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ABSTRACT 

This proposal describes a l arge TokamClk exper-iment, which 

aims to s t udy plasma behaviou r- in condit ions and dimensions 

appr-oaching those r-equired in a fusion reactor- . The maximum 

plasma minor r adius (a) is 1 . 2 5 m and the major radius (Ro) is 

2 . 96 m. An important f eature is the fle xibil ity to study , for 

plasma cur ren t s in the 1 .. 3 MA range, a wide range o f aspect 

ratios (Ro/a _ 2 . 37 .. 5), toroidal magnetic fie lds ( u p to 3 . 6 1' ) , 

minor cadii (0 . 6 .. 1. 25 m) . and elongation rCltios (b/a _ 1" 3 . 5) . 

The cost of the apparatus, po· .. er supplies , plasmCl heating 

equipment and specific d i agnostics is es timated as 70 . 1 Muc 

(March 1975 prices, 1 uc x 50 F B) . The total construction phase 

cos t including commi ssioni"'S , bu ild ings and staff is 135 Huc . 

These figures include ~n average overall contingoncy o f 30%. 

The construction time for t he project is estimated at 5 years 

a n d requires 370 pro fessional man years of ef fort i n the 

construction organi",ation with add itional effort deploye d by the 

Associ ated Laboratories in such a r eas as diagnostics and plasma 

heating . 

This design proposal is arranged as follows : 

Tne Preface <Jives an in t roduc t ion to the fi eld of fu sion researCh 

",nd rel ates JET to the European and i nterna tional programmes . 

Chapter 1 is a co nc ise summary of the design propos",l, it describes 

the objectives of research with JrT , and g i ves", brie f description 

of : the app",ratus; t he cos t and construction schedules; the 

pcoposeCl experimental programme and the possible modes of operat ion 

of the device . A detilliled account o f tne project is given in tne 

rest of the report of whiC h Chapters IV and VII compri s e the 

engineering design and the staff and cost estimates respectively. 

(i v) 
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PREAMBLE 

• The various national laboratories stu~ying contr olled 

nuc l ear fu s i on within t he European Communi ty , all now operate 

under Contracts ot Association with Euratom and carry out a 

co- ordinated prOgramme of research in this field. They have 

recently initiated. as a joint effort. the study of a major 

neW plasma physics experiment . Subject to appropri ate 

fin ancial approval . it is hoped that the experiment will be 

built within the Community during the next few yea r s . The 

experiment is known as the JOINT EUROPEAN TORUS (JET). 

The first discussion of a large European TOkamak Pr oject 

t ook p l ace in t he TOk amak Advisory Group during the early 

months of 1971 and in October of that year the Groupe de Li aison 

set up t he ",Joint European Torus Working c r oup" *chairod by 

Henr i LUC and after his untime l y death (March 24, 1972) by 

Lorenzo Enriques. The group was to prepare various design 

concepts and compare them from the point of view of technology . 

finance and construction time. In March of 1973 . the Group 

recommended that a project team be established to design and 

construct a 3 MA Tokamak. The Groupe de Lia ison at its meeting 

in March 1973 recommended the setting up of a design team and 

following subsequent discussions by the Committee of Directors. 

the JET Des ign Team began work 1n accomodat 1on at the Culham 

Laboratory in September 1913. 

The Design Team issued ~n outline design and f i rst set 

of ~imensions in the "Preliminary Description" (EUR- JET- Rl) 

November 1973 and the "pir st Project Proposal" (EUR- JET-R2) 

in April 1974 . The first cost estimate for the p roject 

(EUR- JET- R4) was issued in July 1974. 

On the bas i s of the adv i ce of the JET Supervisory Board . 

the Groupe de Liaison at i ts meet i ng in Sept ember 1974 accepted 

t he parameters (EUR-JET_R2) and cost estimates (EUR_JET_R4 ) as 

* see Appe ndix E 
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a basis for continuing design . An agreement to release funds 

for the purchase of certain long delivery items was reached in 

April 1975. 

The Design Team has prepared t his document as the 
requested in the JET DESIGN AGREEMENT (Article 9- 1D). 

repor t 

" includes the work carried out by the JET Design Team since 

September 1973 and the contributions of the Commission and 
the Associated Laboratorie ~. working d i rec t ly on contra cts 
Or participating in the six Workshops which have been held 

on JET and which are summarised in EUR- JET-R6, May 1975. 

(xxviii) 



A. Introduction 

In the search for new sources of energy, fusion offers great 

possibilities for the future with virtually inexhaustible reserves 

and a negligible b"sic fuel cost . On the other hand , the conditions 

for thermonuclear reactions are difficult and complex to implement 

be cause of the temperature of approximately 100 mill i on degrees 

(_ 10 kev) necessary to initiate nuclear combustion. Two main 

approaches to controlled fusion are under study at present, magnetic 

confinement and inert i al confinement. Research based on magnetic 

confinement where magnetic fields are used to contain the electrically 

conducting p lasma was initiated in the fifties, and is at present at 

a more advanced stage than that based On inertial confinement where 

very short pulses of energy e.g. from lasers , are used to implode a 

small speck of matter prodUCing high ~ensities an~ temperatures before 

the speck fl i es apart . Among the wide variety of magnetic configur-

at ions studied to date, Tokamak-type devices have obtained the best 

experimental results and offer t he best chances of obtaining a thermo-

nucle"r pl"sma within the nex t decade . The experiment known as the 

JOint European Torus (JET) involves building and studying a l a rge 

Tokamak- t ype devi ce and should yie l d decisive results on the practical 

feasibility and de f inition of a Tokamak reactor. 

The decision to build a device of this type will enable Europe 

to continue t o have an impact On fusion research Over t he period 

1980-85. It is already the case that a device of the size of JET 

can only be built and operated by concentrating effort and coordinating 

research progr ammes within the EUropean Community . The large, minimum 

Size of a fusion reactor , and the complexity of its constructiOn wi l l 

mean that future research and development wi l l have to be carried out 

wi th an increasingly coordinated overall programme, since only in this 

way will European research and industria l opportunlti es compare 

with those in tho united States or tho Soviet Union . 

An illus tration of the proposed JET apparatus appears as a 

f rontispiece to this report. This device with a plasma current of 
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mOre than three mega- amperes (MA) corresponds to an intermediate ste~ 

botwoon prosent experiments and a test reactor. 

dirnen~ion~ are , 

The principal 

Major diameter of torus 

horizontal plasma diameter 

vertical plasma e l ongation 

6 metres 

Z.S metres 

4 metres (for D- shaped 
plasma) 

The overall dimensions are a diameter or 15 me t res and height of 

11.5 metres. 

The purpose of this Preface is to introduce the scientific 

background to the JET project. Section B gives a brief account of 

the plasma confinement and heating problems to be SOlved before a 

fusion r eactor can be designed. while section C gi ves an account of 

the basic properties of the Tokamak configuration . Section D is a 

resume of t he present position of Tokamak research, and sections 

E and F indicate the relationship of JET to the international 

TOkamak research prOgramme . 

B. Thermonuclear Fusion 

The complexi t y of achieving thermonuclaar fua i on comes from 

the need to reach high tempe ra tur es (5-10 keV) and from the need to 

contain the hot pLasm~ for sufficient l y long While fusion energy 

greater than that exponded in producing the plasma is released. 

This temperature of _10 keV is linked with the particular 

fusion reaction at present envisaged for a thermonuclear reactor 

i . e . t he D- T reaction: 

(P-l) 

Thia reaction is supplemented by reactions in a aurroundi"9 lithium 

blanke t. The 14. Z MeV neutrons . which carry off 80% of the reaction 

ener gy (the 3 .4 MeV a. particles r: He) contribute to plasma heating) 

are absorbed by the b l anket. Here neutron_lithium reactions 

produce t ritium to replace the burnt t ritium. Lithium,deuterium 
and t r itium a r e thus the basic fuel. The reaction (P- l l has a 

signifi cant cross_section at p l asma temperatur es above - 5 kev. 

(Pl -Z 



The essential difference between t1 •• ion and fusion reactions 

i , t hat fusion react ions take place between two positively charged 

nuclei which repel each other until attracting nuclear torces 

interveno, while such e l ectrostatic repulsion does not exia t in a 

fi •• ion reaction whore one of the campononts is a neutron . ... 
result of the nece •• ity to overcome this repulaion for fusion, each 

nucleus must have a kinet i c energy which corresponds to the 

, 

very large temperature of _5_10 keV . The baSic problem of thermonuclear 

fusion is to find a system whiCh csn contain the plasma in ite t hermo

nuclear state without external material ente ring the confinement region 

and quenching the thermonuclea r r eactions . 

It this combustion temperature is to be ma intained, ~he energy 

produced by the fusion reactions in the plasma must compensate the 

l osses due to radiation, and thermal conduction to the sur fa ce etc. 

These losses impose minimum size requirements on the reactor 

Maintenance of the thermonuclear reaction 

is expressed by Lawson's c riter ion. 

nT
E 

> 3 x l O'·cm- 3 .s 

where ~ i. the average ion number density (pa rticle .. /cm3 ) 

t he confinement time of the plasma energy (seconds). 

(P-2 ) 

.n<! 

Of the twO main fusion approaches presently under study, one 

involves us i ng a very high densi ty n snd very short confinement 

time ?£ « 10-- s), with the confinement being due to the ine rtia 

i. 

of the mater ial. This therefore leads ~o the concept of a reactor 

baaed on a succession o f micro- explosions o f the type produced in 

the Ii-bomb. The resction would be ignited using powerful lasers 

or electron beams. 

The second meth~ attempts to work with moderate pressure 

(nT _ 1- 10 atJnoliphere. ) plasmas which, taking account of the 

temperature T, corresponds to confined densities of between 10" and 

10'8=- a. An energy con finement time of several seconds is there-

To ensure ~his there is a magnetic field config-

uration which isolat.s ,\ the hot centre of the p l asma whe r e the 
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thermonuc l ear reactions take pbce , f r om the material walls of the 

r eactor. 

Whatever the met hod chosen, t ho parameters to be achieved in 

a thermonuclear D- T plasma are, a temperature of 10 keV (_ 10· OK) , 

and a ~TE product of 3 x 10"cm-~ s . Magnet ic confinement systems 

have been under more sustained investigation than inertial confine

ment systems and at present seem to offer the most direct approach 

to reactor condit ions . The Tokamak magnetic confinement system has 

been t he most successful in improving plas~ conditi ons towards the 

thermonuclear regime . 

c . The Tokamak 

The magnet ic configuration of the Tokamak i s one of t he simplest 

which could be envisaged, a n e1eetrie current is made to circulate 

inside the hot plasma and t his produces forces which mainly balance 

the kinetic pressur e of the plasma. A toroidal magnetic field paral-

leI to t he current is necessary for pla sma stabil ity . From a micro-

scopic viewpoint the traj e ctories of charged particles which make up 

the plasma are (to II first approximation) helices centred on f ield 

lines . In a Tokamak the field l i nes lie On magnetic surfaces which 

a re a set of nested toroids . These form a n a xisymmetric system 

wh ich has advantage~ Of simplicity and exact confinement invariants 

permi tting a better confinement of the particles and more complete 

ca lculation than non-axisymmetric systems. 

Properties Of axisymmetric toroidal configura t ions 

The electr ic and magnetic fields in this type of confi gurat ion 

are rotationally symmetrical, i . e . 1ndependent Of angle about the 

Z axis, see Fig. P- I. 

If the tota l magnetic field B ia split in t o a toroidal fie l d 

component STOR and a po1oidal f i eld component BpOL l ocated in a 

meridian plane, t he magnet i c surfaces are generated by the rotation 

of t he fie ld lines of the poloida l f ield about the Z " xis (Pig. P-l) . 

(The magnetic f ield is always at a tangent to this family o f surfaces) 

These magnetic surfaces are labe lled .by ¢, the magnetic flux be tween 
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density is too low or if the pres sur e of the neutral gas emi t ted by 

the wa ll s of the plasma containment vessel is too high . The loss 

process becomes less and tess important as the size o f the dev ice 

is incr e ased. 
D. Present State of Tokamak Research 

An attempt will be made in this seetion to give a n overa l l 

p i cture of the present sta te of research on Toka~aks . The mai n 

rlevices at present i n operation are , '['-4 in the Soviet union. 

ATe . Alcator and Orrnak -in t he United States. and TFR and Pu Lsalor 

~n Europe. 

The following performance data have been achieved by the French 

"rokamak ,[,FR (see Fig . P-3) with a deuter i um pl asma . 

i on temper"ture l k oV 

electron temperature 

produc t n"E 
3 keV 

2 X LO'" = - 3 . S 

Already t usion reactions in a pure deuterium plasma have been 

produced under these conditions _ Table P-I gives the princip al 

parameters of several devices currently in operation. 

Interpretation of the experimental results 

(1) Equilibrium and maqnetohydrodynamic stability 

A discharge s eems to attain gros s equilibrium f a i rly easily ;n 

Tokamak configura tions, at least in cases of circu lar cross-section 

plasmas . A "vertical" magnetic fie ld is necessary to achieve 

equilibrium of the plasma ring . This field i s produced either by image 

currents in a condUcting shel l surrounding the pLasma or by "ve rtical ,. 

fields gene rated by the extern~l windings . 1n t he l a t t er case, t he 

strength of the m~gnetic fi&ld must be adjusted to the current f lowi ng 

through the plasma and to the plaarna parameters . It is therefore 

necessary to programme t he strength of the e xternal vertical fie l d or 

to have a t eed_back control system . Rec e nt experiments on Tokamaks 

unanimous ly indica te that t he radia l position of the pl asma can be 
contrO lled without posing any partir.u1ar problems. The "vertica l " 

s tability of t he plasma ring can be similarly e nslJrco by a feed-back 

system. 

(P) -11 
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20 

The density and powe~ density at whieh a reactor wil l ope~ate. 

is also depenuent on the extrapOlation o f e xisting results . 
The necessary con~itions co~pri ae a pr oduct n tE~ )xIOI·cm-l . s 

and a plasm~ temperature o f ~pproxl~tcly IU keY. Thcso f igures 

are lo be co~pared with t he code pr&dlctlons for JET which g i ve a 

produc':: 1n the r"ngc 10"- 5 x 10" elll-l . s and a 
3 - "'10 keV (see Fig.P-4 ). Igni tion of 

t e mpe r atur e 
the reactor in th" r .. nqe 

will r equire almilar addi t iona l heating units to those 

envisaged for J ET. 

The f undsmental aim of JET ie to produce a l arge pl ul'Qa 

which wilL r ep resent a significant stage in rese arch towa r ds a 

r e actor . wilh a vIew to testing the confinement pr incip l es of a 

Tokamak . The J ET experiment will be used to define the sinimum 

ai~e requ ired for a reacto=. or mgre precisely to answer the 

question of the losses which govern the pla sma ener gy balance, 

a nd the probl em of the natur e of the wa l l . JET will .11110 test 

the methods of additiona l hea ting needed to rea ch ign i tion. 

These studies wi ll be carried out mai nly in hydrogen. I nitid 

examination of the properties of plaama austained in par t by 

n particle s frOIll fusion reactions ia expected to begin in t he 

Technical prOblema. for example 

maintenance operations by r emote hand ling as~ociated with act i ve 

operation will alao be encountered in thia phase. These stud ies 

wi ll give va l uabl e e xpe rience for the device which fo llowa JET 

and which h e xpected to operillte fo r moa t o f ila life aa a or 

bur ner to a t udy the first wall . the b la nket and the a.aociated 

neutronics proble~a. 

In p ractice ~~T must not be conSidered .. s an iaolated experi

ment, but as fo r ming part Of a mor e comprehensive re.earch pr o-

9ramme , and requiring complemen t a r y programmes consisting of 

several medium_si~ed Tokamaks wi th plasma densities and tempe ratures 

not too fa r f r om thoae cf JET . and apecia lly deaigned to study 

apecific queationa auch as diagnoatic techniquea , methods of 

heating, cho i ce of t he fira t wall and contr o l at the current 

den.ity profi les. 

(P)-20 
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1 . 1 Objectives of Research with JET 
The essential ·objective of JET is to obtain and study a plasma 

in conditions and dimensions approaching those needed in a thermo-

nuclear reactor . These studies will be aimed at defining t he 

parameters . the size and the work ing conditions of a Tokamak reactor. 

The r ealisation of this objective involves four main areas of work, 

(i) the "caling of plasma behaviour as pa r ameters approach 

the reactor range . 

(i i) the plasma-wall interaction in these condit i ons. 

(iii) the study of plasma heating and 

(iv) the study of g particle production. confinement and 

consequent plasma hea ting . 

The problems of plasma-wal1 interaction and of heating the p l asma 

must in any ca"e be solved in order to approach the conditions of 

interest. 

An important par t of t he experimental progr amme will be to use 

JET to extend to a reactor_like plasma, results obt a ined and 

innovations made in sme ller apparatus as a par t of the general , 

Tokamak programme. These would include , various additional 

heating methods, first wall materials, the control of the pl""ma 

profilu. and plasma format i on . 

The main a reas of work listed above are discussed more tully 

below . 

1.1.1 Ex tens ion a nd scaling of plasma parameters 

The first task is to measure the plasma parameters . dens i ty . 

temperature and confinement time. i n a domain as close to ignition 

as possible. The observed sca ling and behavi our of the pl~sma 

should indicate the Ri~e of a Tokamak reactor . The p l asma current 

of 3 MA has been chosen (see 1.2 ) to be wi thin a factor 3 to 6 of 

that envis~ged in a reactor. The fle xibility of the experiment is 

es~ential for these studies . In addition to the usual parameter 

variations (current, density. etc .• ) the proposed design will permit 
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variatton of; the plasma cross-section from cir cular to D-.~ped. 

the aspect r atio. the discharge duration. and the plasma build- up 

phase (using compres.ion or moving limiter techniquos . ) 

Tho following studies ere envisaged: 

1. The IItUdy of transport processes over II wide range of parameter s 

including the - collisionl e •• regime" appropriate to • reactor. The 

study should establ ish the r e lative ~portance of bi nary-collision 

and fluctu.tion_~iv.n tr.n~port . It should provide the inforpation 

necessary to make reliable •• t~te8 ot the density-energy 

confinement time product (n~E) to be e~pected for r eactor p.r8~terB . 

and establiSh the limits of the Ohmic heating. 

2 . The control of the pla.ma cross- aect i on shape and o f the 

various profiles of temperature. density and eurrent . The 

diffusion and the .tability ot t he plasma are very d.pendent on 

the pro tiles (tor exampl e the peaking of the current in the centr a l 

region) . Control o f the power deposition protile (e.g. by 
additional heat ing)may allow contr ol ot the current density pro tile 
'and hence ot the stability o t the discharge. The relation 
between the den.ity and tne temperature profiles may determine 

the rate of penetration into the plasma , ot the impuri ties. 
Furthermore par .unetar e at the e dge o f the plasma a.re ot particular 

importance to the plasma-wall interaction. Feedback-controlled 
i nj ection of variOUS gases ia 8 possible method of contr olling 

these protiles and parameters. 

3. Experiments to de termine Pcrit • the maximum pos.ible ratio ot 

plasma t o magnetic field pre.sure, and ~in . the minimum "safety 

factor" va l ue . Thes. parameters define the ~n1mum toroidal fi e ld 
• 

fo r IMcr oscopic stability and thus are cruc.ial in determining the 

econ~ics of a futu r e reactor. They may b e defined a s f o llows 

(with the usua l notation and appropriate unital : 

)1.1) - 2 
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Plasma pressure/pressure of 
t he poloidal magnetic field 

(for II circular cross- s e ction 
at large R/a) 

is the t otal line densi ty 
(ions + electrons/unit l ength ) 

STOR' he r e and elsewhere i n this repor t , is an average va l ue 

rather than the l ocal maximum value sometimes quoted. 

8pOL is expected to be limited by equilibr i um and stability 

considerations to BpOL < (1 ~ RoIa) . Experiments on the limiting 

value of ~POL wi ll require addi t ional heating to r aise ~ POL above 

the Ohmic limit (typical l y - 0 .1 for JET) . 

The O- s haped cross-section o f the plasma permits a gain in 

the maxi mum va l ue of STOR . Stable, peaked current , D- shape d 
equilibria have been predicted for JET (see 11 . 1 . 2) fo r whi ch 

~TOR - 3')(.. Control of the plllsma curr ent de nsi ty profile may 

lead to an increase of this value . 

4. Ext ension of 
reactor regtme . 

n,. E a nd T as f a r as 
In a favourable case, 

possible towards the 
experiments in hydrogen 

indicate t hat the Lawson crite rion Can be r eached . 

S. Invest iga t ion of long-time Tokamak equil i b rium, stability, 

and impurity behaviour . 

6 . Sea rch for , and study of t he importan t diffusion a nd injection

driven cur rents . 

1 . 1 .2 Plasma -wall inter action ; impurit ies 

Th is question is a very serious one and t he interaction may 

s trong ly limit the performance of JET . It is of primordial 

interest for a rea ctor to know the behav iour of the impurities 

insid e the plasma and t he interaction between the plasma surface 

and the wa ll under plasma conditions sim i lar to t hose needed for 

a reactor . I t i s to be expected t hat the wall bomba rdment 

associated with charge exchange and subs equent impurity behavi our 

will be qua litati~ely different in JET t han in smaller Tokamaks . 

(1. 1) - 3 
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This i. because the penetration distance of neutrals from the 

wa ll will be a small fraction of the plasma radius (_ 10%) in 

JET whereas in pr esent Tokamaks neutrals are readily able to 

penetr ate the whole c r oss_section. 

The following studies are envisaged : 

1. Study of the chOice of ItISterial for the limiter and the 

first wall: investigation Of low Z materials. 

2. Study of the role of plasma-limiter interaction , possibly 

using limiter detac~~ent experiments (e.g. compression or 

expand i ng l imiter). 

J . Investigation of the poss ibilities for control of t he ex t e rnal 

layer of plasma (Te ,ne ) by gas injection and control of the energy 

deposition . 

4. Examination of the effect of a divertor, probably in a l ater 

phase of the experiment. 

1.1.3 Additional heating 

In order to reach temperatures of several keV it i" necessary 

to hsat the plasma by some method other than Ohmic dissipation. 

Several addi t ional heating methods will be developed and t e sted on 

m. Their efficiency in heat i ng a plasma int o the reactor domain 

shOuld be studied. The fo l lowing heating methods are envisaged: 

(i) fast adiabatic compression by changing the 

major radius of the plasma . 

(ii) the injection of flUt neutrah< (60 - ISO keV) 

into the plasma. 

(iii ) the high-frequency heating at t he low hybrid 

rsso=nce . 

(iv) the radio- f r equsncy he!l Ung !It harmonics of 

the ion cyclotron frequency . 

1 .1. 4 Q part icle effects 

a particle production, confinement and heating must be studied. 

as they will play an enential role in the power balance of a reactOl 

The a particles may be produced by direct reactions from an 

energetic beam of deuterium injected into a tritium plasma, a nd in 

thi. cas e it is likely that the break- even condition wil l be reached. 

(1. 1 ) _4 
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The break-even condi tion is obtained when the energy injected by the 

beam is equal to t he energy released by the induced fusion reactions. 

In the event that the confinement of energy is long enough. thermo

nuclear reactions between t he par ticles of the p lasma itse lf may 

produce enough c particles to playa significant role i n the energy 

balance. In thi s case , powerful addi t ional heating will be necess ary 

to heat the plasma up to the required t emper ature (- 10 keV) . These 

above experiments will involve working with tritium and wi ll produce 

a large neutron flux . 

Ini tial work using a 0- 0 plasma will already lead to sub

stantial neutron production (say up to a few x 10' 7 neutrons/pulse) 

leading to apprec iable a ctivat ion of the inside of the torus afte r 

a f ow thousand s hots . This activation level would not seriously 

limit access to the ou t side of the torus. Beam-plasma D-T operation 

near the "break-even" condition wou ld lead to about l ol - neutrons/ 

pulse, whi l e achievement o f true ignition could lead t o up to 

lOao neutrons/pulse (th is figure has been used as an upper limit 

f or safety assessments .) 

These levels would mako main tenance operations very di f fi cul t 

and time consuming a f ter a few thousand or a few hundred d ischarges 

r e spectively. In v iew of the extensive operational e xpe rience 

t hat will have been accumula t ed during H2 operation it is anticipated 

that at least a f ew thousand D-T discharges wil l be possible wi t hou t 

extensive modification or repair . 

Ij. " -5 
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