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Abstract 

A design proposal for high performance, long pulse, tokamak (HLT) is described. The main 

parameters of the machine are: major radius 3.4 m, minor radius 1.2 m, elongation 2. The 

maximum toroidal field on axis is 8.3 T, the maximum plasma current is 20 MA. The discharge flat 

top length is 40 s for a plasma with 20 MA inductively driven current at a toroidal field of 8.0 T, . 

and 500 s for a discharge with 7 MA non-inductively driven current at a field of 3.5 T. Ir!r HLT the 

main physics issues for a fusion reactor can be assessed: plasma physics and plasma operation in 

the ignited and sub-ignited regimes; burn stabilisation; behavior of divertor components under 

long-pulse thermal ‘loads; and semi-continuous operation with non-inductive current drive. The 

crucial element in obtaining this level of performance in a machine of medium size is the use of 

active cooling with liquid nitrogen both for the toroidal field coils and the central solenoid. The 

toroidal field coils have a pure copper conductor in a stainless steel casing. The stress in the copper 

does not exceed a, relatively conservative, limit of 180 MPa. 

Riasmnto 

Viene descritta una proposta per il progetto di un tokamak (HLT) capace di elevate 

prestazioni e di imp&i di lunga durata. I principali parametri della macchina sono 3.4 m di raggio 

maggiore, 1.2 m di gaggio minore, elongazione 2.11 massimo campo magnetic0 toroidale sull’asse & 

8.3 T, la massima corrente di plasma e 20 MA. La piattaforma della scarica t! 40 s per un plasma di 

20 MA.di corrente prodotti induttivamente con un campo toroidale di 8.0 T, e 506 s per una scarica 

di 7 MA prodotta mediante current-drive ad un campo toroidale di 3.5 T. Con HLT pub essere data 

risposta ai principali problemi di fisica relativi ad un reattore a fusione: sulla fisica de1 plasma e 

sulla definizione delle procedure operative sul plasma nelle regioni ignite e sub-ignite; 

stabilizzazione della scarica nella fase di produzione d’energia, comportamento delle componenti 

nel diver-tore sotto il carico termico prodotto da una scarica di lunga durata; e realizzazione di un 

regime semicontinuo media&e current-drive non induttivo. L’elemento cruciale al fme di ottenere 

una macchina in grado di for&e quest0 livello di prestazioni B costituito dall’uso di un 

raffreddamento attivo con azoto liquid0 sia per il campo toroidale the per il solenoide centrale. Le 

bobine de1 campo toroidale sono costituite da conduttore di rame puro in una struttura di 

contenimento di acciaio. Lo sforzo nel rame non supera il limite, relativamente conservative, di 

180 MPa. 





1. INTRODUCTION 

In this paper a preliminary design proposal for a long-pulse, high performance tokamak (HLT) is 

described. The main physics parameters of the machine arc listed in table 1, and table 2 gives an overview of 

tte main engineering issues. Cross se .:ions of the device are shown in figures 1 and 2. The main objectives of 

HLT are the demonstration of plasmas in ignited and sub-ignited regimes and the study of the main physics 

problems for a fusion reactor in conditions typical of a fusion reactor. This involves three major areas of work: 

1) Achievement of a thermonuclear plasmas in the ignited regime, with characteristics similar to those of a * 

fusion reactor. 

c 2) Study of the methods of sustainment and control of the plasma burn, both in ignited and in sub-ignited 

regimes. 

3) Demonstration of the feasibility of long’ pulse. semi-continuous operation with non-inductive current drive 

in thermonuclear conditions. 

The choice of the main design parameters of HLT follows from the above points 1,2 and 3: 

1) In order to produce ignited plasmas with temperature, densicy, and specific fusion power similar to the 

values needed in a fusion reactor one needs a tokamak of sufficiently large size, plasma current and 

toroidal field to obtain the minimum required energy confinement. \\‘ith the basic parameters of HLT, 

namely a major radius of 3.4m, a toroidal field of 8T and a plasma current of ‘LOMA, this condition is 

fulfilled. 

2) In order to study methods of burn sustainment and control, the duration of the burn must be exceed the 

typical timescales of the physics processes that govern the burn. In HLT, the flat top pulse length of a 

plasma with 20MA inductively driven plasma current is 40s. In the sub-ignited regime, a plasma current 

of 15MA can be sustained for 90s. These times are sufficiently above the typical burn physics timescales to 

allow a realistic assessment of helium ash removal, impurity control and burn stabilisation. The ash 
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removal and the impurity control requires a pumped divertor system. HLT can be operated with top and 

bottom diverters, with pumping elements Installed in the top and bottom horizonral porrs. 

3) In order to study quasi-continuous operarion with non--inductively driven plasma currenl, a sufficiently 

long pulse length capability of the toroidal field must be available. In HLT, the toroidal field can be 

maintained at 3.5T for up to 500s. A toroidal field of 3.5T will allow plasma currents of about 7MA. The 

toroidal field pulse length capability can be extended at minot capital c&t by increasing the size of the 

cooling energy reser+oir. Long pulse operation can al;o be achieved with inductively driven plasma current. 

A plasma current of 7M.4 can be sustained by the central solenoid for .about 200s with a loop voltage of 

0.5v. . 

, For HLT a substantial research programme with a deuterium-tritium fuel mixture is proposed. The total e 

number of discharges is appro?cimately 10000. It is an important aspect of the design, ‘chat the 4, power at 

ignition is not much higher than the total installed auxiliary heating power. This implies that discharge 

development and optimisation required for the D-T discharges can be carried out in plasmas consisting of 

deuterium or hydrogen. 

The major experimenrs to be carried out in the mavimum performance discharges (plasma current 15 to 

‘20M.4, toroidal field 7 to ST) with a deuterium-tritium fuel mixture are: 

a) Study of the heating path to ignition regimes with different heating methods. The oprlmizacion involves 

the use of different heacing rnethods such as ICRH and/or NBI and schemes of plasma current profile 

control with LH curIen( drive aild stabilization of the plasma internal modes. 
I 

b) Study of the behavlour of enhanced confinement regimes at high power and in ignition conditions. This 

includes the H-mode confinement regime and the plasma regimes accessible with pellet injection. 

C) Study and control of >lHD instabilities. Of particular importance is the control of the internal mode, the 

external kink and the avoidance of plasma disruptions. 



d) Study of the scaling 3f rhe plasma parameters at the ignition regimes. 

e) Study of the ash removal and impurity control. ’ 

f) Study of burn stabilisation issues. 

The topic f), ie. burn stabilisation, can be sub-divided in a number of experiments as follows: 

fl) Exploration of soft beta limit conditions. 

f2) Toroidal field ripple control 

fJ) Variation of plasma density, plasma dilution or fuel composirion. 
. 

c 

f4) Variation of auxiliary poiver. 

In the area of work of long-pulse and semi-continuous operation, major experiments can be carried out & 

foliows: 

a) Development of ICRH fast wave current drive. 

b) Development of LH current drive. 

c) Development of scenarios where the plasma current is driven in alternating direction by alternating current 

operation of the central solenoid. 

d) The non-inductive current drive can be combined with the ignited plasma operation, in a mode in which 

the transformer is recharged by application of non-inductive current drive in periods in between successive 

burn phases. The advantage of this scheme is that during the current drive periods the plasma parameters 

can be optimised as regards current drive efficiency. 

The parameters of HLT, shown in table 1 and 2 have resulted from an optimisation process aimed at 

combining some features of the construction of the JET device - such as the D shaped toroidal field coils, the 

active cooling, the additional heating predominantly based on ICRH and NBI -, with the characteristics of 

high-field tokamak - such i\s cryogenic liquid nitrogen cooling, moderately high value of toroidal field -, in an 

apparatus with moderate level of stresses and therefore with a high level of reliability and easy construction. 



The design of the divertor relies on poloidal coil external to the toroidal coils. This is a requirement for reactor 

design. because it strongly simplifies design and serviceability of the coils. External poloidal field coils 

produce high values of the poloidal connection length. 

A basic principle is that of taking adequate safety margins in the design of major components.. It 

also 

will 

ensure a degree of flexibility as well as a future capability to exceed, if required, the basic design parameters. In 

the guidelines of HLT safety and environmental aspects have played a crucial role: first the choice of structural 

and shielding ‘materials is such that the activation of the machine will be reduced to a few thousand curies after 

a 10 years cooling down period; second the size of the device is such that a moderately high building can 

aCcommodate it; third the assembly and disassembly procedures are made ZG simple a~ possible in order to 

reduce the cost of de-commissioning, and the problems of intervention in case of faults or accidents. As a 
. 

concluding rematk it should be emphasized that a considerable experience on technologies could be gained from 

HLT. AS matter of course technological experience will be gained on all the high thermally loaded components 
\ 

of the divertor, as well as the elements of the machine exposed to neutrons, including some-of the diagnostics. 

In parallel CO the main physics program; a technology program can also be carried, consisting amongst others of 

the development and, testing of small blanket modules that can be accommodated in the ports of HLT, and the 

development of helium pumping capability. The total neutron production of HLT is 2 10 
25 for the whole 

machine life. Conventional materials can be used for the construction; at the neutron fluences of.HLT, no loss 

of strength or creep can be expected to occur for any metal. The toroidal field coils, however: need a neutron 

shield rvrth a neutron energy attenuation factor of about 5, in order to prevent damage LO the coil interturn 

insulation. It has already been stressed that the auxiliary freating capability of HLT is such that commisoning, 

of discharge scenarios up to thermonuclear parameter regimes can be performed in deurrrlum or hydrogen 

plasmas. thus not producing significant activation of machine components. 
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2. OVERALL PHYSICS PERFORMANCE 

2.1 Choice of the value of toroidal field 

The choice of the value of the toroidal field of 8.0 T is due to three main considerations; First, with the 

value of 8.OT the values of q$,9s i&close to 4 at a plasma current of 20MA. In general tokamaks have obtained 

the best performance with qti .between 3 and 4, where the central instability region is smaller than half the 

plasma minor radius. The sawtoothing instability can therefore be stabilized possibly for the entire duration of 

the high current flat top by a moderate amount of current drive or by possible effects of fast particles (11. 

Second-, the relative high value of the toroidal field ensures an adequate margin on tIpsi if the value of the 

plasma current needed to .be increased ‘further. Third, the 8.OT coroidal field allows a larger operational space“’ 

on the side of high fusion power by virtue of the ratio p/pcrit. 

. 

c 

2.2. Preliminary considerations on phasma performance. 

A first point to be made for predicting the physics performance of HLT is that, from the point of view of 

the plasma geomerry, the plasma dimension are similar to that of JET. A first strong simplification can 

therefore be made in the predictions because one can , in first approximation, base an extrapolation to 20MA 

and ST just on JET results. One simple way of proceeding is to esrrapolate the scaling obtained on the basis of 

the results of the JET H-mode ; with the assumption, which is justified later, that HLT can achieve au 

. 
H-mode with characteristics similar to that of JET. The ratio between Q power and plasma loss power can be 

written for a 50-50 deuterium-tritium plasma in the appropriate range of temperature, assuming equal electron 

and ion temperatures as: 

F = 3.2 10 
-22 -.- 

n T rE f! Y / (2~4) (1) 

where n and T are the central values of electron densities and of the plasma temperature,. r E 
is the value or 
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the global energy confinement time , f  is the dllurion factor (the ratio between the ion and electron densltles), 

and y  is the pressure peaking factor (the ratio between the cenrral value of the plasma pressure and its volume 

averaged value). At ignition one has that the o power balances the plasma power losses and the value of F is 

unity.’ For values of F above unity the a power exceeds the transport losses and one has a margin above 

ignition, while for values below unity the device does not have an ignited space of parameters. Rewriting eq. 1 

one obtains: 

F = P(MW) 72 E ? y2 / (1.5 V(m3) (2y-1)) (2) 

‘By substitution in formula 2 of the values of ‘the scaling of the JET H-mode global confinement time, as 

reported in references [2] and [3] one obtains the values for F reported in table 3. There is a good margin for 

ignition for both of the cases shown. The first column refers to values of dilution of 0.8 and pressure peaking 

factor of 4 id the second refers to values of dilution of P.9 and pressure peaking facrors of 5. It should be 

noted that the above values have routinely been exceeded in JET H-mode op&ations. !Zspecially recently with 

pellet fueled discharges the values of pressure peaking factor achieved were of the order of 7, with an estimated 

dilution of 0.95. 

2.3 H-MODE CONDITIONS FOR HLT 

It should be emphasized thaL operation with pump divertor are designed to achieve control of plasma 

density and impurity influxes iven in ignition regimes. Consequently a substantial improvement compared to 
$ 

present JET H-mode conditions should be achieved. In JET the condition for the H-mode LransiLion are the 

presence of a magnetic separarrlx and a value oi the additional power above a certain rhreshold [‘!:.?I. IL has 

been found ,in JET and -in other tokamaks that the main dependence f?r the threshold power IS an 

approximately linear increase wiLh the applied toroidal field [5]. -If one scales the JET values to HLT,one 

obtains a payer threshold of 30MW for a value of toroidal field of 8.OT, well within the capability of the HLT 

heaking system.Without a purpose built pump divertor the duration of the ELM free JET H-mode is equal to- 
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the time that the radiation losses t&e to reach the Inpur. power.This happens with a continuous rise in plasma 

densiry. an Influx of impuriry larger than Lhe outflux, the rate of increase of the radiation has a slope of 

1-2MW/s.(G].It could be therefore expected that even without a beneficial divertor action, the duration of the 

H-mode to last for times comparable to the duration of the available high performance flat-top length.The 

maximum density at which the H-mode can be sustained also depends on power radiated by the bulk plasma. 

In JET such density scale-s as ,<n>(m -“)=2.12 P”.5(MW), where ,.<> denotes volume average, for a series of 

JET 3MA discharges. with gas fueling, while with pellet fueling the limit is substantially higher.Again in HLT a 

higher proportionality factor could be eipected.Even assuming no improvement and the above simple power 

. 
20 -3 scali?g one obtains <n>=l.S 10 m for the lower power of the sub-ignited regimes and <n>=2.12 

1020m3 for the higher power of the ignited regimes. 

2.4 BURN CONTROL 

The experiments on the control of the plasma burn have two main inter-related .aspects; 1)Control of the 

o power; 2)Removal of the Helium ashes. These two aspects are closely related because the time scale is similar 

for both and because the ashes accumulation itself causes a moderation of the burn phase and at high Helium 

concentrations, the switch-off of the burn. Fueling the discharge is done with three standard methods : gas 

fueling with simple puff valve is effective but probably inefficient wirh srrong partic!e fluxes directed toward the 

diverror, neutral beam injection produces fueling as well bs heating and tritium injection is planned for presenL 

generation tokamaks. peilet fueling is very reliable and wirh high efficiency; if central pellet deposition is 

required In ignition regimes, the present generation of injectors are clearly inadequate.The control of plasma 

densily is performed by a pump diverror, it has an estimated pumping speed of IO6 I/s. While there is evtdence 

ol Helium pumping by the Beryllium surfaces in JET (‘i],f or HLT helium pumping is certainly a critical area of 

research.The crucial plasma parameter for ash removal and burn control is the ratio between the particle 

effective diffusion coefficient and the the values of the thermal conductivity. The value of this ratio should be 

c 

t 

\ 
sufficiently large to ensure low residence fraction of the Heliim particles in the discharge with at the same time 

a sufficiently energy confinement properries to be able to sustain the ignition regime. 
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Several active and passive methods have been proposed for burn control. There is immediately a major 

difference to the problem of plasma burn control for ignition or sub--ignited regimes: the ignition regimes are 

thermally unstable , while the sub-ignited regimes can be thermally scable.It should be noted that apart from 

the complication of the ash removal, in practice many ocher plasma phenomena should be expected to play a 

non irrelevant role. The sawtoothing activity, when present will modulate strongly the fusion power, by 

modulating the central values of plasma temperature and density, and possibly by perturbing the orbits of the 

Q partic1es.h second possibility of plasma perturbation is that one of ELMS, for an Himode ignition, en ELM 

cauzs a temporary reduction of energy and more pronounced increase of particle transport. One could think 

about schemes which could control some of these instabilities as a possible way of burn control, or modulate the * 9 

pumping of ashes via for example a variation of conductance plasma-pump divertor done for example by radial 

weeping of the X-point. I f  some of these mechanisms are seriously affecting the plasma confinement, then they 

will limit the value of Q and all depends on the effective merits of each method, but technically speaking 

succeeding in controlling the plasma burn means operating in a sub-ignited regime.The sub-ignited regime can 

be thermally stable and then one of the most effective ways of burn control can be done by modulating the 

additional power. The crucial parameter of ‘these experiments is the value of Q and the extrapolation to a 

reactor based on economic considerations. 

2.5 LONG PULSES-QUASI CONTINUOUS OPERATION 

. 

The technical feasibility of long pulses , of the order of 500s at a value of toroidal field of 3.5T, depends in 

, 
HLT on an efficient current drive: Assuming the use of LH current drive and scaling the results form those of 

experiments, it can be estimated that in order to drive plasma current of the order of 7MA , a total 

radio-frequency power of the order of 30MW at frequency of 6 to 8GHz could be required. In these conditions 

the average value of plasma density cm be 5 10lg.In this regime it can be expected that plasma performance 

will be of the order of break-even, as scaling from JET. , 



Aparr from the use of LRCD one can expect to be able to drive plasma current also by the use of a suitably 

phased array of ICRH anrenn<as and by bootscrap currents. From the point of view of the experiments, main 

points are: 

1) Study of current drive in multi-mega-ampere plasma for very long pulses 

.2) Study of the ash removal, or helium pumping under large integral thermal and particle load. 

3) Development of diagnostics and plasma control systems for those long pulses. 

2.6 PLASMA STABILITY 

t 

The study of plasma instabilities is very important in HLT. As it has previously been emphasized the 

control of specific instabilities, has a crucial role in the burn control. The avoidance of plasma disruptions is 

important to reduce the stresses on the in vessel components. An estimate of the forces acting on the vessel of 

HLT due to vertical instability can be ~done scaling in plasma current the valu~~observed in JET.. Assuming 

that the observed quadratic scaling can be extrapolated to HLT one obtains a value of lOOOOtons, which will 

betaken by the 32 toroidal coils. The force acting on each has however to take into account a certain degree of 

toroidal asymmetry, as observed of the order of a factor of 2. 

. 
3 COMPUTER CALCULATION AND SIMULATIONS OF PLhSMA PERFORMANCE 

The plasma performances of EILT have been preliminary calculated by 1/2D computer code [6] and by 1 

l/2 D computer code JETTO, using different models for the transport. The main results of the 1/2D computer 

code calculations are shown in figs 3,4 and 5 obtained by using the Rebut-Lallia scaling (91. The Rebut Lallia 

scaling does not really represent the H-mode confinement, however the confinement obtained in the JET 

H-mode is approximately a factor 1.5 better than the Rebut-Lallia scaling would predict. The three plots shou 

the POPCON contour for 20MA HLT with the assumption of values of Zeff of 1.0, 1.5 and 2.0, assuming as 

impurity a mix of Oxygen and Carbon. The plasma density profiles are assumed to be parabolic to 0.5, while 

the parabolic temperature profiles are flattened in the central half of the radius assuming strong 
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sawtoothing.The values of rhe beta limit has been taken according to a Troyon scaling with a multiplier of 2.8. 

the lower curve takes into account the contribution of the Q particlesThe avis are the central peak values of 

plasma density and temperature. It is shown that there is a wide ignition region at :111 the above values of Zeff * 

: foi peak densities above 2 10 20 and for peak temperatures above 10 kev, which is a value which is routinely 

achieved in JET 

The minimum value of the & particles power on the ignition boundary ranges between 20MW for the zeff =l.O 

case to 1OOMW for the case with z eff ~2.0. The code has been run by using the ITER H-mode scaling [3] 

already mentioned in the previous section which also has a wide ignition region.In the latter case the minimum 

values for Q power range between 1OMW and 50MW depending on the value of Zeff For both scalings the 

additional power needed to access the ignition region is far below the planned 401MW of HLT. 

Without the H-mode improved confinement runs obtained with the Kaye-Big-Complex scaling, based mainly 

on the confinement results of the L-mode discharges of JET,TFTR and JT60, the results of the 1/2D code still 

show the ignition as marginally possible, always with the same assumptions as before, but with 2 eff equal .to 

1.0. 

With the 1 1/2D code JETTO simulation runs of the plasma behaviour of HLT have been performed. The 

code uses full flux geometry as derived from runs of the plasma equilibrium code. 

First an ohmic case is run until an a steady state is reached. The results of the ohmic calculations are then fed 

into a new run in which the additional heating is switched on. A series of simulations have been performed with 

several local transport models. since a set of local transport coefficients is not yet available for simulations of 

Hymode discharges, the models used are more appropriated for L-mode discharges.The results of the 

simulation essentially are in good agreement with the results of the calculations done with the l/2 D code. 

reported earlier.In the follov:ing figures from 6 to 21 an output result is shown for a run with plasma current of 

20MA, toroidal field of S.OT The run was done using the Lackner-Gottardi scaling+profile consistency 

constraints [lO,ll] The run start from an Ohmic steady-state at time 20s at which an additional heating 

power of,20MW of Deuterium beams are switched on into a target plasma composed equally of Deuterium and 

Tiitium. As consequence of the additional heating the plasma density increases and the Q and total power also 

increase. after 15s the NBI injection is switched off while the plasma is undergoing a full ignition. In fig 9 the 
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time evolution of the ratio between the total fusion power and the input power Qj is shown. Evidently the 

ignirion regime corresponds to the value of Q 
5 equal to 5, which corresponds to the values of F=1.6- of the 

previous section. The ignition is reached in this case after 1% oi SBI heating and the value of the fusion power 

is in thiq case stabilized and modulated by the sawtooth activity.Fig 11 shows the time evolution of the central 

value of q as calculated by using Spitzer resistivity and neo-classical corrections. A sawtooth reconnection is 

’ triggered when the central value of q drops below O.&The reconnection is simulabed with the Kadomtsev model, 

and the central value of q is restored to the value of unity.In the case under consideration the sawtooth period 

is of the order of 5 seconds. The time evolution of the values of the global confinement time,2 eff and resistive 

loop voltage are shown in figures 12,13 and 14 respect;vely.While the evolution of the plasma temperature is 

. 

mainly determined by the energy transport model, the evolution of the plasma density profile is determined 

essentially by the particle transport model. In fig.15 three plasma density profiles are shown , thk particle local 

tiinsport model used here has’been obtained by fittin g the plasma’density evolution in high current JET 

pulsesThe flow of particles is dominated by a diffusion. coefficient D = 0.1 x, the inward pinch term produces 

‘only a 10% contribution to the particle flux. Consequently, as shown in fig 15 the plasma density profiles tend 

to be rather flat with most of the plasma density gradient concentrated in the outer 20% of the plasma llux 

equivalent minor radius.The deposition profile of the 14OkeV SBI f  or these values of plasma density is rather 

broad and does not contribute significantly to the shape of the plasma density protile. Radial profiles for 

electron and ion temperatures are shown in fig 16 and 17 ar the peak of the sawtooth period. The toroidal 

current profile density IS shown rn figs 1s and 19 Fig 19 sho\vs the radial profile of the bootstrap current 

contribution. Fig 20 shows radial profile of the D-T reactivity Fig 21 shows the time evolution of the poloidal 

and toroidal beta, please note the, factor 10 on the scale of the roroidal beta. 

4. OPERATIONAL SCENARIOS AKD KEUTRON PRODUCTION 

In this section the three’ main reference operational scenarios for HLT are summarised. The main 

parameters of these scenarios are shown in table 4. The first, type A. is the discharge type of maximum fusion 

performance, for which the ignition predictions have been carried out. Discharge .t’ype B, which has a plasma 



current of 15MA and a toroldal field of 7T. with a pulse length of OOS, is the reference scenario for the 

deveiopment of sub-ignited burn control strategies and for the developmenr of ash removal and impurity 

control techniques. Discharge type C, with a toroidal field of 3.5T, sustained for 500s provides the basic plasma 

on which to carry out the development and optimisation of long pulse and semi-continuous operation scenarios. 

The neutron productiori of the discharge types A and B, calculated from the expected fusion power, and . 

assuming an average duration of burn, is also shown in table 4. The total neutron production during -the 

lifetime of HLT was estimated on the basis of these numbers. A D-T programme, with a cotal duration of six 

years is assum.ed, with a number of operational days of IO0 per year. It is further assumed, that per operational 

day not more than 4 discharges of type a or B can be run (these discharges require the full capability of the . 

cold storage). In addition a number .of smaller discharges, say 10, producing 1.0 10 
21 neutrons each, can be run 

per’day. A total number of pulses of about 10000, with a total neutron production of about 2 10 
25 

, then 

appears as a realistic estimate. This should be compared with the number of 10 
24 predicted for the JET D-T 

. 

phase [12], where it should be noted that JET has no neutron shielding, In table 5 the neutron production, the 

total neutron fluence and the total neutron energy are summarised. Table 4 also shows the power supplies and 
/ 

cooling energy requirements for the toroidal field coils for the- three discharge types. The cooling system will be 

described in section 6. 

5. M.&IS ASPECTS 01: THE ENGINEERING 

The main components of the load assembly of HLT are shown in figure 22. In this and the following 

sections. the considerations leading to the particular design, and some details of the construction, will be 
I 

described. 

The conceptual desrgn of the engineering of HLT follows logically from the stated physics objectives. The 

objective of obtaining a long pulse capability, with conventional copper toroidal field coils, leads naturally to 

the concept of coils operating at liquid nitrogen temperature, and being actively cooled with a pressurised liquid 

nitrogen system (see next section). The long pulse capability is further obtained by using a central solenoid of 

relatively large outer diameter, and by strongly cooling the central solenoid with a similar cooling system. It 
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should be noted here that the cooling, rather than the stresses. dominates the design of these coils for long nulse 

applications. 

The toroidal field coils of HLT basically operate in pure tension, but they have a’ transition in the tensile 

stress at the highest and lowest points of the coil. This construction allows the inner radius of the toroidal field 

coils to be larger for a design whit:. operates in pure tension without a transition. Furthermore, a higher 

elongatiop of the TF coil can be achieved! thus making space for an elongated plasma and for divertor 

components, and the tensile force along the inner leg of the coil can be reduced. With the coils of this shape. 

the vacuum vessel can be built close to the coil everywhere. 

In order to be able to sustain a substantial program in deuterium--tritium, a neutron shielding has been 

applied between the TF coils and the first wall. The thicltness of the shield is between 100 and 150mm, and the 

I. 
shield consists of a suitable high Z material. The shield, and the vacuum vessel, are water-cooled. The 

minimum kquired neutron-enera attenuation of the shield is factor 5 along the inner-wall. ‘The functions of 

the shield are to reduce the nuclear heating of the TF coils, to prevent significant degradation of the coil 

inter-turn insulation, to prevent the resistivity of the copper to increase under the accumulation of 

neutron-induced lattice defects, and to reduce long term activation in coils and surrounding materials. 

For the vacuum vessel and associated stiffening components, preferably a low-activation material should 

be used. The requirement is that the induced activation of the vacuum vessel, after a 10 year cooling down 

period, should not significantly exceed the activity induced in other machine parts, in particular TF coils and 

shielding material. No final choice of material has been made yet. 

The TF coils of HLT are made of steel cased, high purity oxygen-free copper. The choice to use this type 

of coil, rather than full copper coils made of a strengthened copper (Glidcop copper with aluminium-oside or 

beryllium-copper), was made on a number of considerations: first, at liquid nitrogen temperature. and with 

coils that are actively cooled, maximisation of the cross-section is less of an overriding consideration than for 

passively cooled coils (where heat capacity is important); second, the decrease of copper resistivity with 

decreasing temperature is larger for pure oxygen free copper than for the strengthened coppers; third. cased 

toroidal field coils are naturally much stronger against the out of plane bending forces; fourth, cased coils can at 

the same time function as the main structural element of the machine. Cased coils, with ‘a bolted on mechanical 



structure, will allow for easier coil replacement than full copper coils that are supported by an external 

structure. The cased coil concept also relates more closely to super-conducting coils It IS possible, in principle. 

to replace one or more of the coils of HLT by super-conducting equivalents. 

The machine is build-up of 16 identical sectors, where each sector contains two TF coils, and a sector of 

the vacuum vessel including a major horizontal port. The two TF coils in one sector are connected with a shear 

panel that takes the overturning and out of plane bending forces. Coils in neighbouring sectors are connected 

via a system of bars. The sectorisation has advantages over. a system in which the machine is build of a smaller 

number of larger elements, in particular in view of the substantial D-T program. A sector is a relatively 

inexpensive item. Rather than having to carry out major repairs on a radioactive sector (with rem&e handling 

tools that would represent an expensive investment), the sector can be replaced in its entirety. The weight 
. 

(about 50ton) and size of the sectors is such that road transportation is not a big problem. The system of cased 

coils with bolt-on bars allows for 16 major horizontal ports protruding between the bar connections\ A number, 

say 4, of these ports can be permanently dedicated, or made easily accessible, for remote handling apparatus. In 

this way, remote handling tools will have to have only a limited reach around the machine, which limits their 

size and cost. Horizontal ports at the top and bottom of the machine are accessible to remote handling tools for 

. 

the servicing of divertor components. 

6. ACTIVE LIQUID SITROGEN COOLING 

In this section ic will be argued that the concept of active cooling with liquid nitrogen of both the TF coi! 

set and the central solenoid is a crucial ingredient in achieving the high current and long pulse capability in d 

machine of medium size. 

The resistivity of copper at an operating temperature of about 1OOK is reduced by about a factor 6 with 

respect to that at room temperature. The strength (ultimate tensile and yield strengths) of copper and steel are 

increased by about a fact& 1.5 at these temperatures. Furthermore, creep of copper is eliminated. 

In designing liquid-nitrogen iooled TF coil sets, one has to make the basic choice between an inertial 

cooling system (in ivhich the coil is cooled to 70K before tne plasma discharge, and heats up to room 
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temperature during the discharge), and an active (steady-state) cooling system. where a low operating 

temperature is maintained in steadv+tate operation up to the maximum coil current. In IILT, the TF cooling 

system is steadystate. This has the following advantages with respect to an inertial system: first, the resistive 

power required to drive the coil current is maintained at a constant low level (400MW in HLT) throughout the 

discharge, whereas in an inertial cooling system it would rise by a factor of about 6 during the discharge(for an 

inertial system, the coil design would be somewhat different, but the required power would be at least of order 

1GW); second, the total resistively dissipated energy is minimised for a given pulse length; third, the .increased 

strength of the materials is retained throughout the discharge; fourth and most important, the maximum TF 

pulse length is now determined solely by the amount of cooling energy available in a cold storage facility. The 

cooling system of HLT consists of a 20bar pressurised liquid nitrogen closed loop operating between 70 and 

llOK, which is .heat-exchanged against a large liquid nitrogen storage facility at Lbar and operating. between 65 

and’75K. Figure 23 shows the concept. The size of the -reservoir should. be of order 2000m3 (see next section). 

The cooling pumps will operate only during tokamak discharges. The steadystate cooling power of the cooling 

plant, calculated on the basis of the assumption that the equivalent of .6 discharges requiring maximum cooling 

energy (type A, see table 4) can be run per day, is about 2SMW, assuming that the plant works 24 hours per 

c 

. 

day. . 

Operation of the coils at lOOK allows relatively high current densities (up to 55MA/m’ is used). This 

allows for a compact coil conductor (0.08mZ on high field side part of the coil), surrounded by a steel casing. 

The steel casing takes about 50% of the tensile force along the high field side of the coil. The most important 

function of the casing is however not to support the tensile force (this could also be done by increasing the 

copper area, at the expense of having a slightly larger coil), but to support the coil against inter-turn shear. 

arising from the out of plane bending forces due to the poloidai field crossing with the coil current. These forces 

are partrcularly severe in divertor machines with divertor coils external to the TF coils. Also, the casings in 

HLT are used directly as the main structural elements of the machine; vacuum vessel, shaping coils etc. are 

directly supported on the casings. 

Design of a cooling system for the central solenoid is more constrained than that -for the TF coils, where 

the reduction of conductor strength due to the cooling holes can be compensated for by adding casing material 
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The cexrral solenoid, at high currenr. IS subject to eupanslon forces. which are partly balanced by TF cenrering 

pressure. and partly by tensile hoop sLress in the copper. Any further srrengthening material can only take the 

form oi a shell between the solenoid and the TF coils, which is very unfavourable from the point of view of 

aspect ratio. 

The central solenoid of HLT uses a combinarion of active and passive cooling. Currents up to about half 

the maximum current (stress limit) can be run in steady state, with the copper temperature not exceeding 

. 
lOoK. Higher currents cause the coil temperature to increase, up to the masimum’valuc of 1lOK. The cooling 

system will, during .the plasma formation phase when the coil current. goes through zero, remove the heat 

generated in the coil .during the pre-magnetisation phase. The required cooling power in the HLT design is 

determined by’ the consideration that for a plasma of 20MA plasma current, the coil will reach the maximum 

l 

temperature at the same time -as it reaches the stress limit, ie. after a flat top of 40s. 

It would clearly be very difficult to construct a central solenoid with water-cooling that would meet these 

specifications. Because the size of the central solenoid can not be increased without increasing the machine size, 

the dissipation at room temperature would be about 6 times higher. 

. 

’ 

In summary, the high-power liquid nitrogen cooling is essential for the achievement of high-current and 

long-pulse capability with a limited machine size. The total energy demand from the grid will not be much 

reduced with respect to a warer-ooled similar machme, because the efficiency of liquid nitrogen producL]on 

approslmately cancels the gain made in copper resistivity. However. the maximum power demand is much 

reduced. Even allowing for Lhe fact that in a water-ooled design the coils would have a larger conductor 

Cross-secLion, the saving in resistive dissipation is at least a factor 2 to 3 (Compare: eg. HLT with 400MW ai 

8.3T to JET with a dissipation of 270MW at 3.5T [13,14]). Th e reduction of the peak power results in lower 

cost of operation of the machine, and in a wider range of options for the siting of the machine. 
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7. ASPECTS OF THE CONSTRUCTION 

The main components of the load assembly are shoivn in figure 22. In this section, the various elements 

will be described in some detail. 

Toroidal field coils. The main parameters .of the toroidal field coils are summarisdd in table 6. The number 

of toroidal field coils is 32, The coils are of the well-known bending-free shape [15], where the dominant force 

on the coil is a tensile force, constant al&g the arc. There is a transition in the tensile force at the highest and 

* 
* lowest points of the coil, such that the tensile force along the high field side part of the coil is reduced. This 

transition serves two purposes: first it allows for coil shapes with high elongation (when inner and outer radii of 

I the coil are given), .to match highly elongated plasma shapes and leave space for divert-or components; second 

the reduced tensile force along the high field side part allows for a:maller coil cross-section, which benefits the 
:- . 

machine aspect ratio. Figure 24 shows the main‘-dimensions of the TF coils. Figure 25 shows the tensile force as 

a funcrion of coil arc distance, for the case of the maximum current of 4.4MA in the coil, which corresponds to 

a field of 8.3T at the machine major radius of 3.405m. The reiultant force across the transition is taken by a 

structural element in the form of a ring, the crown. These rings can be seen in figure 22. They are made of 

laminated stainless steel, bonded with epoxy, in order to prevent eddy currents induced by the poloidal circuit. 

In order to prevent high shear stresses between the turns and the casing, the transition in tensile force is not 

abrupt: but is spread over an arc length of Im. In this transition region, the turns will be keyed to the casing. 

The conducror is oxygen free, high-purity copper. The coils are tape--wound (as opposed to the pancaked 

coils used in JCT [I4]). The advantage of tape--wound coils is that the winding exhibits a high stiffness against 

the our+f-plane bending forces, resultin, 0 from crossing the coil current with poloidal fields. These forces are 

particularly strong in the divertor region. The conductors’ are contained in a stainless steel casing, which 

provides 50% to 70% of the tensile strength of the coil. The casing eliminates the problem of inter-turn shear 

forces on the insulation, which, on a relatively small, high field machine, is potentially serious. Figure 26 shows 

cross-eections of the coil at the high and low-field side mid-plane respectively. The areas of conductor, casing, 

cooling holes and insulation are indicated in the figure. The maximum a.xial tensile stress in the copper 



conductors is about IBOMPa, the mayrmum stress in the srainless steel casrng is about 360MPa 

The TF coil casings form the main structural etement of the machine. They provide support for the 

poloidal field coils and ,the vacuum vessel. The machine is sectored in 16 identical sectors, each consisting of 

two TF coils with associated vessel elements. The two TF coils in one sector are connecred by shear panels. 

which resist the overturning moments. Connections between neighbouring sectors are made simply by bolt--on 

bars, leaving space for 16 major horizontal ports. 

The TF coils are actively cooled with a 2Obar pressurised closed loop liquid nitrogen cooling system. 

Cooling calcuiations, assuming circular cooling holes with a total hole area of O.O4m* (‘256 holes of 14mm 

diameter) in the coil cross-section were performed, using the Dittus-Boelter equarion NU = 0.023 Re 
0.8 pro.4 4 

. 

[16] between the Nusselt, Reynolds and Prandtl numbers. The calculations show that w.ith a fluid speed of 

5m/s, and fluid entry temperature of 80K, the cooling power equals the maximum’clissipated power (at the 
c 

maximum coil current of 4.4MA) at an operating temperature of about 10SK. Th< boiling point.of nitrogen 

under 20bar is 115K, hence no boiling of nitrogen should take place. The pressure drop across the coil for this 

system is about 0.8bar. The installed liquid nitrogen pumping power is about 1MIV for the total TF coil set. 

The cooling holes for the TF set should be internal to the conductors, in order to prevent contact between the 

coolant and the insulation. 

The liquid nitrogen in the closed loop system will be heat exchanged against the low temperature cold 

storage facility. The size of this pool determines the maximum flat top duration for the toroidal field. For a 
. 

cooling energy demand of ;L rn.aximum performance tokarnak pulse of order 36G.l: the size of the reservoir 

should be about 2000m3 of liquid nitrogen (heat capacity 2kJ/(kg K). 

The resistivity of high-purity copper at 1OOK is about 3.15 10 -9 Rm. The total resistance of the TF coil 

set of 32 coils, with 22 turns each, IS about 10mR. The d&patron at the maximum coil current of 2OOkA is 

then about 400MW, and the resistive voltage drop is 2kV. The inductance of the coil set is about 6OOmH. The 

maximum magnetic stored energy is 12GJ. 

With a peak power demand of 600MW, and a maximum voltage-of 6kV, a TF rise time of about 40s from 

0 to 8.3T can be achieved. For a TF flat top time of 40s at 6.3T, the integral power demand from the power 

supplies is about 41GJ. 
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The situation may arose that the cooling system fails during a discharge, and that. due to a failure of Lhc 

electrical system, the inductive energy is fully dissipated in an un-cooled coil. With a heat capacity of a co,1 of 

about 3.5MJ/K, this situation will lead LO a temperature rise of about 1lOK. Although this will lead to total 

evaporation of the liquid nitrogen in the coil. and to an emergency release from the 20bar system. there is no 

danger to the integrity of the cojl-(the main danger being differential thermal expansion between the copper 

and the casing). 

Central solenoid. 

. 

The central solenoid in a tokamak is subject to two main forces: the centering force from the toroidal field 

coils, and the expansion force due to the current in the solenoid itself. In HLT, as in JET [14] the centering 

force, in the absence of solenoid current, is taken by compressive hoop stress in the central solenoid itself plus 

an internal steel cylinder, mouded inside the solenoid. ‘When current is passed’through the solenoid, the 

expansion‘ force is balanced by the centerin g force from the toroidal field coils, and by tensile hoop stress in the 

central solenoid. When in expansion, the solenoid can separate from the internal steel cylinder. This mode of 

operation is well-known from JET. 

The central solenoid is separated from the toroidal field coils by a structural element, the central sh~l! 

This is a shell of jOmm thickness, in which the TF coils engage via vertical grooves. The shell is made of 

laminated stainless steel, epoxy bonded, so that a structure results in which no eddy currents will be generated 

but which still has a hjgh stiffness zgainst torsion. The central shell thus, supports the TF coils agarnst OUL of 

plane bending forces, but does not restrict vertical movement of the TF coi!s. The pancakes of the :entral 

solenoid are also locked to the central shell via a system of grooves. to prevent rotation of the pancakes. In the 

case of net expansion of the central solenoid, the shell works in expansion. 

The stress distribution in the materials of the central solenoid was calculated using a simple model. The 

radial build-up of the model is shown in ,figure 27. The solenoid is .assumed to consist of a number of 

* ’ concentric cylinders of steel, copper and insulation. The differential equation for the displacement under stress is 

l 

solved analytically inside each material, taking into account. the magnetic body--force acting on the copper 



shells. It each interface between materials. the boundary conditions are applied of constancy of radial stress 

and of radial displacement. At the outer boundary, the centering pressure of the TF is applied as a boundar) 

condirion. The increase in the stresses in the copper due to the presence of cooling holes was raken into account 

by applying a weakening factor to the copper. The inter--turn insulation is lumped in 2 thick layers, instead of 

the 8 or 10 thin layers in reality. 

In table 7 the stresses in the different elements are summarised for the compressive loading case, in which 

there is maximum centering pressure from the TF and no iurrent density in the central solenoid. The composite 

stresses are calculated according to the maximum shear strain energy algorithm, where u composite = ((u, - 

q2 ‘(“, - ut12 + Iat - q2 )/2, with u r’ uzl 
ut the radial, vertical and tangential (hoop) stress respectively. 

Note chat vertical stresses are neglected in the calculation, and also that all elements are assumed to be at the 

i 

same temperature. We see from the table that the copper-stress does not exceed 1SOMPa. The stress in the . 

inner steel cylinder is maximum at the inner radius of the cylinder, at 325MPa. 

In table 8 the same stresses are summarised for the case of expansion, ie.,maximum TF centering pressure 

and kximum current in the solenoid. Note that this i&plies that the TF field should be maximum if the 

.maximum flux swing is to be used, and that at lower field the masimum solenoid current is reduced. The 

maximum composite stress in the copper is now 17cMPa, at a current densiti of 45MA/m2. In the 

approximation of an infinite solenoid this corresponds to a flux of 9SWb. 

The cooling system for the central solenoid LS a 20bar pressurised liquid nitrogen closed loop cooling 

system. .hear. exchanged against the cold storage reservoir. The solenoid will be constructed ouc of a number of 

pancakes. Cooling holes WIII go vertically through the pancakes, thus cutting through the inrer-turn Insulation. 

Cooling manifolds WIH be locaLed at the top and bottom of each panca!ie. The operating temperature range of 
9 

the central solenoid B- between 70 and llOK. Preliminary calculations were carried out of the cooling system of 

the cenLra1 primary, in which the primary current was calculated from the required plasma current for a given 

plasma Inductance and a given mutual inductance between plasma and solenoid. The flus induced by the 

I 
vertical field equilibrium coil was taken into account. 

These calculation are summarised in table 9 and figure 28. They indicate that for a 20MA plasma with a 20s 

rise time and 40s flat top, with a pre-magnetisation current in the coil equal to the maximum current given by 
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the stres limrr (4,jMA/m 2 ), the stress limit and the cooling limit for the co11 are reached simultaneousiy at the 

end of the flat top. The fluid speed for this system is 8m/s, and the fraction of cooling holes in the volume is 

about 10%. 

For lower toroidal fields, the maximum curreni is lowered proportionally and the solenoid is operated at 

reduced stress levels. Similar calculatroni show that for a 15MA plasma with a 20s rise time and a 0.2V loop 
. 

voltage, the maximum permissible temperature is reached after about 90s with a maximum current density of 

37MA/m2 in the coil. Note that these calculations were performed in order to establish the basic parameters of 

the cooling system, and that the model ‘for flux consumption does not take into account the stray fields and 

shaping currents, which give an additional contribution LO the magnetic flux. 

With these cooling system specifications, a solenoid current of 27MA/m2 can be run is steady state. 

. 

Va&rxn vessel and shielding. The shape of the vacuum vessel and the location of the main ports is shown in 

figure 22. The distance between the first wall-and the TF coil is 200mm on the high field side, and 15Omm on 

the low field side. The vessel centre is at 3.405m, and the horizontal internal diameter of the vessel is 2.47m. 

I 

There are 16 main horizontal ports, situated m the toroidal location between TF coils which are connected 

by the bar connections. The dimensions of these ports are: height 1.5m, width 0.35m. These are the main ports 

for auxiliary heating systems, diagnostics and remote handling. In the remaining 16 midplane locations, where 

the TI: coils are connected by shear panels, there are smaller penetrations leading to spaces for 16 midplane Ion 

Cyclotron Resonance Heating antennas. 

There are 16 upper and 16 lower horizontal ports, with an internal width of about 0.2m and a height of 

0.5,. These ports. which have no direct line of sight through the plasma centre and can be well shielded from 

the neutron flux, contain the cryo-pumps for the divertor pumping, and allow access fir installation and 

. 
servicing of divertor components. In addition, there are 32 upper and 32 lower vertical ports, with a roroidal 

width of about O.lm and a poloidal width of about 0.2m. These ports are used for vessel suspension 

c 

The vacuum vessel is surrounded by a neutron shield. The function of the shield is to absorb most of the 

neutron energy, in order to limit nuclear heating of the TF coils set, to prevent neutron damage to the coil 

inter--turn insulation, .and to prevent an increase of the copper resistivity under the neutron fluence 1171. The 
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specification for the shield is that the total neutron energy fluence on the TF coils should he reduced by at least 

a factor of 5 with respect LO the fluence at the first wall (6 10 
22 -2 

m neutrons at. 14MeV). With this level of 

shielding, and the use of advanced insulator materials (eg. boron-free glass cloth with a poly-imide filler), it IS 

expected that no serious degradation of the insulation should take place, while the increase of copper rcsistivity 

is estimated to be less than a few percent. At the high field side, the shielding thickness is lSOmm, while at the 

low field side, where the fluence is lower, the thickness is IOOmm. The shielding consists of a suitable high 2 

material. Candidates are lead or tungsten, in the form of pellets (Note that tungsten can, in principle, also be 

used as a structural material, in the form of plates or bars with bolted connections. It is, however, difficuit to 

combine with other materials due to the very low coefiicient of thermal expansion, G.5 10 -6/K). The shielding ti I 

material will be contained in box sections that also serve to stiffen and re-enforce the first wall. 

The shield and vessel absorb most of the plasma energy loss (including the nuclear energy), and hence they 

must be cooled. In order not to add to the total demand for liquid nitrogen cooling capacity, .vessel and 

shielding .will be water-zooled. The operating temperate will be between 10 and SOW. The temperature , 

difterence between vessel and TF coils requires thermal insulation, and poses a problem of differential thermal 
. 

d 

expansion. Therefore sectoring of the vessel is required, with poloidal bellows separating. vessel sectors. The 

sectoring is shown in figure 22. Each set of two TF coils carries a vessel sector of 211/16 toroidal circumference. 

The beilow (this LS also the line alo.. ng ~vhich the vessel will be cut in the case of sector removal) is parallel LO 

and near to the nearest TF coil, so that It does not cut through ports or ICRH antenna slots. 

A final choice as regards the first wall and vessel structural material has not yet been made, mainly 

because the essential but complicated calculations of residual activation and tritium inventory have not vet 

9 been carried out. Candidate materials. which satisfy basic criteria of COST: fabricability and vacuum 

compatibility, are stainless steel, aluminium and titanium (alloyed). Of these, aluminium and titanium are 

low-activation materials (18): t i wu estimated, on the basis of data form JET [19], that after a 10 year cooling 

down period after termination of the D-T research program. the residual activity would be of order 2OOOOCi for 
, 

a stainless steel vessel, IOOOCi for an aluminium vessel and 1OOCi for a titanium alloy vessel. These numbers 

will have to be compared with residual activation levels for the TF coils (dominated by the stainless steel 

casing, estimated 1800Ci after 10 years), and the activation of the shielding material. A material choice is 

. 
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acceptable if the residual activity of the vessel does not significantly increase the total machine activation, and 

hence the de-comissionmg cost. Other considerations are the strength of the material (stronger materials allow 

smaller constructions and hence less penetration of the shielding), thermal expansion coefficient (afuminium 

with a high coefficient of thermal expansion will require a larger expansion gap between vessel and. co&), 

Thermal conductivity (aluminium with a high heat conductivity will allow most of the in-vessel components to 

be cooled through the first wall, thus simplifying construction), and tritium compatibility. In particular 

titanium forms a hydrate and has a high diffusivity for hydrogen. If  titanium is selected as first wall material, a 

diffusion blocking surface layer must be applied (eg, a thin gold plating). 

? 
The weight of the vessel will be about 350ton. The weight will be supported via the vertical ports. These 

will be connected to the TF coils via spring assemblies which will absorb the differential expansion between 

I b vessel and coils and the deformation of the TF coils under the magnetic force. The stiffness of these springs will 
. 

be such that at the maximum relative displacement between’ vessel and coils an acceptable stress in the -vessel 

results. These springs will be insuffkiently stiff to support the vessel against disruptions. 

The vessel movement-should be further constrained in the cae of disruptions, to prevent a direct impact of 

the vessel against the TF coils. During disruptions, a force of order 1OOOOton occurs between the vessel and the . 

TF coils. (The value of this force was discussed in section 2.6). It would be impracticable to transfer such a 

large force to the TF coils via the ports. A solution was adapted in which the vessel motion is constrained by a 

large number of disc springs, mounted on the inner surface of the TF coils, which can make contact with 

poloidal vessel re-enforcement rings which are part of the vessel structure. The springs are not normally 

engaged; they leave an expansion gap when the vessel is in rest position. They engage with the vessel rings only 

during the vessel excursions that occur during disruptions. This is illustrated in figure 29. The springs are 

commercially available disc springs with 25Omm outer diameter. The expansion gap between the springs and 

the vessel support rings should be about 15mm. This will allow baking of the vessel at 3OOoC without the vessel 

touching the springs. 

Because the springs are normally not engaged with the vessel, they do not have to be thermally insulated 

from the TF coils. They thermal insulation between ,vessel and coils can then consist of an evacuated 

inter-space. With assumed emissivities of 0.2 for the surfaces, the total heat loss across the incer+pace is 
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5jkW This is a small fraction of the steady state liquid nitrogen production capability 

Because the vessel contains poloidal bellows, and is ttius not toroidally stiff, the possibility exists of slight 
. 

misalignments of in-vessel components as limiters and divertor components with respect to the plasma. These 

misalignments, which will be of the order lmm, will lead to an uneven distribution of heat ‘loads on these 

components. Fine tuning’of the vessel position can be achieved by fitting of hydraulic actuators and springs on 

the vessel ports. However, these can only translate the vessel. A further degree of freedom in the alignment can‘ 

be gamed by adjusting the current in individual TF,coils. Parallel resistors, adjustable on a day to day basis, 

can be fitted to the TF coils. The magnitude of the field corrections will be small; it is known from JET, that 

even field ripple can lead to observable damage modulation on well-aligneu low field side belt limiters [20]. t 

In-vezsel components. The basic protection of the vacuum vessel will consist of carbon tiles. These tiles will 

preferably be cooled through the first wall,‘ie. w&h cooling channels that are external to the vacuum chamber. 

A number’ of poloidal limiters will provide further protection for the ICRH antennas -and other in-vessel 

d 

: 

components. 

ICRH antennas. The ICRH antenna system is a uniform array of 16 structures, located one per vessel sector in 

the locations between TF coils which are connected by shear panels. The vertical location will be in the 

machine mid-plane. (An alternative scheme, with 32 antennas, where the antennas are located above the 

mid-plane, is also considered. A 32 antenna set would optimise capabilities for fast wave current drive). The 

vertical length of the antennas is 2m. The antennas require a poloidal space of 400mm and a radial depth of 

I 
30mm. A modular housing for the antennas should be integrated with the vacuum vessel, such that the antenna 

front surface does not protrude more than a few cm in front of the first wall. Disruption forces on the antenna 

should be directly transferred to the vessel, and the vessel and antenna cooling should be integrated. The design 

for the antennas in HLT is a X/2 antenna, supported mechanically and terminated electrically at either end by 

reactive terminations (coils) that are connected to the vacuum vessel. This antenna design does not require 

electrical insulation material in places exposed to the full. 

. 
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s CONCLUSIONS 

In rhis paper, a preliminary design proposal for a,tokamak of medium size (R = 3.4mI has been described. 

The machine, HLT, offers a high performance; a plasma current of 20MA, at a toroidal fie!d of 8T, can ‘be 

sustained for 40s by inductive curr-?t drive. This performance will allow the main .physics issues, relevant. to a 

thermonuclear reactor, to be addressed. HLT has a geometry similar to that of JET, and has a similar auxiliary 

heating power of about 40MW ICRH and NBI. Predictions for the performance of HLT can therefore be made 

more credibly on the basis of JET results. Important elements of the research programme will therefore be the 

achievement of ignition, the sustainment of the burn through the removal of ashes and the control of 

imputities, and the stabilisation of the burn both in the ignited regime and in sub-ignited regimes at. reduced 

plasma current. In the sub-ignited regime, the plasma current can beinductively sustained for 90s: at 15MA,’ 

and wirh a toroidal field of 7T. 
% 

J 

4 

A second major research topic, for which HLT is well suited, is the development and optimisation of 

non-inductive current drive, both in an eqerimental D-D research phase, and ‘in a D-T phase under realistic 

thermonuclear conditions. The reference condition for current drive development work is a-toroidal field pulse 

length limit of 500s at 3.5T. This limit is not fundamental, but is determined by the size of the reservoir of 

cooling energy. The limit can be increased at low investment cost. At the 3.5T toroidal field, current drive can 

be demonstrated with plasma currents up to 7 or 8MA. 

In parallel, a technological research programme can be carried out. Elements of,this programme should be 

the developmenr and optimisation of divertor components capable of accepting. high heat loads, development 

and tesring of experimental blanket modules that can be fitted in the ports of the machine,. and material tests. 

Xs regards the programme in a deuterium-tririum fuel mixture, it should be noted the first. phase of the 

experimental program will be carried out in deuterium or hydrogen plasmas. The aim is the full commissioning 

of the device, at maximum toroidal field and plasma current, with about 50% of the powerload that will exist 

in ignited conditions. This phase will also be used to produce the plasma condition that will produce ignition 

when reproduced with a deuterium-tritium fuel mixture. 

It is expected that HLT \vill ac leve and will be operated in the H mode confinement. At a roroidal field h\ 
. * 
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of 8T, an H mode threshold of about 30MW was predicted on the basis of ertrapolatron from JET data. This is 
t 

within the capability of the additional power on the machine. Simple extrapolation from JET H mode data 

shows that a considerable ignition margin exists in H mode operation. 

Preliminary transport calculations show that extrapolating the L mode confinement, using the 

Rebut-Lall;a and Lackner-Cottardi scalings respectively, there also is A margin for ignition. It was shown th!at 

ignition is still marginally possible in L mode with Kaye-Big confinement scaling, if plasma purity can be 

maintained. 

HLT uses relatively conservative engineering. The toroidal field coils are liquid-nitrogen cooled, and have 

a pure copper conductor in a stainless steel casing. The axial stress in the TF coil set does not exceed 1801MPa. 

Crucial to the high current, long pulse capability of the machine is the high power active pressurised liquid 

k 

nitrogen cooling system. The TF coils are maintained at a temperature below 105K, up to the highest coil 4 

currents. This allows one to make full use of the increase of strength of copper at cryogenic ,temperatures. With 

this system, the pulse length restriction of the toroidal field coil set depends only on the size of the cooling 

energy reservoir, which can be increased at low cost. 

The total neutron production during a six years D-T research program in HLT W;LS estimated at 2 10 25 

The neutron fluence implies that a neutron shield is required between the first wall and the toroidal field coils, 

in order to prevent damage to the coil interturn insulation, and in order to prevent an increase in resistivity of 

the coil under the accumulation of neutron-induced crystal lattice defects. The shield in HLT consist of 

between 100 and 15Omm of tungsten or lead, in the form of pellets. The shield, and the vacuum vessel, are 

water-cooled I 

4 
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t 

Major radius 

Minor radius 

Elongation 

Configuration 

Auxiliary heating pawer 

Research issues 

Toroidal field 

Plasma current 

Fuel 

Heating 

Flat top duration 

Safety factor q$,95 

Divertor connection length 

Nuclear power 

TXBLE 1 

MAIN MACHINE PARAMETERS 

3.405 [ml 

1.2 [ml 

2.0 

- low field side discrete limiters 

- single null divertor 

- double null divertor 

ICRH, 20MW, 60 to 95MHz 

NBI 2OMW, ion energy 14OkeV to 16OkeV 

LH 35MW 

OPERATIONAL SCENARIOS 

high performance long pulse 

- ignition - steady-tate current drive 

- burn-control - long-pulse divertor bperation 

- ash-removal - impurity control 

3.5 

20 7 

D-T D-D, D-He-:3 

NBI, !CRH NBI, ICRH, LH 

40 500 

3.8 3.8 

25 26-60 

5 500 

PI 
[MAI 

b-d 
Pw 
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TABLE 2 

MAIN ENGINEERING PARAMETERS 

. TFCOILS 

Maximum toroidal field 

Number of TF coils 

Shape of TF coils 

Cross-section of TF coils 
. 

Conductor material 

Max. current density 

Operating temperature 

Cooling system TF coils 

Maximum stress on copper 

CENTRAL SOLENOID 

Outer radius of central solenoid 

Conductor material 

Max. current density 

Operating temperature 

Cooling system 

Max. stress on copper 

VACUUM VESSEL 

Construction 

Operating temperature 

I Vessel cooling 

Thickness of basic vessel 

Be-enforcements 

Ports 

Suspension 

NEUTRON SHIELDING 

Material 

Containment 

Cooling 

8.3 [T] at 3.405m radius 

32 

bending free, with stress transition 

copper conductor, with stainless steel casing 

high-purity oxygen-free copper 

55 W/m2] 

70 to 105 WI 
closed--loop 20 bar pressurised liquid nitrogen 

180 W’al 

1.4 [ml 
high-purity oxygen free copper 

45 [MA/d 

70 to 110 WI 
closed-loop 20 bar pressurised liquid nitrogen 

176 PW 

16 sectors, with poloidal bellows 

20 to 8OoC 

water 

20 b-r4 

box sections and poloidal rings 

- 16 main horizontal port-s 

- 16 smaller horizontal ports at top and 16 at bottom 

- 32 vertical ports at top and 32 at bottom 

- weight supported via vertical ports 

- disruptions supported against TF coils 

lead or tungsten, as pellets 

in box sections of vacuum vessel 

water 
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TABLE 3 

IGNITION MARGIN F IN H MODE, UNDER VARIOUS CONDITIONS 

AND TITH DIFFERENT CONFINEMENT SCALINGS 

Reference Schksel Cordey 

PI 131 

CONDITION 

Pressure peaking 5; 3.12 3.6 

t dilution 0.9 

1 Pressure peaking 4, 

dilution 0.8 

2.02 2.3 
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TABLE 4 

REFERENCE DISCHARGE SCENARIOS 

DISCHARGE TYPE A: High Q sub-ignited or ignited regime 

Fuel -D-T 

Toroidal field 8.0 

Plasma current 20 

Flat top length 40 

Fusion power 500 

Neutron power 400 

Neutron production rate 1.8 102’ 

Average duration 20 

Total neutrons produced 3.5 1021 

Cooling energy demand (TF) 36 

Electrical energy (TF) 41 

DISCBARGE TYPE B: Long pulse, sub-ignited regime 

Fuel D-T 

Toroidal field 7.0 

Plasma current 15 

Flat top length 90 

Fusion quality factor Q 10 

Fusion power 250 

Neutron power 200 

Neutron production rate 0.9 1020 

Average duration 50 

Total neutrons produced 4.5 1021 

Cooling energy demand (TF) 35 

Electrical energy (Tl?) 42 

DISCHARGE TYPE C: Long pulse, current drive 

Fuel D-D 

Toroidal field 3.5 

Plasma current (non--induct.) 7 

Flat top length 500 

Cooling energy demand (TF) 35 I 
Electrical energy (TF) 35 

PI 
Ml 
bl 
WV ’ 
PW 
Cl 
(4 

[GJl 
PJI 

PI 
[MAI 
ISI 

FJI 
IGJI 
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TABLE 5 

TOTAL NEUTRON PRODUCTION AND WALL LOADING 

Total D-T pulses 10000 

Total neutron production 2 1o25 

Total neutron energy 4.5 10 
13 

[Jl 
First wall area 350 rm? 

First wall neutron fluence 6.0 1O22 [neutrons / m2] 

First wall energy fluence 

equals 

130 

4.0 10 -3 
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TABLE 6 

SUMMARY OF TF COIL PARAMETERS 

Data are specified for the TF coil set unless indicated as per coil. 

Data are specified at the maximum toroidal field unless otherwise indicated. 

The TF flat top has, in thd m&mum performance discharge of type A (see cable 4), to exceed the p&ma 

current filt LOP because the TF centering pressure is required during the pre-magnetisation stage. 

Max. toroidal field 

Flat top duration max. field 

Total current: all coils 

Number of coils 

Conductor current density 

Shape of coil 

Outer radius centre of coil 

Inner radius centre of coii 

Inner radius of ioil 

Boriiontai internal radius 

Vertical internal radius 

8.3T at 3.405m 

60 

141 

kl 
W-41 

32 

55 WA/m21 

pure bending, with stress transition at top and bottom. 

5.05 [ml 

1.71 b-4 

1.45 b-4 

1.41 b-4 
2.88 bl 

Cross-secLion tape-wound copper, with steel casing 

Material for conductor oxygen free, high puticy copper 

!Material for casing stainless s-eel 

Cooling system 

Normal operaring temp. 

$ Cooling hole area of section 

Fluid speed 

Fluid entry cernperature 

Coolant flop 

Coeff. of heat transfer 

Cooling power 

Pressure drop 

Pumping power 

20bar pressurised LN2, active cooling. 

80 to 105 [K! 

0.04 [m2] 

5.0 b-d 
80 WI 

10000 Ik?A 

8700 P/(m2Q1 
400 [MW] (at 105K copper temperature) 

0.8 P=l 
1.0 [MW] 
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Continued TABLE 6: 

Number of turns 22 

Coil inductance 600 bH1 
Coil resistance (at 100K) 10 bf4 

Coil current 200 I%1 

Inductive energy 12 [GJI 
Resistive dissipation 400 W’l 

v I Tensile stress in copper 

’ Tensile stress in steel 

* * Tensile stress in copper 

Tensile stress in steel 

Max voltage payer supply 

Max. current 

Max. power 

;Max. energy from power sup. 

Rise time to full field 

Max. cooling energy 

290 

180 

325 

6 

200 

600 I 

41 

40 

36 

[MPa] (inner leg) 

bfpal (inner leg) 

[MPa] . . (outer leg) 

[MPa] (quter leg) 

@VI 
WI 
VW1 
[GJI 
ISI 
[GJI 
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TABLE i 

STRESS CALCULATION FOR CENTRAL SOLENOID, IN COMPRESSION 

This is the case with toroidal field on, and no current in the solenoid. 

The stresses in the copper are corrected for the presence of cooling holes. 

Composite stress is according to maximum shear strain energy. 

Vertical stresses are neglected. 

-ve stress is compressive, +ve stress is expansive. 

3uild up of model . 

Externally applied pressure 

Young modulus of copper 

Weakening of copper by cooling 

Young modulus of steel 

Current density in copper 

see figure 27 

125 

120 

[MPa] (TF centering pressure) 

[G PaI 

Max. radial stress in copper 

&fax. hoop stress in copper 

E 

.Clax. composite stress in layer 1 146 

Max. composite stress in layer 2 148 

~&lax. composite stress in layer 3 146 

!&lax. composite stress inner cyl. 325 

Max. composite stress in shell 191 

0.85 

200 

0 

‘-144 

-152 

Y 

(MPa] (in all layers) 

[IMPa] (layer 2) 

Wal 
[MPa] 

(MPa] 

[MPa] (at inner radius) 

IMPa] 
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TABLE 8 

STRESS CALCIJLJ.TICN FOR CENTRAL SOLENOID, IN EXPANSION 

This is the case with the toroidal field on at matium value, and the maximum current density in the centra[ 

solenoid. In the expansion case, the solenoid is allowed to detach from the inner cylinder. 

Build up of model 

Conditions 

see figure 27 

see table T 

Externally applied pressure 125 (MPa] (TF centering pressure) 

Weakening of copper by cooling 0.85 

Current density in copper 45 

t 
Max. radial stress in copper +5 

, 
Max. hoop stress in copper 157 

‘.Max. composite stress in layer 1 172 

,Max. composite stress in layer 2 176 

Max; composite stress in layer 3 174 

Max. composite stress inner cyl. 

Max. composite stress in c. shell 

0 

174 

[MA/m21 

[MPa) (layer 3 at outer radius) 

[MPa] (layer 1, at inner radius) 

[IHPa] ’ 

[MPa] ’ 

[?vIP-a] 

[MPa] 

[MPa] 
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TABLE 3 

COOLING CALCULATION FOR THE CENTRAL SOLENOID 

The case presented here is for a length of the central solenoid of 5.2m. This is not the full length of the 

solenoid, but corresponds to the part of the central solenoid that is contained within the straight inner parts of 

thk TF coils. In the outer parts of the coil, the maximum current density is lower. Although these part-s will 

contribut? to the flux, and should be included in a full flux calculation, they are not regarded here. 

Plasma current. 

Current rise time 

Flat top time 

Average loop .voltage 

Premai. current -density 

Premag rise time 

Plasma inductance 

Mutual inductance coil to plasma 

Coil self inductance 

Mutual inductance vertical field 

Current in vert. field coil 

Flux from vertical field 

Solenoid inner radius 

Solenoid outer radius 

Length of solenoid 

Fraction of copper in solenoid 

1 Stress limit to solenoid current 

Diameter of cooling ducts 

Total length of ducts 

Fluid speed 

Coolant entry temp. 

Pressure drop across coil 

Pumping power 

Heat transfer coefficient 

20. 

20 

40 

0.2 

43 

20 

7.8 WI 
0.68 bH] per turn 

6.76 bH] per turn2 

7.0 bH] per turn of vertical field coil 

6.5 [MA] at plasma current 20MA 

45.5 W’bl 

1.0 

1.4 

5.2 

0.8 

45 

11.0 [mm1 
17000 bl 
8.0 b-44 
77 WI 
1.6 P4 
400 [Irw 
13000 [W/Cm2 WI 

[VI 
[MA/m21 

, 

bl 
[ml . 
b-4 

(VA/m2]. I 
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. Central Central 
solenoid shell 

Vertical 
Poe 

Minor 
horizontal 

Poe 

Main 
horizontal 

0Of-t 

Central 
steel ring \ 

Neutron 

Vacuum vessel 

Sector 
weight 

supports 

Fig. 1 - Vertical cross-section through the HLT device. The main components 
indicated 

Sector 
/ separation 

‘are 

I Main 
z horizontal port 3-l 

Fig. 2 -Horizontal mid-plane cross section through the HLT device 
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Fig. 9 - Time evolution Q5 (equals the ratio of total fusion power to 
(ohmic plus NBJX Ignition occurs when Q6 reaches a value of 5 
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%g. 10 - Time evolution of the total plasma thermal stored energy. Fast particles are not 
included 
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Fig. 11 -Time evoluljon of the central value of the safety factor q 
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Fig. 12 -Time evolution of the global energy confiiemeqt time 
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Fig. 13 -Time evolutiqn of the effective ion charge Z,, 
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Fig. 14 -Time evolution of the resistive loop volfage 
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Fig. 15 - Plasma electron density profiles.ve the flux normalised radius at times 20 s, 40 s 
aid 60 s 

28 
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Fig. 16 - Electron temperature profiles vs flux normalised radius, approximately at the 
peak of the sawtooth, at times near 20 s, 40 s and 60 s 
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Fig. 17 - Ion temperature profiles, VSJ flux normalised radius, approximately at the 
peak of the sawtooth, at times near 20 s, 40 s and 60 s 
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Fig. 18 - Radial profile of the toroidal current density 
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Fig. 25 - The total tensile force in the TF coil as a fucntion of arc length. The origin of the 
x-rays corresponds to the outer midplane point of the coil 
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Fig. 26 - Cross-sections of the TF cbils. The upper figure shows the low field side 
cross-section, the lower figure the high field side cross-section. The sides of the low field 
side cross-section are tapered in order to maximise horizontal port space. The areas of the 
components are as follows: 

high field side: copper 0.08 rn’, steel 0.04 m2, cooling 0.04 m2, insulation 0.011 m2 
low filed side: copper 0.10 m2, stellO.09 m2, cooling 0.04 m2, insulation 0.013 m2 

. 
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Insulation 

Inner steel cylinder 
500 to 995 mm 

. Copper layer 1 
lOOOt0 1150mm 

Copper layer 2 
1160to1250mm 

Copper lay& 3 
1260 to 1400 mm 

Central shell steel 
1405 to 1450 mm 

Fig. 27 -Model for the calculation of the &es&s in the central solenoid 



60 

MA 
t 

1od ' 150 200 

Time(s) 

400 150 200 

Time (s) 

MW - 

100 150 200 

Time (s) 

60 - 

40 I I L 

0 50 100 150 200 

Time (s) a 

Fig. 28 - Cooling calculation for the central solenoid. Shown are: a) the plasma current for 
the maximum performance discharge (20 MA with 40 s flat top), b) the current in the 
central so&uoid derived with a simplified flux model, c) the resistive dissipation and the 
cooling power, d) the temperatures of copper and of exit coolant. For this example, the 
stress limit on current density (45 MA m2) and the tolling limit (110 K), are reached 
simultaneously at the end of the flat top. 
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Fig. 29 - Location of the disruption damping springs, poloidal vessel re-enforcement rings 
and the neutron shieldirig. Shown is a horizbntal cross-section at the high field.side of the 
machine 
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