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DEFECT PRODUCTION BY ENERCETIC PARTICLE BOMBARIMENT®

K. L. Merkle
Materials Scicnee Division
Arponne National Laheoratory

Argonne, Illinois HA0439 I'SA

Energetic-particle irradiation of metals in mos?
results in a rather complex aixture of defect structuren.
This varicty of the microscopic arrangement of the displiced
atoms and the respective vacant latiice site: 1
generally even at low dose and {a the abscence of long- ange
migration of defocts.

4
o
]
T
ou
w
4
L)
.
o
3
”
[+

The present paper is a review of selected aspects of low
dose, low-temperature {rradiation crperimenis, aad elevated=-
temperature esperiments that do not involve the interactio

In

of defects through lonp-ranpe migration. £

T

orther words, we
are concerned here only with the primary danmage state, i.e.,
the situwation that exists affer the energy of the primary
knack—on has been shared with the lattice to the extent that
no excess kinetic energy is retained in the region where d
placcmuntg have taken place.  Since the dvnamical develapment
of rhe cascade takes pliace in times coasiderably shorter
(~10°1'2 g) (1) chan the times required for a defect measure-
ment (>) s), the observed damage state i civ*"ﬁ effocts that
result from the collapse of unsiable defect ceniinurarions.

In elevated-temperature irvadiations some shnr:~tc'm anncaliog
also takes place before the observations arce made.

For discussion in the prescnt paper, wo have selectod
such experiments that scen fo hie most useful o providing o
basis for a quantitative description of the amount and tvpe of
damage which s obfained under a variczy of irradiation voadi-
tions. Therefore, we strongly focus on experiments relating
to the encrpgy dependoence ol doeer production,  ldeallv, one
would like to be able to predict from experimental data the
defect production that s expected for any given frradiatien
condition. At present, such predictions reiy heavily on

*Work suppu|txd by the U, S, Inergy Rescarch and Deve lopeaeal
MAministeation.




theoretical nmadels, as discussed by Robinzon (2. Fuperi-
. ¥

mentally, considerable propress hoss been mnde {a the ob-~

servatrion of cascade defect structures by {icld-ion mirvoe-
scopy (FIM), as discusaed by Seidman (1), and by fransomizsion
electvan microscopsr {TEM) as preseated §n the prosent paper.

Howaever, fow of the comparisons of =meanured Jdefect production
with theor are sufflciently quantitative. s we uhall Jis~

cuss, sigeificant progress has been made recentis §n quant

tng lwwecnoryy damage production, as well as 0 anderstanding
cascade effects, and quantitatively velating casvade pro-

3
duction during ier bombardment o neulron damage vesultx,

The present review consists of Your sections, In the
firse, experimental methods {or det d dinplacemem
threshold are revicwed. In the scoon witiple dis-
placemenis and C orates oBserved registivity
measurements arve examianed.  Th rd oseridien ds g disvarsion
of fon-damape studien of enery: Slaplacerent vancaden by
means of TEM. Finaily, we disc and compare resulis from
TEM studics of fon and neutron damage.

PARTICLE IRZADIATION EXPURIMENTS

Aa-yne ;

A solid may be affected in Two wavs by cnergetic-parti-
cle hombardes

1. Lattice atoms dre sevaved Trom thedir sepular lad

sites; displacement damage is praduced,

PY)
el
-
o
[

2. The irradiacing pariicle can cause chanpes §n ches
3 r
fcal compasition of the targer via fon foplantaiion or Iransn-
mutations.
In the present paper we shall onlvy be conversed with din-

placenent production.

e displacerent production in nest
. ;
3 ;

viewed as 2 fwo-slop provess. B othe Uirsi instance, The iv-
radiating particle (e=, p, 2. d. He™, ctel) interariy with
the nucleus of a latiiae aten. This volliszion procesns faies
place within a shovs fime {(penerally - 107 5). AU the end
of this period, the $i1u§a aitdce acenm [ped 2lom or pri-
mary kanck-on atewm (PRA)] has reveived a ved amount of

¢
kinetic enerpy, but the aftom bBax 2ot lefU ftx vormal
In the second par

of the defevt production proce«s,

x
i

mary ates leaves Ha lattive =site and in zlowed dowan by oo
series of eoliigtions. 17 the enerpy §s xutVicientis hich,

displacement cascade is indziated by he primary atos, in
this canner 2 preat maumher of scoendary dispiacenents can
genevated within a local vegion (fvpically 1000 A n the
Ingtive. Ax monfioncd above, Ehr restdfant deferl siructaes
is obuerved only afrer snome time has pansed and the deteots
gencrated o such an event bave had o chance 1o interact with
cach other.



Basically, as pointed out by Hobinson in the first
chapter of this volume, the PHA production is rather well
known for a wide ranpge of irradiation conditions., Experi-
mestally, the recoil-canerpgy distribution can be ahtained from
measurements of the differential scattering cross section of
the scattered particle, in the cane of olx tic callislons,
via the well-kaown relation By o Page sin TP, Here Eg is
the recoll ewcrgy, ¥m,y = BEOLM-7(N 4 M) ds the max
encrpy transfer boilween a pazt:«lv of mans M, and encrgy E
and a Jattice aton of mass o and Qs the Reattering anaie
in the centor-of-mass svatem.,  For o discussion of aonclasti.
collisions, the reader should refer to Retd. 2.0 in this san-
ner, we can ebtalin the differential recoil cross sertion

ds(ER)!d£R 2 H(K.E:) (1)

[t bl
ot

K(E.KP) given the ﬂ~nado£iiiv that a particle of laboratory
24 : K
enerpy ¥ produces 4 revodl with energy between £y and

¥ 4+ dEy.

Given Bhe aumber of PRA'S per incldent particle and the

PEA energy distribuzion, The acxl slep s the damagp
struciure thal o produced at o given PEA In radi-

aliou-daw4ﬁc erperiments, one {8 interested

vreeoll encrgy from oa fow clectron wolts te 107 oV,
est PEA energies are nor sufficient 1o have at
nently d!&?!dnﬂd fram Its site, but a2 clos spaced inter-
stitial and a vacancy (Frenkel palir) =ay be recombined

Gxne
PR

suth a subthresbiold collinion. As the energy in
single displacencnts hecone possible above the

epergy Eg, and, at still higher enerples, Tirst
placements will be "lﬁwdkﬂJ then dinplacenent

e depleted zone structure, and Vinally splitting into sub-
cascades s uhservcd.
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The description of the damare produced by a given PR

&

involves the total number of defectu produced by this recoll
as well as warious othier paramelers That mav be accceusary
for a complete description of the damage produced. Lot us
assume that the recoll epergy Ep causes, on the average, a
certain number of defects of 3 given tvpe.  This depemds on
the recoil energy and may be dencribed by o dasge-parancter
function g(fg).  The most obvious paraseter of interest s
the average nusber of Freakel pades (1) that are pradoced
by 9 recoil of encrpy L. Other parameters of daterest are,
for cxample, the number of Jdepleted zone clusters or the
nunber of frec interstitials and vacancies that are produced
in o cascade.  This tvpe of appreach has been ased by Becler
{6) angd Parkin and Coland (9) in theerctical dazase caleuta-
tions,  As loup as a specific neasurement exists for the




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

. Given the damage parameter g(Ey) as a function of recoil
eneryey, we can now determine a damage-parameter cross section
for irradiation with a particle of energy E

OS(E) = ! g(EQ) K(E,E )dEL. (2)

R
If, as for example in a reactor, a spectrun of particles (1)
is present we must integrate also over all incident particle
cnergies, and we have

oS = !! 2(E} g(ER) K(E,L‘R) dERdE. (3)

This gives the effective damage~parameter cross section for
the particle spectrum (E).

It is obvicus from Eqs. (2) and (3) that the central
probtlem in damsge producticon is the determination of g(Eg),
in other words, the A-~termination of the number of defects
and defect structures as a function of PRA energy. 1f g(Ep)
is knowm, one can uiivarsally predict the defect~production
cross sections for apyw irradiation for which the incident
particle spectrum ()} and the differential recoil cross
section K(E,ER) are known.

How is one to extract g(ER) from defect-production ex-
periments? One approach is obvious from Eq. (2); a wet of
measurements of ¢, (E) as @ function of energy can yield g(Ep)
by unfolding Eq. (2). This approach is rather limited; it
enly works well if g(Ey) shows a threshold-type bohavior,
i.e., if g changes from O to 1 in a limited energy range.
Examples of this will be given during the discussions of the
threshold displacement experiments and the threshold for ob-
servable depleted zone clusters. The basic difficulety lies
in the fact that energy-dependence measurerunts using mono-
energetic particles can only be done realistically with
charged particles. In this case because of the Coulomb-tyvpe
interaction [K(E.ER) . IIKRT], low-cnergy recoil cevents
dominate and, thercvore, details of the dimage at higher re-
coil energics are extremely difficult to extract from the
experimevtal dara.

A different way of obtaining recoil-enerav-dependent in-
formation is throwelt sclf-jon irradiation.  Figure 1 shows
a comparison between recoil damape and sclf-ion damap o In
light particle irradiations, o mixture of recoil eneryles
ranging from Fy up to I, o is alvavs obtained, but ia self-
ion bumbardment monocacrgetic cascades are produced.,



Therefore, damage

@ parameters arc
@.0,Me" el o/ (n1RECOR CASCADLS directly obtaincd
’.,.—-*'"” . o »Alasa function of

- ~—_. primary energy. in
_— 7] W Eq. (2) E = Ep and
1 cg(E) = g(l:i). Re- ‘
e T e chnely, i apiroach
- useful in studies

. . . . of displacement cas-
Fig. 1. 3Schematic View of Damage Regions plac .
cades. Since the

Produced by Recoil Atoms and Self-lons at A
. damage is in:ir
Various Energies. -
duced quite clese

to the surface, some caution is advisable, especially at low
energies where surface effects might strongly pert :
servations. Another difference between self-ion and

T
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.

damage is given by the fact that seli-ions do not s
a lattice position. Therefore, lattice steerinz e
(channeling and quasi-channeling) mav be =
self~ion irradiarions and such effecss wil
function of the incident direction T

the damage to a surface has limited exp
of self-ion damage to FIM and TIM studies (
recently electrical resistivity measuremen:
cades have also become¢ possible (9,10).
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DETERMINATION OF THE ATOMIC DISPLACEMENT THRESHOLD

The atomic displacement threshold is the p
for defect-production experiments. It is used
damage rates (dpa/s), and. in the theorv of st Nk
ment processes, it has in the past served as a guide in the
selection of the proper inferatomic potential for damage cal-
culations (1).

In the present secticn, we thall onlv be able to touch
briefly on some of the more important sspects of Jdisplacenent
threshold determinations.  For more detailed discussions of
displacement-threshold-cnerpy determinations, the reader
should consult the more comprehensive reviews that have been
published in recent vears (11-15).

The atomic displacement threshold s definea as the
miniaum PKA cnergy nevessaiy to produse a stable frenbel pair.
Since 7 separation of vacaacies amd interstitials procecds
vio atomic replacement chains (-3 considerably bess energy
s required ncar vlose=packed rows 1o pencrate an interstitial
sulficieatlv far from its vacaney 1o prevent sponf.aiicous foe-
combinat ton,  This dependence ot the thresheld energy on



crystal direction, as predicted carlicer by computer calcula-
tions (1,16), has in the past few years found detailed experi-
mental attention (17-22). The minimum threshold encrpy £5°1
has also been found to follow an inverse relationship with
the intecrartomic distance for elements within the same period
of the periodic table (14), as is expected for a replacement
cellisfon mechanism (23).

Threshold-energy determinations are obtained by menitor-
ing the changes in residual electrical resistivity per unit
of dose as a functien of clectron encrgy. Breshold experi-
ments for most materialslhave been periormed on polvervsialline
specimens. Single-cryvstal measurements hove heen made on a
few metals, including Cu, Pr, Mo, Ta, Fe. Co, Zn, and Cé
(17-22). The maximum transicrred energy o, to i nucleus of
mass M, increases with electron energy £ according to Ea,.

o

2E(E + 2 mc )/ Mac”, where ¢ is the velocity of ligihr, and =
is the clectron rest mass. AS Epg. increases, a finite dam-

age rate is observed above a cevtain minfi=zum valee., Displace-
ment threshold enargies are eoften derived {rom the damage rate

versus PKA encrgy data by extrapolation to zero damage.

Although in some mertals, as for cxamp
a recasconably sharp onset of damage is obse
show such a simple behavior., Baver and Soxin (24), tor
{
L

e platinws (13,
rved, others do not
example, find in Cu and \u a lonpg tail of "subrhreshold dam-
age" extending to rvather low displacemen
“subthreshold damage' was shown to be strongly inflineaced by
impurities and cold work (24). As a result of their soaller
mass, light impurity atoms can receive consideradly higher
recoil energics than the host metal and therefore, cause lat-
tice damage at energies substantially below threshota.  Such
an interpretation is supported by the obscrvation ef & zatu-
rable component in the damage rate av low energies (23,24).
Nevertheless, very low minimun shresholds, within extremely
small solid angles around particular directions may exist in
such systems.

ciergices.  This

Rather than using a s.mple cxtrapolation to zero damage,
the approach outlined in the previous section of deriving the
damage-paramcter function from energyv-dependence measurcments
has been used in many instances. Herce the danage parasetor
is the probability for displacement P{Ep), and Eq. (2) hecomes

o(E) = ] P(E) K(E,i) dE,. 4)

Ep

The cross section for displacement o(E) is givea by the
change in Frenkel-paiv concentration Cp per unit dose ;.
When measwred by the residual resistivity change 0, we have
o(E) = dCp/ds = dap/dy 1/vg where PE is the Feenkel-pair
resistivity, therefore,



dap (E) [ . .
“dy = Ve P(ER) K(E.ER) th- (5)
E
R

It should be noted that Eq. (5) holds for all energics E that
fnvolve only single displacements. Therefore, once P{Ip) is
determined, the damage-rate diate also give a value for the
Frenkcl-pair resistivity Op- The usual procednre is to assunc
a certain shaje of the threshold function and then attempr 2o
fit to the experimental data by varving the threshold para-
meters. Figure 2 gives a few examples of such threshoid

functions. The most

fP type of function is a )
(°’|1 (bh. step at Ey. As mentl
{ previously, a sharp th
hold is not a realisti.
Eqg €p . - o
— assumption. Even if :he
(<) (9 step is cenfined to a
“ " j: particular receil directizrn
one expects a small Sus
€0 E, €o E, finite width to the thres-
Fig. 2. Threshoid {unctions hold..as Sho?n fn,:lg' 2=
A staircase function, as
introduced by Lucasson and Walker (27), or a linearlw <

ing function mar be used to roughly account for =
of the threshold anisotropvy. The following obser
be made in connectien with threshold determinaci
crystalline data. F¥First, when a step function o
sharp rising threshold function is used, Eq. (3) g
implies unreasonabiv low values for .p. Secondly,
found that widelv different shapes of threshold func
give a reasonable fit to the experimental data, when o, is
treated as an adjustable parameter. This means that Tg. (35
cannot be used to derive P(ER) from polvervstalline dat..
Hovever, if op were known accurately, the data could =:ill
give the minimum as well as an eifective thresheld eunerav.
As it is, polvervstalline data give reasonably good values
for the minimum thr:shold cnergy EF'T. and PLERY must be
derived from single-crystal measurements.  In this event, Hg.
(5) is also dependent on the incident direction relative to
the crvstal axes. The unfoelding procedure becomes quite com-
plicated, nevertheless, Jung and co-workers (13,19 have been
able to produce threshold maps that give the orieniation
depeadence of the threshold enerpy in considerable detail

tor Ta (18) and Cu and Pt (19).  Lomer and Pepper (17) have
dune single-crvstal work on Fe, and Lucasson and co-workers
(20-22) have attained data on Mo, Co, Zn, and Cd. The main
problem in determining the threeshold anisotropy is thar damage



is always possible within a cone around the irradiation direc-
tion. Thercfore, even when single crystals ave used, the on-
set of damage is essentially determined bs the displacement

in the casy directions. This is particularly valid in Cu in
which the minimum threshold regions are alwavs within

20 to 25° from aay crysial direction. Jung et al. {19)
estimate that the obscrvable effective threshald for any lat-
tice direction should be lower than 23 eV in Cu, which van

be compared with EF'? = 19 eV,

For irradiations in which all directions arc cqually
probable and cascade damage calculations, the relevant
quantity is the average threshold over all crvstallographic
directions. 1t turns out that the average threshold i
lies about a factor of 1.5 and 2.0 above thic ainimunm thres-
hold, according to the Brookhaven computer mod Cu and
Fe, respectively (1,16). This is in reascnable Ggreement
with the observed rativs; 1.4 for fee Cu and 2.2 for bhoc
Ta. Lucasson (15) has recentlv made 2 survey of threshold
data and adopted the ratio of E5 F/ETIM =
spectively, for the fcc and bee system. Table 1 lists some
values for the minimum and average threshold cnerpies.  The
latter values a;e recommended for use ia dpa calculations (2).

It should be meationed that high-veoltape eleciron micro-
scopy (HVEM) has been used recently for threshold determina-
tions. The high angular resolution and tho capability to
work at elevated temperature preovide some Interesting pos-
sibilities; however, at present, tace HVEM techiique roquires
additional development before it can vield similar or betrer
threshold maps than are obtained in the low~temperaturce re-
sistivity work. For an assessment of the present state of
the art, we refer to a recent review by Ucban (28).

Table 1. Atomic_Displacement Threshold lneruies (in el

Metals _

Al Ni Cu Ag Au Nb Mo Ta

E‘;‘”‘ 16 23 19 25 35 36 33 34
1-:2"3 27 33 29 39 43 78 70 90

MULTIPLE DISPLACEMENTS

If the primary atom has sufficiently high vnerpgv, it can,
in turn, displace other atoms. With the exception of the re-
gion close to threshold, simple theories of multiple displace-
ment production indicate that the number of defects v(by) is
proportional to the conergy By available for making nuclear
dizplacements (29,30). The most commonly usced theory for



calculating the number of Frenkel poirs is the modified
Ki{nchin and Pease model (2)
0.8 E
U(E ) = ;E;;E— . (6)

d
Here the clectronic losses Q) are subtracted from the pri-
mary energy to obtain the damape energy Ep = Ey - 0gp.  The
factor of 9.8 refjects the deviations from billiard-bhall
scattering and is found in analvtical treatments (31} as well
as in computer modei calculations (32).

¥hen experimental and theoretical damige rates are com-
pared, it i{s useful to introduce an ¢fficicncy fnc:or T otha:z
gives the ratio of experimental-to~theoretical nuzmber of de-
fecrs

exp e 7

NF 3 v(ER) (7)
1c . T Figure 3 shows the number

of Frenkel pairs in aluminum
al- 6“\3y B as a function of reccil
p energy (1) accordinz to

5 . Ve i Eq. (6) (2 = 1), (2) as

6 ELECTRONS yd derived by Wo Sev

arnd co-workers

4 4 electron-irral:
J sults (solid cu
2 (3) the range of I wvalues
observed in wvaricus light-
o= 500 75 soo Lo irradiations o7 =
®VU  0.52-0.66) (33). In the
ER (eV) latter case, the averase

-~ PKA energy lies betwe
Fig. 3. MNumber of Frenkel Pairs §?2€z:iv48?'i:; 1:;
Np/PKA Produced in Electren (13) 4 1;e bsqeg';n'ﬂ';;‘“r‘;ﬁ
and Ton (33) Irradiation of Al. p sec on g rrvnees
pair resistivicy ot
3.9 x 107" .-cm, which hax been derived independentiv from
diffuse x-ray scnrt‘rinu experimerts, (33, In geaeral,
absolute damaye rates derived rrom electrical-resisrivity
measurcements are aot woll defined because of the unvertaincies
in the absolute value of the irenkel=-pair resisciviey in mest
metals.,  This must be kept in mind when such comparisons are
made, especially since electron irradiations, with the ex-
ception of aluminum, have not been carrvisd to hivh encuch
energfes for multiple displacements to contribute sieniti-
cantly. As we see {n the case of Al in Fig, 35, the of-
ficiencies for both multiple displacemeats by electrons and
charged pavrticles tall quite close to cach other (see Ret.
35) but are signiticantly 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 1equired to displace the second or third a om.
This seems plausible if we remember that most of the wane gy
used to make a stable Frenkel pair goes into subthreshold
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 prcduction 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 sav.
Eng may also be larger than indicated in Table 1. In this
connection, it should be noted that if the threshold data
were anclyzed 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 Het irradiations
(33) ranging from 2 to 20 MeV as well as the corresponding
pr values are listed.Since the Coulomb interaction favors low
energy transfers, the average PKA energies in these bombard-
ments lie nct far above threshold, although the maximum encrgy
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.

Table 2. Damage Efficiencies

£ PF
Metal Light-ion Self-ion (10="* 9-cm)
Al 0.52-0.66 3.9
Cu 0.58 0.42 2.0
Ag 0.62 0.45 2.1
Pt 0.57-0.66 10.0
Au 0.54-0.63 0.41 2.2

Schidtt and Thomsen (33) bhave reccutly discussed virious
light-ion damage-rate measarcments, using the Lindhard tbheory
to take into account screening effects and electronic losses.
Andersen and Sérensen (36) have made careful charged-particle
damage-rate measurements wvhen irvadiating Au, Ag and Pt owith
p, d and et in the MeV region.  In principle, these experi-
ments should have yielded some information on the variation




of £ 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 very encrgetic
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 arc indicated in Table 2. The slightly re-
duced cfficiency values, compared with low energy PRA'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 cf the reduced
resistivity contribution from clusters that are formed withkin
a cascade {37). It should be noted that the significant
electronic losses Qp] still introduce considerable uncertainty
into the damage calculations for such energetic ~ascades.

In summary, we can remark that multiple displacement pro-
duction within a few E3j above threshold is a largely unexplered
area, and some theoretical as well as experimental work in this
area is clearly needed, which would hopefullyv give us a2 iirmer
basis for understanding the multiple dizplacement proresses in
energetic cascades. Regarding the values of £, it can be said
that the gap between the experiment and the simple multiple
displacement theory has become more narrow ir. recent years.
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 nut 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), Ruhle (39,
40), and Eyre (7).

TEM of Depleted Zones

We shall now be concerned with recoils that are suf-
‘ficiently encrgetic to preoduce a vacancy-rich region in Lhe
center of a cascade, a so-called deopicted zone (41).  such
depleted zones can have rather high concentrations of
cacancies, on the order ef scveral percent (2.3).  This con-
figuration may not be stable and may collapse te a more or
less planar defect cluster. Rearrangement of vacancies that
result in cluster formation within the depicted zones can alsoe



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 fellowing, therefore,
refers to room-temperature irradiations, unless otherwise
specified. Uncollapsed depleted zones usually do not have a
large enough st.:ain field to produce a visible TEM contrast.
On the other hand, FIM studies (3,6) can reveal uncollapsed
cascade structures with atomic resclution. .lsa, TEM studies
are complementary to the FIM work uvecause TEM czn be used
conveniently to look at more energetic and a graater number

of cascades. This is of importance in view of the statistical
nature o[ a cascade. Naturally, berause of the limited re-
solution of TEM, cascades are s2en on a relativelv coarse scale:
Figure 4 shows an Ag foil bombarded with 10-keV Ag* seli-ions.
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}ig. 4. Depleted-Zone Clusters in Ag, Produced by 10-keV
Agt Ion Bombardment. (a) Bright field, kinematical and (b)
dark field, (220), dynamical.

The black-spot and black-white contrasts represent coellapsed
depleted zones. In this instance, not every iocident ion has
produced a visible cascade. Obviously one does not know a
priori that these clusters are directly produced at depletod
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 collapsed
state to give sufficient diffraction contrast. The collapse
depends on the displacement density within the depleted sone,
If this densicy is low enovugh, collapse mav not take place ov
it might only take place with the aid of some thermal activa-
tion. For very high cascade densiries, cthe caseade may col-
lapse even at temperatures near O Ko Some evidence tor this
is indicated through the work of Howe et al. (2%, The
random cascade theory (G3,44) can be taken as o gulde for
estimat ing the displacement density in depleted zones and its
varfation with energy and mass.



2, The resultant defect must be stable. If defects are
formed very close to a surface they can be unstatle. 1In
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 rot

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. 1In self-ion bombardments, this condition
is usually fulfilled in the dose range between 16% and
10! jons/cm?. 1In recoil damage situations, especially when
bulk samples are irradiated, a mix of depleted zone clusters
and interstitial clusters are sometimes cbserved even at
relatively low doses. A good indication of the presence of
cascade clusters is given when their numbters are proportional
to the dose. Althouga 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.

4, A minimvm of 20 to 30 vacancies must be present to
produce a cluster obsecrvable by TEM.

Energy Dependence

The Threshold Function (Yield Factor). Since a few tens
of point defects are necesrary for the formation of a visible
cascade, the minimum cascude energy E5 for which visible
clusters can be expected must lie significantly atove 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 at which
cascade clusters have been observed lie near this value. For
example, Thomas et ai. (45) find E, = 3 keV for self-ion
bombardment of Au, Schober (46) finds cascade clusters in Ag
at 5 keV and above, whereas Hiussermann (47) observed Cu cas-
cade clusters down to 6 keV.

The energy dependence of the probability for the forma-
tion of visible cascades W(ER) is schematrically illustrated

in Fig. 5. The cascade cnergy E. = Ep may cither be supplicd
by a self-ion or a recoil atom. In some metals, cach cascade
is visible above a certain energy Ep. d.o., W(ER) =1 ftor

Eg > E; (solid line). In many cases, however, the probability
to form a visible cluster per cascade stavs well below unity
up to rather bigh cncergies [dashed lTine in Fig., 5, which shows
the case of Cu self-ion cascades (47)].  Such threshold fune-
tions arec wost casily determined by self-ion bombardment.



The probability for the formation of a cascade ‘as a function
of cascade energy is then simply given by the yield factor.
X.e., the ratic of the number of observable cascades n. to the
number of incident ions W(ER) = nC/¢.

However, the first
derivation of such a cas-
cade threshold function
I~ — was done by Merkle (48,

49) from a study of the
energy dependence of cas-
cade cluster formation
under light-ion bombardment.
In this work, gold films
wele irradiated with pro-
tons, deuterons, Het and
fission fragments in the
+ 1= to 100-MeV range. Re-
coil cascades ware proiuced
ER ! in this manner so that the
. maximum transferred ener:v
Fig. 5. Cascade Yield Functioms. E . varied from 10 oV o
40 MeV. QA cascade cross
section could be measured from the number densitw N, of cas-
cades at esch energy g.(E) = N¢/XN:, where N is the atomic
density. Replacing g(Eg) with W{Eg) in Eq. (2) and inserting
the Rutherford cross section K(E,ER) = Cj/(EgpaxER*), then gives

Ci Emax 1
Os(E) = Emax [ W(ER) ;73- dER’ (8)
0 R

where C; = 4« et Z% z§ N%/(M1 + M2)2, e is the electronic
charge, and Z;, 2> are atomic numbers of particle and target
atoms. At energies with Fg . > E;, the details of the thres-
hold function are of no consequence for the value of the
incegral in Eq. (8). Therefore, one can use an effective
threshold energy Et when working with Rutherford-tvpe receil
spectra, and the integration of Eq. (8) gives for Ep,. ~ L
the simple expression
Ci
GS(E) > (L/E; - lemax). (9)
max

From this equation, the eflfective threshold enerev for Au cas-
cades was first derived from fission~fracment jrradiations op
Au, and a value of Ep 25 to 30 keV was obtaioed (50,51),

This value was later confirmed by Nogele and Ven {(30) in
lodine ifrvradiations of Au.  Ia Ref. 53 a slightly higher value



was found. As seen in Eq. (9), apart from the constant Cy

the cascade cross section at high encrgies depends oniy on Ep
and E; .. This is analogous to the atomic displacement thres-
hold, where at high Ep,x the multiple displacement production
is dependent on E3V8 or, more accurately, on an appropriate
efiective displacement encergy and not on EMIN, It should be
ment ioned that the differences between Eg and o have, at
times, not been fully appreciatred in the literature (7,45,54).
In addition to this, some caution is necessary when using low
keV hecavy~-ion experiments for measurements of the cascade
threshold function. The following effects have been found by
Merkle et al. (55) to influence the vield factor ng/:.

1. Since the primaryv atoms in self-ion bombardments are
usuvally produced as positive ions. it has been most convenient

to determine the ion dose by measuring the accumulated electric

charge at the target. This method gives an apparcntly 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. Sinco charze cxchange cross
sections can be as large as 10~} S ¢m”, the pressure in a
typical beam line should be in the 1077 Tarr range if the
neutral fraction is :co be kept below 14, Deflectien of the
ion beam just in frent of the target can be used to measure
the neutral component (47,53).

2. Several vield determinations have been performed with
the beam incident in a channeling dircction. Inves tiﬂﬂllo“s
on Au have been performed by Thomas ot al. (43) Au® ions in
(0Ci] direction ), Hogherg and Nordén (54) fAr, Hr, Xe ions
in [111)), aad Merkle et al. (357 (¥e¢ ions 11\1“an in [001},
[111} and in a "random” dircction). In Ref. 33 it was found
that channeling irfluences the yicld function primarily in two
ways {sce Fig. 6): Firso, at low cnergies (20 keV), the
vield is signivicantiy inereased when irradiating in a chan-
acling direction. This can be explaioed as Tellows: under
random incidence, fow-endrgy cascades are centered very close
to the surface, (For example, a 0-keV cancade in Au is posi-
tioned at ~20 A frow the surface according to the random cas-
cade theory.) Therefore., the cascace =mey sipnilicantitiy
Intersect the surface, and the collapse of the depieted zone
rach iors, P iu thowgusht

1o
1 erater, rather phan o

will be influcnced by surface ing
that at these Jow encrpgies o smal

stable cluster, is Yoromed under ramden incidence {590 When
Sreadiating in o chaancling dirveclion, the depleted tone i
formed, open doechanneliog, al semewtust Larges deplin and the
depleted zone can collapse iato o stable clusier.  Alxo,
Intersticials that are sho? wal of g cascade and deposited ot
or cloke to the surfave will have a redoaced elance for reenm-

bination with the depleted 2one. Therelore, & tepion of
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instability will b followed by a region in which the yleld
is higher than in the bulk. The latter region extends up to
depths that are comparable to the range of replacement col-
lision scquences.

The second effect of channeling on the vield is that the
latter increases less rapidly with energy at high energv (see
Fig. 6). This may be understood in part by energzy 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 dechinneling. 3imilar
behavior is found in self-ion bombardment of silver. Rer-ent
threshold function determinations by Merkle and Lvles (55h)
have indicated that W(Eg) = 1 is reached in Ag under random
incidence at Ep ~ 35 keV. This can be compared with the
value of E; > 50 keV found by Schober (46) in bombardments
along (001].

For a comparison of self-ion results with the average
recoil cascade, the yield curve produced for randem incidence
should be used, except perhaps at very low cascade enerzies
at which surface effects play a2 role and the true yvield is
expected to be between the random and channeled vield curves.
In any case (Fig. 6) the Au self-ion results are in reasonablw
good agreement with the indirectly derived threshold function.
The latter is based on a two-

]
parameter fit to the experi-
RANDOM mental data; therafore the
1.0~ — recent self-ion cata are ex-
P .
Vo _ pected to give a2 more accurate
© /Q\\ representation of the vield
4
w / ,/ function. Figure 6 contains
= ask / L/ CHANN:EED = only one point of the self-ion
_7 48, 49 yield data of Ref. 43, because,
7 —"—'5? as the authors indicate. the
/ , O a5 other pcints contained errors
° 50 wo in dose measurement, probably
ER(keV) of the type discussed in item
1 above.

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

In copper, it was not pos-
sible to derive a chreshold
function from the lisht-ion
Energy. : .

data; however, the cross-section
measurements Iindicated (49) that the probability P for forming
a visible cascade staved much below unity up to rather high
cascade energies, with p v Ep/100 keV. This was explained bv
a rather strong splitting {nto subcascades in the case of Cu.
The individual subcascades would then, In general, not con-
tain sufilcieat defects to produce a collapsed depleted zone.




An alternate explanation would be that the vacancy density in
the depleted zones is not sufficiently high to lead to spon-
tanecus 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 aunealing experiments (57). Self-
ion bombardments by Hdussermann (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 densityv as well as

the possible subcascade formation. Some authors [(58) (Cu
ifons)and (59) (Zn ions}] have reported yields in Cu that

are considerably higher than found by Hiusscrmann (47). The
yield data by the latter author, however, must be considered
more reliable, since Hiussermann performed his irradiations

in a vacvum of 10”7 Torr and found that the neutral beam
component was <17 of the total beam.

In A1 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)], smzall Frank
loops arz observed.

In body-centered-cubic (bcc) metals cascade cluster vields
are generally rather low (62-68). In Fe no vacancy clusters
have been found after self-ion bombardment (65). Buswell (6€)
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
Hiussermann's (64) observations of yields on the order of
2 x 107? in Au ion-bombarded ¥. An additional complicatien
in bec metals is the loss of glissile vacancy loops to the
surface. This effect makes the vield dependent on the surface
orientation (64). Self-ion bombardments of Mo indicate a
strong influence of interstitial impuritics on cascade yicld
and cluster size (64.68). English ot al. (68) found that the
yield drops from 1 to 0.2 in 60-keV ot irradiation of Mo
wher going from high-purity material to Mo + 17 ppm nitrogen.
This effect was explained on the basis of the large misfit
strains associated with interstitial solutes. These strains
are expected to have a significant effect on the defocussing
of replacement scequences, which, in turn, reduces the
separation distance between vacancies and interstitials and
thercfore gives rise to an increased probability of
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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
(45,70,71), in Ag self-ion cascades (56,72), and in Cu iria-
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 formatios in self-icn
bombardments of Au when irradiating along {001]. 1In contrast
to this, our self-ion irradiations of Au in a raadom direction
show the behavior indicated in Fig. 7. Here the probabilities

« & of producing at least one to
— i three or more subclusters
are plotted as a function of
cascade ene:'gy. A finite
probabilit for observarion
of at least two clusters
exists above 30 keV, a
probabilit s of 0.5 for more
than one cluster is observed
at 100 keV, and all cas-
cades show subcluster for-
Eq(keV) mation above 200 keVl. The
information in Fig. 7 is ob-
tained by direct examination
of the images of individual
isolated cascades. as seen,

3

for example, in Fig. 3.

o
T

Fig. 7. The Probabilitv for
Producing n or More Visible
Clusters per Au Self-lon Cas-
cade.

The average number of subclusters n increases lincarly
wvith energy in the region from 100 to 300 keV, with n
& ER/70 keV, which corresponds to n ) Ep/50 kev.

A pronounced tendency for suabcascade formation has been
reported for Cu sclf-ion cascades [2.5 to ¥ clusters per 150-
keV Zn ton (57 ]. However, those meidsutements wete hasad on
yield dererminations onlv, glviag much hicher vatues chan
found tn other Lovestluatfons of Cu (37,49, ad are alse in
contrast to the low ylelds toand (o dirsct observat ions ot
multiple clusters for Au on Cu (10 to 157 at 70 keV) (7).
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Fig. 8. Subcascade Structure Fig. 9. 250-keV Ag Self-Ion
Observed in a 300-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 lecw wield and
the absence of subcluster formation in self-ion bombarded cep-
per must be sought in the incomplete cascacde collapse and,
possibly, in the presence of small subcascade regions that

are too small to result in the formation of a visible cluster.

Since the concept of a subcascade is not without ambigu-
ities, some care nmust be taken when relating the observed
splitting into subclusters to the detailed structure of a
cascade as generated. In connection with TEM observatiens,

a subcascade mav be defined as a finite more or less spherical
region of substantially higher than average vacancy deasity
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 cof 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 addicion 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 collisien cross sectiors in-
crease with a decrease In enercv. The densest cascades are
therefore alwavs produced at Jow eneray.  scecondary recoils
of keV energics usually praduce damayge repions that scrongly
overlap and therefore do not give rise to individual subeas-
cades. But, as the cascade energy increases, the mean [ree
path between cncreetic collistons alse increases.  This
eventually leads to well-separated depleted cones.  An estroeme
example for this {s {isslon Urapgment bowbardiment.  Since the
target atom and the fission-fravment mass are of simflar



magnitude, we can view a fission fragment as a primary ion
that initiates a very energetic (v+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 distribution 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 were sufficiently energetic to pro-
vide the first experimental indication of subcascade formation
(50), or sub-subcascades in the present context. 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 fluctuarions of
defert densities exist within energetic cascades. In this
theory, the energy deposition for an amorphous scolid is
calculated. When electronic stopping is neglected, a cascade
radius proportional to E2/3 or E for low and high cascade
enersies, respectively, is derived, giving a defect density
prorortional to E-! or E‘Z, respectively. Giver an energetic
cascade to say E. = 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 thanr the average in this cascade. E&ince such
secondary recoils cccur with a finite probability, we see rhat
isolated depleted zones can be formed in such energetic cas-
cades. Distinctly separated regions of displacements have
recently also been found in binarv collision cascage cal-
culations (73). The separation into subcascades is aided by
channeling. Beeler (74) defines quasi-channeling as 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. Atuempts to correlate the
spatial position of subclusters te crvstallographic channel-
ing trajectories have not been conclusive to date (45,069).

An important consequence of the subcascade formation is
that interference effects are reduced in very energetic cas-
cades. The basic subunit of the damage, the subcascade, stavs
the same with increasing enerpy. As a conscquence, the
separation of intersrtitials and vacancies takes place over
the same discances. The high concentration of interstitials
in between subcascades may give iisce to the nucleation of
stable interstitial clusters.  So far noae have been iden-
tified in connection with isolated energetic cascades,

Finally, it must be remembered that the TEM obscervations
of depleted zone clusters give only a very rough amd
simplificd vicew of a cascade. Since only the collapsed cores
of depleted zones are visible, the separation of closely




spaced subcascades 1s 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 CujAu 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. For 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. 1In addition to this, symmetry considerations
have often been used to analvze defect-~cluster images.

Standard TFM 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 Tvpe., 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 ki analyzed by the "inside-outside” method
(76). Cascade clusters are, however, mostly unresolved. 1In
this case, the black-wvhite contrast method developed by Rinhle
et al. (79) is applicabie. 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 misfi. volume. The
direction of the black-white contrast also depends in an
osciilatory fashion on the distance of the cluster te the near-
est surface. Therefore, in general, a mix of black-white con-
trast directions is observed even if only onc type of defect
is present, and to determine the nature of individual defects,
the depth position must be knowm. This can be measurcd via the
stereotechnique (39,40). Only in the case where all defects
hz2ve the same sign of the misfit volume and lie close to one

i

surface can one obtain black-white contrasts of only one sign.
+

This is showm in Fig. 4b, wiere 10-keV As™ cascades were pro-
duced close to the surface and practically all the black-white
centrasts point in the direction consistent with the vacancy
naturc of the cluster. A number of black-white contrast in-
vestigations have shown that the cascade clusters in A, Ajg,
Cu, Al, Mo, W, and Co are of the vacancy tyvpe (8,42,55-47,59,
©2-64,80,81) when the conditions for formation of isolated
cascades are met. In some cases, interstitial clusters have
been didentificd but in these instances, doses are usually
relatively hipgh and tincaviey of cluster Jdensity with dose is
not observed (69,61,582).




Recently, the sc-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 fcc metals, most vacancy clusters can be identified
as dislocaticn 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 (37,67). On the other hand,
Howe, et al. (42) have reported formation of Frank loops in
Cu and Au when bombarded with 100-keV O~ ions at tempcratures
as low as 20 K. 1In self-ion bombardments at ens2rgies below
10 keV, some cascades show no preferential direction of the
strain field in Au (45), Ag (46), and Cu (47).

Referring to bcc 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, Hiussermann (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>). VWhich 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 (834). When hcp Co is
bombarded with 40 to 60-keV Au ions, vacanry loops with shear
components have been found, most of which could be indexed
with b = 1/3 <1120> on {1100} planes (8).

Size Distribution

Cluster size distributions have been studied in Au and
Cu by Mcrkle (49,69), Thomas et al. (45), Pronko and Merkle
(70), Hiussermann (47), and Wilson (58). 1In Au, an increase
in wean cluster size with mean cascade enerpgy is observed
(45,49,69). 1In sclf-ion irradiations of Au, the cluster size
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increases relatively quickly up to 50 keV. Above this energy,
only a slight increase in mean cluster size with energy occurs.
This is due to the splitting into subcascades, which 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 {rom
30 to 90 keV, which is in agreement with other observations
(49). TFor Aut bombardment of Cu, an increase in cluster size
has hecn found in the region up to 70 keV (47). When 70-keV

Au ions are incident along a [001] channel, the chserved
cluster size decreases with depth below the surface.

Clustering Efficiencv. Obviously the number of -vacancies
in a cluster can be determined from its geometry and size.
Unfortunately, the geometry and size of very small black-spot
defect clusters are not well defined. The reasured diameter
is dependent to some extent on imaging conditions (77). Usu-
ally, kinematical conditions are used for imzging (Figs. da.
8, and 9), and the measured diameters are recuced by a facter
of 1.2 (39). The number of vacancics in visible clusters Ny
can be compared with the number of vacancies v'Ep) predicted
by & modified Kinchin and_Pease model [Eg. (6)]. To this end,
a cascade efficiency € = Nv/v(ER), as in Eq. (7), is defined.

In Au, Ag, Cu and Mo, cascade efficiencies on the order
of 0.5 or more are observed (69,56,47,068)., 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 preduce
a visible cluster. If the invisible cascades are also taken
into account, i.e., if the average cfficiency per incident
jon is determined, the efficiency values are close
to the values found at high energy. It
should be noted that, in previous determinations of cascade
efficiencies, comparisons were usually made with a simple
modified Kinchin and Peasc expressieon in which the mininum
threshold energy was used and also the facror of 0.8 in Eq.
(6) was neglected. To be consistent with the present defini-
tion of £, thesc earlier cfficiencies sheould therefore be
multiplied by a factor of 1.75 for fcc uetals.

Recently, vields and efficiencies have alse been measured
on cascades produced at elevated temperatures (37,67,71). It
is found that vield and efficiencics -tayv rather constant up
to the point wvhere cascade clusters begin to dissolve by
thermal evaparation of viacaacies. Fipgure 9 shows an example
of an Ag foil irradiated with 250-keV Ag+ ions at 53 XK.
Individual cascades show sub-cascade formation and relatively




well-defined, resolved dislocation loops and stacking-fault
tetrzhcdra. 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
wvhere both interstitials and vacancies are highly mobile.

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

theory. This is quite re-

! ! markable because it not oniy
Zost Ny L indicates a Strongatendency
s to form defect clusters but,
§o4_ ‘ : in addition, shows that al-
z | 250 keV Ag most all of the vacaacies
€ o [ F%ggﬁfs formed in some cascades can
a ’ i be in the form of large
goz_ ; ] clusters. This also implies
T ] | that no large fraction of
go'_ | { the vacancies and inter-
[ l stitials recombine within the
o , rascade. Interstitials nust,
0 1000 2000 3000 therefore, be separated at

Ny generation over distances
comparable to or larger than

Fig 10. Distribution in the the size of a depleted zone.

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 che formaticn of
vacancy clusters over interstitial clusters because inter-
stitials can easily reach a surface either by dvnamic
propagation or by thermal migration. The question that
arises is how manv of the interstitials that ead up at the
surface would, {f produced In the bulk, have been dabie to
return to the depleted zone, annihllate, and thus roeduce the
size of the vacancy cluster. A defect at distance r from the



depleted zone of radius r, will return to the depleted zone
with a probability of p » ry/r, if the defect performs a
three—dimensignal random walk. Typical depleted-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 interstitials should be negligible. However,
for one-dimensional diffusinn (Crowdion migration), the return
probability of interstitials is always unity in the ideal
infinite lattice. In this case, the return probabilities may
be strongly 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 interstitials 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 tc date.

Cascade VYslume. As previously mentioned, the size of the
small clusters bears no direct relationship to the size of a
depleted zone. llowever, 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 CujAu. 1In 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 thosc regions within a cas-
cade that contain a considerable amount of disorder.
Depleted zone sizes derived in this manner seem to be in
reasonab’e agreement with the random cascade theory (86).

The location of the depleted-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 car give the spatial extcnsion of
a cascade, althougl the sizes of individual clusters are
only indicative of the number of vacancies in a depleted zone.

Depth Distribution

A number of investigators have used the stereomcthed (40)
to deternine the depth distribution of the damage in self-ion
bombardments or irradiations with other heavy iens. Thomas
et al. (45) have irradiated Au with Au ions parallel to axial
chanueling directions. When bombarding parallel te (001).
these authors find that the tails of the cluster depth dis-
tributions agree rather well with the range data of Whitton
(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, Lecause
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 thar the distance to
the center of the depleted zone, the channeled damnee dis-
tributions essentially agree with the range distrioution of
the channeled ions. Channeled primary atoms aire almost never
produced in recvil cascades because the primary atom starts

at a lattice position and is ejected in a more or less random
direction. Therefore, random incidence must be used when
simulating recoil cascades by self-ion bombardment. Con-
siderable difficultries are connected with choosing a truly
random direction, since the critical angles for channeling
can be on the order of 1u° for self-ion irradiations.

worris (88), after irradiating into unspecified random
directions, concludes that his data for Au (150-keV Hg' and
80-keV Aut ions) and Cu (150-keV Cut and 150-keV Au™ ious)
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
random model (44). The same author finds that the median
cluster depth in Ni bombarded with 150-keV Hgt ions is a
factor of two smaller than the valiue obtained from the ran-
dom cascade theory. Since nc explanation for this kind of
behavior exists, verification of this result seems necessary.
Merkle and co-workers (70,85) have irradiated Au with self-
jons in randem directions and observed that the damage dis-
tributions a e centered at considerably larger depths than
predicted by the random cascade theory. These measuremcnts
are supported by results from damage depth distributior
measurements by means of the channeling-eifect method (70),
but are in contrast to TEM stercomeasurements by Ruault et
al. (82) who find reasonably good agreement with the rondom
cascade theory. The observed deviations from the randonm
thecry way be partly due to some unavoidable chammeling of
the incident beam; however, it is believed that channeling
or quasi-channeling of energetic secondaries can alsoe lead
to an increased seraration betwecen subcascades. In Cu,
depth distributions of 30-keV self-ivn irradiation damage in
a random direction and aleng the <110> channel qualitativelw
show the effect of channeling or. depth distribution (58).
However, the cluster-depth distribution in the random
direction is peaked at a considerably smaller depth than
predicted by the random theory. In sclf-ion irradiations of
Al, no deplcted-zone clusters are observed, however, depth

A hn = e pcaen ag



distributions of interstitial clusters that develop at high
dose are in agreement with the random theory (60,61). 1In

conclusion, we can say that 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. 1In a few
instances (Cu and Ni), cluster visibility variatious with
depth may distort the observed distributions.

Channe. ing

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 scc-
tion. Regarding the reduction in damage rate, one nmust
distinguish between cascade damage (self-ion irradiations in
the 100-keV region and below) and recoil damage (Jight- 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 displacenents 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
eliminatiag 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 fror 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 was found
when going through the [001] axial rhannel. A similar drop
in damage vield has recently been found in le bombardments

of Au along [001] (71,85). 1In the latter case, the damage is
strongly enhanced near the incoming surface. This is due to
recoiling surface atoms that in contiast to the atoms below
the surface do not experience a reduction of close nuclear
encounters.

TEM observations of cascade clusters have also been used
to study the dechaunneling at stacking faults and microtwins
(69,71,92-94) and to study the energy loss of channcled ions
(64).
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COMPARISON BETWEEN CASCADE STRUCTURES OBSERVED
IN NEUTRON AND ION IRRADIATIONS

Following the first black-spot observation by Silcox and
Hirsch (95) in fast-ncutron-irradiated copper, a great nunmber
of TEM investigations of neutron-irradiated mstals have been

Most irradiations have been done on bulk specimens

performed.
Con~-

that were thinned electrochemically after irradiation.
sequently, in addition to depleted-zone vacancy clusters,
interstitial clusters are also present in most neutron-irra-
diated samples. In copper, the most extensively studied motal
(96-100), the vacancy clusters are always found at the small
end of the sizce spectrum, and the larger loops are iavariably
of the interstitial type. The ratio between the number
densities of interstitial .nd vacancy loops differs widely
among investigations. This is not feo surprising since, for
example, differences in impurity level, temperature, sample
size play a role in the interstitial loop nucleation. & back-
gound density of small depleted-zone clusters should depend
mainly on the neutron spectrum and lincarly on desa. A nearly
linear increcase with dose is observed by Makin (96) and Rithlc
(97), and the observed cluster densities per incident ncutron
are of similar magnitude. For a quantitative comparison with
self-ion results, it is necessary to have, in additien to
careful neutron dosimetry, a good knowledge of the recoil
spectrum. Detailed calculations of the necutron and recoil
spectrum for the Cu irradiations have not been performed,
therefore, relativelv rough estimates only confirm the order
of magnitude of agreement (97). It should be noted that the
small defect clusters irn Cu have not always been observed (100).
Apparently in this instance, depleted-zone clusters lic below
the visibility limit. This points out an inherent difficuley
when using Cu as a test case, because here most depleted-zone
clusters lie so close *o the visibility limit that smail
fluctuations in the irstrumentzl resclution or reduction of
the size of existing vacancy clusters by absorption of inter-
stitials cause a large change in the observed number density

of vacancy loops.

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 enecrey
E, produces a visible defect (49,56). Before procecding to
a discussion of the quantitative aspects of damage preduction
in Au and Ag, we shall briefly mention some of the relevant
findinps after neutron irradiation in these and other metals.
the reader is referred to some recent re-

For more detail,
views (7,38,39).
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Quantitative comparisens between ot and ncuviron d
in Au wers made in Refs. (48) and (100).  Ia this instance,
g{& ) = W(Ey) and from Eq. {3) we obtain the cress section
for producing visible cascades og

{ [ $(E) H(‘ ) R(»,FR}dERdE. (10)

The differential cross section K(E,E.} is divided into two

parts, desonding on the Lrpe of collision that occurs between
the neutron and the nucleus

- 'y N
k(h.F ) = (L, + knonol (E.ER) (11)
In elastic scattering events, the tetal amnount of kinetic
energy is conserved, whereas, in nonelastic collisions, the
newtron is initially absorbed into the nucleus followed by the
em.:rsion of onc or aore particles Since thoesae receil cvents
are discussced by Rosinson (2), it sulfices to sav that non-
elastic collisions dominate the defect production ar hipgh
neutron cnergics (10 MeV) and alwavs result in very energetic
cascades for which the average encevpey lies slichtly above
Emnx/ﬁ- Figurce 11 shows the ncutvon spectra used in Refs.
(48) and (1006), and Fipg. 12 gives the corresponding recoil
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(107) Bombardment of Au.

spectra n(ER) = é K(E,Ep)?(E)dE. It can be seen that the two
spectra are quite different. In the l4-MeV neutron case, al-
most all of the damage is produced in very energetic cascades.
In particular, it was found (106) that every nonelastic

evert produces a visible cascade. Since the recoil spectrum
extends well into the region where subcascade formation has
been observed in selfi-ion bombardment, one alsc 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 onlv a small
fraction of the cascades are expected to 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 beea susgesrted
that, from the presence of closely spaced spots, evidence for
subcascade formation is indicated in relatively high dese
14-MeV neutron irradiation of Cu and Nb (105). This coa-
clusion is not justified, unless such observaticns are also
made at sufficiently low doses so that individual cascades

are well separated in space. At least in the case of Ca, the
self-ion resuelrs have not shown aav evidence of observable
subcascades. Althoupgh one expects splitring into subeascades
at high cascade cnergles, this does not necessarily mean rhac
these subcascades are visible by TEM.  Oaly in those cases

in which the probabllicy of forming a vistble cascade ¢luster
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Note subcascade formation. (»>1 MeV).

reaches the 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 arfter
low-dose, l4-MMeV aeutron bombardment (72,106).

A linear increase in cluster density with 14-eV neutron
dose has been found in Au and ag (72,106). The corresponding
cross section for the formacion of visbile cascades Ig =
No/Né, after reactor and l4-MeV neutron bosbardment of Au,

is coupared in Table 3 with the theoretically predicted cross

Table 3. Cascade Damage Cross Sections, Barns (10-%% cn®)
Neutron Ex imental Theoretical Refer
Spectrum ¥perimenta Elastic Nonelastic Total o crence
Reactor 0.55 0.33 0.27 0.60 (48)
14-MeV 3.3 0.56 2.44 3.0 (106)

sections, based on the cascade yield function Jetermined from
ion experiments. It is seen that excellent agreement exists
between the theoretical and experimental cascade production
cross sectious for the case of reactor neutron and l4-MeV
neutron bombardments.

SUMMARY AND CONCLUSIONS

At present we have a fairly good understanding of the
displacement threshold and its anisotropy. However, consid-
erable uncertalncies exist regarding the exact shape of the
threshold function. Although the minimum threshold is known
Failrly accurately for a wide class of materials, more knowledge



concerning the cffective threshold energy and the energy at
which the threshold function reaches a value of unitv is
required. Considerable progress in this arca has bheen made
recently by studies of the threshold anisotropy.

Little is known experimentally about the multiple dis-
placements that take place at energics not too far above
threshold. It is expected that the slightly lower than pre-
dicted damage rates in fon irradiarions can be understood when
we have a better knowledpe of the multiple displacenent
processes just above threshold.

TEM studics of cascade damage have wvielded a rather con-
sistent picture of the energy dependence and structure of
depleted~zone clusters in a number of metals. 1n the beavier
fce metals, a significant fraction of the vacancies that are
expected to be generated in a cascade ave found to pre-
cipitate in depleted zones in the {orm of visible vacancy
clusters, even at elevated temperature. This implics that

vacancies and interstitials can be separated rather efficientis

in the cascade process. At cascade encrgics in che 100-keV
range, a strong tendency toward subcascade formation is found.

As far as the total number of defects generated is con-
cerned, the subcascade formation can be viewed as a
simplification of the cascade damage at very high cascade
energies. The repetition of the basic subunit of damage and
the associated reduction in cascade interference suggest that
the number of defects generated should be proportienal to the
damage encrgy at very high cascade enevrgies. 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 deplected~zone type found at
low energy. These structural differences may be expected to
influence a number of physical properties. The eificient
separation of vacancies and interstitials in the pure fcc
(and at least one bece metal) metals mav not take place in
alloys and impure metals. This is seen verv strikingly by
the effects of interstitial impurities on cascade cluster
yield and efficiency in Mo.

Finally onc 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 wvhen
the conditions for the formation of damage as a function of
recoil energy are known. In cthis event, the threshold
function for the formation of visible cascade structures was
relatively well known from the results of fon bombavdments.
Similarly, one may expect that, when it is possible to
determine the threshold function for displacement with

b amsaW s




more precision, a cleser agrecement can be obtained for the
predictions of the Frenkel-pair damage rates for different
types of irradiations.
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