatus. This equipment allowed visual
observation of the sputtered targets and photographing
of their surfaces with a magnification up to 2000 x
through a special optical microscope mounted in the

;’/
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column of the diffraction apparatus, and also deter-
mination of the surface orientation of the specimens
studied and the study of changes in their structure
under bombardment, by the method of micro-diffrac-
tion. The specimen holder allowed heating the speci-~
men up to 1500°C and inclining the specimen within
the limits of 0 to 70°. From the specimen surfaces
subjected to ion bombardment, carbon-platinum repli-
cas were made which were scanned with an electron
microscope with a resolution of 30 to 40 A. Electron
microscope photographs obtained from such replicas
are shown in Fig. 25.

For sensitive measurement of the sputtering yield
from bombardment of metallic single-crystal and
polycrystalline films by low energy ions (30—200 eV),
Medved and Poppa[m’”ﬂ used a Hitashi HU-10 elec-
tron microscope with an ion gun built into the object
chamber (Fig. 48) and a Faraday cup in the plane of
the diffraction image (operation in the micro-diffrac-
tion regime). Kr*, Ar*, and Ne* ions could be obtained
from the ion gun. Monitoring of the sputtering was
based on the variation of the scattering of the electron
beam in the microscope with the thickness of the
specimen. With this method it was possible to meas-
ure thickness changes of 4 A for a film thickness of
100 A. The limit of sensitivity to loss of mass depen-
ded on the cross section of the electron beam, and for
a diameter of 2 4 was 2 x 107 % g. Simultaneously with
the measurement of the sputtering yield, it was possi-
ble to observe changes in the structure of the objects
subjected to ion bombardment.

Considerably higher bombarding ion energies (up
to 4 keV with an ion density of 2 uA/mm?) have been
obtained by Castaing and Jouffrey[uz] using an ion
gun mounted in an electron microscope close to the
object stage. The axis of the ion beam was inclined
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FIG. 48. Diagram showing the mounting of the ion gun in the
column of the electron microscope. 1 — Electton-microscope
column; 2 — location of sample chamber in the observation posi-
tion; 3 — direction of rotation of specimens; 4 — extracting and
rotating mechanism for moving the specimen from the sputtering
position to the observation position; 5 — specimen; 6 — discharge
region; 7 — magnets; 8 — to pump; 9 — control and heat shield
leads; 10 — positive voltage; 11 — gas inlet.

at an angle of 30° to the axis of the electron micro-
scope. This design permitted observation of the
changes occurring in single-crystal gold foils during
the ion bombardment process. The characteristic line
distortions obtained in bombardment and the com-
pletely darkened phase contrast pictures were com-
pletely eliminated by subsequent annealing.

5~15kV

oy

TSy

5-15kV

FIG. 49. a) Diagram of ion projection tube:
1 — centrifugal pump, 2 — dry nitrogen, 3 — speci-
men, 4 — to vacuum pumps, 5 — copper cylinder,
6 — indium gasket, 7 — liquid nitrogen, 8 ~ collec-
tor, to helium tank, 9 — fluorescent screen.
b) Diagram of apparatus for bombarding a specimen
by a particles in the course of observation in the
projection tube: 1 — liquid nitrogen, 2 — tungsten
stems, 3 — copper cylinder, 4 — specimen, 5 - a
source, 6 - helium ions moving from the point of
the specimen to the screen.
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11.4. Observation of Focusons With the Ion Projector

Figure 49a shows a dia%ram of an ion projector
used by Brandon and Wald 2% to observe point de-
fects produced in tungsten by irradiation. Their
specimens, while under observation in a projection
tube, were irradiated by o particles emitted from a
polonium source located near the specimen. A dia-
gram of the experimental arrangement is shown in
Fig. 49b. On the average one « particle hit the point
of the specimen every three hours.

11.5. The Preparation of Thin Single-crystal and
Polycrystalline Metallic Targets

For the preparation of thin single-crystal films
(from 100 A to 1—3u), the usual technique widely
used in electron microscopy (1247 g the vacuum
evaporation of the metal onto the surfaces of heated
ionic crystals with the desired orientation. [45,125]

Polycrystalline foils are prepared by rolling and
subsequent annealing, which leads to a definite pre-
ferred orientation of up to 90% of the crystallites, [47]
or by chemical thinning.[m] Since contamination of
the target surfaces has an important effect on the re-
sults of sputtering studies, the specimens are usually
cleaned by ion bombardment before the experiment.
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