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DEFECT PRODUCTION BY F.NERCKTIC PARTICI.!*. BOMïîARWtEKT*

K. L. Kerkle ? [i ' "• 7 T
Materials Science Division c^U-'- \ 5 f"
Arp.onne X*st io:».t ! L a b o r a t o r y -?:J" ••*-••' -• ••»

Argonne, Illinois 60439 I'SA

ic-parr. ic-lc irradiation of Kctnl.s in K O S C C I S e S
results in a rather eompJes mixture of defect structur*-:-.
This variety of the microscopic arr.nif,e~etu of che dispîiced
atoms and the respective vacant .'attice sites is obtained
generally erven at low dose and in täio absence of long- :1:15c*.-
migration o f defects.

The present paper is ;i review of selected a specs«; of low
dose, low-tcnperaturc irradiation csp«r Iwenï s. ;>.:K: eic-v.tt t-d-
tenperature c:%per:aents that «0 not involve the interact IJK
of defects through iong-ranpe Taäjjration. In orhor wards, ve
arc concerned here only with the primary diir.ajto state, i.e.,
the situation Chat exists after the energy of the primary
knock-on has been shared with the lattice to the estent th.tt
no excess kinetic energy is retained in the ret:io:: •.,-hvrc dis-
placements have taken place. Since the dynanical devei.ipr.ent
of the cascade takes place ii\ tisses considerably shorter
('VlO"12 s) (1) than the tir.es required for a delect rseasssro-
tnent (>1 s ) , the observed damage -stato ino!v:dos effects that
result from the collapse of imst.iMe defect cor.;' ifiur.it tuns.
In elevatcd-tewperature irradiations sone short-ierw annealint;
also takes place before the obscrx*ations are made.

For discussion in the present paper, wo have selected
such experiments that seen to be recst useful in providing .1
basis for a quantitative description t»i the arcouin and 1 v-v of
damage uh it* h is obtained under .» variety of irrac! i.tt ton condi-
tions. Therefore, we strongly foi-us on experiments roîaiinj;
to the energy depeiuletwe o,' d.'oi' production. lili-.iìlv, tuie
vould like to be able to predict fro« oxporimeni ai data the
defect production that is expected for any }t »ven ! rrad :;it >><n
condition. At present, such predictions reiv heavily on

*Work SUI)[VOI-IIH! by ttie U. S. Mnerp.y Research .uui tK-vv lopcvn:
Admin ist rat ion.



theoretic:»! node Is, as dlscu.ssod by Robinson (2). F.Kj»cri-
mentiillv, considerable propres:; fus been EMSJC in the ob-
servation of cascade defect structures by fio id-ion -<Srro-
scopy (YtN), as discussed by Seid".iR O ) , .mt! by tr.'ms~is:;ion
electron microscopy (TDJ) -ss ;-.: -esented in tho present p.v.n-r.
However, ft-v of lite comparisons of r-.e.isureii d^foct production
with theo" ;• are sufficiently <;u:im ii;!t ivo. As w sh.-Ul dis-
cuss, «igfiHc;*n£ 5»rof;resa H-s.-1. »etri n.-idi* r<:coniS> in (ju.tns'fy-
ing low-en«-Tj,y da^a/ie production, is w e ! ! .is if. und»-rs'-sndin;:
case t*ii e effect.«, and tji;;int it.si ivo: v re'..it in.: r.isc.ido ;>r.--
duction during ion b«>eib̂ rdr.'.o!'.; to nouiron d.*.--..»̂«- resuits.

The present review consists of fo;:r >-.<?ct ions, î:i täte
first, csper i:~er.t ;s j w.w'hot!}; !̂ >r dt-ter^iinin^ ".hi.- d isi>'. .!«'er̂ en".
threshold are reviot.'cd. Î:*. the second s«:-.:i ion, r-.u11 i;•-!<• dis-
plocCTiaentJS ."»«ci d;t~.,-n:r rates o'jsffVi-i: bv residu.iJ rt-s is' ivi ;.v
measurements ave csarsitivd. The third si-ctäiT. ii ,s disesässio:-.
of ion-data.tf.c studies of er.erivïi-" iïispiact-r-.»-:-.! . M S C I J I " . by

TEf! studies of ion and m--.;:ron d.-sr..i,:e.

PARTICI.!: ISRA:)ÌAT!C?:: ::AÏ'::?ÎI^:?.TS

A solid c.-sy be affected in îi.'o ways by esierj-.e-i ic-;>.irt i-
cîe

1. Lattice neon:: •"Sîe i e:;o"e£ fro« i*u*:r rs--/.uî.ir i.tîiicc
Sites; dispL'U't'ff.tfïH d.tr.,-i«;c i;: ̂ roJucod .

2. The irr.-uïi;sf. i»}* ?:trî i.-lc csn ciwsc irh.i:i}-.fs in .-h<-»-
icai eoraposiïiesî of the î;irt;c; vi.t ion Ì2?!.i:;t;!;i.'n or jr.iar;-
mutaiions.

î ?-I n t h e p r e s e n t , p a j u r r v e s h a i l M ! V b»< c o f t i - c r : « * « v i î h
r t e n e p r o d u c t i o n . t h e d i > p ! ; u - v ~ e t : ! p r . ' i l ü , - : ; < • : - . i « Z ; « T ; Î

v i e w e d ; * s .t î î . ' t > - : ; t . v ; > p r o v e s : ; . i n iiw f i r s t : : :•: : ; t n - . " c , ;:•»<.' i f -
r « d S « i t i n g ^ a r î S c l * « ( « • " , ? , : Î , d . K c * , f t c . ) i r . t r r . i r : ; : w i i s i
E h e n u c l e u s o f a i . - i t t 11: *• . i t o r . . T h i s r o t I i s i o n J T ^ K - C M ; : : . i k « - s
p l a c e u i c h i n :s K Î U J V Ï . t i t « ' { p c s i t - r ;J 1 ! '.* - 1 0 " - s ) . A t ï h<- c i u ä
o f t h i s p e r i o d , t h t > s s r w r k J . K i i i - t - . - ! t .>~ [ y r i - w i r y . t t , > ^ o r p r i -
m a r y t ; t V " u ~ k - o » ; s î O " ^ ( Î 'K .V) 1 h . î r . r » - . c i v t - d .-> r « " r ; . » i n .- i . - , .n; : t ; o '
k i n e t i c e n e - r j t y , b u i ihf . - » t o n S:.»:; r . o t î « - f i i s : - . « o r = . i ! ; . » > s i i i i > n .
I n t h ^ s e c o n d p ; * r ï o f t h o ( i < - i i \ - t ; ' r i > d u . - t i , v . p r . > k , - - : s . t : u - ; > r i -
» . n r y . i £ r t . t l e a v e s U s S . i t l i i c s i t e .sr.:î i:: s j o v . - d d.<•»•!-. h v .i
s e r i e s o f c"t»l Î i s i o n s . I f f i n - c i i i ' V ; . : ' / i s ; . t ü :' i i - i < - ; u i v i i i - - J i . .i
4 ì s p ì ; n " t * i ì s i - i » t . - . i* .v .scSf i s i s H £ i . i t c < } h v [ h o p r i r - ~ i r v . » : « ' n . i : i
t h i s a i m u ' i ' .t >:!'»-.H n u s i b k - r i»f s c » - o ; u : - w v d i s ; > ; . u - « - r : « - u t s > ' . i« ','<.•

ei w i ! h i : t .» U n - . i l r v j : i o n ( l \ ; » i v - . t J t v U H T i A l s:i s :u -

A s K c n r . i o . i i u S . i h o v f , E tu* r o s n i t . i : t j d i - f ' o r t s t r t««-t " t o
i s { i î > S t > r v e d o n ! y . ü ' t v r s e w t i n i * H . i s p . i : i > : o d i n . ! t i n - t U - l . - . t - ;
£e - iH*r> t l i ' d i n s tu* It . i n o v r t U h . i v i - h . u l .i v . ! t . n u » i o i n t t * r . t > ' t w i t h
each other.
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B a s i c a l l y , a s p o i n t e d o u t toy f î obânso« i n t h e f i r s t
c h a p t e r of i h i s v a l u s i c , t h e !'KA p r o d u c t i o n i:\ r a t h e r w e l l
known f o r a w i d e r.ni);«.' of i r r a d i a t i o n coin! i t i o n : ; . ? > . j i e r i -
n c t t t n l l y , t in- r o c o a l-*.*tier{;y d i s t r i b u t i o n c m hi- o b t a i n e d f r o
tneasur«"fii<*nts of t h e d i f f i T r n : i . i î s c a t i>rr jsn; e r o s « ; s e c t i o n of
t h e s c a t t e r e d p a r t i e l « . - , in t h e r a s e o f c l a s t i c t o ! ! i s I o n s ,
v i a t h e w e l 1 - k n o w n r e l a t i o n K;j ° ï'-^;,v r . i tv ' / 2 . Hi-re K:j i s
t h e r e c o i l . cMerp ,? , S-:n.-»K " K-'.M:Hr / C : . + M . ) - i s !,•;•„• isaxirn-r .
e n e r g y i r a n s f < r he t w e e » a p a r t i c l e of ;:-..a%s M. .-jn« cnv-r|,:y :•
ami a L i t ! i c e ;ui>» «>f !r.:tss M. , .'tncî * i s t h e .-u-.u t t - r i»;" . . i n ç i i -
i n t h e ccnEt4!--<.i!*-st;iH:; nyjs toK. Fo r .s d i sc . :>
e o l H s i o « ; ; , t h e r t ' . i ik- r :;hus;Ì!Ì r i ' f t - r t o Rt-f
n e r , we c*m o b t a i n i h e t l i f f i - r o n t i . i l r e c o i l

do(ER)/aEK « K<K.KH> (1)

jj) p i \ ' r : : t h e ;j«;«»brti>{ ! Sly th;st .i p . i r t Se-î«> of l a b o r . s t c r y
y K pr«cîuc«*s ;t r e i ' s i j l w i t h i-nt-rj-.y htii*.»vi-n tla .mei

H R - » d E R .

G i v e n t h e nttrvV-t-r of i'KA1» p e r i n c i d e n t p a r i : c Io and t):o
I'fCA ener&y <ä i;;i ri*>".tï Son, t îu- n c s : «»!. fj» i s t o f i :uî ti-.c dar.-i^i-
S t r u c u t n 1 ' t ha i ir. j»rotî«ced a t ;! f . ivo« î'KA c i i - r ^ v • - " r . u i i -
ai: lo«-daK;i ; ;c cKjx-r is".t-tjt s , ono £:; is*ï vvt-xti-tS ::•> i :n- r . in , 'c o :
r c c c i l cju' i 'py iro'i" .i f,.-w c-î t%ciron v o l t s t o 10" eV. The îo-./-
e a i Î'KA t*««rjîStvs a r c ::ot ; ; u f f i c i o : u î o havo .!ÎÎ aio--. ;H- : -" . ; Î -
n c n t l y tlJBS'l.u-«"ti fr«>n i t s s i t s - , inn .i t ' J o s o ï y :;p.T.-cil i r t t c i - -
s t . i t . i n ! astrf » v a c a n c y i F r o R k e l p a i r ) r-.;>y be r o r o » ? i n c d :-y
s u c h a s u b t h r c s h o î U c o i l î i s i o n . As t h o vRorsty i n c r o - i s e s ,
s i ng î* - (üüft laccKoitf s bft'O"i- p o s s i b l e ;tb n j c t h e ihr t - r ihohJ
ett«r;:y E t j , am! , a t s t i l l h i g h e r i-siorj;i«>ti. f i r s t r . u l t i p ì f ü i s -
p lacea« :n! . s v i l ! bo p r o i î u t ' c » . ihtn d ir.p Li^e-t-p." oasi.-stìt-s w i t h
s deplete*«! ".one :;t r t s c n : r e , .EÏÏÏÎ f i n a l l y s p l i t t i n g i n t o s u b -
cascatU*!.; i s o b s e r v e d .

The d e s c r i p t i o n of lì:-? dasi-ire p r o d u c e d by a ; ; iven !'tCA
i n v o l v e s t h e t o t a l number of d e f e c t s p r o d u c e d bv ihis r e c o i l
a s w e l l ;ts v a r i o u s O I Ì K T p a r a n e t v ' r s lU.n ~,tv be « o c e s s a r y
f o r a coraplet»1 ' d e s c r i p t i o n of t h e daw^,i:e p r o d u c e d . Let u s
a s sume t h a f : ht; r e c o i l ewerpy r"j; c a u s e s . on t h e a v e r a g e , a
c e r t a i n nuraher of defec t . - : o» a R iven t y p e . T h i s d e p e n d s on
t h e r e c o i l e n e r g y ,\nd a:ay be d e s c r i b e d by a <i.ir:.i;>-;'.it".iSfi«M'
f u n c t i o n Î Î (KJJ) . The most o b v i o u s p . i r . i rv t o r <•:' i n t e r e s t i s
t l i e a v e r a g e «umher of Urenke l p a i r s . U i j ) t!»at a r e p r o d u c e d
by 1 r e c o i l of ene r i t y K«>- O t h e r p a r a r . e t e r s oi i n t e r e s t a r e .
f o r e x a m p l e , ill«? nuwher ol d e p l e t e d zone c l u s t e r s o r t h e
number of f r e e i n t e r s t i t i a l * and v a c a n c i e s tli . i t a r c prodtu-ed
i n a c a s c a d e . T h i s t y p e of a p p r o a c h l ias been used !»v U e e K r
{A) and S'.trkin and Colami (5 ) in t h e o r e t i c a l da:::.ic.e c a l c u l . i -
t i o n s . As lonj", a s a s p e c i f i c measurement e x i s t s fo r t h e



defect parameter in question, this same approach can be ap-
plied to the defect-production experiment.

Given the damige parameter g(E;{) a s •"> function of recoil
energy, we can now determine a damage-parameter truss section
for irradiation with a particle of energy E

0 (E) = / g(E ) K(E,E )dE . (2)
g ' K K K

If, as for example in a reactor, a spectrur.i of particles Î(K)
is present, we must integrale ,-IIKO over all incident particle
energies, and we have

° B I I HE) g(F ) K(E,E ) dF dE. (3)
g .... K K K

This gives the effective danage-paraneti r cross section for

the particle spectrum f(E).

It is obvious from Eqs. (2) and (3) Chat the centrai

problem in damage production is the deterr.in.it ion of g(E^),

in other words, the ritenni nation of the number ci defects

and defect structure.- as a function of PKA energy. If g(K}>)

is known, one can tiiiv?rsal ly predict the defect-product ion

cross sections foï r̂.»y irradiation for which the incident

particle spectrum 1 (v.) ,ind the differential recoil cross

section K(E,E^) nrt>

How is one to extract g(Eo) fron deft-c t-prodnc t ion ex-
periments? One approach is obvious from Eq. (2); a set of
measurements of v,,(E) as a function of energy can yield g(Efj)
by unfolding Kq.. (2). This approach is rather limited: it
only works well if g(Ej,) shows a threshoid-type h»havior«
i.e., if g changes from 0 to 1 in a limited energy range.
Examples of this will bo given during the discussion:; of the
threshold displacement experiments and tlte threshold for ob-
servable depleted zone dusters. The basic; difficulty lies
in the fact th.it energy-dependence measurer«.nrs using nono-
energetic particle:; can only be done realistically with
charged particles. In this case because of the Coiilonh-type
interaction [K(F.,E.,) • l/!\i>" !• l"w~l'nergy recoil events
dominate and, therefore, dftails of the d;mrage a: higin-r re-
coil energies are extremely difficult to extract from the
experimev. tal data.

A different way of obt.iinini-, reco s I -enori'.y-ik-pciidiiit in-
formation is tl»roii)r'.i self-.ion irradiation. Figuri* I shows
a comparison between recoil damage and self-ion d.im.ig . In
liglit partici«.- irradiations, a mixturo oi rrcotl i-nerv li-s
rnnging from F.̂  up to '"T-, ts is al'.'.iys obt.iinrd, dut i.i self-
ion bombardment monoenei'j'ot ic cascades are produced.
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Ibi MU-ION C«1C«OFS

Fig. 1. Schematic View of Damage Regions
Produced by Recoil Atoins and Self-Ions at
Various Energies.
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Therefore, d-imagc
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el irectly obtained

as a function of
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Eq. (2) E = F.R and

Og(E) = g(E). ' Re-

cently, this approach
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of displacement cas-

cades. Since the
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duced quite close

especially at low
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eerina effects
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1 be a stronc

los-" prosi" it y of

rental observ.itions

(3,6-S). However.

:s or self-ion cas-

DETERMINATION OF THE ATOMIC DISPLACEMENT THRESHOLD

The atomic displacement threshold is the prin.iry cunntitv

for defect-production experiments. It is used in calcul.it ing

damage rates (dpa/s), and. in the theory o: atomic displace-

ment processes, it has in the past served as a guide in the

selection of the proper interatomic potential for damage cal-

culât ions (1).

In the present section, we ihall only be able to touch
briefly on some of the mort- important aspects of Jispl.K-iT.ient
threshold determinations. For more det.'iilod discussions of
displacomont-throsho ld-onor^y iK-iormiiLU ions. tiu- rv.uior
should consult che moro comprenons ivo roviows th.it li.ivo hoon
publishoil in roivnt yoars (11-15).

The atomic d ispt.u-oment threshold is dofiiioù .is ciu-
minimum l'KA onoij'.v IHTOSS.U v to proilu/o .i st.ibK- K I«MIV,«-1 p.iir.
Slnoe '"•• sop.ir.it ion of varani- ios .uni iut orsi il i.i I s pr-.'.-ootls
vi;> atomic rop l.u-oiiu-iu chains (l-'J) cons iJi-r.il> Iv loss oiu-r»;v
Is roquivi'il no.ir i• loso-p.u'ko»! rows to ^onorato an intorsiiti.il
sul f io ione I v lar irom ics vaoanov ro i-rovoiu spuut.uìo.'u:-. ii-
oonibin.it ion. This ilopoiulonco ot t lu- tluoslns Kl oiior<y on



crystal direct ion, as predicted earlier by computer calcula-
tions (1,16), has in the past few years found detailed experi-
mental attention (17-22). The minimum threshold energy F.mltl

has also been found to follow an inverse relationship with
the interatomic distance for elements within the s.ine period
of the periodic table (1-'«), as is expected for a replacement
collision mechanism (23).

Threshold-energy deternnn.it ions arc obtained by monitor-
ing the changes in residual electrical resist iviiy por unit
of dose as a function of electron energy. Threshold experi-
ments for most mater ia is have been performed on po 1 yervH'..» ! ! ine
Specimens. Sinslo-crysL.il mcasureiaeJUi» h.;'.••• been nsade on .1
few metals, includiti;.; Cu, Vt . Mo, Ta, re, Co, ?.n, and Cd
(17-22). The maximum transferred energy t'..-lit:< to :i nucleus of
mass M2 increases with electron energy K according io £t3,e:.; =
2E(E + 2 mc'i/M.-c-1, whore c is the velocity of 1 igbr . M\<1 n
is the electron rest mass. As Ej..̂ ..- increases, a finite d.in-
age rate is observed above a certain mini-t.-n v.ilue. Displace-
ment threshold energies are often derived from the damage rato
versus PKA energy <i<wa by extrapolation to zero damage.

Although in some .•notais, as for example platinum (l-<),
a reasonably sharp onset of damage is observée:, others di' not
show such a simple behavior, Bauer and Sosin (24). ù<r
example, find in Cvi ami Au a long tail of "subrhresijold d.ira-
age" extending to rather low dispiacenunt energies. This
"subthrcshold damage" was shosti to be stro:tf.l>- in.'!üenced by
impurities and cold work (2'<). As a result of their sn.i!!cr
mass, light impurity atoms can receive considerably higher
recoil energies than the host metai and therefore, ca-jst- lat-
tice damage at energies substantially beîou tiireshotw. Such
an interpretation is supported by the observation ot ;» satu-
rablo component in the damage rate at low eneri- ies (25,26).
Nevertheless, very low minimum thresholds, within extremely
small solid angles around particular directions may exist in
such systems.

Rather than using a sample estrapolai ion to ;:erc> damage,
the approach outlined in the previous section of derivili?; the
damage-parameter function from energy-dependence measurement.s
has been used in many instances. Here the dar.i.î e par.tRvi er
is the probability for displacement I'd';;), and V.<\. (2) becomes

a(E) = j P(F.R) K(E,:-:R) dK R.
E

j
ERR

The c r o s s s e c t i o n for d i s p l a c e m e n t <'(!-) i s g i v e n hv t h e
change in l : r enke l -pa i r c o n c e n t r a t i o n {-'[.• ;>er un i t dose
When measured by li>e rosidu.nl r e s i s t i v i t y ch.mc.e ". , we li.ive
o(E) = dCj./d,1' = dAp/d,1- 1/•>!,• wliere |)„ i s trie Treiiko 1-|>.i i r
r e s i s t i v i t y , t h e r e f o r e .



dAp(E)
d*

P(ER) K(E,ER) r'R' (*)

(o)

(c)

,1 (b)

«Hi-

Co E i Eo E |

2. Threshold functions

It should be noted that Eq. (5)holds for all energies E that

involve only single displacements. Therefore, once <Mî'p,; is

determined, the damage-rate d;?ta also f,ivc a value for the

Frenkel-pair resistivity o,-. The usuil procedere is tu assure-

a certain shn;-e of the threshold function and then attempt : •

fit to the experimental data by varying the threshold para-

meters. Figure 2 gives a few examples of such threshold

functions. The most sir.?;.

type of function is a sharr-

step at Ej. As mentioned

previously, a sharp thres-

hold is not a realisti.

assurr.pt ion. Even if the

step is confined to a

particular recoil dirêciiz-r..

one expects a snail but

finite width to the thres-

hold, as shovr». ir. Pig. 2:.

A staircase function, as

introduced by Lucasson and «Talker (27), or a linearly increas-

ing function may be used to roughly account for the effects

of the threshold anisotropy. The following observations car.

be made in connection with threshold determination fror, roiy-

crystalline data. First, when a step function or sir.ii.iriy

sharp rising threshold function is used, Eq. (5) generally

implies unreasonably low values for .-p.. Secondly, it is

found that widely different, shapes oi threshold functions c?.n

give a reasonable fit to the experimental data, when .• r is

treated as an adjustable parameter. This means that Eq. v V>

cannot be used to derive P(Ej,) fron polyerystal ! ine dat.t.

However, if Op were known accurately, the data could still

give the minimum as well as an effective threshold enorcv.

As it is, polyerystalline data give.reasonably good values

for the minimum threshold energy E j l n . and PlE^) must be

derived from singli-erystal measurements. In this event. Eq.

(5) is also dependent on the incident direction relative to

the crystal axes. The unfolding procedure beoor.os unite con-

plicated, nevertheless, Jung .nui co-workers tl$,llM li.ive bee:i

able to produce threshold m.ips that give the or iont.it i.m

dependence of the threshold energy in considerable dot.ii!

for T.i (IS) and Cti .nul Pt (19). Lower and Pepper tin have

done s IngIt'-crystal work on Ke, and l.uc.issoii .ind co-workers

(20-2J) luive ,itt.lined d.il.i OIÌ Mi>, Cs, J'n, .nul fd. Tlu- ni.iin

prohlem in determining the threshold anisotropy is t Ii.u iLiin.î i-



is always possible within a cone around the irrac? iat ion direc-
tion. Therefore, even when single crystals aie used, the on-
set of damage is essentially determined b/ the displacement
in the easy directions. This is par t icuîa ri y valid in Cu in
which the minimum threshold regions are al'-.ivs within
20 to 25° from any crystal direction. Juns et .11 . (19)
estimate that the observable e!festive threshold for any lat-
tice direction should be lower than 23 eV in Cu, which i-.m
be compared with E{jin = 19 eV.

For irradiations in which nil direct ions ari- equally
probable and cascade damage calculai ions, :ho relevant
quantity is the average threshold over all cryst.i I lo'.;rap-iii-
directions. It turns out that the .ivor.'.g. threshold :'.j /l"
lies about n factor of 1.5 and 2.2 above tin .^JniRun tisres-
hold, according to the Brookhavon rompuier r.iodei for Cv and
Fe, respectively (1,16). This is i» reasonab ! <• agree-eni
with the observed ratios; 1 . •'* for fee Cu .Kid 2.2 for bec
Ta. Lucasson (15) has recently nade a survey o: liiresiioici
data and adopted the ratio of E|Jv'VK'd

un = ! . •' and 2.2. re-
spectively, for the fee and bec system. Table I list:; sonv
values for Che minimum and average threshold energies. The
latier values a;e recommended for use in dpa calculations (2).

It should be mentioned that hij;h-vr>l t.?!:e r!cciro:i nicro-
scopy (HVEM) has been used recently for threshold delerr.i :; 1-
tions. The high angular resolution and the cap.-ibility :o
work at elevated temperature provide some- inter-'st inj; pos-
sibilities; however, at present, t-.w KVEM tech:, ique requires
additional development before it can yield similar or better
threshold maps than are obtained in (.lie low-temperature re-
sistivity work. For an assessment of the present state 01
the art, we refer to a recent review by Urban (2ft).

Table 1. Atomic Displacement Threshold I'ncTi'.ies (in eV)

Metals

Al Ni Cu A R Au N'b _ 21p_ Ja. „

E™ i n 16 23 19 25 35 36 33 3-'.
o

ß 27 33 29 39 43 78 70 90

l-flîLTlPLE DISrLACrMKNTS

If the primary atom has sufficiently hij',1« energy, il can,

in turn, displace other atoms. With the exception of the re-

gion close to threshold, simple theories of multiple displace-

ment production indiiate that the number of defects v(K,;) is

proportional to tile energy l!|) av.i i l.tb li- for in.ikiiii1, niirlcir

displacements (29,30). The most commonly used theory l\>r



calculating the number of Frcnkol pairs is the modified

Kinchin and Pease nodel (2)

0.8

v(ER) D

2E
avg, (6)

Here the electronic losses 0cj .ire subtracted from the pri-

mary energy to obtain the dan.-ifte energy E Q = E s - o e ] . The

factor of 0.8 reflects the deviations fror, billi.ird-b.iil

scattering and is found ir; analytical treat rient s O l ) .is well

as in computer mudci calculations (32).

When experimental and theoretical d.imse rates ,'irc- cop-

pared, it is useful to introduce- .an efficiency factor •" that

gives the ratio of expérimenta 1-to-thc-oret ical nu-ber of de-

fects

Nexp v(ER)

6Ü0

ti*. 3.

rronke!

or .•.- =

;>cm, which has been derived indopendont ly i rom

(7)

Figure 3 shows the rusher

of Frenkel pairs in aiu.-.inur.

as a function of ree ci I

energy (1) accordine to

Eq. (6) (•: = 1), C ) as

derived by Vol ier.berger

and co-workers (13) fro-.

elecr.ron-irraJia: i."1" re-

sults (solid curve}, a~c

(3) the range of I values

observed in various light-

ion irradiar, ior.s '. ' =

0.52-0.66) (33X. . In the

latter case, the average

PKA energy lies between

200 and -̂ 00 eV. These ef-

ficiency values .v,-.d Yi$.

3 are based on a

pair resist iv ity

dumber of Frenkel Pairs

Produced in Electron (13)

and Ion (3J) Irradiation or Al.

3.9 x 10"1*

diffuse x-ray scattering expo r inert s , (3-iì. In goner.il,
absolute d.im.ii'.i.' r.itos derived tro-n oloot r iiMl-rosist iv i t y
measurements .no not well defined because oi the uncertainties
in the absolute value ol tlie i ronkel-p.i ir resist ivitv in most
metals. This must be kept in niiiul when suoli oorap.ir isons .iro
made, especially since electron irrail Lit i»>ns , w i t li die ex-
ception of aluminum, have not been carried to liiv;li cioucH
énergies for multiple d isp lacement s ro contribute si.cniii-
cantly. As we see in the eise of Al in Kii;. .t, the ef-
ficiencies tor both multiple displacements bv elet-trens and
charged particles tall quit«.1 e lose C^ each other (see Kot .
35) but are significantly below :. = 1.



The exact cause for this smaller damage rate is not
known at present. It appears that more energy than indicated
by Eq. (6) is iequired to displace the second or third a om.
This seems plausible if we remember that most of the ̂ .".ejgy
used to make a stablt Frenkel pair goes into subthrcshold
events in the process of separating the interstitial far
enough from its vacancy to create a stable defect. When one
PKA produces two or three Frenkel pairs, they will be close to
each other and therefore the chance for recombination will
increase. On the average, the separations will have to be
larger to create stable defects in this type of situation
compared with the single displacement process. Therefore,
more energy is required in the production process. The ef-
fects of such spatial correlations are not included in the
simple displacement models. What fraction of the reduced ef-
ficiencies is due to this type of effect is difficult to say.
E^V8 may also be larger than indicated in Table 1. In this
connection, it should be noted that if the threshold data
were analyzed by using the same pp values as in evaluating
charged-particle data, one would in general obtain efficiency
values that are closer to unity than the data shown in Table
2. Here the average efficiencies in p, d and He+ irradiations
(33) ranging from 2 to 20 MeV as well as the corresponding
Pj. values are listed. Since the Coulomb interaction favors low
energy transfers, the average PKA energies in these bombard-
ments lie net far above threshold, although the maximum energy
transfers can produce very energetic cascades. The efficien-
cies are found to be near 0.6 for the metals investigated and
have little dependence on energy. The fluctuations seen in
Table 1 are mainly due to experimental errors rather than some
intrinsic differences.

Metal

Al
Cu
Ag
Pt
Au

Table 2.

Light-ion

0.52-0.66
0.58
0.62
0.57-0.66
0.54-0.63

Damage Efficiencies

Self-ion

0
0

0

.42

.45

.41

PF

(10-1* O-cm)

3.9
2.0
2.1

10.0
2.2

Schittftt and Thomson (33) hnve recently discussoci v.rious
light-ion damage-rate mensurrinents, using the Lindhard theory
to take into account screening effects and elootronn- losses.
Anderson and Sbriniseli (ih) have m.ulo oaroful oharj;iil-p.irt io lo
dama fio-ni to nioa«iironuMiLa whoii irradiatili}» Avi, Aj; .imi Pt with
p, d and llo+ in the MoV region. In principio, thoso oxpori-
ments should have yielded some information on tlio v.ir i.iL ion



of Ç with energy; however, no definitive conclusions could be
drawn because of some uncertainties in the recoil cross sec-
tions caused by nuclear interactions and screening effects,
information on the number of defects produced in vary energetic
cascades is more directly obtained by self-ion bombardment.
Residual resistivity measurements on self-ion cascades have
recently become possible by using thin-film methods (9,10).
The resultant efficiencies for self-ion cascades near 500 keV
in Cu, Ag and Au are indicated in Table 2. The slightly re-
duced efficiency values, compared with low energy PKA's are
similar in magnitude to those found in neutron irradiations
(2). The smaller efficiencies may, in part, be explained by
cascade effects (2,32) and, especially in the case of Au and
Ag, may, in part, only be apparent as a result of the reduced
resistivity contribution from clusters that are formed within
a cascade (37). It should be noted that the significant
electronic losses Qei still introduce considerable uncertainty
into the damage calculations for such energetic cascades.

In summary, we can remark that multiple displacement pro-
duction within a few Ej above threshold is a largely unexplored
areas and some theoretical as well as experimental work in this
area is clearly needed, which would hopefully give us a firmer
basis for underslanding the multiple displacement processes in
energetic cascades. Regarding th.2 values of Ç, it can be said
that the gap between the experiment and the simple multiple
displacement theory has become more narrow ir. recent y^ars.
This has come about through a better understanding of the ef-
fect of realistic scattering potentials (2,31,32), the role of
electronic losses (29,30), and last but not least better
values for the effective threshold energy as obtained from
studies of the threshold anisotropy (14,15).

TEM OF DISPLACEMENT CASCADES

In the past ten years TEM has had considerable impact on
the study of radiation damage in metals. For details of the
applicable methods and more general surveys, the reader is
referred to the recent reviews by Wilkens (8,38), Riihle (39,
40), and Eyre (7).

TEM of Depleted Zones

We shall now be concerned with recoils thai: are suf-
ficiently encrgotic to produce a vacancy-rich region in tlio
center of a cascade, a so-called dopioted zone (•'»!). .ùu-li
depleted zones can have rather high concent rat ions of
vacancies, on the order cl~ several percent (2,3). This con-
figuration may not be stable and may collapso to a muri- or
less planar defect cluster. Ro.jrraiitiomont of v.ic.incii's ih.it
result in cluster formation within the do pio tod zonos i-.ni also



take place through thermally activated migration at finite
temperatures. Most of the TEM work on cascades has been done
near 300 K. The work reviewed in the following, therefore,
refers to room-temperature irradiations, unless otherwise-
specified. Uncollapsed depleted zones usually do not have a
large enough st.rain field to produce a visible TEM contrast.
On the other hand, FIM studies (3,6) can reveal uncollapsed
cascade structures with atomic resolution. ,-JS.D, TEM studies
are complementary to the FIM work uecause TEM ein be used
conveniently to look at more energetic and a greater number
of cascades. This is of importance in view of the statistical
nature o[ a cascade. Naturally, because of the United re-
solution of TEM, cascades are s-sen on a relativeîy coarse- scaie:
Figure 4 shows an Ag foil bombarded with 10-keV Ag+ self-ior.s.

^ "H

200A
"" Cîî.a --•»i«^ "j-ioii- AL.

Fig. 4. Depleted-Zone Clusters in Ag, Produced by 10-keV
Ag"*" Ion Bombardment, (a) Bright field, kineir.aiical and (b)

dark field, (220), dynamical.

The black-spot and black-white contrasts represent collapsed

depleted zones. In this instance, not every incident ion has

produced a visible cascade. Obviously one does not know a

priori that these cluscers are directly produced at depleted

zones. Therefore, we shall, in the following, examine the

conditions for the observation of such cascade structures.

1. As mentioned, the cascade must be in a collapse'.'

state to give sufficient diffraction contrast. The collapse

depends on the displacement densitv within the depleted /ont-.

If this density is low enough, collapse may not take place or

it. might only take place with the aid of some tiberina I .ictiva-

tion. For very high cascade densiries, the cascade may col-

lapse even at temperatures near 0 K. Some evidence for this

is indicated through the work of Howe et al. (ij>. The

random cascade theory (-'i3,-'»•!•) can he taken as a guide l\n~

estimating the displacement density in depleted zones ami its

variation with energy .nul mass.



2, The resultant defect must be stable. If defects are
formed very close to a surface they can be unstable. In
particulcr, glissile dislocation loops can, through image
force interaction, glide through a specimen surface, and there-
fore a large fraction of the initially formed loops may not

be observed.

3. A low dose must be used to prevent mobile defects
from interacting with cascades different from the one in which
they were generated. In self-ion bombardment.«, this condition
is usually fulfilled in the dose range betx^een 10- and

10 1 1 ions/cm2. In recoil damage situations, especially when
bulk samples are irradiated, a mix of depleted zone clusters
and interstitial clusters are sometimes observed even at
relatively low doses. A good indication of the presence of
cascade clusters is given when their numbers are proportional
to the dose. Although this is a necessary criterion it is
not a sufficient condition for observing isolated cascades,
and care must be taken when evaluating data from high dose
irradiations.

A. A minimum of 20 to 30 vacancies must be present to
produce a cluster observable by TEM.

Energy Dependence

The Threshold Function (Yield Factor). Since a few tens
of point defects are neces.-ary for the formation of a visible
cascade, the minimum cascade energy E o for which visible
clusters can be expected must lie significantly above the
threshold energy for atomic displacements. A lower bound for
Eo may be given by the critical defect number given in item 4.
If this is used together with the modified Kinchin and Pease
expression (Eq. 6 ) , minimum energies on the order ,-f 2 to
3 keV are obtained. Indeed, the lowest energies AV which
cascade clusters have been observed lie near this value. For
example, Thomas et al. (45) find E o = 3 keV for self-ion
bombardment of Au, Schober (46) finds cascade clusters in Ag
at 5 keV and above, whereas Häussermann (4 7) observed Cu cas-
cade clusters down to 6 keV.

The energy dependence of the probability for the forma-
tion of visible cascades W(F.j.) is schematically illustrated
in Fig. 5. The cascade energy E c = Kji may either be supplì od
by a self-ion or a recoil atom. In some mot.-ils, each o.-iscado
is visible above a certain energy F.j, i.e., U'(K^) = 1 lor
En 21 l-l (solid lino). In many casos, however, t ho prob-ibM ity
to form a visible cluster per cascade stays voli ho low unity
up to rathor high energies [dashod lino in l'i;.;. =i, vii ich shows
the case of Cu solf-ior. casoados (47)]. Siu-h throsho-Ui func-
tions arc most easily determined by solf-ion lu>nih.irili!u.-nt .



The probability for the formation of a cascade as a function
of cascade energy is then simply given by the yield factor,
i.e., the ratio of the number of observable cascades n to the
number of incident ions W(Eĵ ) = nc/<)>.

However, the first
derivation of such a cas-
cade threshold function
was done by Merk.Ie (48,
49) from a study of the
energy dependence of cas-
cade cluster formation
under light-ion bonb.irdr.t.-nt.
In this work, gold fi Ins
weve irradiated with pro-
tons, deuterons. He"1" and
fission fragments in the
1- to 100-MeV range. Re-
coil cascades vire produced
in this manner so that the
maximum transferred energy
E m a x varied fron 10 keV ro
40 MeV. A cascade cross

section could be measured from the number density N'c of cas-
cades at each energy ac(E) = Nc/N':, where N is the atonic
density. Replacing gCE^) with W(E^) in Eq. (2) and inserting
the Rutherford cross section K(E,E^) = C^/(EmaxER-), then gives

Fig. 5. Cascade Yield Functions.

"s(E> » F
ci f1

max 0 '

max
d E R '

(8)

where C± = 4IT eu Z\ Z\ Mj/CMi + M2) 2, e is the electronic
charge, and Zj, Zj> are atomic numbers of particle and target
atoms. At energies with Fmax > Ej, the details of the thres-
hold function are of no consequence for the value of the
iïiuegral in Eq. (8). Therefore, one can use an effective
threshold energy E-j- when working with Rutherford-typo recoil
spectra, and the integration of Kq. (3) gives for Emax - L;
the simple expression

os(E) =
max

(9)

From t h i s e q u a t i o n , t h e e f f e c t i v e t h r e s h o l d e n e r ^ v l'or Au i-.i
c a d e s was f i r s t d e r i v e d from f i s s i o n - l r.i£K\i*iU irr.t i l i.11 i o n s »•
Au, and a v . i l u e o f E r v25 t o iO keV was o h t a i i u d t r u > , S | i .
T h i s v a l u e w.is l a t e r coniirnii'd bv Ntii;t;W» .nui Oi-ii i^. ' ) in
I o d i n e i r r a d i a t i o n s ot" Au. In R e t . 5J .1 s l i g h t l y h i ^ l u r v. i l



was found. As seen in Eq. (9), apart from the constant C^,
the cascade cross section at high energies depends only on Ej
and E m a x . This is analogous to the atomic displacement thres-
hold, where at high E n i a x the multiple displacement production
Is dependent on E*jvR or, more accurately, on an appropriate
effective displacement energy and not on £"'*".. It should bi?
mentioned that the differences between E o and E-j- have, at
times, not been fully appreciated in the literature (7 ,-'»5, 5< ) .
In addition to this, some caution is necessary when using low
keV heavy-ion experiments for measuremonts of the cascade
threshold function. The following effects have been found by
Merkle et al. (55) to influence the yield factor nc/:.

1. Since the primary atoms in self-ion bor.ibardir.cnts are
usually produced as positive ions, it has been most convenient
to determine the ion dose by neasuring the accumulated electric
charge at the target. This method gives an apparently higher
amount of damage per incident ion if a fraction of the bean
becomes neutralized in charge exchange collisions with the
residual gas in the beam line. Since charge exchange cross
sections enn be as large as 10~!:ï cm- , the pressure ir. a
typical beam line should be in the 10"' Terr range if ihe
neutral fraction is to be kept below 1'.'. Deflection of the

Ion beam just in front of the target cat', be used to measure
the neutral component (47,35).

2. Several yield determinations have been performed with
the beam incident in a channeling direction. Investigations
on Au have bï»en performed by Thomas et .il. ('ó) Au + ions iti
[OCì j direction ) , Högbcrg and Morden (>'•) (Ar, Kr, Xe ions

in {111]), and >k-r!:le et al. (53) (Xe Ions incident in [002 1.
{111} and in a "randan" direction). In Kef. 53 it M S found
that channel inj; influences the yield function prsts.tr i lv its two
ways (soe Fig. (•>} : First', ;!t low enorp.ios (20 keV) . the
yield is s-ignif icant. iy i«t*ro;»sed who" : rr.-idi.t? £»£ j:: .1 ch.iiï-
neïing direct Son. This c w be c-Kpl;s itsod as follows: uruit-r
random incidence, îow-osuTf.y c.ir.i.uîc:: aro contorca w r y c lost*
to the sur f.let". (For os.tnpli?, .) IQ-fcoV i-,i:.r;iJi tsi Ait 5 s f>i'!;i-
tionct! .it '20 A frmn iho stsrf.icf ;icc-i»ril i»»ji to t'to ;'.!;jiii'=i cas-
cati«- theory.) Theroforo» t ho CJHCÌHÌÌ- -̂'.V S i;'.:; i i iiMiii I y
intersect llw ««rf.it't"-, .»tuî ä ho cot l.ipso ^i tho dojsiotod ->'tu-
will tu* in! Uicncoiì bv surf;sco ini or.tct ii«r ». il i;; t?i.un;ïis
that AI tä»r;:o Im/ (•tii-i't'.Si'« .Î .-:r.)!ï cr.iiiT. r.tïhor lU.ui :t

cîtiytc!'. Ss sorru*«t usitîi-r f-tnt!«":--. iiu- iJ»-:»»-»- ("•>>. »iton
:U tttji in .» »-i».»ns»oî i«}t »! Jfo«-t i»»it, i3w sioj»3>-s<.'»S /I-H«- is
, U(H>n tS\-t-U.nti>oHtt;*.. :t! r:«»tto*«(».i! !.if;',*•]' »io;»!h:. .i:ii! th>-

dt'J«loii*il K>';H" c.liî c e t î.*j>r;»* i:ïît' .» sï.ihSi" <'}tt::{iT. Atsi»,
int t'rsl it i;ii.-: liuti .tre sîu»î o u i » f .1 t- .).•:.-. nii- .m.! .î.'i'iv. i ! ,-iä .ü
o r f l o s f l«' t hi- jsurf.tt't* v i l i îî.ivc .i :-ot!«ir%*i! ch-itii'o !'<«r r«-«'i«a-

ion vil h l hi« «îoj>l»-lo«l soin;. Tîwtvî't««'c , .< rovinii o f



instability will b» followed by a region in which the yield
Is higher than in the bulk- The latter region extends up to
depths that are comparable to the range of replacement col-
lision sequences.

The second effect of channeling on the yield is that the
latter increases less rapidly with energy at high energy (see
Fig. 6). This may be understood in part by energy losses
while the ion travels along a channel, thus producing a Less
energetic cascade upon dechanneling, and by the possibility
of transmission through the foil without dechxnneling. Similar
behavior is found in self-ion bombardment of silver. Recent
threshold function determinations by Merkle and Lvles (56)
have indicated that W(E^) = 1 is reached in Ag under random
incidence at E^ "•> 33 keV. This can be compared with che
value of Ej > 50 keV found by Schober (46) in bombardments
along (001J.

For a comparison of self-ion results with the average
recoil cascade, the yield curve produced for random incidence
should be used, except perhaps at very low cascade energies
at which surface effects play a role and the true yield is
expected to be between the random and channeled yield curves.
In any case (Fig. 6) the Au self-ion results are in reasonably
good agreement with the indirectly derived threshold function.

The latter is based on a tvc-
parameter fit to the experi-
mental data; therefore the
recent self-ion data are ex-
pected to give a nore accurate
representation of the yield
function. Figure 6 contains
only one point of the self-ion
yield data of Ref. 45, because,
as the authors indicate, the
other points contained errors
in dose measurement, probably
of the type discussed in item
1 above.

1.0

RANDOM

100

Fig. 6. Probability for Pro-
ducing Visible Cascades in Au
as a Function of Cascade
Energy.

In copper, it was not pos-
sible to derive a threshold
function froin the light-ion
data; however, the cross-section

measurements Indicated (49) that the probability P tor forming
a visible cascade stayed much below unity up ti> rather high
cascade energies, with p v K-p/100 keV. This WJS explained hv
a rather strong splitting into subcase.u!es in the caso of i"u.
The individual suhcascades would then. In gener.il, not eon-
tain sufficient defects to produce a collapsed depleted ione.
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An alternate explanation would be that the vacancy density in
the depleted zones is not sufficiently high to lead to spon-
taneous collapse into a visible dislocation loop. Random ag-
gregation of vacancies by thermally activated motion is likely
to result in a rather disperse distribution of smaller clusters.
as exemplified by computer annealing experiments (57). Self-
ion bombardments by Häussermann (47) have confirmed the low
yields in Cu. The same author has irradiated Cu with Au ions.
In this instance, the yield', are considerably higher and reach
a value close to unity near 70 keV. This behavior follows from
considerations of the displacement density in a cascade. Based
on the random cascade theory (43,44) one would expect a cascade
radius that is smaller by a factor of 2.8 for a Au cascade
compared with a self-ion cascade in copper. This will con-
siderably influence the average vacancy density as well as
the possible subcascade, formation. Some authors [(58) (Cu
ions)and (59) (Zn ions)] have reported yields in Cu that
are considerably higher than found by Häusscrnann (47). The
yield data by the latter author, however, must be considered
more reliable, since Häussermann performed his irradiations
in a vacum of 10~7 Torr and found that the neutral beam
component was <1% of the total beam.

In Al no evidence for collapsed depleted zones has been
found when irradiating with self-ions [Ruault et al. (60) and
Johnson and Ytterhus (61)]; however, when irradiating with Hg
[Norris (62)] or Au [Gomez-Giraldez et al. (63)], small Frank
loops ars observed.

In body-centered-cubic (bcc) metals cascade cluster yields
are generally rather low (62-68). In te no vacancy clusters
have been found after self-ion bombardment (65). Buswell (66)
observed Hg, W, and Zn ion damage in tungsten by TEM and FIM
and found that only a small fraction of the vacancy clusters
collapsed to dislocation loops. This is consistent with
Häussermann's (64) observations of yields on the order of
2 x 10~2 in Au ion-bombarded '•'. An additional compii* .ition
in bcc metals is the loss of glissile vacancy loops to the
surface. This effect makes the yield dependent on the surface
orientation (64). Self-ion bombardments of Mo indicate a
strong influence of interstitial impurities o-i cascade yield
and cluster size (64-68). English et al. (fiS) found tii.it the
yield drops from 1 to 0.2 in 60-keV >lo+ irr.idi;ition e-f Mo
when going from high-purity ni.itori.il to Mo + 1 7 ppm ni t re-gen.
This effect was explained on the basis of the l.irj;e m:sfit
strains associated with interstitial solutes. Theso strains
are expected to have a significant effect on tin1 «.lefocussing
of replacement sequences, which, in turn, reduces the
separation distance between viir.uieies and interst i t i.ils ami
therefore gives rise to an increased probability of



recombination between interstitials and vacancies. The authors
also remark that the impurities may influence the cascade col-
lapse. However, in view of the small concentrations involved,
this effect is not likely to control the observed behavior.

Subcascade Formation. It was first observed by Merkle
et al. (50), that energetic recoil cascades in fission bom-
barded gold could produce several closely spaced defect
clusters. This splitting into subclusters has also been ob-
served in xenon bombarded gold (69), in Au self-ion cascades
(45P70,71), in Ag self-ion cascades (56,72), and in Cu irra-
diated with Au ions (47).

From light-particle irradiations in which recoil cas-
cades are produced, subcluster formation in Au was indicated
at maximum PKA energies >100 keV (49). Subsequent Xe ;on
bombardments of Au showed the onset of subcascade formation
to be between 30 and 40 keV (69). Thomas et al. (45) give
15 keV as the threshold for subcascade formation in self-icn
bombardments of Au when irradiating along [001]. In contrast
to this, our self-ior. irradiations of Au in a random direction
show the behavior indicated in Fig. 7. Here the probabilities

• A- of producing at least one to
three or more subclusters
are plotted as a function of

t.Of- , ^ J cascade energy. A finite
probabilif' for observation
of at least two clusters
exists above 30 keV, a
probability of 0.5 for more
than one cluster is observed
at -vlOO keV, and all cas-
cades show subcluster for-
mation above 200 keV. The
information in Fig. 7 is ob-
tained by direct examination
of the images ot individual
isolated cascades, as seen,
for example, in Fig. S.

The average number of subclusters n increases linearly
with energy in the region from 100 to 300 keV, wich n
£ E^/70 keV, which corresponds to n v Ey/50 keV.

A pronounced tendency for sabcascade formation h.\s. been
reported ford, se If-ion tMscmlo.-. (2.5 to 1 clusters ,u-t 1 >0-
keV Zu Ion (5«»)|. However, those measuii-meius were b.ised on
yield ilotermin.it ions onlv, gIvini* much higher values than
found In other l-.vest tg.it ions ot Cti (-17,•'.')>, .uij .ire also in
contrast to the low yields found tn dlrevt ohserv.it ions or
multiple clusters tor Au on Cu (10 to 151 at 70 ki-V) (-.7).

n = !

- / " ;

/ / / /
n = 4

UJ

100 200
ER(keV)

Fig. 7. The Probability for
Producing n or More Visible
Clusters per Au Self-Ion Cas-
cade.
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200 A * 200Â
Fig. 8. Subcascade Structure Fig. 9. 250-keV Ag Self-Ion
Observed in a 3OO-keV Au Self- Cascades Produced at 523 K.
Ion Cascade.

Therefore, no direct evidence exists, at present, for sub-
cluster formation in copper, except in the dense cascades
produced by Au ions. The explanation for the lev yield and
the absence of subcluster formation in self-ion bombarded ccp-
per must be sought in the incomplete cascade collapse and,
possibly, in the presence of small subcascade regions that
are too small to result in the forcation of a visible cluster.

Since the concept of a subcascade is not without ambigu-
ities, some care mist be taken when relating the observed
splitting into subclusters to the detailed structure of a
cascade as generated. In connection with TEM observations,
a subcascade nay be defined as a finite more or less spherical
region of substantially higher than average vacancy density
within a cascade. If such a region is of sufficient size and
contains a high enough density of vacancies, it meets the
criterion for the spontaneous formation of a visible depleted-
zone cluster. A cascade can therefore give rise to several
subclusters if such a division in several depleted zones takes
place. In addition to clusters, uncollapsed depleted zones
may be present within a cascade.

The basic reason for the splitting into subcascades comes
from the fact that the nuclear collision cross sei-tiws in-
crease with a decrease in onorsy. The densest cascades aro
therefore always produced at low energy. Secondary recoils
of keV energies usually produce damalo rodions that stronglv
overlap and therefore do not i;ivo. riso to individual sulv.is-
cades. But, ns clu- cascade energy i m-roases, the moan tree
path between oiwr>u?t ic collisions also incri-asi-s. This
Pv«Mitually K1.nls to wol 1-soparatfd di-pK'tod jonos. An os[ rome
example for this is fission t'rao.iiiont bomba rJmonf . Siiu-o tho
target atom and tho fission-fragment mass «ire 01 s tini lai



magnitude, we can view a fission fragment as a primary ion
that initiates a very energetic (̂ 100 MeV) displacement cas-
cade. It is well known that spatially well-separated cas-
cades (or subcascades in the present terminology) are formed
in this case (51), and the damage liistribution is quite
similar to the recoil case, as shown in Fig. la. In fact,
many of these secondary recoils produced along the path of
a fission fragment in Au wore sufficiently energetic to pro-
vide the first experimental indication of subcascade formation
(50), or sub-subcascades in the present content. This ob-
servation shows that subcascade formation is a universal
feature of energetic cascades. We can also deduce from ran-
dom cascade theory (44) that considerable fluctuations of
defect densities exist within energetic cascades. In this
theory, the energy deposition for an amorphous solid' is
calculated. When electronic stopping is neglected, a cascade
radius proportional to E2'^ or E for low and high cascade
energies, respectively, is derived, giving a defect density
proportional to E"1 or E~2, respectively. Giver an energetic
cascade to say Ec = 300 keV, it is clear that a secondary
recoil of 30 keV that takes place within this cascade will
produce a local defect density that is at least a factor of
ten higher thar. the average in this cascade. Since such
secondary recoils occur with a finite probability, wo see that
isolated depleted zones can be formed in such energetic cas-
cades. Distinctly separated regions of displacements have
recently also been found in binary collision cascaac cal-
culations (73). The separation into subcascades is aided by
channeling. Bee]er (74) defines quasi-channeling ay chan-
neling over distances <1000 A. In such an event, the primary
or an energetic secondary atom is scattered into a channel
and travels a small distance in the Channel. Upon dechannel-
ing, a subcascade is formed. Atr.cr;pts to correlate the
spatial position of subclustcrs to crystnllographic channel-
ing trajectories have not been conclusive to date ('»5,69).

An important consequence of the Siibcascade fornation is
that interference effects are reduced in very energetic- cas-
cades. The basic subonit of the damage, the :;ubcnscado, stays
the same with increasing energy. As a ronsccjuence, the
separation of intcrst i t ials and vacnncies takes pl.io<» over
the same distances. The high foncent rar ion of ini i-rst i t i.ils
in between subensendes may givo liso to the nueîe.u ion rf
stable interstitial clusters. So fnr nono li.ive been ùlen-
tified in connection with isolated eucrgetif cascades.

Finally, it mu.U be remembered that the Tl.M ohsi-rv.it ions
of depleted zone dusters y.ive only .1 very ri>ui;li ,n><!
simplified view of n cascade. Since only the col l.ipsed cores
of depleted zones arc visible, the sop.iiMt Son of closely



spaced subcascades is exaggerated, and the strong irregulari-
ties on an atomic scale that are seen in machine calculations
and FIM are lost. The recently developed technique of observ-
ing the disordered regions in CU3A1! by TEM gives a more direct
view of the damage volume in energetic cascades (8,75).

Defect Structure

Several TEM imaging techniques have been developed in re-
cent years that allow the characterization of small defect
clusters. Fer details the reader is referred to several re-
cent reviews (7,8,38-40,76-78). Basically, the approach has
been that of computer modeling of images for given defect
clusters and comparing the computer images with experimental
observations. In addition to this, symmetry considerations
have often been used to analyze defect-cluster images.

Standard TEM imaging conditions include kinematical bright

field, dynamical bright field and dark field, weak-beam dark

field, and the out-of-focus technique.

Determination of Defect Type. TEM imaging techniques can
be used to determine the sign of the misfit volume associated
with defect clusters. The nature of large, resolvable dis-
location loops can !••- analyzed by the "inside-outside" method
(76). Cascade clusters are, however, mostly unresolved. In
this case, the black-white contrast method developed by Rühle
et al. (79) is applicable. Under dynamical bright or dark-
field conditions, small defect clusters exhibit characteristic
black-white contrasts; the direction relative to the diffrac-
tion vector depends on the sign of the mis fi., volume. The
direction of the black-white contrast also depends in an
oscillatory fashion on the distance of the cluster to the near-
est surface. Therefore, in general, a mix of black-white con-
trast directions is observed even if only one type of defect
is present, and to determine the Mature of individual defects,
the depth position must be known. This can be measured via the
stereotechnique (39,40). Only in the case where all defeats
have the same sign of the misfit volume nnd lie close to one
surface can one obtain black-white contrasts of only one sign.
This is shown in Fig. Ah, whore 10-keV .\;.".+ cascades were pro-
duced close to the surface and practically all the black-vii:te
contrasts point in the direction cons iston; with the vacancy
nature of the cluster. A number of black-white contrast in-
vestigations have shown that the cascade clusters in An, A.;.
C M , Al, Mo, W, and Co are of the vacancy tvpe (R, ',2. 'tS—'«7, -'.9,
£2-6'»,S0,Sl ) when the conditions for format i 0:1 01" isolateci
cascades are met. In soma cases, interstitial clusters have
been identified Suit in these instances, ih'ses are usually
relatively hij',h ami linearity of cluster density willi dose is
not observed (69,61 ,S:!).



Recently, the so-called 2-1/2 D method for the deter-
mination of the nature of small dislocation loops has been
introduced (83). At present, this method is still ir the
development stage, but it has the possibility of simplifying
the character determination of small defect clusters.

Defect Morphology. TEM contrast experiments can reveal
structural details of the vacancy clusters. It was found
that, in fee metals, ruost vacancy clusters can be identified
as dislocation loops of the Frank type with a Burgers vector
b = 1/3 <111> (7,8). In many instances, the contrast be-
havior shows deviations from the ideal loop contrast. Dis-
sociated Frank loops as well as some incomplete and complete
stacking-fault tetrahedra have been found in Cu, Ag, and Au
(81,46). The tendency to form stacking-fault tetrahedra is
enhanced at elevated temperature (37,òT). On the other hand,
Howe, et al. (A2) have reported formation of Frank loops in
Cu and Au when bombarded with 100-keV 0~ ions at temperatures
as low as 20 K. In self-ion bombardments at energies below
10 keV, some cascades show no preferential direction of the
strain field in Au (45), Ag (46), and Cu (47).

Referring to bec metals, it is found that perfect dis-
location loops are formed in Mo and W. Most of the loops
lie on (110) planes with b = 1/2 <111> (64,67). Such loops
are glissile and can therefore be attracted to the surface by
image forces. The loss of loops through the surface depends
on the surface orientation. From the population of loops
on differently oriented foils, Häussermann (64) concluded
that the loops are formed by a two-step mechanism. Initially,
the cascade collapses to a Frank loop: b = 1/2 <110> on (110).
Then the Frank loop is converted by a shear ± 1/2 <001> into
a perfect loop (b = 1/2 <111>). Which of the two possible
shear components is activated depends on the position of the
adjacent free surface.

Since in these systems the Burgers vector is inclined
to the habit plane of the dislocation loop, the TEM contrast
analysis is fairly complicated due to the multitude of pos-
sible habit planes and Burgers vectors (84). When hep Co is
bombarded with 40 to 60-keV Au ions, vacanry loops with shear
components have b_een found, most of which could be indexed
with b = 1/3 <1120> on {lloo} planes (8).

Size Distribution

Cluster size distributions have boon studied in Au and
Cu by Merkle (49,69), Thomas ft al. (45), I'ronko and Merkle
(70), Hifusscrmnnn (47), and Wilson (58). In An, an increase
in mean cluster size with mean cascade onor^y is observed
(45,49,69). In self-ion irradiations of Au, the cluster size



increases relatively quickly up to i>50 keV. Above this energy,
only a slight increase in mean cluster size with <?nergy occurs.
This is due to the splitting into subcascades, winch proceeds
rather linearly with damage energy. Therefore, the size of
individual subcascades stays almost constant with increasing
cascade energy (85).

In copper self-ion bombardments, Wilson (58) finds no
significant change in the size distribution when going from
30 to 90 keV, which is in agreement with other observations
(49). For Au+ bombardment of Cu, an increase in cluster size
has been found in the region up to 70 keV (^7). '.-.'hen 70-keV
Au ions are incident along a [001] channel, the observed
cluster size decreases with depth below the surface.

Clustering Efficiency. Obviously the number of vacancies
in a cluster can be determined from its geor.etry and size.
Unfortunately, the geometry and size of very small black-spot
defect clusters are not well defined. The measured diac-.eter
is dependent to some extent on imaging conditions (77). Usu-
ally, kinematical conditions are used for imaging (rit;s. -̂ a.
8, and 9), and the measured diameters are reduced by a fact.or
of 1.2 (39). The number of vacancies ir. visible clusters N\-
can be compared with the number of vacancies v'F.-) predicted
by ix modified Kinchin and_Pease model [Eq. (6)]. To this end,
a cascade efficiency £ = l'Jv/v(ER), as in Eq. (7), is defined.

In Au, Ag, Cu and Mo5 cascade efficiencies on the order
of 0.5 or more are observed (69,56,47,6S). In self-ion bom-
bardments of Au, the efficiency stays rather constant in the
energy range to 300 keV, except in the region below 50 keV.
However, in this low-energy region, not all cascades produce
a visible cluster. If the invisible? cascades are also taken
into account, i.e., if the average efficiency per incident
ion is determined, the efficiency values are close
to the values found at high energy. It
should be noted that, in previous déterminâtior.s cf cascade
efficiencies, comparisons wore usually nade with n simple
modified Kinchin and Pease expression in which the nininuir.
threshold energy was used and a1so the factor of 0.8 in Eq.
(6) was neglected.. To be consistent with the prosent defini-
tion of f;, these earlier efficiencies should the re fore be
multiplied by a factor of 1.75 for fee mot.ils.

Recently, yields and efficiencies have als..1 been measured
on cascades produced at elevated temperatures (37,67,71). It
is found that yield and efficiencies -toy rather constant up
to the point where cascade clusters beo.in to dissolve by
thermal evnpor.it ion of v.io.incios. Fhuire I sinews an ex.inple
of an Ag foil irradiated with 250-keV Ai;+ ions .it 5:'3 K.
Individual cascades show sub-cascade format ion .nul re I.itive!v



well-defined, resolved dislocation loops and stacking-fault
tetrahcJra. This more regular appearance of the defect
structure, compared with room-temperature irradiations, in-
dicates that considerable rearrangement of defects within the
depleted zones has taken place at elevated temperature. When
viewing these relatively large and regular clusters, it is
possible to deduce the defect content with a much greater
amount of confidence than would be possible for black-spot
clusters that lie just above the visihility limit. Neverthe-
less, the vacancy content of these high-temperature cascades
is roughly the same as of the ones as found at room tempera-
ture. This gives some confidence to the vacancy values ob-
tained from black-spot size measurements and, at the same
time, shows that the mechanisms for separating vacancies and
interstitials also work very effectively at temperatures
where both interstitials and vacancies are highly nobile.

Apart from looking at the average cascade efficiencies,
it is also possible to examine the distribution of vacancy
content in individual cascades, which ie shown in Fig. 10.
Some of the cascades are seen to contain as many or core va-
cancies than expected from the modified Kinchin and Pease

theory. This is quite re-
markable because it not only
indicates a strong tendency
to form defect clusters but,
in addition, shows that al-
most all of the vacancies
formed in some cascades can
be in the form of large
clusters. This also implies
that no large fraction of
the vacancies and incer-
stitials recombine within the
cascade. Interstitials must,
therefore, be separated at
generation over distances
comparable to or larger than
the size of a depleted zone.
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Fig 10. Distribution in the
Number of Vacancies Clustered
in 250-keV Ag Cascades. It has been argued that

the use of thin films for in-
vestigations of cascade damage favors ehe formation of
vacancy clusters over interstitial c lu.-; tors because inter-
stitials can easilv reach a surface either by dynamic
propagation or by thermal migration. The question that
arises is how many of the intorst it lilt; that etui up at tlu>
surface would, tf produced In the bulk, have been .iMe to
return to the depleted zone, annihilate, ami thus reiim-e the
size of the vacancy cluster. A defect at distance r troii; the



depleted zone of radius ro will return to the depleted zone
with a probability of p v ro/r, if the defect perforas a
three-dimensional random "walk. Typical dcpleted-zone sizes
are below 50 A in radius, and thus, at distances >100 A from
the surface, the influence of the surface on the return
probability of interstitiais should be negligible. However,
for one-dimensional diffusion (Crowdion migration), the return
probability of interstitials is always unity in the ideal
infinite lattice. In this case, the return probabilities may
be strong]y reduced by the introduction of a surface, espe-
cially if the initial separation of the interstitials from
the depleted zone is comparable to the film thickness.

In bulk irradiations the primary damage structures can
be disturbed by freely migrating interstiuials that may form
interstitial clusters and reduce the size of existing vacancy
clusters. Quantitative comparisons between cascade-damage
structures produced in the same recoil spectrum on thin film
and bulk specimens have not been made to date.

Cascade Volume. As previously mentioned, the size of the
small clusters bears no direct relationship to the size of a
depleted zone. However, in addition to producing TEM images
that are due to the strains associated with small defect
clusters, Wilkens and co-workers (8,75) have recently ob-
served the regions of disorder associated with displacement
cascades in order CU3AU. In this work, superlattice re-
flections are used to image local regions of disorder asso-
ciated with depleted zones. The size of these regions
directly relates to the size of those regions within a cas-
cade that contain a considerable amount of disorder.
Depleted zone sizes derived in this manner seem to be in
reasonable agreement with the random cascade theory (86).

The location of the deple!;ed-zone clusters can give some
indication of the transverse extension of a cascade when
several subclusters are formed per cascade. This, together
with the depth distribution cap give the spatial extension of
a cascade, although the sizes of individual clusters a u
only indicative of the number of vacancies in a depleted zone.

Depth Distribution

A number of investigators have used the sterconvthod (40)
to determine the depth distribution of the damago in self-ion
bombardments or irradiations with other heavy ions. Thomas
et al. (45) have irradiated An with Au ions parallel to asini
channeling directions. When bombarding parallel to (001),
these authors find that the tails of the cluster depth dis-
tributions agree rather well with the range data of Whitt^n
(87). Similarly channeled damage depth distributions were



observed in self-ion bombardment of silver (46). When the
primary atom is incident along a channel, it can travel over
distances much larger than the amorphous range. Also, because
a strong tendency for dechanneling exists most self-ions still
have a considerable amount of energy when they are dechanneled.
At this point, a random cascade is produced, and, since the
amorphous range is only slightly larger than the distance to
the center of the depleted zone, the channeled datme.e dis-
tributions essentially agree with the range distriuution of
che channeled ions. Channeled primary atoms are almost never
produced in recjil cascades because the primary atom starts
at a lattice position and is ejected in a more or less random
direction. Tboretore, random incidence must be used when j
simulating recoil cascades by self-ion bombardment. Con- i
siderable difficulties are connected with choosing a truly
random direction, since the critical angles for channeling |
can be on the order of li>° for self-ion irradiations. ;

I
Morris (88), after irradiating into unspecified random

directions, concludes that his data for Au (150-keV Hg+ and j
80-keV Au+ ions) and Cu (150-keV Cu+ and 150-keV Au+ ions)
show good agreement with the random theory. However, the
median cluster depth in Au at 150 keV that was found by Norris
is significantly larger than the mean damage depth in the I
random model (44). The same author finds that the median
cluster depth in Ni bombarded with 150-keV Hg+ ions is a
factor of two smaller than the value obtained from the ran- ;
dorn cascade theory. Since no explanation for this kind of ;
behavior exists, verification of this result seems necessary. j
Merkle and co-workers (70,85) have irradiated Au with self- j
ions in random directions and observed that the damage dis- ;
tributions s.-e centered at considerably larger depths than j
predicted by the random cascade theory. These measurements i
are supported by results from damage depth distribution. j
measurements by means of the channel ing-effect method (70), ,
but are in contrast to TEM stereomeasurements by Ruault et
al. (82) who find reasonably good agreement with the random
cascade theory. The observed deviations from the rar.don
theory way be partly due to some unavoidable channelin;; of
the incident beam; however, it is believed that channeling '
or quasi-channeling of energetic secondaries can also lead
to an increased separation between subensendes. In Cu,
depth distributions of 30-keV sclC-ii'n irradiation damage in
a random direction and along the <110> channel qualitatively
show the effect of channeling or. depth distribution (5S).
However, the cluster-depth distribution in the random
direction is peaked at a considerably snwllor dopth ih.in
predicted by the rnndom theory. In self-ion irrndinttons of
Al, no deplcted-zono clusters .ire observed, hovever, «Jopth



distributions of interstitial clusters that develop at high
dose are in agreement with the random theory (60,61). In
conclusion, we can say th.it the TEM stereo-method is a valuable
tool for looking at damage depth distributions. However, to
date, the experimental conditions have not been sufficiently
controlled (especially the incident-beam direction) to allow
definitive conclusions regarding the magnitude of the
deviations in random cascade size from theory. In a few
instances (Cu and Ni), cluster visibility variatious with
depth may distort the observed distributions.

Channeling

Channeling of the incident beam influences the damage
production mainly in two ways : the damage is deposited over
a greater depth, and a reduction in damage rate is observed.
The former effect has been discussed in the preceeding sec-
tion. Regarding the reduction in damage rate, one must
distinguish between cascade damage (self-ion irradiations in
the 100-keV region and below) and recoil damage (Mght- and
heavy-ion damage in the MeV range). The total number of
displacements produced in a cascade is only slightly influenced
by channeling, since, in general, low-energy heavy particles
dechannel before losing a significant amount of energy. In
addition to this, self-ions may produce displacements in the
channeled condition (89,90). In contrast to this, the number
of energetic recoils produced by a penetrating beam of
particles can be strongly affected by channeling. Here the
steering action of the atomic-row potential prevents the
channeled particle from coming close to the nuclei, thus
eliminati.ig high-energy recoils. The residual damage that is
observed in a perfectly aligned crystal is due to the fraction
of the beam which is not channeled. The latter component is
due to ions scattered by surface atoms and string atoms that
are displaced fron the ideal row via thermal vibrations. The
influence of channeling on the production of cascade clusters
in Au has been investigated by Noggle and co-workers (52,91)
When Au is irradiated with 51-MeV iodine ions, a reduction in
the damage rate by more than an order of magnitude vas found
when going through the [001] axial channel. A similar drop
in damage yield has recently been found in He bombardments
of Au along [001] (71,S5). In tho latter case, the damago is
strongly enhanced near the incoming surf«co. This is due to
recoiling surface atoms that in contiast to the atoms ho low
the surface do not experience a reduction of close nm'lonr
encounters.

TEM observations of cascade clusters have also boon used
to study tho dechanncl ing ;:t stackin;; faules and ruVr«.nwiiis
(69,71,92-94) and to study the energy loss of cliannclod ions
(64).
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COMPARISON BETWEEN CASCADE STRUCTURES OBSERVED
IN NEUTRON AND ION IRRADIATIONS

Following the first black-spot observation by Si]cox and
Hirsch (95) in fast-nuutron-irradiated copper, a great number 1
of TEM investigations of neutron-irradiated metals have» been |
performed. Most irradiations have been dono on bulk specimens j
that were thinned electrochemically after irradiation. Con- '
sequently, in addition to depleted-zonc vacancy clusters,
interstitial clusters are also present in most neutron-irr.i-
diated samples. Ir. copper, the most extensively studied nu-cil
(96-100), the vacancy clusters are always found at che SKI.II!
end of the size spectrum, and the larger loops are invariably
of the interstitial type. The ratio between the number
densities of interstitial ^nd vacancy loops differs widely
among investigations. This is not too surprising since, for
example, differences in impurity level, temperature, samp3 e
size play a role in the interstitial loop nuclear ion. A b.ick-
gound density of small depleted-zone clusters should depend
mainly on the neutron spectrum and linearly on dose. A nearly
linear increase with dose is observed by Makin (96) and Rühlc
(97), and the observed cluster densities por incident neutron
are of similar magnitude. For a quantitative comparison vitii
self-ion result», it is necessary to have, in addition to
careful neutron dosimetry, a good knowledge of the recoil
spectrum. Detailed calculations of the neutron and recoil
spectrum for the Cu irradiations have not been performed,
therefore, relatively rough estimates only confirm the order
of magnitude of agreement (97). It should be noted tliat the
small defect clusters in Cu have not always been observed (100).
Apparently in this instance, depleted-zone clusters lie bo low
the visibility limit. This points out an inherent difficulty

when using Cu as a test case, because here most depletcd-aone !
clusters lie so close ro the visibility limit that small :
fluctuations in the irstrumentsl resolution or reduction of f
the size of existing vacancy clusters by absorption of inter- {
stitials cause a large change in the observed number density !
of vacancy loops. j

This problem does not exist in the case of Au or Ag,
where the cluster size distributions extend well above the-
visibility limit and every cascade above a certain energy
E, produres a visible defect (49,56). Before proceeding to ;
a discussion of the quantitative aspects of damage production \
in Au and Ag, wo shall briefly mention some of the ri1 lovant
findings after neutron irradiation in these and other metals. •
For more detail, the render is referred to some recent re-
views (7,38,39).
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Fig. 12. Recoil Density
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Neutron (48) and 14-MeV Keutron
(107) Bombardment of Au.

Spectra n(ER) = g K(E,ER)î(E)dE. It can be seen that the two
spectra are quite different. In the 14-MeV neutron case, al-
most all of the damage is produced in very energetic cascades.
In particular, it was found (106) that every nonelastic
everr produces a visible, cascade. Since the recoil spectrum
extends well into the region where subcascade formation has
been observed in self-ion bombardment, one also expects sub-
cascade formation under 14-MeV neutron irradiation. This is
indeed observed, as can be seen in Fig. 13. In this figure,
several well-separated cascades are visible, and the splitting
into subcascades is quite obvious. This is in contrast to
the reactor neutron case (Fig. 14) in which on]y a rnall
fraction of the cascades are expected co show subcascade
formation. It should be pointed out that the density of
clusters in Fig. 14 is too high to allow conclusions regarding
the presence or absence of subcascades. It has been suggested
that, from the presence of closely spaced spots, evidence for
subcascade formation is indicated in relatively high dose
14-MeV neutron irradiation of Cu and Nb (105). This con-
clusion is not justified, unless such observations .ire also
made at sufficiently low doses so that individual cascade::
are well separated in space. At least in the case of l'a. the
self-ion results have not shown any evidence of osservali le
subcascades. Although one expects .splitting into SIIIHJSIJJVS
at high cascade energies, this does not necessarily mean rhat
these suticascades are visible hy TKM. Onlv in those cases
in which the probability of forming a visible eascule e luster
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barded Au at 7 x 1015 n/cm2. radiated Au at 6.2 x 10 : 7 n/cr,2

Note subcascade formation. (>1 MeV).

reaches ttis value of unity at reasonably low energy (_<50 to
100 keV) is a readily observable subcascade structure expected.
This behavior is observed in Au and Ag, and TEM evidence for
subcascade formation for both metals has been found after
low-dose, 14-MeV aeutron bonbardr.ent (72,100).

A linear increase in cluster density with Ji-XeV neutron
dose has been found in Au and Ag (72,106). The corresponding
cross section for the formation of visbile cascades rs =
Nc/N£, after reactor and 14-MeV neutron bombardment of Au,
is coupared in Table 3 with the theoretically predicted cross

Table 3. Cascade Damage Cross Sections, Barns (10~-L era")

Neutron „ . , Theoretical _ .
_ Experimental ^ : r; ; : Reterence

Spectrum Elastic Nonelastic Total

Reactor 0.55 0.33 0.27 0.60 (481

14-MeV 3.3 0.56 2.44 3.0 (106)
sections, based on the cascade yield function Jeterrained from
Ion experiments. It is seen that excellent agreement exists
between the theoretical and experimental cascade production
cross sections for the case of reactor neutron and IA-MOV
neutron bombardments.

SUMMARY AND CONCLUSION'S

At present wo have a fairly good understandtm; of tho
displacement threshold and its anisotropy. Mouvver, consid-
erable uni-ertainr los exist regarding the exact sh.ipe of the
threshold function. Although the minimum threshold is known
fairly accurately for a wide class of materials, more knowledge



concerning the effective threshold energy and the energy at
which the threshold function reaches a value of unity is
required. Considerable progress in this arci has beoti nudo
recently by studies of the threshold anisotropy.

Little is known experimentally about the multiple dis-
placements that take place at energies not coo far above
threshold. It is expected th.it the slightly lover than pre-
dicted damage rates in ion irradiations can be understood who:-.
we have a better knowledge of die multiple displacement
processes just above threshold.

TEM studies of cascade damage hn•.••_> yielded a rather con-
sistent picture of the energy dependence and structure of
depleted-zone clusters in a number of metals. In the heavier
fee metals, a significant fraction of the vacancies thai are
expected to be generated in a cascade ."ne found to pre-
cipitate in depleted zones in the form of visible vacancy
clusters, even at elevated temperature. This implies that
vacancies and interstitials can be separated rather efficiently i
in the cascade process. At cascade energies in the 100-keV j
range, a strong tendency toward subcasende formation is found. i

As far as the total number of defects generated is con- |
cerned, the subcasende formation can be viewed as a ;
simplification of the cascade damage at very high cascade I
energies. The repetition of the basic subunit of damage and >
the associated reduction in cascade interference suggest that j
the number of defects generated should be proportional to the 3
damage energy at very high cascade energies. This leaves the |
electronic losses as the major uncertainty in this range. It {
should be emphasized that the split cascade is structurally {
quite different from the single deplctcd-.-îone type found at •
low energy. These structural differences may be expected to '
influence a number of physical properties. The efficient I
separation of vacancies and interstitials in the pure fee
(and at least one bec metal) metals may not take place in ;
alloys and impure metals. This is seen very strikingly by j
the effects of interstitial impurities on cascade cluster ì
yield and efficiency in Mo. !

Finally one finds excellent agreement between the cal-
culated and observed densities of cascade structures in Au
for two widely different neutron spectra. This shows that
accurate predictions of the primary damage can be made when
the conditions fur the formation of damage as a function of
recoil energy are known. In this event, the threshold
function for the formation of visible cascade structures was
relatively well known from the results of ion botv.hardnent s.
Similarly, one may expect that, when it is possible to
determine the threshold function for displacement with



more precision, a closer agreement can be obtained for the
predictions of the Frcnkel-pair damage rates for different
types of irradiations.
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