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Summary 

There is currently high interest in the use of 
accelerators to study irradiation effects in p>aterials 
to be used in reactors, The effects produced by heavy 
ion irradiation (e.g., nickel ions irradiating stain- 
less steel) and fast neutron irradiation are qualita- 

similar. tively Tine to achieve the damage state 
characteristic of end-of-life service is hours as 
compa-ed to several years in available reactors. 
Some of the successes in this area are described here- 
in as well as some of the many problems to be solved 
in order to establish quantitative relationships. 

Introduction 

The bombardment of solids with high energy 
particles causes significant changes in many important 
engineering properties and are of great concern to 
designers of reactors (both fission and fusion). Most 
of the changes csn be attributed to the ultimate 
disposition of the atoms which are displaced from 
their normal lattice sites. Many come Lo rest in 
interstitial positions, leaving vacant lattice sites 
behind. If these wcancies agglomerate intc voids 
(three-dimensional pores containing less gas than 
necessary to balance the surface tension) and the 
interstitials precipitate as dislocation loops, 
significant swelling occurs in fuel element cladding 
and reactor core stractural components. 

The economic consequences of swelllcg in fuel 
cladding and fuel duct material are detailed in a 
report prepared by the Bethe panel.' This group con- 
cluded that a so>Jtion -A the swelling p-oblem would 
shorten the doubling time of the liquid metal fast 
breeder reac%or bar a factor of two. Radiation-induced 
voids were first reported in neutron-irradiated stain- 
Less steel,i quickly folLowed by their detection in 
other metals and a!lsys. They typically exist in 
concentrations of lC2" to 10Z2i'm3 and are in the size 
range of tens to a few thousand angstroms (see Fig. 1). 
S'oid formation causes swelling due to ~reci;jitation of 
the displaced inferstltials, and changes in mechanical 
FroFerties. These changes have produced significant 
effects Ln research reactors after s;e,/era: years cf 
operation.3 

21,:. 1.. 'Zransmlssion electron :nicrorSa;h showin{; 
‘IDids ,a111 intcrctltial ,.:i::location looys in t;rlc 31) 
ctainles:; ;'t<!c 1 LrraLii.ste..l to 'i -8 C,' 111 in Zi.5 -II. 

Simuiation of Neutron Damage 

The current high interest in accelerator-produced 
damage is a result of the time scale for selection of 
new cladding and structural materials for fast breeder 
reactors and the fact that there is no intense neutron 
source having a spectrum to be expected in a fusion 
reactor. 

It is now realized that materials must be examined 
after irradiations.corresponding to about 149 displace- 
ments per atom (dpa) for some components of fast 
reactors. such doses can only be obtained by irradia- 
tion times as long as five years in the highest flux 
fast test reactors available. Even eweriaents design- 
ed to define trends in the behavior of commercial 
alloys which are conducted in EBR-II have a three- to 
four-year turnaround time. Hence, there has been a 
renewed interest in the use of heavy ion irradiations 
in accelerators. Fortunately, new techniques have 
been developed that were not available in the i'35C's 
for examining specimens. 6s examples there are 
transmission electron microscopy (TEMj, small angle 
x-ray and neutron scattering (SAXS, SANS), and 
positron annihilation. These techniques allow one to 
examine specimens which are of the order of 1,923 to 
2000-A thick. 

Radiation damage produced in metals during fast 
neutron irradiation can be qualitatively simulated by 
irradiation with energetic ion beams from 
accelerators:, The most -pressing requirement is the 
establishment of quantitative relationships among the 
various kinds of irradiations.' There is need for 
both theoretical and experimental studies. 

A fundamental requirement for the use of 
accelerators in any study is the production of a 
region of uniform darnage within a metal specimen while 
the specimen is maintained at a selected temperature. 
The fluence (or dose) must be sufficient to create a 
comparable number of lattice defects within a given 
region to that produced in reactor comFoner,ts during 
fast neutron irradiation. However, the total irradia- 
t ;cn ;irne need be no longer than can be actie.ed con- 
iitf“ inritly ~isLig S,.i,t%ig accelez-ators. . 1"~ additional 
requirement is the demonstration that the damage 
region is not affected by the surface and the results 
are rcFre;;entati.ie cf the bul.:< -.ateria:. "he boc- 
hariin.- jon z:-ecies -lurt be CTJSCI, ::IX:I "ha: it dcc~s 
not ?ro:iuce a:l;reer.:;e c:2e&zicai or 1 b;:sica;. ei'fectx wit::- 
in the oa~pIc ;.rhlch ml,rht inf?;ence The fcr:ia;:on of 
Chii nr)utron i.rraciation cicrostruct:.re. 

:"nr nclr",ron cdar?,a-e :i!:!u!.stlcr, 
' 

it 513 neces::ay; $0 
nccomt for $2, sran,;r:-station ,:asc: iihlC2 a,rP ~'rmuCe1 
'di'ihln ;;i;<i :ater :.a: , for ?xaE:y 12, EC: a r2::zZ.t of 'n,, : 
or '2, I_ ) rcactlcw . Trace nuantltlcs of heiiux, for 
exam:: e, :;hzild be u.nLfor:,;: y ixr antec throug,holk ';he .i 
;ampLc s:m~~taneocn wLth the la:aa,r:ci( ions. If a N-i-la1 

. . scarce -c-r D Lcultaneouc in,:ection of he!il~. I:; 1107 
:i:ail.abl.e, a reasonable com~r~mine is :he cequential. 
irrad:~ati.on b;i the ,-:a::aginc: ions sr;d heiium. ;bwY"~er) 
:.:o::t i~q,erimnt:: to Zate ha;re i.n.:~:cte~: tne total 
he; I .I;-, content i-:y;:ica‘iy 1.8, to : ;,:.r;) i.n a se;-'arate 
irra~dLa-;Lon before the lis11 &ce:ncnt Irradiation. 
There are now iiata wiich chow that: tile early ::ta,w of 

, !iC !a a.‘” .:tr~.~c:t~~ e ,-i i f;‘rr ” Ln the two c a s P:: ‘yrior 

arxl .;i.m~lSanecu:~ :. 'The ieyortance o? ",i-iece 
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differences at high fluences has not yet been 
established. 

Correlation or Calibration Studies 

Some of the problems in development of a quanti- 
tative correlation among irradiation effects oroduced 
by bombardment with particles of varying speckles snd 
energies will be briefly described. Most of the 
theoretical and experimental efforts of a fundamental 
nature have been directed towards determination of the 
number of point defects Froduced. Robinson' has 
calculated that approximateiy four times as many dis- 
Flacements are generated ?n some materials by l4-MeV 
neutrons as by LMeV neutrons. Logan* calculated that 
X-YeV protons will produce displacement cascades 
having an energy spectrum that is similar at its high 
energy end to that produced by 14-MeV neutrons. A 
large fraction of the displacements are produced by 
lower energy cascades, however, which are not present 
in l4-MeV irradiation. There are a number of experi- 
ments planned or under way to measure point defect 
production by fission spectrum neutrons, lit-MeV 
neutrons , protons, electrons, self-ions [ions of the 
saxe element(s) as the target]. These experiments 
typically employ dilute alloys irradiated at about 
4.2'K, and measure the increase in electrical resis- 
tivity as a function of flux, fluence, type of 
particle, and enerm. 

The crucial questions are: What is the nature of 
the displacement cascade? How many defects survive at 
elevated temperatures? What is the configuration? Most 
data thus far come from either screening tests or exam- 
3nation of irradiated reactor corn-penents. For example, 
Fig. 2 illustrates the temperature dependence of 
swelling for fast reactor (EBR-II) irradiation and 
5-MeV nickel ion Irradiation.' The amount of swelling 
is a gross measurement of the survival of point 
defects as voids and interstitial dislocation loops. 

Figure 3 shows a s umary of swelling as a 
function of the number of displacements per atom for 
several bombarding species.i" The major differences 
can be accounted for by considering the survival 
probabilities due to various cascade configurations.i' 

Evaluation of just how well such experiments 
a&ree with each other and with models is complicated 
by an incomplete understanding of the effects of 
alloying elerrects (including impurities) and nicro- 
structure on the kind and amount of damage. For 
exsmple, "high vxity" 310 stainless steel (L.e., a 
Fc-Cr-1Ii a;.ioy)-iweLls about fif%y times as much as a 
commercial ?lO.ll Variations in composition of type 
3X stainless steel from one production Lot to another 
although within nuci.ear reactor composition specifica- 
tions, result in factors of 5 to 1C difference in 
aweLling behavior. The complex questions raised by 
such results mke apparent the need for careful experi- 
ments in which the large n-tioer of variables are 
considered first individually and then in various 
conbinntions. 

P - zics sf larticles in Solids 

Kany details of the interaction of energetic- 
charged particles with cqstals are still pooriy 
uderztcod. The oter f'rom understandir4 the basic 
-,ksics of enera loss and partition, defect pro- 
duction and distribution, etc., to the description of 
.Jha.t damage survi:,es and in what form is large and 
will. require -+n interdlsci-,l.ina.ry effect betiii-een 
atomic pbs;cs and material:: science. 

TEMPERATURE ‘C 

Fig. 2. Teqerature depe,ldence of swelling in 
annealed-type 316 stainless steel bombarded with 
S-MeV nickel to a damage level of 67 dpa. The steel 
contained 15 ppm of cyclotron-injected helium. The 
temperature dependence of EER-II core swelling is 
shown by the dashed curve. The displacement rates 
were - LO-' dpaisec in EBR-II and 2 x lo-' for the 
ion bombardment. (Johnson et al ') - -* 
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Froduction of Defects 

One may employ accelerators to produce well- 
characterized defect structures for further study witk 
out regard to whether or not this simulates neutron 
damage. If reoroducible numbers of defects c&n be 
created in sim&r configurations, many experiments 
can be conducted to relate pb&-sical, chemical, and 
mechanicai properties to them. The amanner in which 
metallurgical variables influence the defect state can 
also be studied. 

Irradiation by electrons is especially useful in 
this type of study. Electrons with l-Me17 energy can 
displace atoms from their lattice positions in most 
metals.with atomic weights le'ss than about 111). 
Electron bombardment experiments permit the determina- 
tion of the energy required to remove an atom from its 
equilibri-Jrn positicn. Another important use of 
electrons lies in the fact that as long as the energy 
of the electrons is close to the displacement thres- 
hold, single vacancy-interstitial pairs are formed. 
Thus, many radiation-induced phenomena can be analyzed 
in terms of isolated defects, and this avoids the 
couplication attendant upon the generation of complex 
damage regions that occur in neutron and heavy charged 
particle irradiation. High voltage electron micro- 
scopes have been recently used in this fashion since 
they allow the in situ observation of the damage once 
the damage statemter of defects) reaches a size 
of 25 to 5C A. Electrical resistivity techniques are 
generally used to study the earlier stages, and have 
the advantage of being sensitive to low concentration 
of isolated point defects. 

At high energies (25 MeV) in the electron 
accelerators, one may expect to generate some clusters 
of defects or cascades. The transition from single 
defect production to multiple defect production in 
these experiments can ,gim important information for 
all tmes of irradiation. 

Accelerator Probe Technltques 

An area in which there are many opportunities for 
technique development and application is the use of 
accelerators as probes fcr analytical work. Some 
applications are based on scattering processes such as 
f;;J42;;) > (PP 1 and channeling and blocking 

. Among the major unknowns connected with 
radiation effects is the form and distribution of the 
transmutation gases (He,X) and how these change with 
tine , temperature, and amount of damage. With the 
achievement of suitable sensii;i\rity an;i rejol,tion, 
such probes offer hope of defining the behavior of 
such gases. In controlled thermonuclear reactors 
(fusion), transmutation gases will be produced at 
ra+es which are orders of magnitude iTeater than in 
fission reactors and may be the limiting factor in 
determining the lifetime of reactor ccmconents. A 
knowledge of their distribution might enable one to 
design around their effects or to maniFu;ate meta:- 

l.;sgical parameters to Tut the gases into less 
detrimental forms. 

Characteristics of Radiation Effects In Metals 

Void formation occurs at temperatures where both 
-"acancies and interstitials are mobile. Am-y F z int 
defect IYBJ be annihilated by recombination of 
vacancy-interstitial 7airs or bj absorption at a sink 
such as a void or a dislocation. During constant 
irradiation , quasi-steady state in reached in which 
the loss rate equal-s the cr+ation rate. 

Gas atoms are thought to stabilize a void in its 
very early stages of life; hence, transmutation 
reactions giving helium or hydrogen play a role. The 
association between the quantity of helium generated 
and the magnitude of swelling observed is an indirect 
one. Voids can form in the absence of helium; however, 
many investigators believe other gaseous impurities 
axe involved ?o the nucleation step. 

Voids can be produced in most metals and alloys 
end with any type of irradiation that displaces atoms. 
A useful and descriptive unit for representing a 
quantity of irradiation is in units of displacements 
per atom (dpa), the average number of times that each 
atom in the sample is displaced. The conversLon of a 
neutron or other particle fluence ot, where (3 is the 
flux and t the time, into a displacement dose by 
uniform procedures is important/ The problem is to 
determine the equivalence of a given particle flux to 
dpa and, therefore, into equivalent damage per unit 
flux. 

The neutron fluences needed to produce voids in 
stainless steels, - 10Z5 n,/m2, can only be obtained 
conveniently in a fast reactor. Voids occur in most 
pure metals, on the other hand, at relativelyy low 
fluences, - 105" .n/m*; it is practicable to investigate 
these using thermal test reactors. Factors such as 
neutron spectrum, dose rate and rate of helium produc- 
tion are important and care must be taken when com++r- 
ing thermal and fast reactor data. 

The temperature dependence was one of the first 
characteristics of void formation to be discovered. 
It was generally observed that void concentrations 
decreased with increasing irradiation temperature and 
that average sizes increased. Swelling occurs only in 
a limited teqerature range and is a maximum at some 
intermediate temperature. Void shape is also affected 
by irradiation temperature. Other irradiation 
variables thought to be important include total dose 
(fluence), dose rate, and stress state. Most materials 
variables (composition, internal microstructure, etc.) 
seem +a influence the damage state produced; hence, 
close attention must be given to these factors. 

From sn application point of view, alterations of 
mechanical properties during irradiation rank with 
dimensional instability as a ;raJor concern. 

"here have been hundreds of papers published des- 
cribing the effects of irradiation at low $emperatcres, 
below C.? T 
t.ce ,ca:c\14- iTK = 

melting point on absolute tempera- 
, "11 :::echanI.:al 2ropertics. The gcncral 

understandIng is summarized in reference '-2. Irradia- 
tion and testing in this temperature range shows large 
increases jn yield stress, small increases in ultimate 
tensile strength, and large :iecreases in bcth uniform 
strain and work-hardening coefficient. 

The irradiated structure is characterized by 
poi.nt defect clusters whose size de;;end on the irradia- 
tion tem.Ferature. These clusters are strong barriers 
tc dislocation motion, thus causing the large increase 
In yield stren&cYh. 3ancnission electron micrographs 
show that once dislocations move, they sweep out the 
defect clusters in narrow channels. At this point, 
one has bands of very bard and very soft material. 
Pxther deformation proceeds by dislocations moving 
in these soft channels with a minimum of interaction. 
The result is highly localized deformation, ver:, low 
.?acroeco;iic or uniform elongation and little work 
hardening. 

At lleformation temperatures greater than about 
13.5 TyL the prevailing fracture mode is along grain 
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boun3.s.r ies . Irradiation in this temperature range 
permits the :ransm~tation gases to collect in grain 
bandar ies . These gas bubbles decrease the ductility 
by acting as crack nuclei and m&y act as sources of 
internal stress along the grain boundaries. 

At tenqeratwes Y’ 0.5 TM, stresses less than the 
postirradiation yield stress and at neutron fluxes 
> 131” n/m: ccc (P ; 0.1 :k!v), metallic materials often 
exhibit enhanced deformation Aen tested during 
irradiation compared to either unirradiated or post- 

irradiation deformation. This radiation-enhanced 
deformation (‘LrradlLation-induced creep) concerns 
reactor designers not only because it may lead to 
liifferent in-reactor material configurations but 
because the conditicns under which it occurs are those 
where radiation-induced void formation is prevalent. 
The material s~l.lLng which accompanies void formation 
introduces stresses, in addit-ion to those present due 
i;o thermal and mechanical conditions, which may be 
relaxed by irradiation creep. On the other hand, 
stress maji influence the swell.ing process. Thus, it 
has been considered that the processes of irradiation- 
inciuced creep and void formation are clcsely Ltlter- 
related. 

Zxperimental Requirements for Use of Accelerators 

General 

.!ince the radiation effects prdolems of most 
immediate concern are a,, -cociated with the fast breeder 
reactor , nickel ions are perhaps satisfactory for the 
production of diaFlacement d-e in stainless steels 
and nickei-base alloys, However, it must always be 
remembered that en imbalance is created in the total 
vacancy and interstitial content wLthin the specimen. 
L? a Qypicai case where one extra Interstitial is 
created for every 1C’ vacancy-inter stitial pairs , the 
addition of the extra interstitial. can be neglected if 
tic tcmperatJre is lo-6 enough that significant recom- 
bination of the defects does not occur and if the 
irradiation--&ducsd dislocation density is sufficiently 
high. ‘These tire conditions are generally met in 
experiments jihich attempt to s i.mulate in-reactor 
keha;tior. The fact th&t the region of maximum dis- 
:;‘acement damage is slightly removed from the end of 
the ion range gives some relief toward upsetting the 
:;o int (defect balance. 

The major ilc.advants.ge of nickei ion irradiations 
is the short ion range. Lighter ions can be used; 
longer range is Rained at the ewe&e of lower dis- 
niacement. rates and yocztb!: cik;n: f icant C!XX,-c; :n 
spec~.nnen composition or purity. For example, carbon 
ions have been used t3 i.rradiate zkelo but the carbor, 
content I.s ziijlificantl:,; altered a% high fluences. 
Zro?or. irradiation raises the question of possib1.c 
eff’.Ck:; of Lc;dro::en on ! hose : tabilitg, defect nuclea- 
tion, xxi mech2I11ctl -ro~,er’cies. iioxev?i-, all 
a%-xrtr to ~cetezt rc::imAua:. Iqdrot:en in yro;on 
i~f.~~n~aln~,~inl~~;r: .:teTi have faileN:, a reStlit ‘.ntclr 

j that r,hi, rlJirof-w ray I ill 7 -i Lf?x:es cut 
CL’ r,‘hC 7x-.z!.c. 

L.urIsr t’ct? L~trct 37-d :,‘e~ws increasing; concidern- 
tk3r-l :rLll i;c ‘:.rcn to the u;c of refractor;- metal.; in 
+ ” r r .?C -4’ 1. I., .c I /b‘ i jli 0. In aati.c~~ratlcn of :;uct ctud-:.e::, 
_: xxct.:. ;ho-Ci TV Llt~-,~in!:i~a for sac.“. ::;ecics as 
. . ;tr.n~3Pm, n io’c Ili3, z -ir ,?on->3, arid ~.ol.:,~b~i~n~~.. 3esirn. 
sf t::x;.t’r i+mcntal. nrrSmi:cments irhich @:‘l l allow the 

i.7 ;: %Ellleou: XCL r..Alntion ;f S-LspZacc:ncnt daf:!a.f;c and 
trxc.-2?;2; :on : roti.lct:: in the same .;o~.u:I:FI iii!.1 be 
n :2 c F .s : : c3.r :; . For ::xa~.:e, a !$:r.ired, but ;erha: s 
L.-r n::::ib!.c:, e:.:: erimcnt for e~n;:.ation of t:ie use of 
n~c:,~:.n in :‘~:;ion ren2tor.~ . . . requu-er rnoc~~r., : irconiwr., 

helium, and hydrogen to be deposited in a fixed ratio 
in a given volume. 

For nickel ion bombardment of nickel or stainless 
steel, beam currents of 9.5 to 2 rzA/cm2 at energies of 
5 .MeV or higher are required. Higher currents give 
problems due to heating and lower ones require 
excessive machine time. On the other hand, lower 
currents can be used for the study of the basic damage 
mechanisms (e.g., changes in resistivity by bombardment 
at 4.2”K) since the fluences needed usually are 
several orders of magnitude lower. 

The time structure of the beam may be important 
and should be defined, Its possible importance arises 
from the interstitial to vacancy ratio achieved under 
different irradiation conditions. Fast reactors and 
some fusion reactors will have displacement rates of 
about 13-’ displacements per atom per second; whereas 
charged particle bombardment gives rates of the order 
of lo-’ to 10-Z. This presents a major problem in 
deciding just how accurate is the simulation of 
reactor ‘sradiation which must also be considered when 
we evaluate the importance of the time variation of 
cyclotron beams (- 10 MHz), the rocking of specimens 
to spread the damage over a thicker region, or a 
scan of an area by rastering the beam. There is 
experimental evidence that such rate effects cannot be 
ignored. I3 

If the time variations in beam energy and/or 
current are important, then experiments in support of 
the controlled thermonuclear reactor program must be 
planned to take account of the relaxations associated 
with the mode of reactor operation. The “steady-state” 
reactors such as the Tokamaks may operate on a cycle 
with a long “burn” period (100 to 1000 s) and a short 
“cool” period (- 13 s), whereas the plsed reactor 
e-pinch may have a burn of 1 -1s to 72 PS followed by 
approximately l. to i3 s cooling time. Laser systems 
have displacement reactions lasting - 1 US and thDse 
bursts are repeated up to 1C times per second, The 
instantaneous displacement rates in the first wall of 
the e-pinch and some concepts of the laser fision 
reactor thus wilill be of the order of 13-’ to lmPL 
dpa/s. The time averaged neutron fluences for both 
systems are about the same. 

In all experimental arrangements, special 
attention must be given to an analysis of the ion 
species in the beam and to measurements of current 
cgreferably continuously at the specimen), energy, 
specimen temperature, specimen environment, and 
fluctuations of these parameters. In the case of 
refractory metals being studied at temperatures of 
~:I2 to l~XG”C, pressures lower than lO-” torr are 
required. 

:?echanical Ironerties 

“here are at least twc methods for the attempted 
simulation of irrxdiation creep. In one, :he 
accelerator Fz used tc produce both the damage 
str:~ture and the disF:acements in a specimen held 
rider ntre,;c at an elevated temperature. -’ Product ion 
0:' the damage structure in this case may give informa- 
t:on on swelli.ng under stress, an important in-se&i.- 
t:ation itself. A second aFyroacb is to produce the 
ianage state by reactor irradiation and ;;ze the 
acce;erator to produce displacements for a rel.atiwly 
shc,rt period. This method approximates “instantaneous” 
r:easurem.tints or’ :; train rate at T,arious points in the 
irradiation history of the material. 

3 ::ox rx&erImcncs of t?is t;-:,e, the cyc!otron 
beam ~“,xS ides i>rOThc irk the required defects) uii 1 be 
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the main source for heating the sample to desired 
temperatures. Since the anticipated creep strains are 
of the same order of magnitude as the thermal expansion 
due to a temperature change of l"C, the temperature of 
the sample must be controlied quite precisely. The 
necessary temperature stability may be achieved by 

passing an electric current through the sanple. Since 
the ohmic heating is about 10% of the heat input from 
the cyclotron beam, beam current fluctions of at most 
lG$ can be balanced by an internal control system. 
Furthermore, smaller beam fluctuations in the 
frequency range between 20 and 2 Hz will be difficuit 
to compensate because of the time constants in the con- 
trol system (fluctuations with frequencies > 20 Hz will 
be averaged out by the sample itself which has a 
thermal time constant of about 3.1 s). It therefore 
appears necessary to control the beam current within 
+ l$ in the frequency range between 2 and 2C Hz and 
within + 5‘$ for slower variations. Since a typical 
duration of creep eqeriments is expected to be 13 to 
20 h, the beam stability should be maintainable over 
at least this period. These are cyclotron operating 
conditions that have not in the past been demanded bjr 
nuclear physicists, and they i.mFose new requirements 
on the accelerators. 

Surface Effects in Fusion Reactors 

In addition to problems caused by the large 
amounts of transmutation-produced gases, that will be 
distributed relatiwly unlformla throughout the wall, 
problems may arise from gas atoms which reach the wall 
from the plasma. The D-T fusion reaction yields a 
1'+.1-MeV neutron and a 3.52~MeV alpha-particle. Most 
Tokamak conceptual designs of fusion reactors include 
a divertor to prevent most of the alpha-particles as 
well as other constituents of the plasma from reaching 
the wall. However, same of the ions which leak from 
the plasma will not be collected by the divertor. The 

y;$;~l;y:> . of Wisconsin fusion reactor reference design 
estimstes that 10% of such ions will reach 

t:he "irst wall .& . For a neutronic wall load of 1.25 
Mw!rn?, the particle fluxes and energies are calculated 
to/be: 

Deuterium 
Tritium 
Helium 
Helium 
Metal Ions 

!kev) (particles/cm'/sec) 

23 6.4 4 1013 
2? 6.i x 1Ol3 
23 4.7 x 1012 

> 23 to 3500 1.7 x loll 
23 2.5 x 1012 

Since the ranges of such particles are a few 
thousand angstroms they will come to rest in a region 
near the inner s-n-face of the wall. The presence of 
such particles may cause at least two phenomena which 
can lead to wall erosion and contamination of the 
plasma: sputtering and blistering. There is a signi- 
fLcant body of literature on sputtering and some data 
on blistering. However, ';he complete range of condi- 
tions and materials have not been covered and some of 
the results are clcar;y erroneouc due tc contamination 
of the specimens by carbon, oxygen, snd perhaps other 
impurities in the accelerator beam or specimen 
chamber. Accelerator probe techniques can be used to 
study the migration <of implanted ions and to 
characterize their distribution. The re-emission of 
:he gases by either difPxion to the plasma-wall xx-- 
face or rupture of the blisters must be determined. 

The size, ~dencitij, shape, and 'critical fluence 
for the formation of blisters appear to be f'jnctions 
of: (1) ener;; of ions (i.e. range); (2) dlffdni;rity 
of the Ln .:ccted icns; (3) solubility cf the gases; 
(j,) otren&h 3f the wall material; ii,) temperature; 

(6) flux of ions; (7) fluence; (8) crystallographic 
orientation; and (9) metallurgical state of the metal. 
There is not now a comprehensive theory to predict 
the extent of erosion due to blistering. 

Conclusions 

Although there are a number of materials programs 
'Ising accelerators in progress and there h&s been 
some success in relating effects due to neutron 
irradiation and acceleration irradiation, there is 
need for much more. Quantitative relationships must 
be developed and innovative experiments designed to 
answer the many remaining questions. 

Some specific materials properties and the role 
and requirements for accelerator study are listed 
belosr. In general,, beam currents of 0.5 to 2 p4/crn? 
are desired for a specimen area of 0.5 to 1.0 cm:. 

Property 

1. Swelling 

2. Mechanical 
Properties 

1 2, Structural 
and ComFo- 
sition 
Changes 

i. Surface 
Effects 

Role of Accelerator 
Accelerator Requirements 

Production of dis- 
placements; intro- 
duction of trans- 
mutation products 

Simultaneous or 
sequential irra- 
diation by self- 
ions and trans- 
mutation products; 
enera > 1 MelJ 

Simulation of 
damage structure; 
simulation of 
irradiation field 
(i.e. displace- 

ments) 

Composition changes 
by ion implanta- 
tion; displacements 

Implantation of 
gases near 
surface 

Staole beam; high 
enerw particles 
(aus 10 to tc1 

XeV) instrumented 
facility 

Cimultaneous 
in:ection; ion 
implantation- 
uniform and as 
deep as possible; 
high energy 
particles; back- 
scattering experi- 
ments 

D,T,o, self-ions 
- 20 ke7 cy to 
3.5 MeV; back- 
scattering exper- 
iments 

1. 

2. 

3. 

1 7. 

> . 
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