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MlSTRACT 

Progress toward dc111onstrating the scientific 
feasibility of fusion energy is strongly governed by 
materials constraints. The evolution of an 
econo111ic,1lly and environmentally acceptable design 
for pol'ler producing fusion reactors wil 1 be subject 
to still further materials constraints. Three 
critical materials areas are reviewed: 1) fast 
neutron damage, 2) tritium breeding, 3) plasma-
materials interactions. Canadian R & D activities in 
fusion materials are reviewed. 

1. INTRODUCTION 

"l-1aterials is the queen technolo\JY of any advanced 
technicr1l system. The economics eventually depend 
upon the materials, the reliability depends on the 
materials and safety depends upon the materials. I 
assure you that before wr. are through with fusion, 
the physicists will give way to the materials 
engineers nS being the le,1ding lights of fusion. 
Yours is the key without which fusion power will 
remain forever technologically feasible, but 
practically useless." (1) 

[. E. Kintner 
Di rector of U.S. Fusi on Program 1975-81 

Few people appreciate the pivotal, indeed 
controlling, role \·1hich materials constraints play in 
the practical application of scientific ideas. Focus 
is generally directed to the principles of physics or 
chemistry which underlie the application. Thus, for 
1110s t pr.opl e, the essence of steam power is the 
expansive force exerted by matter changing state from 
1 iquid to gas. The immense task of transforming 
scientific principles into functioning systems is 
1 e ft to the Engineers. Eng i ner.rs, therefore, are 
vi:ry much aware of the fact that for e·Jery man-year 
of effort which went into understanding the 
principles of two-phase H2o, a dec.ide of effort was 
reriuired on ferrous metal development. 

So it has been with all of ulilnkind's successful 
applications of science. If aircraft were still rnade 
of woor:l and fabric, of how much utility would the 
principles of aerodynamics he? ,let and rocket 
propulsion has· utterly -· and not entirely for the 
be s t - c ha n g e d t he fa c e o f t he \'JO r 1 d we l i v e i n ; 
these propulsion methods are conceptually simple -
b u t q u i t e u n re a 1 i z a b 1 e w i t ho u t h i g h temp e r a tu re 
r1lloys, refractory liners, r1blative coatings, etc. 
Microelectronics has possibly had an even greater 
impact-· and \•Jhile thC' physics involved is certainly 
not trivial - the rnaterials purity and modification 
r<~quircments of microelectronic components are 
spectacular and controlling. 
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Fusion has hcen termed the most difficult 
technical chal lenqc ever undertaken. And this just 
for the scientific phase! The materials and 
engineering challen<JCS of fusion have only begun to 
be addressed. Fro111 the analogy with other technical 
applications, ho't1rver, we can saf~ly assume that the 
materials challenges of fusion will be unprecedented. 
A look at a magnetic fusion reactor design supports 
this expectation. In close proximity - only a metre 
or two apart - occ:ur temperatures higher than the 
centre of the sun, the core of the fusing plasma at a 
hundred mill ion rl<'grees - and temperatures lo'r/er 
than in deep space, the superconducting magnet 
dewers. The fusion environment is not only 
thennomechanically extreme hut the materials are also 
required to withstand intense, high enetgy neutron 
irradiation. The front-1 ine components additionally 
suffer an intense plasma-surface interaction due to 
the plasma directly contacting them at about one 
million degrees. 11ilny of the 111c1terials must not only 
withstand this harsh environment for long periods, 
but must carry out r.xotic functions as well - such 
as conducting electricity without resistance, or 
transmuting lithiu111 into tritium - require111(1 nts 
which severely 1 i111i t the freedom of materials 
choice. 

Essentially evrry component of a fusion reactor 
requires materials development if fusion is to 
provide economically c111d environmentally accrptable 
electrical pm·1r.r. Many of these developments, 
fortunately, will be pursuerl independently of fusion, 
as they involve problems common to other 
applications. ln this brief survey the focus wil 1 be 
on materials problems 1•1hich are peculiar to fusion. 
Some of these are looming ilS obvious go, no-go 
problems - others, more prosaic perhaps, could still 
quietly kill fusion off as being too expensive or too 
complicated to attract electrical utilities. 

2. THREE CRITICAL MATERIALS rROBLEMS FOR FUSION 

Among the materials problem nreas which are unique 
to fusion, and \·1hen~ thP ,1chievement of solutions 
will be critical to the success of the entire 
enterprise-·- thrr.0. stand out: (i) fast neutron 
damage, (ii) the triti11111 lirecding blanket, and (iii) 
plasma-materials inter~ctions. 

2.1 Fast Neutron Damage 

Eighty percent of the rn fusion reaction energy is 
carried off by 14 11eV neutrons. These neutrons are 
highly penetrating and leave the plasma zone 
unobstructed, only stopping deep within tile 
surrounding sol id structure "blanket". In the 
process of slowing to thermal energy the fusion 



neutrons cause bulk {as distinct from surface) damage 
to the first-wall lining, the vacuum structural 
materials, the tritium breeding material, the 
magnetic coils and their support structures, 
insulators, windows, coolant channels, etc. 

J\t the atomic level the damage takes two principal 
forms (2): 

(1) During elastic collisions momentum is transferred 
to the lattice atoms, causing them to be 
displaced, and thus creating voids i1nd 
interstitials; also the knock-on atoms 
themselves have very high velocities causing 
displacement cascades. 

(2) Nuclear transmut;itions occur, such as {n, er) and 
(n, p) reactions which result in the formation of 
gas within the lattice (helium and hydrogen) 
while simultaneously the elemental composition of 
the substrate is changed. 

In principle, these damage effects are not unique 
to fusion, of course, since they also occur in 
fission systems. The fusion neutron spectrum, 
hov,ever, is much harder, i.e., more energetic, than 
the fission one since-tfie 14 MeV neutrons predominate 
with only slight moderation. Shovm in Fig. 1 are 
neutron spectra for various sources (3): 

(1) CTR First Wall - (calculated} spectrum at the 
fusion first wall for a total power loading of 
1.25 11~J/m 2 (for economic reasons, a total power 
loading of~ 1 Mvl/m 2 is required for a fusion 
reactor; for DT fusion 1 MH/m 2 of tot a 1 pov,er 
corresponds to 4.4xl0 17 (14 MeV) n/m 2s and a 
total neutron flux density about ten times 
greater). 

(2) EBR II - a {U.S.) experimental fission reactor 
used for nuclear materials studies. 

(3) RHlS - a Rotating Target Neutron Source located 
at Livermore, California, which employs an 
accelerated 400 keV o+ beam on a tritiated 
{titanium) target to produce 14 MeV DT neutrons. 

(4) (D, Li) - (calculJted) neutron spectrum for a 
proposerl D-Li stripping source using a 13 MeV o+ 
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beam breaking up on a liquid lithium target. The 
neutron spectrum covers a wide energy band 
centred at ~ 16.5 MeV. 
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FlG. 1: TYPICAL N[UTROH SPECTRA FOR VJ\RIOIJS NUCLEAR 
FACILITIES ( 3) • 
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As indicat,:,rl, thr fusion neutron spectrum is much 
harder than the fission one resulting in (2, 3): 

(1) Higher energy primary knock-on atom, P~J\, 
spectra, Fig. 2, causing more lattice 
displacements (the high energy knock-ons at ~10 6 

eV doing most of the damage). 

( 2 ) 11 o r e n u c 1 e a r t r a n s rn u t a t i o n s ( m a n y 
transmutations have threshold energies too high 
to be significant for fission neutrons). 

Examples of displ.1ce111ent damage and gas rroduction 
rates for various 111;iterials are given in Table 1 for 
the fusion spectr11111. In brackets are some (las 
production rates for the Erm-II fission spectru,11. 
One may note the hi1Jh displacement rate, indicating 
that each w;ill at.om will be displaced fro111 its 
lattice position many times each year. The gas 
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FIG. 2: PR IM/\RY t'.tlllCl".-OM SPECTRA FOR COPPER IN 
VARIOUS tlllCLF.AR FACILITIES (3). 

TJ\13U: l: THE 111 Sl'LACF.MEtlT DAMAGE RATE ArlD GJ\S 
PRODUCTION RATES !ti TYPICAL FUSION REACTOR MATERIALS, 
131\SED ON A TIME-1\VFP.J\GED MEUTROtl HJ\LL LOADHIG OF 1 
mJ/m 2 • VALUES Itl P/\REtlTHESES ARE HELIUM PRODUCT]Otl 
RATES FOR A FAST FISSION REACTOR {rnR-11) (2, 3). 

He 1 i urn llydrogcn 
Displacement Production Production 
d,111wgr. rate Rate Rate 

Alloy dpa/yr•ar a ppm/year a ppm/year 

ss 316 10-12 1-10-240 [5] 520-540 
PE-16 12-15 160-240 780 
Al 15 320-360 300 
V-20 Ti 11 59 230 
V 12 55-60 [0.3] 105 
Nb 7 20-30 [l] 80-105 
t1o 7-B 45-50 [2] 95-100 
Be 3050 
C 6 600-3000 [34] 
B,iC 3600 
Li Al 0 15,500 
SAP {jl+Al 20 3) 14 410 780 
SiC 1800 580 
Al 20 3 15 435 840 



production rates in atomic parts per million per year 
are also very high for fusion. 

Synergistic processes may be important in \'Jhich 
case the ratio of gas production to displacement is 
also relevant. Table 2 indicates that this ratio 
differs greatly between fission and fusion neutron 
spectra. 

The elemental composition of the wall changes 
rapidly, Table 3. 

These damage processes occurring at the 
1nicroscopic or atomic level then result in a myriad 
of macroscopic materials problems (2, 3): 

(1) S1-,elling: lattice vacancies precipitate into 
voids causing s1•1elling; the gases - particularly 
t he i n so l u b 1 e he l i um - a 1 so ca u s e s we 1 l i n g due 
to bubble formation. 

(2) Sintering in some materials reduces available 
void space causing contraction. 

( 3) Growth: Carbon has enormous advantages as a 
first wall material, see below, but unfortunately 
suffers from strong neutron-induced growth 
leading to run-away elongation at radiation 
loadings of 10-20 dpa. 

(4) Embrittlement: Stainless sterl suffers virtually 
total loss of ductility by 100 dpa and 6000 appm 
helium. Long before this point, ho~1ever, the 
ability of a steel vacuuni vessel to maintain 
ul tra-hit1 vacuum inte1Jri ty over a surface of 
~1000 m , and subject to thermal cycling, will 
have been lost. 

TMLF. 2: R/\TIO OF /\PPM (He) TO DP/\ FOR /\ FAST 
FISSION RE/\CTOR (FFTF), /\ rnrnr1/\L FISSION RE/\CTOR 
(IIFIR), A ROT/\TING TARGET MFIJTHON SOURCF. OF 14 MeV 
NEUTROMS (RTNS-11), /\MO I\ FUSION REACTOR WJ\LL 
( 2, 3). 

Fusion 
FFTF IIFIR RHIS- I I Reactor 

I-lb 0.031 0.073 5.4 3.3 
V 0.004 0.009 9.7 4.9 
110 0.05 0.012 5.8 
I\ 1 0.11 0.31 63 24 
316 ss 0.0% 95 36 21 

T/\1:lLE 3: SOLID TR/\llSMUT/\TIOM RATES IN FUSIOM REJ\CTOR 
t1A TERI /\LS FOR A NEU THON WALL LO/\D I NG OF 1 MH/m 2 

( 2, 3). 

Transmutation 
Original Transmutation r~a te 

Metal Product app111/year 

Al Mg 400 
Si 40 

ss 316 Mn 1200 
V 200 
Ti 50 

V Cr 130 
Ti 80 

tlh Zr 700 
Mo Tc 400 

Ru 30 
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(5) Creep: t1any of the structural components, such 
astlie vacuum vessel, are subject to high stress 
and high temperature resulting in plastic 
defonnation over long periods, creep. The creep 
rupture life of stainless steel is reduced 50% by 
neutron irradiation. Even a small plastic 
deformation 'llil 1 make component disassembly and 
replacement difficult or impossible. 

{6} Fatigue: Pulsing of the magnets and vacuum 
system "works" the metal inducing fatigue and 
potential failure. The role of radiation in this 
process is 1 ittle understood. 

(7) Induced radioactivity: Hhile DT fusion "burns 
clean", i.e., the fuel ash itself is not 
radioactive - the neutron bombardment of the 
reactor 1-1alls induces radioactivity via 
transmutations. ln the case of stainless steel, 
the radioactive (structural) waste to he disposed 
of at the time of de-commissioning the reactor 
would not be enormously less than the radioactive 
(fuel ash plus structural) waste frorn an advanced 
fission system (1 iquid metal fast breeder), 
Fig. 3a, and a strong incentive therefore exists 
to develop more exotic metallurgies such as that 
of vanadium, Fig. 3b, for fusion structural 
components. 

These neutron-related materials problems are 
daunting and it remains to be demonstrated that 
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solutions can be found which will permit economical 
opcrr1tion of fusion reactors, with reasonable 
ma i ntena nee efforts and acceptable environmental 
impact. 

In light of the seriousness of this problem 
considerable thou9ht has gone into doing something 
a hout it. The first step has been obvious for many 
years - although little action has yet occurred -
namely, the development of intense 14 MeV neutron 
sources. Without such fusion-simulating 'sources 
materials specialists have to rely on test facilities 
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rIG. 3b: RADIOACTIVITY IN FUSION REACTOR FIRST WALLS 

AFTER SHlJT-DmHL AS FIG. 3a. 

such as fission reactors and ion accelerators which 
only partially replicate the fusion neutron 
environment. In fact it is extremely difficult to 
achieve a satisfactory fusion neutron source, short 
of constructing an actual OT, high duty-cycle 
reactor. The principal requirements of such a 
materials test source are: 14 MeV neutrons (or at 
least a very hard spectrum, >10 MeV} at flux 
densities >10 19 n/rn 2s with as much test volume as 
possible >1}. Since a reactor first wall will 
experience ~10 18 (14 MeV) n/m 2s, and since 
accelerated tr:~sting is highly desirable, the test 
flux density should be at least ten times higher. 

In light of these requirements it is most soberin9 
to consider the currently available and planned 
neutron sources, Table 4. The RTNS II, currently the 
most powerful available source, falls short of the 
above measures by orders of magnitude. The INS 
( Intense Neutron Source) was initially funded by the 
U.S. Government ($25 million) but cancelled in 1977 
as part of general economic measures imposed by the 
Carter Administration. The INS would have employed a 
d.c. 300 keV 1 /Imp T+ ion beam impacting on a high 
speed D2 flow. Recently considered is the D-Li 
stripping FM IT ( r II s ion tla t er i al s Irr ad i at ion Test 
Facility) which the U.S. has proposed to build, at a 
cost of ~$150 million, provided the cost is shared 
internationally. The FMIT proposal has been on the 
table for many years and it is still awaiting the 
necessary financial support. 

!3ecause of the inherently serious nature of the 
neutron damage problem, and because the clearly 
pressing necessity of developing a suitable test 
facility has not been acted upon, this materials 
problem may be the most serious one facing fusion 
reactor development. 

The seriousness of this problem is further 
underlined by considering the next generation of 
proposed fusion machines (4), Table 5, the ones which 
are intended to he the last before an actual 
Demonstration Reactor, orno. These devices will eoch 
cost~ 10 9$. Nevertheless, even these impressive 
facilities will not produce the hard-neutron 
radiation exposure rates ( ~10 19 n/m 2s) nor even the 
integrated life-time exposure (~20 M\·1-yr/m 2} required 
for fusion reactor development. 

2.2 The Tritium Breeding Blanket 

Tritium is not found to ,1ny significant de9rrr in 
nature and must he 111anufactured for DT fusion 

Table 4. lligh Energy Neutron Sources for Fusion Materials Studies 

Location flame 

Livermore RTNSI 

Livermore RTNSII 

Los A 1 amos I tlS 

Han ford n, IT 

Needed 

Reaction 

d+Li 

Beam 
Energy 
{MeV) 

0.4 

0.4 

0.3 

35 

Target 
Current 

{mA) 

22 

150 

1000 

100 

Total 
Strength 
(n/s) 
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6 ><10 12 

4 xl O 13 

10 15 

10 16 

Flux 
Intensity 
{ n/m 2s) 

10 16 

10 17 

10 18 

10 19 

Test 
Volurne 
(cm 3) 

10 

Status 

Operated 1970' s 

Operating 

Cancelled 



reactors. The most probable method is to utilize the 
neutrons produced hy the DT reaction itself to 
bombard a 1 i thi um-con ta i ni ng blanket surrounding the 
rec1ctor, breedinJ tritium via the reaction 
6Li (n, a~ T. ( Li constitutes ~7.5% of natural 
lithium, Li ""92.5%). The blanket must also 
incorporate a heat-removal system which is capable of 
handling the fusion power, 80% of which is deposited 
cl i rec t ly throughout the bulk of the blanket by the 
neutrons. 

The Olanket Issue is addressed in detail elsewhere 
in these proceedings, and the treatment here 
constitutes a brief review of thr. materials issues. 
The latter are indeed the heart of the matter (5) :-

"131 anket issues are highly interrelated to 
material issues and material uncertainties can 
strongly affect the feasibility of a blanket 
concept." 

- and so only a brief examination of these central 
materials issues is appropriate here. 

The blan~et must contain a wide variety of 
materials, p~rfornling different functions, Table 6, 
with mutua 1 compatibility ( 5): 

1. Oreeder mate,:t~: must contain Li in sufficiently 
high atomic density to achieve a breeding ratio of at 
least unity, i.r., one tritium atom created for each 
14 MeV neutron into the blanket. Three categories of 
breeder material are being considered: 

( a) 
( b) 

( C) 

liquid lithium, 
solid lithium compounds such as 
Li 7'1b 2 , L i Si() ~ , 
molten lithium salts such 
(Fl.ll3E). 

l i O 2 , Li IUO 2 , 

as liF-Bef 2 

2. Coolants which remove the heat and possibly also 
the tritium. C,indidate materials: H20, He, liquid 
Li, liquid Na, molten salt, fluidized Li0 2• 

3. Neutron multipliers are likely to be requirerl to 
achieve a breediiig rat.io )1, Candidates: Be, Pb. 

Table 5. Next Generation of Proposed Fusion Test Facilities (4) 

CIT NET FLH INTOR 
U.S. Europe ,Japan lnterna tiona 1 

DT fusion power (MW) 300 600 JOO 600 
Pulse length (sec) 4 1000 2000 200 
Tota 1 pulses 10 4 10 5 10 t+ 4 xlO 5 

Total burn time 1 (sec) 10 5 10 8 10 7 8 ><10 7 

To t a 1 T 2 co n s um e d ( kg ) 0.05 100 7 94 
fraction of T 2 bred in device 0 0.4 ,-0 0.6 
Breeding material Li 17Pb 83 L i0 2 Li O 2 

Time-averaged hard neutron flux 2 (n/m 2s} 2 xlO 16 3 xl O 17 3 ><10 16 3><10 17 

Total exposure ( Ml-/-yr/m 2) 0.02 3 0.3 3 

1Maximum 
2Total exposure averaged over 5 years 

Table 6. Pri111ary blanket options (5) 

Breeder 

Coolant 

St rue tura 1 
materials 

Multiplier 

LIQtJIO BREEDER 

/~ 
Li Li Pb Fl i be 

I 
Li ,l~,lle/,lle 

Fcrritic steels 
Refractory alloys 

I 
llone ,beryl 1 i um 
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SOLI O BREEDER 

I\ 
Li iJ Ternary 

I 
ceramics 

Ferritic stc!els 
Austenitic steels 

Beryl 1 i um 



4. Neutron moderators are likely to be neerled to 
enh,rnce the°l-1~ T reaction which uses therm a 1 
neutrons. Candidates: H20, C. 

5. Structural material for the coolant channels, 
etc., must be compatible with the foregoing exotic 
111,1terials. Candidates: austenitic, ferritic and 
111c1rtensitic steels, Fe-Cr-Ni super alloys, reactive 
and refractory metals such as V. 

Liquid lithium is in many respects the ideal 
breeding material: it has a high Li density and thus 
a good brerding ratio, Fig. 4. It will therefore 
probably not require 6Li isotope enrichment nor a 
neutron multiplier; liquid Li is an excellent 
he,1t-transfer fluid and can be used simultaneously as 
coolant; the tritium is naturally removed from the 
blanket for extraction. Unfortunately a number of 
serious deficiencies may rule out this simple 
option: 

(a) corrosion of the strur.tural materials hy the 
lithium, r:0111bined with the large mass transfer is 
1 ikely to result in the plugging of valvei, etc., 
with (radioactive) corrosion products, 

{b) lithium reacts readily with 0 2 , r1 2 and H20 and 
the risk of a lithium fire releasing the tritium 
( in the hiolo~1ical ly hazardous oxide form) is 
possibly unacceptable, 

( c ) 1 i t h i um i s el e c t r i c a l l y co n du c t1 n g a n d a 1 i q u i d 
lithium coolant would experience pumpinq losses 
due to magnetohydrodynamic effects in circulating 
through the reactors' magnetic fields, 

(rl) the solubility of tritiu111 in lithium would make 
it difficult to keep the T-content down to the 
ppm 1 eve l rcqu ired for an acceptabe tritium 
inventory in the blanket, ~l kg T. 

Sol id brcerlers 
attention, although 
materials problems: 

have 
this 

therefore 
option also 

attracted 
encounters 

I. Tritiu111 self-sufficiency. Hith lower atomic Li 
r, o n ten t i n so l i d hr e e rl c r s , the a c h i c v em e n t o f a n 
odequate hreeding ratio is jeopardized. 
Considering that not c1ll of the periphery is 
usable for breeding owing to the presence of 
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structural componrnts, Fig. 4, this problem is a 
serious one. /\ rnultipl ier is probably necessc1ry, 
and since the desired neutrons .:1re slow, direct 
mixing of, e.ri., Be and the breeder is desirilblr. 
This, hQwcver, raises problems of chemical 
compatibilHy. 

2. Tritium inventory and recovery. The tritium mlJ';t 
be rapidly removed from the sol id breeder und 
convected out of the hlanket in order to minimize 
tritium i nvent.ory. The trans fer of tritium fro111 
sol id to cool ant or purge channel is governed by 
the largely unknown processes of diffusion, 
solubility ilrHI s11rface recombination in materi<1ls 
operating at conditions of elevaterl temperature, 
neutron irradiation and surface chemical 
contamination. 

The INTOR desi(Jn (6) calls for a net breeding 
ratio of >0.6, with a blanket coverage of ---60% and a 
thickness of ---0.5 111. Since INTOR is an experiment.al 
device - not ,1 po\'/r.r reactor - the tritium fuel 
costs to make up the missing 110% is not prohibitive 
(although they could still run to~$ billion since an 
external supply of 11-8 kgT/year is required at a cost 
of $10-100 million/kg). Experimental access limits 
the blanket covcra\Je and the bore of the magnets 
limits the blanket thickness. The latest INTOR 
blanket option b,1serl on Li0 2 is described in Fig. 5 
and Table 7. The tritium vmuld be carried off in a 
heliurn purge circuit, separate frorn the 11 20 coolant 
circuit. 

The foregoing is only a brief outline of the major 
naterials challen9e'> involved in developing an 
economically anrl environmentally acceptable solution 
for this critical cn111ponent of fusion reactors. This 
topic is dealt with in greater detail in tllf' 
companion paper hy I. Hastings and r. Gierszewski in 
these proceedings. 

Insulator 
(A1

2
O3) 

Spacer Ring 

Helium Gas -­
( thermal insulator) 

Coolant 

FIG. 5: INTOR I\H[EDIMG BL/\tlKET CONCEPT (6). 

Tl\11LE 7. PARAMETrns FOH lrJTOR REFFRENCE Li 20 BLArm T 
( 6) 

Breeder material 
Thickness of breeder region (cm) 
Enrichment of 6L i ('Y,) 
Temperature limits for breeder (°C) 
Purge stream for tritium recovery 
Coolant 
Coolant tenperature (°C) 
Structure 
Maximum structure t~nperature ('C) 
Neutron multiplier 
flcutron multiplier thickness (cm) 
Tritium-breeding ratio 

Li 2o 
50 
30 
410-800 
He (0.1 MPa) 

H 20 
<280 
316 ss 
350 
Pb 
5 
0.65 



2.3 Plasma Materials Interactions, PMI 

The materials issues associated with the 
interaction of the plasma with the wa 11 components 
are the most studied and best understood of the 
fusion materials problems. This is simply the result 
of the fact that while the 14 MeV neutron damage .ind 
breeding blanket materials questions relate to future 
machine operation, PMI occurs - indeed dominates -
the operating properties of current experimental 
devices. 

Central plasma temperatures - even in current 
machines - can exceed 10 8 K. Fortunately the 
insulating effect of the magnetic field supports a 
strong temperature gradient across the plasma. 
Nevertheless, edge plasma temperatures, i.e., of the 
plasma in actual contact with the walls, are 
extremely high, one mill ion degrees. Not 
surprisingly this results in a strong plasma surface 
interaction. 

PM Interactions lead to erosion of the surface due 
to a number of processes. Generally the most serious 
is physical sputtering (7) which is the result of the 
s inipl e process of momentum trans fer from the 
fast-moving plasma particles to atoms in the solid 
lattice, knocking them out. The magnitude of this 
wal1 erosion process is indicated hy the 
experi111entally-meas1ired yield, Fig. 6, which is 
dependent on the elementalcornposition of projectile 
and substrate, and the projectile energy. f\s 
indicated, removal rates can exceed ~1 atom removed 
per ion for impacting energies of a few hundred eV, 
typical values for an edge plasma of temperature 
~10 6 K. Initially, only the hydrogenic ions cause 
sputtering. llowever, the sputtered impurity atom is 
quickly ionized upon entering the plasma, and in 
steady-state, returns to the solid surface ;it the 
sa111e rate causing self-sputtering by its own impact. 

Since impurity ions carry more momentum than 
hyclrogenic ones, their sputtering yield is hirJher, 
riCJ. 6. For steady-st;ite conditions, the impurity 
removal rate 1· 1 [atoms/m 2 ] is the sum of the 
hyrlrogenic and self-sputtering rates, vHrll ;ind Yrr1, 
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respectively; Y11 and Y1 are the hydrogenic and 
impurity yields .ind l'H is the hydrogenic flux. 
Therefore, 

or 

Thus self-sputtering is not additive but multipli­
cative; furthermore, as v1 -+- 1, a catastrophic 
runaway can occur. 

lligh erosion rates are unacceptable for at least 
three reasons: 

1. The wall rnc1tPrii1l, present in the plasma as an 
unwanted impurity, thermally radiates away the 
plasma heat content preventing net energy 
production. 

2. The wall-wears out ,rnd its frequent replacement is 
not compatible with economic plant operation. 

3. Gasified impurities such as methane enter the 
exhaust/clean-up system 'tlhich has the task of 
extracting the highly valuable, unburnt tritium 
and returning it to the plasma in a completely 
pure form. Such impurities create one of the 
biggest problems in the re-cycle loop. 

Only the first of these problems is a serious one 
in currently operating experimental devices. The 
other two will become more serious as reactor 
conditions are approached. The plasma contamination 
problem is perhaps the grP.atest stumbling block to 
the demonstration of net fusion power. While the 
fusion "flamP. 11 burns intensr>ly hotly, it is a 
re111arkably vulnerable flame. Here one to simply blow 
into a magnetic fusion reactor the size of a large 
room, the fusion flame would he extinguished! 
Ev en tu a l 1 y th i s v u l n er a b i l i t y o f a f u s i o n p 1 a sm a w i 1 l 



he ,1ppreciated as a valuable safety feature: ;iny 
rlcrarture from designed operating conditions of a 
f 11 s i o n po v, er re a c to r w i 1 1 i n c re a s c the 
Plasrna-MJterials Interactions, contaminating and 
ext.in9uishing the reaction. For the present, 
however, this vulnerability is an enormous curse. 

~ll bodies radiate heat to their surroundings. 
The hotter the body, the shorter the wavelength of 
the radiation. We radiate infra-red. Fusion plasmas 
ra<liate X-rays. This radiation, fortunately, is not 
hlack-body - which is so intense that it would 
result in a hopeless rrospect of net energy 
production at 10 8 K. Rather, the radiation is due to 
electrons colliding with positively charged nuclei in 
the plas111a. The pov1cr of this collisional radiation 
vuics as z2 -- the charge on the nucleus squared. 
For this reason, high-Z impurities are rarticularly 
dil111aging, Fig. 7. This figure indicates (8) the 
maximum permitted concentration of various impurities 
in a OT plasma, which will just permit ignition -
i.e., the point at which the self-heating of the 
plasma hy the fusion reaction itself equals the 
radiative cooling rate. This figure demonstrates how 
r ; s k y i t i s t. o e111 p 1 o y ma t e r i a 1 s s u c h a s tu n gs t en -
-..,hose hi<Jh meltin~ point, fJOOd heat-conductivity and 
lnv1 sp11tt~ring rote, rig. 6b, may not be adequate 
c:rnnpens,1tions for the lov1 permitted concentration in 
the plasma, Fig. 7. The attraction of lovi-Z wall 
materials such as carbon is also evident from Figs. 
6il and 7. Twenty years ar10 refractory materials such 
as tungsten were widely employed in fusion 
experiments. llowever, as the seriousness of the 
irnpuri ty problem became clearer, systems 1~ere changed 
to stainless steel and then to Cilrbon. Most 
operating fusion devices today operate v1ith large 
quantities of carbon protecting the first walls -
indeed, tons of <Jraphite in the largest machines such 
as TFTR at Princeton. Going a step further, 
beryllium has been experimented with - on a smal 1 
s c a l e i n the I J • S • mac h i n e I S X - B a t Oa k R i d g e ( 9 ) a n d 
1•1ill be tried in the world's largest fusion device, 
JET, in the next few years. Boron cor1tings and 
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1 iquid lithium layrrs have al so been proposed -­
which, of course, brings one to the end of th,1t 
line! 

[l·Jith regarrl to blowing out a fusion flame: 
consider a fusion plasma of typical characteristics 
(100 m3 , 1() 8 K ... 10 h:V, density= 10 20 0/T per 111 3 :. 
total content = 10 22 0/T ions) and a breath ( one 
litre at 2.7xl0 22 tt 2/0 2 per litre); clearly the 
plasma contamination level would greatly exceed the 
permitted -5% level, Fig. 7 .] 

The direct prevention of ignition by radiative 
cooling of the core plasma where the fusion reactions 
occur - is n~H' most serious prohlem caused hy 
impurities in current devices. Two other effects are 
more serious: 

1. Fuel dilution. Sincf' the impurities create high-Z 
ions they fill the plasma with Z useless electrons 
for each impurity ion. Each electron adds just as 
much to the plasma pressure as a 0/T fuel ion -­
and since the conrining pressure exerted by the 
magnetic field, 13 2/2 110 , is limited, the result is 
fuel dilution. Since the fusion power PE varies 
as n0 nT, i.e., nfuel, a s111al 1 impuri~y fr~c~ion 
reduces Pr enormously even for low-Z 11npurit1es. 
Example: 5% carbon reduces nfuel by ~30%, hence 
PF by "'50%. 

2. Density limit. Finite magnetic pressure aside, 
one would think that "fuel c:ould be raised to any 
desired level, simply by puffing more 0 2 or T2 
into the plasma. llnfortunately, an upper density 
limit occurs for stable operation of the plasma 
(and at plasma pressures only a small fraction of 
the availahle magnl't.ic pressure, ~Ii}. The cause 
of this serious limit is not completely understood 
- but is almost certainly due to impurities since 
purer pla~nas have higher density limits, Fig. n. 
For energy break-even the fuel density must 

satisfy the Lawson Criterion: 

nfuel -rconfinement t 1020 [s/m
3
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and thus both fuel dilution and the density lirnit 
strike directly at the heart of the entire fusion 
enterprise. 

Because of the critically serious nature of this 
near-term materials problem - fusion research has 
had to pay greater attention to materials issues than 
is usuillly the case for a technology still in its 
scientific-feasibility phase. The official four 
objectives of the ,JET Project (10), for example, give 
considerable prominence to this area: 

1. s c a l i n g o f pl a sm a heh a v i our , 
2 • p 1 a srn a - 1·1a 11- i n t er act i on s • 
3. plasma heating, 
4. a-particle behaviour. 

The 111,1unitude of the pr, Interaction is obviously 
intimately related to the effectiveness of the 
111agnetic confinement. Perfect confinement would 
result in no PMI! In reality, of course, the 
plasma-confining magnetic bottle is quite leaky. 
Even in the biggest machines, which have the best 
confinement, t.he average particle lifetime in the 
plasma is less than one second. Thus every second, 
or faster, the entire plasma content of ~10 22 ions 
strikes the walls. In principle, this load could be 
distributed evenly over the entire wall surface 
~100 m2• For various reasons, a more controlled PM 
Interaction is desirable and it can be arranged for 
the magnetic field to channel most of the plasma 
outflow to special surfaces, called limiters or 
divertor plates, Fig. 9. ~lhile the latter are only 
of area t 1 m2 , one can afford to make them of 
special materials and can replace the111 more readily 
than the entire wall. The wall still catches some 
i1Ction, b11t orders of magnitude less (per square 
metre). Thus the Ptl Interaction occurs at two quite 
different levels of intensity: 
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Case Core Plasma 
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l. Limiters and divertor flates receive 10 22 -1021+ 
ions/m 2s, i.e., ""tlmps/cm . 

2. Walls receive 10 19 -10 21 ions/m 2s, i.e., 
--milliamps/cm 2• 

The total Pl1 Interaction [ions/s] is about the 
same for the tl'lo typPs of surfaces and thus the two 
zones pose abnut equally important materials 
problems. The nc1turr of the problems differ, of 
course. The eras ion rate of the limiters, for 
example, can hr. quite spectacular. Takinq v

0 
c = 

0.1 for exarnplr., Fig. 6a, and r =: 10 2"3 [oPfin 2s] 
leads to an erosion rate of 10 22 cfm 2s ( .. 113 mm/hour) 
just due to the n•· i111pact alone. Since much of this 
re111oved carbon 11ti1y he in the form of methane, the 
impurity load on the re-cycle loop could be 
unacceptable (operation of cryogenic isotope 
separators in the loop requires impurity levels ~- 1 
ppm). Fortunately the impurity atoms and molecules 
upon entering the pl,1s111a are ionized and are then 
caught up in the hydro<Jenic flow to the surfaces. 
While this increases the sputtering it also leads to 
re-deposition. The latter process is clearly of 
cr1t1cal 1mportance if acceptable erosion rates and 
fuel re-cycle loop conditions are to be achieved. 
The effectiveness of impurities at contaminating the 
centre of the plasmi1 is also greatly affected by the 
rate at which this impurity tum-around occurs. The 
processes involved in this complex pattern are only 
starting to be understood. As to the materials side 
of this - it is evident that whatever surface fs 
initially introducrrl to the device, it will quickly 
become a re-deposited surface, with its own unique 
properties. It is thC'refore important to carry out 
materi a 1 s t.es ts on re-deposited ma teri a 1 s - and to 
create these materials in the same way as is actually 
encountered in a \~01'king device (to the degree that 
this is known!). 

The foregoing is focused on only one aspect of rr-11 
eras ion. A number of other important effects al so 

arise: 

1. Hydrogen permeatio11. llydrogen (including D and T) 
can permeate thrnu~h virtually all sol ids. This 
results in embr it t l e111en t and swe 11 i ng - and in 
the case of (radioactive) tritium, in a 
con ta i nmen t prob l Pm. This prob 1 em is enormously 
exacerbated when thf' hydrogen arrives at the front 
surface in an already dissociated form (atoms and 
ions rather than molecules) - causing permeation 
rates to increa,;e hy many orders of magnitude. 
Since the fusion 1·1all receives hydrogen in the 
pre-dissociated form, the problem of 
T-contamination of the coolant circuit is a 
serious one. 

2. Hydrogen retention. /\s alinve, but the problem is 
now one of ker.pi11~1 the tritium inventory of the 
plant to an acceptably low level. 

In addition, there are all the thermo-mechanical 
materials problems ,1ssociated \'lith cyclical, high 
heat-loading in a radiation environment to be dealt 
with. 

The PMI prohl ems are major ones, hut fortunately 
they are being addressr.d in a serious and committed 
manner. Progress is solid. fls an example: initial 
applications (11) of rc1dio frequency wave heating to 
fusion experiments, even brief bursts(< 0.1 sec) 
of low power ( t 0. 2 M\•J) caused such a' cloud of 
impurities to come off the RF antennae, that the 



rlasma was actuillly cooled! Today, RF antennae on 
JET inject ~10 MH of power for seconds-long pulses 
without a pp rec i ably changing the impurity level of 
the plasma (10). ~/hile many Pt.1! challenges lie ahead 

particularly as break-even conditions are 
approached and a-particles contribute to the PHI, 
etc . - a reason a bl e b a s i s for opt i m i sm ex i st s . 

3. C/\fll\OIMI FUSION M/\fERI/\LS RESE/\RCH 

Canadian research on fusion materials is 
concentrated in Breeder Materials and Plasma 
Materials Interactions. Two projects in these areas 
--- the Chalk River Fusion l3lanket Programme and the 
Tokamak de Varennes - have been extensively reported 
on elsewhere in these proceedings, and therefore only 
a brief review is included here. Other fusion 
materials R & D work underway at thr. Ontario Hydro 
Research Laboratory, McMaster University and the 
University of Toronto Institute for /\erospace Studies 
are described. 

3.1 l3reeder Materials R & D at CRNL 

The CRtlL Fusion Blanket Programme vws launched 
during the first five-year programme of the Canadian 
rusion Fuels Technology Project and with joint 
funding by the CFFTP and AEr.L. The Blanket Programme 
utilizes a major fission neutron irradiation source 
,1 t CRNL -· the NRU research reactor. Focus is on 
irradiation tests of sol id breeder ceramics: LiAV0 2 
(jointly stu<lied v1ith France), LiAW 2 (with Japan) 
anrl Li O (with the IJ.K.). Both vented (CRITIC 
Projectf and unvented (CREATE Project) capsule 
irradiation tests are performed to establish the 
rele.ise of tritium from the ceramic and to evaluate 
hreeder/cladding interactions, swelling, cracking, 
etc. The (fission) neutron damage reproduces the 
displacement rate of a fusion reactor near the 
bl,rnkct rear, hut is short by two orders of magnitude 
for the front (first wall). 

With regard to the fabrication of breeder 
ceramics, the CRNL Proqramme is focusc;ed on the 
fabrication of LiA20 2 microspheres by various novel 
techni(lues such as an organic sol-gel process. 

Lithiu111 ( 6Li} isotope enrichment 
1111der study with the p11rpose of 
environmentally attractive approaches. 

techniques 
evolving 

are 
new, 

Liquid breeder/coolant options are under 
investigation including liquid metal breeders - and 
orqanic coolants, the latter based on the twenty-year 
operating experience of AECL's WR-1 organic 
cooled-heavy water moderated reactor. 

A m,1jor alternative to the conventional blanket 
,1rproach for producing tritium is a nev, concept based 
on a wr1ter-cooled blanket employing lithium salts 
dissolved in light or heavy water. This novel 
approach is the object of a joint study by CFFTP/CRNL 
in collaboration with Grumman and Rensselaer 
Polytechnical Institute. 

3.2 First Wall f1aterials Studies on the Tokamak 
de Varennes 

The scientific programme of the Tokamak 
de Vt1rennes is centred ,1rounri the study of impurity 
tr,rnsport and control, plasma-wall interactions, t.he 
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effect of long pulses and materials studies. The 
d e v i c e w il l ha v e a d i v e r to r sys t em ( F i g • 9 ) , h i g h 
speed pumping of the vacuum vessel and advancerl 
diagnostics -- all intended for a strong programme in 
PM!. The main areas of study will be: 

1. study of the equil ihrium (long pulses) between the 
edge plasma and the wal 1, 

2. study of the thermal fatigue of the materials 
exposed to large heat deposition (combination of 
long pulses and a tight, high-energy flux divertor 
configuration) , 

3. study of sputtering, redeposition and net 
erosion, 

4. study of coatings such as titanium-carbide coated 
carbon ti 1 es , 

5. study of divertor operation and impurity 
accumulation, 

6. characterization of 111aterial s for the limiters and 
divertor plates, 

7. study of recycling of the hydrogenic species in 
long pulse discharges where plasma-solid 
equilibriun is approached. 

The Fusion Materials Group rlt the Institut 
National de la Recherche Scientifique, in addition to 
their tokamak studies, pursue two supporting areas of 
activity: 

1. Development of analysis techniques: a 400 keV 
accelerator is used for the nuclear microanalysis 
of Hand Din samples. Detection at the ~lt 
iltomic (H} level with depth resolution to 100/\ has 
been demonstrated; laser desorption mechanisms are 
studied in order to make this into a quantitative 
tool. 

2. f1aterials development. and characterization: this 
work is carried out in collaboration with the 
Industrial Materials Research Institute at 
Boucherville and thr. University of Toronto 
Institute for Aerospace Studies (IJTIAS). Thick 
(300 µm) plasma-sprayed coatings have hccn 
demonstrated to have valuable properties; ther111al 
shock resistance if deposited under argon 
atmosphere; absence of hyoride formation or 
blisters under hydro(J('ll implantation; acceptable 
porosity and gas content. 

3.3 Fusion Materials Studies at the Ontario Hydro 
Research Division 

Fusion materials work at OIIRD, part of the CFFTP, 
focuses on the development and study of materials to 
be used in ancilliary syste:ns such as a tritium 
storage and p u r i f i ca t ion sys terns , a c; econ cl a r y 
containment detritiation system and a reactor exhaust 
treatment system. The areas of activity are 
therefore development of tritium gas handling 
techniques, hydrogen permeation and hydrogen gas 
interaction with hydride formers. 

Hydriding studies of uranium and titanium sponge 
has led to the devel opnent of 5 KC i and 500 t'.Ci 
storage beds for tritium. 

Studies on the removal of free or che1nical ly bound 
tritium from process streams, 11c;ing zirconium alloys, 



c1r> 1no11strated that concentrations as high as 7 Ci/m 3 

could be removed from inert gases, indicating that 
routine tritium scavenging from inert gas process 
streams is viable. 

In conjunction with the Jul ich Textor Group, field 
work studies on the Textor Tokamak have led to the 
development of a permeation probe to monitor atomic 
hydrogen fluxes to the wall. Related to this, the 
performance of a hydrogen permeation pump based on 
composite membranes is under investigation. in 
collaboration with TEXTOR and UTIAS. 

f\ tritium test facility at the 1 KCi level is 
being commissioned at OIIRD for fusion and fission 
studies. 

3.4 Mcr1aster University Fusion Materials R & D 

Fusion materials research at McMaster University 
is part of the CFFTP and focuses on tri ti urn in 
111,1terials. A project is also underway on neutron 
damage. 

Special coi1tings ilre under develoJlnent to act as 
tritium rermeation harriers, specifically SiC and 
f\9 20 3 rleposited on Mi substrates via various 
techniriucs such as A~ evaporation followed by 
anodization. The diffusivity and solubility of 
t r i t i u 111 i n t h e 111 a t e r i a 1 s c a n be m o n i t o r e d 
continuously by measuring the T content using a high 
energy tandem accelerator for Nuclear Reaction 
Analysis, tlRA. 

The diffusion of D and T in materials such as Ni 
is studied subject t.o temperature gradients and 
radiation damage. The T is ion-implanted in thin 
foils, sandwichec1 hr.tween permeation harriers of 
1\.9. 20 3• The <liffusion is ttws constrainr.rl to he 
lateral and is monitored by NRA as a function of time 
and sarnple temperature. 

A neutron damage project is being carried out in 
collaboration with the U.S. Sandia Lahoratory who 
lo,1c1 316 SS samples with high quantities of T at 
20,000 psi, 300"C. The T decays to 3Hr, creating 
levels of up to 500 apprn He. The resulting lie bubble 
formation results in the same fatigue and creep 
problems ,1ssociatcrl with 1•1 MeV neutron exposure. 
The :.Jmples are fatigue tested ,1t McMaster University 
under monotonic and cyclic loading. 

3.5 Plasma Materials Interaction Studies at the 
University of Toronto 

The fusion materials research at the University of 
Toronto Institute for /\erospace Studies is focused on 
rlll and includes both laboratory testing and field 
work on fusion devices outside Toronto. The UTIAS 
work is part of the CHTP. 

\.lorld-wide, perhaps h,1lf of all rm research is 
carried out us•ing relatively small-sr:ale test 
facilities, s1ich as ion accelerators, to simulate Pt1I 
- but in highly controlled conditions. The other 
part of PMI research is carried out directly on large 
experimental fusion devices - principally tokamaks. 
Ptll research on vmrking devices has the obvious 
,1dvantagrs of focus and relev,rnce - hut s11ffers from 
co 111 pl ex i t y , exp r. r i 111 e 11 ta 1 i n fl ex i hi 1 i t y and 
difficulties in intc!rpret.in9 results since many 
procrs';es occur simult,1neo11sly. The optirn<1l approach 
therefore appears to be to combine these t.wo avenues 
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of research. 

In the Toronto laboratory PMl research is carried 
out on: 

1. Chemical sputterir1y of graphite ,rnd other first 
wall materials (e.g., t1morphous 11ydrogenatec1 
carbon films producer! in the HXTOR tokamak} using 
a high-current, low-voltage hydrogenic ion 
accelerator. The released hydrocarbons, 
principally methane, are detected 
mass-spectroscopically. Simultaneously the 
substrate can be ho111barded hy known, controlled 
fluxes of energetic ions, neutral hydrogen atoins 
and electrons to investigate synergistic erosion 
- reproducing the combined exposures to which 
actual working surfaces are subject. The edge 
structures in fusion devices are bombarded hy 
about equal fluxes of energetic ions 11+ (lOO's eV 
energy) H0 a toms ( ~l eV), and electrons { ~0-100 
eV). By itsef the H0 is much less reactive than 
the 11+, however, a strong synergistic effect has 
been discovered for combined 111- and 11° exposures. 
The addition of r->lectrons to the bombarding 
species does not significantly affect the 
reactivity of graphite. 

The llTIAS synergistic studies are carried out 
c o 1 1 a b o r ~- t i v e 1 y w i t h t he I n s t i tu t e fo r Ch em i s t r y 
Group, ,lulich. (;r->rmany. 

2. Hydrogen permeation is studied using a permeation 
membrane facility with in situ surface analysis of 
contaminants by Aug~r Spectroscopy. The level of 
surface impurities strongly influences the 
permeation and recombinative-release (fuel 
re-cycle) of hydrogenic species. A small change 
in carbon impurity level on the surface of Pd. 
from ----0.4 to --0 111011olayer, is found to increase 
the rate of hydrogenic recmnbinative-release by 
more than 2 orders of magnitude. Since all metal 
surfaces in a ,~orking rlevice become contaminated 
with carbon, it is clearly important to employ 
materials data for the relevant, i.e. 
contaminated, state. The IITIAS permeation studies 
ar.e carried out collaboratively with OHRD and the 
Jul ich TEXTOR Group. 

3. Hydrogen inventory effects are studied using 
thermal desorption and laser-induced desorption of 
wall samples exposed to pre-dissociated hydrogenic 
species. Such studies on carbon, carried Ol1t 
jointly with the 11.S. Sandia Laboratory, revealed 
that the highly porous nature of carbon provides 
additional pathways-·- heyond normal diffusion -
for hydrogen penetration and retention. Both JET 
and TFTR have recently experienced unusual 
plasma-pumping effects which may be related to 
carbon porosity. 

4. A small tritium laboratory (~•lf) Ci) has just bren 
coin111issioned in which impurity production, 
hydrogen permeation and inventory effects will be 
studied using the isotope of interest - tritium 
- rather than simulating it with protium or 
deuterium. as hitherto. 

Field work studies are carried out on ll.S. devices 
principally TFTR at Princeton - and European 

devices, ,10 and the 111'../\Ef\'s DITE tokamak both at 
Culham, Oxfordshire. Studies inclL1de: 

1. Chemical erosion of graphite under 
operating conditions. A special 

actual 
highly 



instrumented grarhite limiter inserted into DITE 
is examined spectroscopically as its tPmperature 
is varied, in order to test for chemical erosion 
(which is known to have a strong temperature 
dependence from accelerator studies). It was thus 
establ isherl that chemical erosion of a graphite 
limiter is substantially less than projected from 
lab tests. 

?. l\n inverted-geometry limiter installed in OITE is 
being tested for its c:apabil ity of reduced 
impurity contamination of the plasma. The shape 
of conventional limiters tends to project 
sputtered atorns toward the plasma; inversion 
projects ntoms toward the wal 1. It remains to be 
demonstratect, however, that inversion is 
consistent with the other Pr1 I constraints, see 4 
below. 

3. Edge plasma measurements in JET and TFTR using 
Langmuir probes indicate that PIH conditions 
differ in these large machines from earlier ones 
in that higher plasma temperatures prevail viz 
~10 6 K rather than the ~10 5 K more typically 
encountered in smaller tokarnaks. Due to the 
greater distances between limiter surfaces on 
these big machines, there is more opportunity for 
various PMI related effects to arise than in 
s111aller devices, e.g. radit1tive cooling of the 
erlge plasma, local ionization re-cycle of the 
hydror:ienic fuel, etc. In addition, the 
re-deposition patterns are clearer since the long 
pulses lead to greatly increased total exposure 
t.irnes. With individual discharges on TFTR and JET 
lasting up to 20 seconds, t:l1e total edge data 
accumulation exceeds that from all previous work 
on other fusion devices. 

tl. f\ Monte Cil rl o computer code has been devel ored to 
track the ft1te of i111puri ty atoms as they are 
sputtered from tile limiter, enter the ed~Je plasma 
and ionize, Wilncfer off into the central plasma 
radiating energy and eventually return to the 
limiter to sputter and re-deposit. Various 
l irniter geometries - such as the inverted one, 
,1hove - are tested out in a search for optimal 
designs suhject to thf' constraints of (a) 
distributing the hr,1t load, (b) minimizing the 
i111purities re,1ching the main plas111a, (r:) 

rn i n i rn i z i n g n e t e r o s i o n v i a h o rn o g e n e o u s 
distribution of re-deposit ion, (d) minimizing the 
build-up of trc1pp<'d tritium by the process of 
co-deposition (impurity burial of tritium). 

The co-deposition process 1-1as only recently 
idPntified, 011 JET, as possibly the major 
mechanism governing the tritium inventory tied up 
in the limiters; each carbon atom deposited buries 
---0.5 of a hydrogPn atom. The co-derosition and 
re-deposition processes are intimately related and 
since all surf,1ces in 1·1orking devices 
regardless of their installed materials properties 

end up in the re-dr.posited state, it is 
essential to fully understand and control these 
materials-rnodification processes. 

239 

CONCLUSIOIIS 

The achievement of an environmentally and 
economically attractive energy option based on the 
fusion process will depend critically on the solution 
of a formidable array of materials problems. Three 
of the most critical relate to 14 MeV neutron damage, 
tritium breeding and plasma-surface interactions. 
Canada has now become a significant participant in 
the world fusion effort and has undertaken 
substantial initiatives in two of the materials 
areas: tritium breeding and plasma-surface 
interactions. 
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