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experimental evaluation or" che neutron energy dependence or the primary damage scats depends
upon a number of theoretical concepts. This state can only be observed after low- or perhaps
ambient-temperature, low-fluence irradiations. The primary recoil energy spectrum, which deter-
mines the character of the displacement cascades, can be calculated if dosimetry has provided an
accurate neutron spectrum. A review of experimental results relating neutron-energy effects shows
that damage energy or damage energy cross section has oicen been a reliable correlation parameter
for primary damage state experiments. However, the forthcoming emphasis on higher irradiation
ter.peratur.33, more complex alloy3 and nicrostructural avolueion has fostered a search for addi-
tional meaningful correlation paranecers.

i. I:;TRODI;CTIO:I

The steady prograss chat has been made in the
development of magnetic and inertial confinement
devices has intensified the need for a parallel
effort in materials development for fusion
reactors. The basic concepts of radiation dam-
age have been in place cor store than a decade,
and che experimental confirmation of many of
these ideas has been achieved. Consequently,
emphasis is now being placed upon understanding
the evolution of microstructures from the pri-
mary damage scaee after long-term exposure of a
solid to energetic neutrons. Experimentally,
this will be 3 difficult task for the short and
intermediate terms because we uill not have in-
tense neutron sources which produce fusion-
reactor spectra during this time period.
Instead, we are forced to rely upon the diverse
collection of neutron sources described in the
paper by Holmes and Straalsund at this confer-
ence [I!. Inasmuch as the aicrostructures will
evolve under different spectral conditons, they
will be affected by the neutron-energy depen-
dence of the starting point called the primary
damage state. Thus our immediate goal is to
develop an understanding of how che primary
damage state depends upon the incident neutron
energy speccrum. The purpose ot this paper is
to review the current status of this topic.
Excellent reviews of che subject have be-in pub-
lished before [21, so c!:At this one should not
be regarded as unique or totally original. Many
of the exiscing reviews are models of clarity
and brevity and the reader should not hesitate
to refer to them.

The most obvious new feature of the fusion
reactor neutron spectrum is its high-energy
component which spans energies from 3 to 15 IteV.
P-inary atom recoil spectra reflect this
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component in their own high-enersy components,
and very energecic displacement cascades occur
as a consequence. 3ombardir.ent of a solid with
icilovolc heavy ions (especially self ions> can
create similar high-energy cascades so ciiac
neutron-energy dependent phenomena are often
investigated by chis simulacion aeehod. Per-
tinent results of such experiments will be
mentioned in this review.

The next cwo sections provide an introduction
to che primary damage process, and the observ-
able state(s) which derive from it. The dis-
cussion is not entirely United to metals and
alloys. .Vonraesals also fulfill a role in fusion
reactors, and their response -.0 radiation can be
different from that of mecals. Subsequent
sections deal with che theory and experiments
which have been utilized co evaluate correlation
parameters or to investigate the energy depen-
dence we have been discussing. A brief discus-
sion of some underutilized experimental techni-
ques is Included in order to stimulate the
reader's own imagination. The review closes
with the author'3 assessment of che fucure
course of this research effort.

2. PRIMARY RECOIL SPECTRA

A3 stated in che Introduction, che experiment-
al program of fusion materials development for
irradiacion performance will rely upon several
dissimilar neutron sources. The essential
difference which is relevant to interconparison
of experimental results obtained at these
sources is in the primary knock-on atom energy
spectrum. The sise and spatial distributions of
che displacement cascades chac evolve from pri-
mary events depend directly on the initial
kinetic energy of the recoiling atoms. This
kinetic energy, corrected foe che energy lost
to electron excitation by all atoms comprising
a cascade, is called che damage energy. 3ana;e
energy has become che "rose common correlation
paramecer now in use for comparison of results

MASTER
tP



derives iron different neutron sources. The
isoortance jr the recoil energy can be seen
clearly from the results shown in the table
below where recoil energy distributions and
their corresponding contributions co the total
damage energy arc given for Nrb and Cu spaciaens
in E3RII (row 7), HFIR, a hypothetical benchmark
fusion reactor first-wall spectrum (3EXCH), and
a "14 >!eV spectrum (actually, 13.5-14.9 MeV).
A co-piece analysis of the results in the table
can be found elsewhere 13), but it is apparent
that significant differences in damage produc-
tion can exisc between fission and fusion spec-
tra as veil as between different types of
fission reactor spectra. Examination of recoil
energy groups can aid in the Identification of
the most significant neutron energy region of a
given source spectrum. This knowledge can* in
turn, facilitate the choice of a neutron jr ion
source for the simulation of the damage process-
es expected in a specific region of a fusion
reactor. The kind of analysis described here
has serves as one basi3 for establishing a pro-
graa >f experimental evaluation of neutron
energy effects.

3. THE PRIMARY DAMAGE PROCESS

The title of this paper is probably somewhat
misleading as nobody has yet devised an experi-
mental means of observing the primary damage
process. Experimental time scales begin after
the primary damage process, and at best can
detect a steady-state condition in the case of
low-tenperature, low-fluence experiments, or
some elementary aicrostructura which has evolved
from the prisiary damage state owing to defect
migration and interaction at elevated tempera-
tures.

The first step in the sequence of events
leading co defecc formation by radiation is
reasonably well understood. Most interactions
of lona, electrons or neutrons with matter are
described in textbooks, and need not be discuss-
ed further. The exception to this statement
which is relevant here is the relative paucity
of theoretical and experimental information
concerning high-energy neutron scattering cross
sections. More will be said about this situa-
tion in another section where the role of dosi-
necry in evaluation M neutron energy directs is
considered in more detjil.

TABLE 1

Recoil Energy, ?(T), and Manage Energy Distributions, E D > for lib and Cu (Ret. 3)

EBRIT-7 HFIR BENCH "14 MeV"
Secoll Energy

(keV)

0 - 0.1

0.1 - 1.0

1.0 - 5.0

5.0 - 10

10 - 50

50 - 100

100 - T . . .

S P(T)

3.3

22.8

40.3

16.4

15.9

0.7

0 .1

* £D

0

2.1

18.8

20.8

48.5

7.3

2.5

X P(T)

S7.2

11.4

12.1

6.4

11.0

1.6

0 .3

X E D

0

1.1

7.7

10.9

50.7

21.2

8.4

: P O )

4.4

20.6

30.3

13.2

19.8

2.9

8.3

2 E D

0

0.5

3.9

4.6

18.1

3.9

64.0

S P(T)

0.3

2.9

11.0

10.1

' 21.4

6.2

48.1

X

0

0

0

0

4

4

89

CD

.4

.9

.3

.9

.0

Cu

0 - 0.1

0.1 - 1.0

1.0 - 5.0

5.0 - 10

10 - 50

50 - 100

100 - I

3.3

23.2

35.0

15.3

20.5

1.7

0.5

0

1.7

12.1

14.7

50.6

14.0

6.9

63.4
15.0

7.7

3.4

7.6

2.0

0.9

0 .1

1.3

4.5

6.0

37.3

23.4

22.4

5.5
25.2

26.5

10.3

19.5

3.6

9.4

0

0.5

2.7

3.1

16.7

9.7

67.3

0.2

1.5

6.1

6.3

24.3

6.9

54.7

0

0

0.

0.

4.

3.

91.

2

4
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A definition of the primary damage 3Cace is in
order at this point. It is che defect configura-
tion which exists after short-term annealing
within she cascade has occurred [i]. Ac Chac
time, che prinary knock-on atom (?KA) has already
iniciaced a cascade of displaced aeons, che dis-
placed acorns have created a locally turbulent
region, and ch« defects in chac region have
richer annihilated, clustered or migrated from
che cascade co other parts of che lattice. The
goal of experiments is Co determine che charac-
ter at che remaining clusters and che number and
type of free (i.e. unreacced) defects. This in-
formation characterizes che primary danage stace.

The high-energy recoil atoms, which cable 1
indicaces will be cor more numerous in fusion
reactors than in fission reaccors, produce a new
feature in che primarv damage state—subcascades.
Calculations [3j and i.tperi.-aencs (6-3! disclose
that individual displacement cascades do noc
continue co evolve with ever-increasing dimen-
sions as recoil energies increase. Instead they
tend co be replaced by subcascades, and Co
aaveljp "extrusions" in various cryscallographic
directions. Cocipucer simulations of energetic
recoils in fee re reported by 3eeler et al. [5]
illustrate this transition from a single region
of disorder for each low-energy PKA (SlOkeV) co
distinct subregions of disorder distributed
along che principal trajectory line of 3 higher-
energy <~ 10 keV) recoil atom. Experimental
verification of this changeover in che spatial
character of displacement cascades has been
provided by several electron-microscope tnves-
tigations, for example, those of MerScla [6], and
of che Stuttgart group [7,81. To simplify th«
experiments, self-ion bombardment was employed
in these studies and compared with the results
of exposure to neutrons. Incident ion energies
were chosen co span che range over which che
cascades changed appearance. Further discus-
sion of chese TEM results is deferred to sec-
tion six uhere experimental techniques are
reviewed.

From ics definicion, it is obvious that the
primary damage state will depend upon the tem-
perature during irradiation, the cluenct and the
energy spectrum of che incidenc particles.
Experiments performed at liquid-helium tempera-
Cure and low fluence are nose likely to preserve
che prinary damage stace because defecc migra-
cion and cascade overlap are absent. But, on
che other hand, solid and gaseous cransmucacion
produces will only be present in such low con-
centrations that they will noc affecc the
development of the primary damage scate. The
situation is quite different at the high
fluences and temperatures of technological
inceresc Under conditions where every aeon
has been displaced many times, and che original
laceice has developed a complex microscructura,
che processes Chac lead from PKA3 Co the pri-
mary damage scacs may be very different from
those at low temperature. In face ic might be

asked whether a primary damage state as defined
earlier still occurs in this case. The answer
must be that ic does, but chac ic is no longer
frozen in for us co observe experimentally. In
order eo examine che influence of che micro-
structural changes thac cake place at high
fluences and temperatures it will be necessary
Co prepare samples containing such defects and
Co irradiate them subsequently at low tempera-
tures and fluences. Systematic investigations
of this sore have noc yet been conducted as a
function of recoil energy, microscruccuce and
temperature. However, dual ion-beam facilities
are now being utilized to investigate the con-
sequences of simultaneous helium and displace-
ment production. More complex experiments no
doubc will follow.

Unfortunately, performing irradiations and
measurements at helium cesiperacure presents many
experimental problems in most cases, and che
majority of experiments have been carried out at
room cemperacure or above. This ofcen means
that che experimental apparatus is 3impler,
vhile che interpretation of results i3 nora com-
plicated, and care muse be taken co avoid sis-
incerprecacions. Thus, low-fluences are gener-
ally employed so chac cascade interactions can
be avoided. This still leaves open che possi-
bility that microstructural development within a
cascade will obscure che true primary damage
stace in an experiment performed ac elevaced
temperatures.

In view of che inherent difficulties in actu-
ally observing che primary damage scate lc seems
necessary to emphasize the goals of such experi-
ments. There are several. The foremost is to
aid in the development of models which can be
used co forecast radiation effects in untested
radiation environments such as a proposed fusion
reaccor. The fruits of these investigations
will be damage correlation parameters and pre-
scriptions for describing the starting point of
microstruccural evolution.

While the primary danage stace in mecals
evolves from che inicial interaccions encom-
passed by che nuclear stopping power, in non-
aecals electronic losses can be important to the
generation of defects. The gamma flux vhich
always accompanies neutron irradiation further
complicates analysis. Ic has been shown chac
dynamical charge-state phenomena originacing
under ionizing radiation conditions are suffi-
cient Co create disorder in the nonmetallic
lattice. These effects and chose associated
wlch che nature of the directional bonding com-
plicate our picture of che primary damage scace
in nonmecals. Nevertheless, fundamental experi-
ments on this class of solids analogous to chose
on metals are required. Special materials prob-
lems in fusion reactors have been assessed
recencly [9], and should sent as a warning chac
che same kind of information abouc che primary
damage scate is needed as for mecals and alloys.



i. THEORETICAL BASIS FOR EVALUATING THE ?XI&«Y

DAMAGE STATE

Experimental evaluacion of the primary damage
stace relies heavily on theoretical concepts.
These fall into two categories: those associated
wich the damage process and chose which relate
defect structures to physical property changes.
Strictly speaking, the latter should not encer
into the discussion. 3uc since the choice of
experimental methods is limited, those which
indirectly give evidence of lactice disorder
cannot be overlooked, ror example, mechanical-
prspercy measurements have been made [10!, but
a relationship becween yield scress and defect
size ar.d distribution is needed in order co link
che results co che primary damage configuration.

The nose frequent approach has been to use
displacement rates, number of displacements, and
damage energy or damage energy cross section in
some combination to correlate equivalent experi-
ments in different neutron 3ources. It mighc be
•••orthwhile to point out here that there can be a
Jiiference becween an exposure unit and a corra-
'.acion parameter. The former is intended to be
used as a normalization factor becween experi-
ments in arbicrary radiation sources [7]. The
quantity dpa is in example of an exposure unit.
It does not take inco accounc short-term annea-
ling, and is not necessarily expected to macch
experimental resuics. Models based upon damage
energy cross seccions however creac this quan-
tity as a correlation parameter, and we shall
see in a lacer section thac in many cases the
correlation has been successful. The basis for
the damage energy model is not without ics
shorccomings however, because it is based upon
the LSS theory [12! and a knowledge of nuclear
cross sections which is sketchy in some cases.
The LSS theory may tend to underestimate elec-
tronic losses, at least for sosc of che macerials
of inceresc in fission and fusion reactors. As a
consequence predictions dependent upon damage
energy cross sections may be untrustworthy.
Therefore, one should not be surprised if experi-
mental results cannot be correlated with such a
model. Examples of this have been encountered
already, and they reinforce the need for discov-
ering additional reliable correlation parameters.

The expression below for the damage energy
cross section (or specific damage energy), -nr
illustrates the physical information needed
to ucilize it:

-3E (a)7 r1(E)Kl(E,T)TL(T)dTdE.

The suancity TL(T) is the damage energy. The
iucunaeion over 1 determines che probability that
an incidenc neutron of energy E causes a lattice
aeon to recoil with energy T due co an interac-
tion whose cross section is 7j_(£). Integration
over the incident speccrum *(E) normalized to
unit flux completes the definition. It is clear

from this definition that the damage energy
cross section may noc be a useful parameter for
incercomparison of radiacion effects in nonmecals.
If prior knowledge of the importance of ionlza-
tion effects is available, Chen it should be
possible to predict che usefulness of ;D£ in such
C£.sea. Results for MgO, are an example of the
successful application of :•}£• It would noc work
for alkali halides, however, and other potential
insulators need to be assessed in this regard
when an experimental program is launched.

5. SOLE OF 0OSIMETRY IX 2XPERIXEXTAL EVALUATIONS

From the previous discussions it is evident
chac dosimetry plays an important role in the
analysis and interpretation of experimental
results. The major uncertainties occur for
neutron cross sections fron 10 to 40 MeV [13],
the energy range of importance :or quantitative
interpretation of experiments conducted in
(d, 3e) or (d, Li) sources. With respect Co the
primary damage scate, knowledge of gas produc-
tion or transmutation product rates is noc
essential because the experiments are performed
at low fluences. However, recoil spectra are
strongly dependent upon noneiascic reactions
induced by high-energy neutrons. Therefore, che
development of dosimetry techniques for high-
energy neucron sources has becooe an integral
part of the overall experimental evaluation
program. One of the missing links in the incer-
comparison of experimental results, is che
availability of standardized dosimecry data.
Closely related to this is the uncertainty abouc
che required accuracy of the dosimecry informa-
tion. It has been recommended chac sensitivity
studies be performed [ U ] , so that cheir results
can be used to reevaiuace some of che apparenc
discrepancies in the lieeracure. When we deter-
mine the sensitivity of materials damage para-
meters co variations in cross seccions and nuc-
lear models we can sec limics on the degree of
experimental uncertainty thac can be tolerated
in various neucron energy intervals. One j£ the
virtues of charged-particle damage simulation
is chac ion beams are relatively monoenergecic
and the flux can be measured quite accurately.

The solution to the dosimetry problems for
high-energy neutrons will be to establish well-
characterized reference spectra for 1- >!eV and
deuteron stripping sources. Integral tasting
of nuclear data at these facilities will lead
to the establishment of uniform dosinetry prac-
cices by materials scienciscs. It is most
probable chac che RTSS-II [I5j at Laurence
Livermore Laboracory and the (d, 3e) source at
U.C.-Davis [16] will be selected to proviso
suicable reference spectra for this purpose.
Multiple foil analysis, helium accumulation
flux monitoring, tiae-of-flight and proton-
recoil spectronecry can all be employed in these
studies. Other techniques such as solid-state
track recorders can be tested and developed
concurrently. Already the differences between



cime-ot-flighc data and nultiple-foll data for
a 'i, 3e) sourc* [17) have revealed che signi-
ficance of the low-energy component of the neu-
tron spectrum close to die target. These results
acfect che damage energy calculations and hence
che correlation wich experiments In other neutron
sources.

Two other aspects of dosimecry nave a bearing
on the ultinac quality cf lntercomparisons.
First, the coexistence gamma flux affects dosi-
metry foils through photoreucron and phocofissicn
reactions. Measurements of gamma spectra and
fluxes nay be difficult In themselves but are
necessary for nonsetals research. Second, special
problems occur in dealing with large samples in
sources which exhibit large flux gradients and
rapid spatial variations in cheir spectrum.

In view of the gaps in our knowledge cited
above, and the experimental difficulties, the
agreement between measured and calculated
results which will be discussed in a later
section is surprisingly good. This reinforces
the need for spectrum sensitivity studies 30 as
co reduce dosimecry development co che minimum
necessary.

6. EXPERIMENTAL TECHNIQUES TOR EVALUATION OF
PRIMARY DAMAGE PROCESSES

The arsenal of available experimental techni-
ques for investigating defects is quite large,
"or che purpose jf scudying the primary damage
process or state, techniques which directly
image defaces are the most desirable ones. In
addition, if these techniques can be employed
during an irradiation at low temperature they
becor.e especially valuable. However, feu of the
methods in this category actually have been
developed along these lines for neutron irradia-
tions. Field Ion microscopy (FIM) and trans-
mission electron microscopy ITEM) are the two
leading candidates. The latter, in particular,
has long been che predominant experimental
technique for qualitative and quantitative
evaluation of the room-temperature cluster and
cascade phenomena induced by electrons and ions
as well as neutrons. The feasibility of in situ,
low-temperature TEM studies or displacement cas-
cades should be investigated. Mew methods of
imaging and growing sophistication in the inter-
pretation of diffraction contrast images are
continual reminders of the power of che electron
microscope. The recent work of Seiler et al.
[7] and Jenkins and Vllkens [3] is a good exam-
ple of a development in diffraction contrast
:heory and experiment which makas it possible
to study displacement cascades in ordered alloys.
Using Cu+ ions with energies from 5 to 100 keV
the latter authors were able co inage the dis-
ordered region centered about the displacement
cascade. The sizes of tit* cascades were com-
pared with che predictions of Sigmund's [13!
theory and found to agree veil. Alterations is
cascade shape 3nd the appearance of sub-cascades

for Incident ion energies Z 30 'seV were observed.
Evidence for channeling effects linked co replace-
ment sequences was also encountered. Reference co
Table 1 reveals thac che energy range of che Cu*
ions jsed nearly coincides wich that of primary
recoil atoms produced in proposed or available
neutron sources. The information developed is
thus directly applicable co the interpretation of
neutron energy effects on cascade formation.

Field ion microscopy (FIM) with its inherently
better resolution has been used effectively by
Seidnan [19) co elucidace the point-defect struc-
ture of displacement cascades. This research is
complementary co the TEM work and for metals and
alloys has accounced for the cascade defects which
cannot be imaged in the electron microscope be-
cause they do not collapse co fora dislocacion
loops. Comparisons of cascades from various
neutron irradiations have not been reported by
FIM specialises as yet. The studies are pain-
staking and the statistics are obviously poor,
but the information thac can be derived is
invaluable for comparison wich che predictions
of compucer simulation.

Electrical resistivity measurements have long
been the mainstay of the radia:ion-daoage commu-
nity because they can be perfsraed accurately
and precisely. Used alone, the experimental
results are subject to a variety of interpreta-
tions. 3ut coupled with other experiments they
constitute an important element of a complete
investigation. The radiation-induced changes in
resistivity, ia, can be utilised along with
accurate fluence measurements to determine the
initial damage rates,

ds/ia • c?cd,

where Op is the resistivity contribution per
atomic fraction of Frenkel pairs, and ^ Is the
displacement cross section. If the number of
defects produced is proportional to che damage
energy, then two experimental damage races
should scale according co che opeccrum averaged
damage energy cross seccions for the cwo neucron
spectra Involved. The resistivity changes can
be used also co compare displacement efficiencies
with those predicted by simple models such as a
modified version of that suggested by Kinchin and
Pease [20]. Conclusions drawn from these analy-
ses can be misleading, however, and depend upon
the effects of clustering on che resiscivicy per
defect and on the accuracy of the damage energy
cross sections. To some extent resistivity
recovery experiments can be employed to uncover
misinterpretations. The best recent example of
this is in the work of Roberto et al. [21i who
investigated isochronal resistivity recovery of
(d, Be) neutron damage in Cu, Mb and Pt from 3
to 400 K. Although the major annealing peaks
occur at the same cemperacures for thermal,
fission and (d, 3e) neutron damage in all three
elements, Roberto ec al. riund evidence for
major configurational differences in the primary
damage stace between che heavier (?t) and che



Lighter (Cu, Kb) elements by comparing fission
co (d, 3e) damage results. The increased cascade
stability for high-energy neucrons in ?c was
attributed to Increased clustering of inter-
sticials. Evidently, the resistivity per defect
in clusters is about equal to that for close
pairs so that the damage production experiments
failed co disclose an apparent mass and energy
dependence of the primary damage state. Resis-
tivity can also be utilised to detect changes in
the state of order in order-disorder alloys such
as alpha-brass [22). These results can be inter-
preted in terms of the number of vacancies that
have escaped from cascades, and subsequently
enhanced equilibri.ua vacancy-diffusion races at
the irradiation temperature.

X-ray diffuse scattering [231 is another effec-
tive means of examining the primary danage state,
and 3f obtaining independent information for com-
parison vich TEX resales. If highly perfect
single crystals are available, diffuse inten-
sities can be extracted from intensity measure-
ments close to selected 3ragg reflections, From
these intensities the size distributions of loop-
type defects can be deduced and compared with
similar information derived from TE>!. Post-
irradiation x-ray measurements of neutron-
irradiated Cu and No have been reported [24] for
roon temperature, but recent low-temperature
results from Munich have not yec been published.
Earlier experiments at Julich.[251 demonstrated
the feasibility of 3uch measurements at "-4K;
however, being electron irradiations the experi-
ments did not simulace neutron damage effects
relevant to this discussion.

In situ internal friction e>:perinents can fur-
:iish direct evidence of point defects escaping
from cascades through the observed changes in
Young's modulus. The initial rate or modulus
change C3n be interpreted as the rate of dis-
location pinning caused by the arrival of point
iefects 3t the dislocations. Goldstone and
Parkin [261 carried out neutron energy dependence
"leasursments of this kind from 2 co 24 MeV on
copper samples. The results of neutron and
electron irradiations were comparad to determine
free-interstitial production cross sections and
neutron damage effectiveness. It vas found that
while the free-interstitial cross section in-
creased with incident neutron energy, it re-
mained less than one percent of the total dis-
placement cross section. Moreover, the number of
free incerstitials per unit danaga energy
decreased with increasing neutron energy.

Other techniques which have been used to exa-
mine the energy dependence of primary damage
include lattice parameter :hange [27], yield
strength change [23], superconductor property
change [29], positron annihilation [30], and the
Mb'ssbauer effect [31]. Helium accumulation flux
monitors are so sensitive chat helium production
cross seccions can be measured for relatively low
fluenees [32]. Although the concentration of He
atoms in low fluence experiments is negligible.

attempts co observe the orimary damage acace at
high fluences will lead co a consideration of
the role of He so chat knowledge of the produc-
tion cross sections is Important.

Finally, various other techniques can be
applied to the problem. The general class of
hyperfine interaction (hfi) experiments which
yields information about local order has been
rather neglected [33]. Mb'ssbauer experiments
have been used to some exter.c, but could be
further explolteo. Observations of the "misaing
recoilless fraction", for example, mighc yield
information about void nucleacion and growth as
a function of neutron energy. Optical absorpcion
and TL measurements, successfully performed during
electron Irradiation [34], might be similarly per-
formed on nonmetals in appropriate ion beams.
The energy spectrum of sputtered ions may be found
to contain useful infernacion on cascade "tempera-
tures" and sizes. This will iepend Moon subse-
quent developraencs in the cheery of sputtering.
Small-angle scattering experiments (.-'.-ray or
neutron; can detect extended defects and warrant
further investigation, coo. Since it is gener-
ally agreed that many techniques should be
brought to be3r on a given problem, Che methods
mentioned briefly here are worthy of furc.ner
consideration and will be the subject of a
future workshop [35].

7. SUMMARY. OF RESULTS OF NEUTRON ENERGY-
DEPESDENCE EXPERIMENTS

Most of the experiments designed to compare
the effect3 of fission and fusion reactor neutron
irradiations have been described in previous re-
views. For example, the recent paper by Wiffen
and Stiegler [2] summarizes in tabular form the
experiments reported prior to 1977. Their cable
reveals chat on the basis of damage energy or
damage energy cross secdon, the agreement be-
cveen theory and experiment has been within a
factor of two. Poorer agreement was found for a
measurement of lattice paramecer change in Mo
[271 after irradiation in m ' S I. In this case
the basis for comparison vas ;he paramecer, dps;
perhaps correlation with the damage energy cross
section would have been more successful. The
authors' conclusion concerning an Increase in
the ratio of interstitial clusters to free
interstitials with increasing neutron energy
could be tesced by x-ray diffuse scattering
measurements or perhaps FIM experiments.

Continued success using danage energy (or cross
section) for correlation has been reported in the
last two years. Initial damage production rates
have been measured in Cu, N'b, ?c 3nd in '.*-, Kb-,
Mo- (300 ppra 2r> at A.2 K in pure fission, fis-
sion reactor, 30- and 40- MeV (d, 3e) ana 14-MeV
(RTNS) neucron spectra [36,37]. In all cases,
scaling in terms of damage energy or damage
energy cross section produced remarkably good
agreement. The accual damage rates produced by
30-MeV (d, 3e) neutrons were about 2/3 chose
produced by neutrons from the ST.s'S I '.!•*.3 MeV).



The enhanced-dlffusion •seasuremencs in alpha
brass mentioned in che preceding section have
been extended to studies of ' i SU f Is3ion-frag:aenc
damage. Gulnan et al. [38! showed thac che re-
call spectrum from fission-fragment damage is a
beccer approximation to a £ir3t-wall spectrum
chan are chose produced by fission reaccor (I-PTR)
or ii.3 MeV neucrons. The racios of free-vacancy
production in :he alpha-brass samples were cor-
rectly predicted on the basis of damage energies.
The use of fission fragments would appear co be
an effective means of studying low-cluenee
effaces. For high-fluences, however, che intro-
duction of solid and gaseous fission products
could create difficulties in interpretation of
results.

8. SUMMARY AN"> CONCLUSIONS

A survey of experiments performed to inter-
cotnpare primary damage processes in different
neutron spectra indicates thac damage energy
cross section is a good correlation parameter.
In che worse case, agreemenc between theory and
experiment is within a faccor of two. tn other
cases, agreement is mien closer; this is espe-
cially true of :he most recent experiments [21,
36,37]. tn view of the differences in che
nacure of che experimental measurements, in the
cenperacurgs oi irradiation and in the range of
neutron spec era employed che agreement seems
remarkable. This remains true in spite or uncer-
calnties in high-energy neutron cross sections
which produce corresponding uncertainties in che
calculated damage energy cross seecions.

From the review presented in this paper the
following conclusions can be drawn:

1. Damage energy is a good integral correla-
tion parameter for experiments of che kinds
chus far reported.

2. The results of irradiacions in neutron
speccra that span che energies used to date
should be predictable on che basis of damage
energy cross section for experiments of the
kinds previously performed.

3. The validity of damage energy cross
seccion as a correlation parameter cor new
classes of measurements and nacerials is unknown,
and will have co be cesced empirically.

4. Evaluation of the damage energy concept
should continue 3C low temperatures for new
3pectra and new classes of measurements. In
addition, studies ac lov fluences and elevated
temperatures should be performed Co determine
how far damage energy can be pushed as a useful
correlation parameter. The latter investiga-
tions should include che use of alloys as well
as pure metals and of samples preconditioned by
che prior addition of impurities and/or the
development of miccoscruccures.

5. The evaluacion of primary damage processes
should be extended to nonmecals as chese special
materials will play a vital role in some regions

of certain fusion reaccors.

6. Damage energy cross seccion alone cannot
provide the means for predicting microscruccural
development during an irradiation. Sew experi-
mental techniques or more widespread use of
existing techniques that ire sensitive to che
size and spatial distribution of defeccs in cite
primary damage scace are needed. Ic is especially
important Co develop techniques thac are sensi-
tive co defect structures whose dimensions are
below che praccical resolution llnic of the
transmission electron microscope.

7. Two lines of theoretical investigation are
essential to progress in predicting the effects
of neutron irradiacion using the primary damage
state as a starting polnc. The first class
should relate primary defect configurations to
the microstruccures into which they evolve. The
second class should relate microstruccures to
physical properties.

Primary damage state experiments will continue
for several years through utilization of (d, Sei
sources, RTNS-II, fission reaccors and ion
sources. The recenc utilization plan proposed
for STNS-II [39] concair.s a cencacive list of j
experiments which suggests the contemporary i
views on low-fluence experimental mechods and I
objeccives. Nearly all of che experiments are '
co be conducted ac 20°C or above, most will rely j
on the standard cachniques mentioned earlier, *
and many are intended co concinue an investiga-
tion of the primary damage process. The sue- '
cesses of previous investigations have undoubtedly
scimulaced the aove toward sore technologically
relevant temperatures. Additional data for com-
parison with 14-MeV neutron results will be
available from coordinated fusion macerials
irradiacions (MFE-I, II, XII) in che ORR. The
continued interplay between investigations of
the primary damage process and of microstructural
evolution will ensure che growch of a sound
fundanencal daca base upon which to build a
successful fu3ion materials program.
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