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Zxperimental evaluation of she neutron sner3zy dependence of the primary dumage state depends
upon a number of theorecical concepts. This state can oaly be observed after low=- or pernaps

ambient-ctemperature, low-fluence irradiations.

The primary recoll energy spectrum, which decer-

mines the character of the displacement cascades, can be calculated i{f dogsimetry has provided an
accurate neutron 3peczrum. A review of axperimental results relating neutron-energy effects shows
that damage enerzy or damage energy crods sectlon has often been a rellable correlation parameter
for primarv damage state expariments. However, the Zforthcoming emphasis on higher irradiacion
temperaturas, more complex alloys and microsecructural evolution has fostered a search for addi-

tional meaningful corraiation paramecers.

[. INTRODCCTION

The sceady progress that has 2een made in the
development of magnetic and imercial confinement
devices has inteasifiied the need for a jparallel
efforz in materials Jdevelopment far fusion
reactors, The basic concepts of radiation dam-
age have veen in place for more than a decade,
and zhe experimental confirmation of many of
thase ideas has been acnieved. Consequently,
emphasis is now being placed upon understandiag
the evolution of microstructures from the pri-
mary damage state afcer long-term esxposure of a
solid to energetic neutrons. Experimentally,
this will be a difficule task for cthe snort and
intermediate terms because we will not have in-
tense neutron sources which produce rfusioa~
reacsor spectra during this cime period.
Instaad, we are furced to rely upon the divarse
coilaction of neutron sources deseribed in the
paper by Holmes and Stroalsund at this confer-
aace {l]. Inasmuch as the microstructures will
avolve under different spectral conditons, they
will be arffected 5y the neutron-energy depen-
dance of the starting point callad the primary
damage state. Thus our immediate goal is to
develop an understanding of how the primary
damage state depends upon the incidenc neutron
energy spectrum. The purposa of this paper is
to review the curraant sctacus af this topic.
Excellent reviews of the subject nave beun pub-
lished vefore [2], so shat this one should noc
be regarded as unique or totally origimal. Many
of the existing reviews are models of claricy
and brevity and the reader should not hesitate
to refar to them.

The most obvious new fzature of the fusion
reactor neutron speccrum Ls its hizhe-enerzy
component Wnich spans energias from 3 to 15 MeV.
Primary atom recoil spactra reflect this
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component in thelr own high-energy components,
and very energetic displacement cascadas occur
as a consequence. 32ombardment of a solid with
kilovolz heavy Lons (23peciaily self tfons) can
creace similar high-energzy cascades so taat
neutron=-=nerzy dependent phenomena are accen
investigated by thils simulacion method. Par~
tinent rasuylts of such 2xperiments will He
mentioned in this review.

Tae next two sections provide an ilactroduction
to the primary damage process, and the ovserv-
able state(s) which derive Zrom it. The dis-
cussion is not entirely limiced co metals aad
allovs. Nonmezals also fuliill a role in fusion
reactors, and their response tu radiaction can be
different from that of metals. Subsequent
sections deal with zhe theorv and experiments
which have been utilized to avaluate corraiacion
oarameters or to investizate the energy depen-
dence we have been discussing. A briaf discus-
sion of some underutilized experimental techni-
cques is included in order to scimulace che
reader’s own imagination. The reviaw zloses
with the author's assessment of che fuCure
course of cthis research efforet.

2. PRIMARY RECOIL SPECTRA

As 3stated in the Iarroduction, the axperinent-
al program of fusion materials development for
irradiacion performance will rely upon several
digsimilar neutron sources. The assential
difference which 1is relevant to intercomparison
of experimental rasults obtained at these
sources is in the primary knock-on atom anergy
spectrun. The size and spatial discributions of
the displacement cascades that avolve from pri-
mary events depend directly on the inicial
kineric anergy of the recoilling atams. This
kinatic emergy, corrected for tha anergy lost
to elactron excitation b¥ all atoms comprising
a cascade, is called the damage energvy. DJanmage
energy has become taa most cammon =orrelation
parameter now in use for comparisom af -




darived from differaat neutron sources. The
importance Jf the recoil energy can be geen
clearly from the results shown in the table
below where recoil anergy discributions and
their corresponding cwntributions to the zotal
damage energy arc given for Nb and Cu spacimens
in £3RI1 (row 7), HFIR, a nypotherical venchmark
fusion reaczor first-wall spectrum (BENCH), and
a "ls MeV” spectrum (actually, 13.3-13.9 MeV).
A complete analysis of the resulzs in the table
can e found elsewhere [3], but it is apparent
chat significant differaaces in damage produc—
cion can exist becween {ission and fusion spec~-
tra a5 well as hetween different Zvpes of
fission reactor spectra. =Examination of recoil
energy groups can aid in the identificacion of
the most significant neutron energy reglon of a
iven soyrce spectrum. This knowledge can, in

sour Sor the simulation of the damage process-
es expected in a specific ragion of a fusfon
reastor. The xind of analvsis described here
has servec 3s one basia for 2stablishing a pro-
gram >f exderimencal evaluation of neucron
energy efizses.

3. THE PRIMARY DAMAGE PROCESS

The ticle of this papar is probably somewhat
misleading as nobody nas vet devised an experi-
mental means of sbserving the primary damage
process. Sxperimental time sczlas begin aftar
the primary damage process, and at best can
detect a steadv-state conaition in the case of
low-temperature, low~fluence experiments, or
some elementary microscructure which has evolved
from the primary damage state owing o defect
migration and intzraction at elevated tempera-
tures.

The first step in che sequeace of events
leading to defect formacion by radiation is
reasonably well understood. Most imtaractious
of Llons, electrons or neutrons with matter are
described in textdooks, and need not »e discuss~
ed further. The axception to this statement
wnich 1s relevant hera is the relative paucity
of thevretical and experimental iaformazicn
concerning algh-enerzy neutron scattering Jross
sections, More will e said about this situa-
tion in another section where the role of dosi-
mecey {n evaluacion 3f neutron enerzy effects (s
considared in more detail.

TABLE L .
Recoll EZnerzy, 2(7), and Damage Energy Distributions, Ep, for YNb and Cu (Ref. 3)

b

Cu

EBRIT=7
Recoil Enezgy % P(T) 2 ED 2 P(D
(keV)

0~ 0.1 3.3 0 57.2
0.1 - 1.0 22.8 2.1 1.4
1.0 - 3.0 40.3 18.8 12,1
5.0 ~ 10 16.4 20.8 6.4
10 - 50 15.9 48.5 11.0
50 -~ 100 0.7 7.3 1.6
200 - Tkax 0.1 2.5 0.3
0 ~-0.1 3.8 1} 63.4
0.1~ 1.0 23.2 1.7 15.0
1.0 - 5.0 35.0 12.1 7.7
5.0~ 10 15.3 14,7 3.4
10 - 50 20.5 50.6 7,6
50 - 100 1.7 14,0 2.0
100 - T 0.5 6.9 0.9

aax

HFIR

BENCH "14 MeV"

% ED i1 ED AT X ED
0 4.4 0 Q.3 0
L1l 20.6 9.5 2.9 0
7.7 30.3 3.9 11.0 a.4

0.9 13.2 4.6 10.1 0.9

30.7 19.8 18.1 21.4 4.8

21.2 2.9 8.9 6.2 4.9
8.4 8.8 64,0 48.1 89.0
0.1 5.5 0 0.2 0

1.3 25.2 0.5 1.5 0
4.5 26.5 2.7 6.1 0.2
6.0 0.3 3.1 6.3 0.4

37.3 19.5 16.7 24.3 4.7
28.4 3.6 9.7 6.9 3.4
22.4 9.4 67.3 54.7 91.3
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A definition af the primary damage 3tace is (n
order at this point. It is the defect configura~
tion which exists after shorte-term annealing
within the cascade hag occurred [4]. At that
time, the primary knock-on atom (P¥A) has alreaady
initiated a cascade of displaced agoms, the dise
placed atoms have created a locally curbulent
region, and the defects in that region have
either anninilated, clustered or migrated from
the cascade to other parta of the lactice., The
goal of experiments i3 to determine the charace
tar of the remaining clusters and the number and
type of free (i.a. unreacted) defects. This in-
formation characterizes the primary damage state.

The high~energy recoil atoms, which table 1
indicates will be for more numerous in fusion
reactcrs than in fission reactors, produce a new
featura in the orimarv damage state~-subcascades.
Calcuiations [3] and 2xperiments [6-8] disclose
that individual displacement cascades do not
continue to evolve with 2ver-increasing dimen=-
sicns as recoll enargies increase. Instead they
tend o be replaced bvy subcascades, and %o
gavelop "extrusions” in various crvstallographic
direczions. Computar simulations of energetic
recoils ia fcc Fe reported by Beeler et al. [3]
illustrate this cransition from a single region
of disorder for each low-anergy PXA (5 10 keV) to
distinet subregions of disorder distributed
along the principal crajectory line of 2 higher-
enzrgy /> 10 keV) recoil atom, EZxperimental
veriffcation of this changeovaer in cthe spatiai
charazcer of displacement cascades has been
provided bv several alectron-microscope inves=-
tigations, for example, those of Merkle [6], and
of the Stuttgarc group (7,8]. To simplify the
experiments, self-ion bombardment was empioyed
in these studies and compared with the resules
of exposure to nzutrons. Incident ion energies
were chasen to span the range over which the
cascades changed appearance. Further discus=
sion of these TEM results is deferred to sec~
tionr six where axperinental techniques are
reviewed.

frem its defialetion, it s obvious that the
orimary damage state will depend upon the cem-
serature during irradiation, tne fluence and the
energy spectrum of the incident particles.
Ixperiments perrormed at liquid-helium cempera-
ture and low fluence are most likely co preserve
the primary damage state because defect migra=
tion and cascade overlap are absenc. But, on
the other nand, solid and zaseous transmutation
sroducts will only be present in such low con=-
centrazions that they will not affect the
development of the primary damage state. The
situation is guite different at the hish
fluences and temperacures of tachnological
incerest. Under conditicas where aevery atom
has beea displaced many times, and the original
latcice has developed a complex microscruczure,
the processes that lead from PXas to the pri-
mary damage stace mav be very differsnt Erom
those at low temperature. In fact it migzht be

asked whether a primary damage state as defined
earlier still occurs in this case. The answer
must be that it does, dut that it {3 no longer
frozen in for us to observe experimentally. In
order to examine the influence of :he micro-
structural chanzes that take place at haigh
fluences and temperatures it will be necessary
to prepare samples containing such defects and
to irradiate them subsequently at low :empera-
tures and [luences. Systematic lavestigations
of this sort have not yet been conducted as a
function of recoll energy, microstructure and
temperature. However, dual ion-beam facilirzies
are now deing ucilized to investigate the con~
sequences of simultaneous helium and displace~
ment production. More complex experiments no
doube will follow.

Unfaortunately, perforaing irradiacions and
measurements 4t helium temperarure presents many
expaerimental problams in most cases, and che
majority Of experiments nave deen carriad out ac
room temperature or above. This oftan means
that the experimental 2pparatus is aimpler,
while the interpretation of resulcs is mors com=
slicatad, and care must be taken co avoid mis-
interpretations. Thus, low~fluences are zener=-
ally emploved so that cascade intaractions can
be avoided. This scill leaves opea the possi-
bilicy that microstructural development within a
cascade will obscure the trye primary damage
state in an experiment performed at elavatad
temperatures.

In view of the inherent difficulties in acZu-
ally observing the primary damage state it seems
necessary to emphasize the goals of such experi-
ments. There are several. The foremost i5 to
aid in the development of models which czan be
used to forecast radiation affects in untested
radiation environments such as a proposed fusion
veactor. The fruilts of cthese invesrnigations
will be demage correlation parametars and pre-
scriptions for describing the startiag poinc of
microstructural evolution.

While the primary damage stats in metials
avolves {rom the initial interactions encom=
passed by the nuciz2ar stopping power, in non-
metalg electronic losses can bes important £o the
generation of defects. The zamma flux which
always accompanies neutron irradiacion further
complicates amalysis. It das been shown that
dynamical charge=-stata phenomena originacing
under lonizing radiacion conditions ars suffi-
cient to create disorder in the nonmetallic
laccice. These affects and tchose associated
with the nature of rhe directional bonding com=
plicate our picture of the primary damage stace
in nonmetals. Nevertcheless, fundamental experi-
ments on this zlass of solids analogous to those
on metals are required. Special materials arob-
lems in fusion reactors have been assessed
recently [9], and should serve as a waraing cthac
the same kind of information about the primary
damage stace is needed as for mecals and allovs.



4. THEORETICAL 3ASIS TOR EVALUATING THE PRIMARY
JAUAGE STATE

Experimencal evaluation of the primary damage
stace ralies heavily on theoretical concepts.
These fall into two categories: those associaced
with the damage process and those which relate
defect structures to pavsical property changes.
Striccly speaking, the latter should not eater
inco the discussion. But since the cholce of
experimental methods is limited, those which
i{ndirectly give evidence of lactice disorder
cannot Se overlooked. For exampla, mechanicale
property measurements aave deen made {13}, buc
a relationship between yield stress and defeat
size and distribuction is needed in order o link
the resulzs t> the primary damage configuration.

The most frequent approach has been fo use
iisplacement rates, aumber of displacements, and
iamage 2nerzy or damage 2nergy cross sectiom in
some compination to correlace equivalent experi-
=ments in different neutron sources. It might be
orthwiile to poiat out here that there can be a
diiference between an axposure unit and a corra-
Lacion parameter. <The former is {ntended o de
used as a normalization factor between axperi-
menes in arbicrary radiation sourcas {7]. The
quantity dpa is in example of an 2%posure unit.
It does not =ake into aczount short-t2rm annea=-
iing, and is 1o~ necessarily expected to match
2xperimental rasults. Models jased upon damage
2nerzy <ross sections however treat this quan~
sity as 2 sarrelation parametar, and we shall
see in a later section that in many cases the
sorrelacion has been successful. The basis for
the damage enerzy model is not without its
shortcomings nowever, decause it is based upon
the L35 theorv [12] and a kaowledge af nuclear
cross sections which is sketchy in some casas.
The L33 theory may tand to underestimate elec-
tronic losses, at least for most of che materials
of interast in fission and fusion reactors. As a
consedquence predicctions dependent upon damage
2nergy cross sections may be untruscworthy.
Therafore, one should anot be surprised if experi=
mental results cannot be correlaced with such a
model. Zxamples of this have been encountered
already, and they reinforce the need for discov-
2ring additional reliable correlation parameters.

The expression below fer the damage enerzy
sro9s seccion (or spacific damage energy), Jpg
illustrates the physical information needed
to utilize it:

‘r -
Sag ":(E>i 74 (B)K (2, T)TL(T)4TCE.
J.

The guanticy TL(T) is the damage e¢nergy. The
summacion over i determines the probabllity that
an incident neutron 3f energy Z cauges a lattice
itom to recoil with 2nergr T due to an interac-
cion whose cross section is J;(E). lIategraction
Jver the Lncident spectrum 3(Z) normaiized o
unic flux compleces the definicion. (It is clear

from this definition that the damage energy
cross section may not be a useful parameter for
intercomparison af radiation effects in nonmetals.
If prior knowledge of the importance of loniza-
tion effects is available, then it shouid de
pessible to predict the usefulness of Ipp ia such
cased. Results for g0, are zn example of the
succesasful application of I3p. It would not work
for alkali nalides, however, ind other poteatial
insulactors need to be assessed in this regard
when an experimental program is launched.

5. ROLE OF DOSIMETRY IN EXPERIMENTAL EVALUATIONS

From the previous discussions it is evident
chat dosimetry plays an important role in the
analysis and interpretation of experimental
results. The major uncercainties occur far
Agutron cross sectisns from L0 o 0 MeV [13],
the energy range of importance for juancitative
interpratation of 2xperiments conducted in
(d, 3e) or (&, Li) sourzes. With respect to the
primary damage state, knowledge of zas produc-
tion or transmutation product rates is net
esgential bYecause the 2xperiments ara performed
at low fluences. However, recoil spectra are
strongly dependent upon aonelastic reactions
induced by high-energy neutrons. Therefore, the
development of dosimetry cechniques for high=
energy neutron sources has become an integral
part of the overall experimental evaluation
program. One of the missing links in the inter-
comparison of axperimental results, is the
availabilicy of standardized dosimecry daca.
Closely relataed to this i3 the uncarcainty about
the required accuracy of the dosimetry informa-
tion. It has been recommended chat sensitivity
studies be performed [l4], so that cheir results
can e used to reevaluate some of che apparent
discrepancies in the literature., “hen we detecr~
nine the sensitivity of materials damage para=-
meters to variations in cross sections and nuc-
laar models we can set limits on the degree of
experimental uncertainty chat can be ccleratad
in various neucron energy intervals. Jne 3£ cthe
virtues of charged-particle damage simulacion
is that ion beams are ralatively mencenergatic
and the flux can be measured quite accurately.

The solution to the dusimetry problems for
nigh=enerzy neutrons will be co 2stablish well-
charactarized reference spectra fov l» MeV and
deutaren stripping sources. Integral Zesting
of nuclear data at these facilities will lead
to the establishment of uniform dosimetry prac=
tices Yy materials scientists. It is mosc
orobabla that the RINS-II {15} at Lawrence
Livermore Laboratory and the (d, Be) sourca at
U.C. -Davis {16] will be selacted to provig2
suitabla referance spectra fer this purpose.
Mulciple fofl analysis, helium accumulaticn
flux monitoring, time~of=7lizht and proton=-
recoil spectrometry zan all »e amplovad f{n these
studies. Other technigues such as solid-state
srack recorders can be tested and developed
concurrently. Already the differences setween



time=of=flight data and =nulciple~foil data for

a fd, 3e) source (l7] have revealed the aigni-
ficance of the low-energy component of the neu=~
cron specrrum close o the target. These regulss
affect the damage energy calculacions and hence
the correlacion with expariments in other neutTon
sources.

T+0 other aspects of dosimetry have a hearing
on the ultimact~ gquality c¢f intercomparisons.
ftirse, the coexiscence gamma flux affects dosi=-
metry foils chrough photareutron and pnotofission
reactions. ‘easurements of gammd spectra and
fluxes may be difficult in themselves but are
necessary for nonmetals cesearch. Second, specilal
problems occur in dealing wich large samples in
sources which exhibit large flux gradients and
rapid spacrial variations in their spectrum.

In view 5f the gaps in our knowledge ciced
above, and the experimental difficulties, the
agraement setween measured and calculated
results which will be discussed in a lacer
seczion is surprisingly gzood. This reinforces
che need for spectrum sensitivity studies 3o as
to reduce dosimetry devalopment to the minimum
necassary.

6, EXPERIMENTAL TECHNIQUES FOR EVALUATION OF
PRIMARY D&MAGE PROCES3ES

The irsenal of availabie experimental techai~-
ques for investigzating defects is quite large.
For the purpose »f studying che primary damage
oJrocess or scacte, tachaiques which directly
image dufects are the most desirable ones. In
addicion, if these techniques can be employed
during an Lirradiacion at low temperature they
becorme 2specially valuable. However, few of the
methods in this category actually have been
developed along these lines for neucron irradia-
cions., ¥Fiald lon microscopy (FIM) and trans-
mission 2lectron microscopy (TEM) are the two
le2adiag candidates. The lacter, in particular,
nas long 2een the pradominant experimenzal
technique for qualitacive and quantitacive
avaluacion of the room-temperature cluster and
cascade phenomena inducad by electrons and ions
as well as neucrons. The feasibility of in situ,
low-temperature TEM studies of displacement cas-
cades should be invescigated. New methods of
imaging and zrowing sophisticaticn in the inter-
precation of diffraction contrast images are
continual reminders of che power of the electron
microscope. The recent work of Seiler et al.
{7] and Jenkins and Wilkena [8] i3 a good exam=-
ple of a developmenc in diffraction contrasc
theory and experiment which makes it possible
s0 study displacement cascades in ordered alloys.
Using Cu®™ lons with enerzies from 5 to 100 keV
the lattar authors were able to image the dis-
ordered region cantered about the displacement
cascade. The sizes of the cascades were com-
pared with the predictions of Sigmund’s (13}
theory and found to agree well. Aiterations ia
cascade shape and the appearance of sub-cascades

for incident ilon 2nergies 2 1) eV were abserved.
Svidence for channeling 2ffacss liaked to reslace-
ment sequences was alse encouncered. Refsrence to
Table 1 reveals that che energy range of che Cu”
lons uged nearly caincides with that of srimary
recoil atoms produced in propased or available
teucron sources. .he informaction developed is
thus directly applicable to the interpretation of
neutron anergzy eifects on cascade formationm.

Field ion microscopy (FIM) with its inherancly
better resolution has Seen used affectively by
Seidman [19} to elucidace the point-defect struc-
ture of displacemeant cascades., This researchn is
complementary to the TEM work and for metals and
alloys has accounted for the cascade defects which
cannot be imagad in che alectron microscope be-
cause they do not collapse to form dislocation
loops. Comparisons of cascades from varisus
neutron irrvadiations have not been reporzad by
FIM speclalists as vet. The studias are pain=-
staking and che statistics are obviously noor,
but the information that can de derived is
invaluable for comparison with the prediczions
9f computer simulation.

Electrical resiscivity measurements have long
been the mainstay of zhe radiacion-damage commu=~
nicy because they can be perinsrmed accurately
and precisely. Used alone, the experimental
results are subject to a variety of interpreca=-
tions. 3But coupled with other experiments they
constitute an important alement of a complete
investigation, The radiation-induced changes in
resistivity, A0, can be utilized along with
accurate fluence measutement3 to determine the
initial damage rates,

ac/ho = opcy,

where Op is the resistivity contribucion per
atomic fraccion of Frenkel pairs, and 74 is the
displacement cross section. [f the aumoer of
defects produced is proportional to the damaze
energy, then two experimentzal damage rates

should scale according to the spectrum averazed
damage energy cro9ss sections fovr the Zwo aautron
spectra lavolved., The rasistivicy changes can

be used also to compare displacement 2fficiencias
with chose pradictad 5y sinple nodels such as a
modified version of chat suggested 5y Kinchia and
Pease [20). Conclusions drawn from these analy-
ses can be misleading, howavar, and dapend upon
the effects of clustariag on the resistivicy per
defect and on the accuracy of the damage energy
cross sections. To some extent resistivicy
recovery experiments caa be emploved to uncover
misiaterpretations. The best recent example of
this 1is in che work of Roberto ez al. {21l who
invescigated isochronal resistivity recovery of i
(d, Be) neutron damage in Cu, Wb and Pt Erom 3
to 400 X. Alchough the major innealing peaks
occur at the same temperatures {or thermal,
fission and (¢, Be) neutron damage in all chree
elements, Roberto ac al. found evidence for
major configurational differzaces in the primary
damage state between the heavier (Pt) and the




lighter (Cu, ¥b) elemeats by comparing fission

to {d, 3e) damage rasults. The increased cascade
stability for high=energy neucrons in 2t was
attributed to increased cluscaring of iater-
stictlals. Evidentlv, the resistivicy per defece
in clusca2rs is about 2qual to that for close
pairs so that the damage production exparizents
failed o disclose an apparentc mass and enersgy
dependence of the primary damage scate. Resis=~
tiviey can also be utilized to detect changes in
the scate of order in order-disorder allovs such
as alpna=brass {22]. These results can be f{nter-
preted in terms of the nuaber of vacancies that
have escaped from cascades, and subsequeatly
anhanced equilibrium vacancy=-diffusion rates at
the Iirradiacion temperature.

K-ray diffuse scattering [23] 1s another effec-
tive means of examining che primary damage state,
sad »f obtaining independent information for com-
oarison with TEM resulets. I highly perfect
single arvstals are available, diffuse inten-
sitias can he extractaed from intensity measure-
ments close to selaeczed 3razg reflectcions. From
these intensities the size distributions of loop-
cyoe defaczs can e deduced and compared with
milar izformation derived from TEM. Post~
radiation x-ray measuraments Oof neutron=
rradiated Cu and b have been reported [24] for
oom temperature, Sut recent low-temperature
asults from Munich nave aot yet been published.
arlier experiments at Julich.[23] demonstrated

ne feasibility >f such measurements at ~4X;
qowever, being electron irradiations the experi-
ments did not simulate neutron damage effects
ralavant to this discussion.
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In situ incernal friction experiments can fur-
u1isn direct evidence of point defects escaping
from cascades through the observed changes in
“Young's modulug. The initial race of modulus
thange can be incerpreted as the race of dis-
location sinning taused by the arrival of point
ldefects at the dislocations. Goldstone and
Parzin {25] carried out neutron 2nergzy dependence
~easyrements of this kiad from 2 o 24 MeV on
copper samples. The results of neutron and
2leceron irradiations were comnarad co datermine
free-iaterstisial producsion cross sections and
neutrcn damage effscsiveness. [t was found chat
while the Zree-ianterstitiai cross section in-
sreased with iacident neucron energy, it re-
mained less chan one percent 2¢ cthe tocal dis-
placement zross section. orzover, the number of
free intarstitials per unit damage energy
decreased with increasing neutron enerzy.

Ocher technigues wnich have been used to exa-
mine the 2nerzs depeadence of primary damage
include lattice parameter change {27], w»ield
strength change [28], superconductor property
change [29], positron annihilation (J0], and the
1ossbauer effeces [31]. Helium accumulation fluy
monictorg are 30 sensitive that helium production
cross sections can be measured for ralagively low
Eluences [32]. Alchough the coaceasrazion of He
atons in low fluence =2xperimeats is aeglizible,

itcampt3 to ogserve the osrimary damage state ac
high fluences will lead zo 1 <onsideration of
the role of He so that knowledg? of the produc-
tion cross sections is imporcant.

Finally, various other techniques fan be
applied to the probliem. The general class of
nyvperfine iaceraction (nfi) experiments which
vields information about local order has deen
rather neglected (33]. Mdssbauer experiments
have been used to some extent, Sut could be
further exploites. Observations of the "missing
recoilless fraction”, for example, might vield
informacion about void nucleation and zrowth as
a function of neutron energy. Optical absorption
and TL measurements, successfully performed during
electron irradiacion [34], might be similarly per-
formed on nonmetals in approoriate ion beams.

The energy spectzum of sputtared ions may 52 found
to contain useful iafcrmation sa cascade ''zempera-
tures” and sizes. This will Zepend upon subse-
quent developments ia the cheory of sputiaring.
Small~angle scattering experiments (x=ray or
neutron) can detact extended defects and warranc
further investigation, too, Since it is zenar-
ally agreed that many technigues should be
brought o béar oa a given problam, the methods
mentioned briefly here are worthy of furctner
consideration and will be the subiect of a

Zuture workshop {35].

7. SIMMARY OF RESULTS OF NEUTRON ENERGY=-
DEPENDENCE EXPERIMENTS

Most of the experiments designed to compare
the effects of fission and fusion reactor neutron
irradiacions have been described ia previous re-
views. For example, the raceat papar by Wiifen
and Stiegler [2] summarizes in fabular form the
experiments veportaed prior to 1977. Their table
raveals that on the basis af damage 2nerzy 2r
damage energy cross section, the agrezement be-
t4een theory and experiment has been within 2
factor of zwo. Poorer agreement was Zound Ior 3
measuremeat cf lattice parameter change ia Mo
[27] after irradiation in RTINS I. ILa this case
the basis Zor comparison was :the paranmeter, dpa;
perhaps correlation with the damage energy cross
section would have been mora succassiul. The
authors' conclusion conceraning an increase ia
the racio of interscitial clusters co free
interscitials with increasiag neutron energy
could be tested by u-ray diffuse scattering
measurements or perhaps FIM experiments.

Continued success using damage energy (or cross
section) for corralation has been reportad in zthe
last two years. Initial damage droduction
have been measured ia Cu, Y¥b, 2t and ia "=
Mo~ (300 ppm Ir) at 4.2 K ia pure Zisstfonm,
sion raacszor, 30- and 40=- MaV (d, 3e) and li=MeV
(RTNS) neutron spectra [36,37]). 1In all 2ases.
scaling In terms of damage energy or damage
anergy cross section produced remarkably good
agreement. The actual damage rates produced oy
30-MeV i(d, 3e) neutrons were abouc 2/3 those
produced by neutroas from the ITNS I (Lli,3 MeV).
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The ennanced~diffysion measurements in alpha
brass mentioned ia che preceding section have
seen extended to studles of °'*U £isalon-fragment
damage. Guinan et al. [3B] showed that the re-
coil speczrum from f£{gsion-fragment damage ls a
bJetcer approximation te a first-wall specirum
than are taose produced by fission reacteor (LPTR)
or 4.3 MeV neutrons. The ratios of free=-vacancy
produczion in Inhe alpha=-brass samples were cor-
rectly predicted on che basis of damage energies,
The use of fission fragments would appear to He
an =ffective means of studying low-fluence
effects. For high~fluences, however, the intro-
duction of solid and gzaseous fission products
could create difflculcies in interpretation of
results.

8. SUMMARY AN CONCLUSIONS

A survey of experiments performed to inter-
compare primary damage processes ln different
neutron spectra indicates that damage energy
cross section is 1 3ood correlation parametsr.
in che worst case, agreemenc between theory and
experiment is within a factor of two. [La other
cases, agreement i{s much closer; this is espe~
cially true of the most receat 2xperiments {21,
36,371, In view af the differences in the
nature of the axparimental measurements, in the
temperatures of irradiation and in the range of
neucron spectra 2mploved the agreement Seems
remarkable. This remains true in spite of uncer=
tainties in aigh~enerzy neutron cross sections
which produce cortesponding uncertainties in the
calculated damage energy cross sections.

from the review presented in this paper the
following conciusions can be drawn:

l. Damaze enerzy is a good latezgrzl correla-
cion parameter Lor experimeats of the kinds
thus far reportad.

2. The resulcs of Lrradiations in neutron
spectra that span zhe energles used to date
should e predictable on the basis of damaga
energy cross sectlon for axperiments of the
xinds previously cerformed.

3. The wvalidicy of damage energzy cross
sectlon as a correlacion parameter for new
classes of measurements and materials is unknown,
and will have to de tested =2moirically.

4. Evaluation of the damage enerzy coucept
should conrinue 3t low temperatures for new
spectra and new classes of measurements. In
addition, studies at low fluences and alevated
temperatures should be parformed to determine
how far damage emergy can be pushed as a useful
correlacion paramecer. The latter investiga=-
tions should include the use of alloys as well
as pure metals and of samples preconditioned by
the prior addition of impurities and/or the
development of microstructuras.

5, The evaluation of primary damage jrocesses
should be extendad to nonmetals as these apecial
materials will play a vital role in some regions

of certain fus{on reactors.

6. Damage energy 2r9ss secticn alIne caanoct
provide the means Zfor predicetinz microscructural
development during an irradiatfon., New 2xperi-
mental techniques or more widespread use of
azisting tecaniques that ire sensitive =0 the
size and spatial 4iscribution of defects in =he
primary damsge state are needed. It Is especially
inportant to develop technigues chat are sensi-
tive to defect structuras whose dimensions are
below the practical resolucion limit of the
transaission electron microscope.

7. Two lines of theoretical inveatigation are
essential to progress in predicting the effects
of neutron irradiation usingz the primacy damage
state as a starting polnt. The first class
should relate primary defect configurations to
the microstructures inco which they evelve. The
second class should relate microstructures to
physical propercies.

Primary damage state experiments will continue
for several vears thnrough utilizazion of (d, 3e)
sources, RTNS-II, fission reactors :nd fon
sources. The recent utilization plan proposed :
for RINS-II [39] contains a tentative list of ;
experiments which suggests the contemporary
views on low-fluence experimental methods and g
objectives. MNearly all of the experimeats ara ¢
to be conducced at 20°C or above, most will raly ;
on the standard techniques mentioned earlier, *
and many are intended to continue 3n investiga-
tion of the primary damage process. The suc- 4
cesses of previous investigacions have undoubtedlv
stimulated the move toward more technologically
ralevant temperatures. Additional data for com-
parison with l4=MeV neutron rasults will be
availaple from coordinated fusion materials
irradiacions (MFE~-I, 1T, IIT) in che ORR. The
contianued Interplay between investlizations of
the primary damage process and of microstructural
avolution will engsure the zrowtnh of a sound
fundamental data base upon which to bulid a
succesaful fusion materials progranm.
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