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ABSTRACT
An intensive, year-long, internationa] evaluation of the next major
tokamak beyond the generation of large experiments currently under
- construction was carried out during 1979. This evaluation consisted of
the definition of objectives, an assessment of the physics aﬁd technology
base and R and D needs and the identification of a set of parameters

that physically. characterize the machine.



1. INTRODUCTION

The International Tokamak Reactor Workshop was held under the
auspices of the IAEA during 1979 to deve]oé an international consensus
on the objectives, characteristics, technical and scientific basis, and
feasibility of constructing the next major experimenf in the tokamak
program beyond the next generation of large tokaméks (JET, JT-60, TFTR,
T-15). Specifically, the Workshop:

(1) assessed the plasma physics and technological bases that now
exist or could be expected to exist in the early 1980s;

(2) didentified.R and D requirements that will not be met by existing
programs;

(3) defined objectives;

(4) identified a plausible set of physical characteristics that
are consistent with the objectfves and with the projected data bases;
and

(5) made a recommendation on the feasibility of constructing such
a device to initially operate about 1990.

Parties to the INTOR Workshop were the European Community, Japan,
the Soviet linion and the United States. Each party was represented by
four participants, who met together four times (for a total of 10 weeks)
to define the effort, to review and discuss the contributions of the
four parties, and to prepare the report [1] of the Workshop. These
participants guided the work of more than 100 senior scientists and
engineers in each participating country working in their home institu-

tions to develop material for the Workshop.



The INTOR Workshop concluded that [1] "A substantial physics and
technology data base for INTOR exists today, and this data base will be
expanded over the next few years by current]y‘planned programs.
However, certain crucial information will not be developed by currently
planned programs. Much of this missing information could be developed
on the INTOR time scale by the expansion and/or acceleration of existing
R and D programs and by the establishment of new R and D programs. On
this basis, it is concluded that it is scientifically and technologically
feasible to undertake the construction of INTOR to initially operate
about 1990, provided that the supporting R and D effort is expanded
immediately to provide an adequate data base within the next few years
in a number of important areas. Furthermore, it is concluded that the
construction of an INTOR-1ike device to operate in the early 1990s is
the appropriate next major step in the development of fusion power."

The second phase of the INTOR activity, an 18-month definition
phase, began in January, 1980. The objective of the definition phase
is to produce a preconceptual design of INTOR. The initial focus of
this definition phase is upon the resolution of certain major design
issues which weré identified during the INTOR Workshop in 1979.

This paper summarizes the objectives and characteristics of INTOR,
the assessment of the data base and R and D requirements, and the major

design issues to be resolved.

2, INTOR OBJECTIVES AND CHARACTERISTICS

2.1. Objectives

If successful, the next generation of tokamak experiments (JT-GO,

TFTR, JET and T-15) will provide fairly conclusive information on how



to achieve ignition plasma parameters. The establishment and sustain-
ment of a burning D-T plasma seems, therefore, in practical reach. In
order to meet the requirements of fusion reactor operation, certain
technologies used in previous experiments for heating and maintaining
the plasma must either be significantly advanced or replaced by new
technologies. In addition, fusion power demonstration requires the
development and demonstration of new technology for tritium and electri-
city production by fusion, the development and testing of materials, the
development of reliable components, the demonstration of net electricity
production and net tritium breeding and the demonstration of reliable
and economic operation of a fusion reactor.

This agenda sets an urgent need for a machine that demonstrates the
plasma physics required for fusion power and that provides for the
development, testing and, to some extent, demonstration of the required
technologies. INTOR is intended to fulfill these tasks. In particular,
INTOR must develop the technologies needed for a fusion power demonstra-
tion reactor (DEMO), which would then demonstrate net electrical power,
tritium breeding and economic feasibility. INTOR should be of the
tokamak type since the data base is Targest and the stage of development
is most advanced for this confinement concept and since the gross charac-
teristics of the technologies to be developed for magnetic confinement
fusion are relatively independent of the choice of confinement concept.
These considerations led to the following programmatic objectives for
INTOR:

(1) INTOR should be the maximum reasonable step beyond the next
. generation of large tokamaks (TFTR, JET, JT-60, T-15) in the world

fusion program.



(2) INTOR should demonstrate the plasma physics requirements for.
DEMO.

(3) INTOR should demonstrate those techno]oéies required for DEMO
that must be incorporated as an intrinsic part of the reactor (e.g.
superconducting magnets, remote handling technology).

(4) INTOR should be a test facility for blanket, tritium production,
plasma engineering, materials and other technology developments required
for DEMO.

(5) INTOR should serve as a test and demonstration facility for
magnetic fusion technology in general.

(6) INTOR should demonstrate the reliable operation of a fusion
reactor.

The technical objectives of INTOR‘then follow from the programmatic
objectives and the physics and technological data base. These objec-
tives are given in Table 1.

2.2. Characteristics

The concept for a machine that is capable of meeting the technical
objectives of INTOR and that is supported by the data base assessment
has been developed by the Workshop. The concept recommended as input
for the definition phase is characterized by a relatively large
(280 m3) D-shaped plasma heatedAto ignition by neutral beam injection
power of about 75 MW for 5-6 s up to a mean temperature of about 10 keV.
Controlled burn sﬂou]d then be achieved for more than 100 s at a plasma-
to-magnetic pressure ratio <g> = 5%, which is marginally stable theoret-
ically. A divertor is needed to exhaust helium and control impurity
influx in order to achieve this long of a burn. The plasma current will

exceed 6 MA, which is quite sufficient to confine fast alpha-particles.



Table 1

INTOR Technical Objectives

II.

(=)

III.

IV,

Reactor-Relevant Mode of Opération

Ignition of a D-T plasma.

Controlled > 100 sec burn pufse.

Reactor-level particle and heat fluxes (Pn a1 Mw/mz).
Duty Cycle 2. 70%.

Reactor-Relevant Technologies

a)

)

o

[}

(1

-+

)
)
)
)
)

[Te]

h)

Superconducting toroidal and poloidal coil technology.

Plasma composition control (e.g. divertor) technology.

Plasma power balance control technology.

Plasma heating and fué]ing technology.

Tritium fuel cycle technology (excluding bfeeding and extraction).
Remote maintenance technology.

Vacuum technology.

Fusion power cycle technology.

Engineering Test Facility

Tritium breeding blanket and extraction technology testing.

b) Advanced structural and breeding materials, coolants, etc,

c) Blanket technology for simultaneous electricity production and.
tritium breeding.

d) Materials testing.

e) Advanced plasma engineering technology testing.

Demonstratjon

a) Electricity production by fusion.

b) Tritium production by fusion.

c) Safe and reliable operation of ‘a fusion reactor.

d) Availability »25 - 50%.



Both the toroidal and external poloidal field coils will be super-
conducting. INTOR will require about 200 Mwe power. The neutron power
lToad on the first-wall will be about 1.3 MW/m? (with an option at 1.6

. A stainless-

t
steel, water-cooled shield operating with relatively Tow (100-200°C)

MW/mz), and the total fusion power will be about 620 MW

maximum structural temperature will be employed on the basic machine.
The major suggested parameters for INTOR are given in Table 2.

Since a principal function of INTOR is to demonstrate the feasi-
bility of reactor components and to serve as a test facility for
technology development, simplicity and reliability of the basic machine
are of the utmost importance, even if this is in conflict with certain
aspects of reactor-relevance. The technical feasibility of INTOR is
then intimately related not only to the supporting technology development
programs but also to the manner in which each technology is incorporated
into INTOg.

Certain reactor-relevant technologies must be incorporated as
intrinsic - not easily replaceable - components (e.g. superconducting
magnets, remote handling system) in order to be tested in INTOR. These
technologies must be developed to a high level prior to the construction
of INTOR, since failure of such intrinsic components would cause INTOR
either to fail or to be significantly delayed in achieving any of its
objectives. For such intrinsic technologies, INTOR will demonstrate an
already-developed technoiogy in a fusion reactor environment.

With certain other reactor-relevant technologies (e.g. electricity
and tritium producing blanket), there exists the option of iﬁcorporation
as intrinsic components or as relatively easily replaceable test

components. Inclusion of a new technology as an intrinsic component at



Table 2

INTOR Suggested Parameters

Major radius, R (m)
Plasma radius, a (m)
Chamber radius, ' (m)
Elongation, «

Burn time (s)

Duty cycle (%)

Burn average <g> (%)

Av. DT density <n.> (m'3)

Av. ion temperature <T,> (keV)

Plasma current, I (MA)

DT thermal power, Pth (MW)
Neutron wall load, Pn (MW/mz)
Lifetime (no. of burn pulses)

NB heating power, Pﬁ (MW)

NB energy, EB (keV)
Fueling
Impurity control

Toroidal field coils

Toroidal field at centerline, B (T)

Poloidal field coils

Tritium inventory (kg)

Maximum availability (%)

Tritium consumption during Stage II (kg/yr)

a) For 1.6 MW/m2 option.

5.2

1.4(1.5%) x 1020
10

6.4

620(750%)
1.3(1.6%)

5 x 10° - 105

75

175

pellet, gas puffing
divertor

NbTi and/or Nb3Sn
5.5

NbTi

3

25 - 50

6



the outset places a greater demand upon the developmeﬁt program support-
ing that technology and entails an increased risk that failure of that
component will cause INTOR to fail or to be significantly delayed in
achieving any of its objectives. On the other hand, inclusion of a new
technology as a test component that could be inserted after INTOR had
operated for some time and that could be ré]ative]y easily replaced
places less of a demand upon the supporting development program‘and
entails considerably less risk that component failure will significantly
delay INTOR in achieving its other objectives. A further advantage of
inclusion of a new technology in test components is that INTOR can serve
as a test bed for the development of that technology, with successively
1mpr09ed test components being tested in INTOR.

The philosophy of INTOR is to minimize the risk of failure and the
demands upon the supporting ;echno]ogy development programs by including
new technologies in test components to the maximum extent that is
consistent with achieving the programmatic and technical objectives.

This philosophy leads to the concept of staged operation, with the possi-
bility of incorporating some of the technologies that have been tested

in test components during an early stage into intrinsic components during
the Tast stage in order to provide a full-scale engineering demonstration.

The objectives of INTOR could best be achieved in a sequential order
by staged operation. During Stage I, which might encompass the first
three years of INTOR operation, the first two sets of technical objec-
tives listed in Table 1 would be achieved, i.e., a reactor-relevant mode
of operation would be established and some intrinsic reactor-relevant
technologies would be demonstrated. The production of 5-10Mwe in non-
breeding blanket modules could be achieved towards the end of this first

stage.



Stage II, which would encdmpass the following four years, would then
be fully devoted to engineering testing, with an availability goal of
w25%. This would include the testing of blanket modules, of tritium
production and extraction, of plasma engineering technologies (e.g. rf
launchers), and of materials properties. An important criterion for
INTOR during this stage is to provfde sufficient flexibility to accomo-
date a variety of experimental programs at the same time. This would
allow the simultaneous testing of various blanket concepts, with
different structural and breeding materials, coolants and design concepts,
together with the testing of p1asma engineering technologies. The
reliability of many components wou]d be tested during this stage, and
improved components could be installed in some instances. High fempera-
ture coolants from tritium-producing blanket modules could also be used
to demonstrate simultaneous electricity production and tritium production.

Stage III of INTOR operation would be determined by the choice of
alternatives for the utilization of the machine and would be of 5 years
or more duration. In option III-A, stage III would be a straightforward
continuation of stage II with acce]eratéd engineering testing in test
modules. There would also bé a strong emphasis on achieving the highest
possible availability («50%) and on operating at a high neutron wall
Toad (1.6 MW/mz) to accumulate a significant neutron fluence for
materials irradiation testing and to test component reliability. This
option would allow for the uninterrupted continuation of engineering
testing in INTOR, but would be demanding of component reliability and
redundancy.

Option I1I-B would be predicated upon the assumption that the mani-

fold engineering constraints make it necessary to partially rebuild the

10



machine to test a full blanket sector before a concept can be applied to
DEMO. In the extreme, option III-B could be expanded to allow a full
blanket replacement (probably excluding the inboard part), which would
pfovide for the demonstration of substantial tritium (kg level) and
electricity (100 Mwe level) production in a reactor-relevant way. The
selection between the options A and B for stage III can be made at a
later time, provided the design of INTOR offers a high enough

modularization and flexibility for keeping the choices open.

3. PHYSICS

3.1. Physics Status Assessment

For the parameter range of presenf-day tokamak devices,
there is a well-documented experimental data base on energy
éonfinement. The overall energy confinement time Tw is

found to obey an empirical scaling law of the form

19

Tp(s) = 5 x 10 r—ie(cm_3)a(,cm)2 , with the dominant

losses occurring through anomalous (i.e., non-classical) cross-
field electron thermal transport. Ion thermal transport is
found to be within a factor of about ‘three = " of classical
predictions. Uncertanties exist in the extrapolation of these
scaling laws to the high-temperature regime to be reached in
INTOR. 1In particular, there are sound theoreticél reasons for
expecting some dégradation. in confinement at high temperature;

however, the highest-temperature experiments to date (notably

in the PLT tokamak) have given some indications of a slight

improvement in confinement with rising temperature.. Additional

experiments in present tokamak facilities with high-power

USRS .
. wr ———
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neutral-beam heating, as well as the next generation of tokamaks,
will extend the data base on confinement further‘toward the

INTOR regime in the early-to-mid 1980s.._ -

~As part of the data-base assessment, each of the partiéi—
pating countries carried out studies of the requirements for
reaching ignition in INTOR, on the basis of one-dimensional
transport cbdes which model in some detail the particle and
energy balance in a tokamak. Adopting a model for electron
thermal transport based on the empi%ical scaling law for enérgy
confinement discussed above, and assuming ion thermél transpo}tv
three times larger‘than‘cléssical,3it was found that ignition* --.-.
could be achieved in a pure DT plasma of minor radiﬁs in the
midplane a = 1.2m, vertical elongation factor k = 1.6, and field
strength B = 5.0T on axis. (The final suggested parameters,
namely a = 1.3m and B = 5.5T, represent about 60% better ntig
capability at fixed B.) Some typical results of these calcula-
‘tions are shown in Fig. 1, for the case where the plasma is
heated to ignition by 60MW of neutral beam power at 150-200 keV
energy injected nearly perpendicular to the main magnetic field.
Shown in the figufe are the value of < f > = 8 <p>/B2 at
ignition, and the heating pulse tig requifed, for a range'of
relevant plasma densities <n.>. (The final suggested parameters
of the neutral beam system, namely 75'MW:at;l7§?kerWi£h;a'iodséc
pulse length capability, represent some iﬁcrement above thé

minimum theoretical requirements.)

-

12



._FiQUrgwi shows that ignition occufs at <R > =-4%,Aa'value‘ .
that includes coﬁtributionsr&:thé'pressure from beam ions and
alpha particles. The p;ésma temperature and < B > - value rise
during the burn phase, due to the increase in reaction rate with
increasing temperature, until some mechanism of burn control
becomes effective.” Over a fairly broad range of relevant tem-
peratures, the neutron wall loading that can be achieved in the
burn phase is proportional to 82B4a. For INTOR,. assuming
parabolic density and temperature profiles, and taking B = 5, 5T,
a burn-phase value < B > = 5% (including a contribution of 1.5%
from fast alpha particles and thermalized helium) provides the
minimum specified neutron wall loading of 1.3 MW/mz. Theoretical
liﬁitations on < B >, arising from pressure-driven MHD "balléoning"
and "kink" instabilities, permit stable equilibria at least up )
£o < B>> = 4%, with < B > = 4.5% probably attainable with fully
optimized prefiles. Thus, in its burn phase, it seems likely
that INTOR will operate slightly into the theoretically-
unstable regime, a regime that has already apparently been
attained in the TSX-B and T-11 tokamaks. High-power injection
experiments will explore the <'B > - limits in ﬁ—shaped plasma
cross-sections (i.e., configurations similar to those planned‘

for INTOR). in thecearly 1980s.: ...

-~

Ndequate control of the shape of the plasma equilibrium can
be provided by a poloidal field design in which most, if not
all, poloidal field coils are exterior to the toroidal field

coils, (a configuration that has considerable advantages from

~
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the point of Qiew of‘éssembly, disassembly, and maintenanée);.
SuchQa poloidal field design can. also provide feedback control
of the instability in which theAplasma column as a whole tends
to be displaced vertically, provided the growth. time of..such a
mode is lengthened to at least 20msec. by eddy currents induced
:in the blanket/shield structure, as seemé likely to be the case.

Neutral-beam injection was selected as the primary heating
option for INTOR, although the injectors required represent
a significant step beyond those that are being developed for.
the TFTR-generation of devices, as indicated in Table 3.

In particular, to achieve pulse lengths of 10 secs, it Will
probably be necessary to devélop direct recovery systems (i.e.,
recovering the energy of the unneutralized-beém ions), both to
achieve an acceptable overall power efficiency, and to minimize
power handling fequiréments on the ion béam &hmp.

RF héating will be retained as an alternative to néutral
beam heatiﬁg'in iNTOR; becauée of its potential for technoiogical
advantages that will become even more iméortant in a commercial
reactor. At the minimum, provision should be ﬁade for the

testing in the reactor environment that will be present in INTOR

of whatever RF Eechnique is most successful in forthcoming'

... —_megawatt-level RF experiments on present tokamaks. Provision of ‘_J

supplemental auxiliary RF heating at the 5-10 MW level (especially
electron cyclotron heating at about 140 GHz) might be necessary
-in the start up phase.

4
) [V
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Table 3

Neutral Beams for INTOR Compared w1th the

4-Injector TFTR System

| = | teir | inTOR ]
Beam Energy (keV) 120h_ rl7é+
Neutral Beam 'Power (MW) 33 75
Pulse.Length Capability (secs) 1.5 10%*
Monatomic Ion Fraction | 0.85 ~0.9
Full Energy Fraction of NB Power 0.76 ~0.8
Direct Recovery Efficiency (%) 0 ~ 60
Overall Power Efficiency (%) 36 ~ 30
Power Density at Port (kW/cmz) 3.0 ~ 2.5

. ‘*Plus a capablllty to restart 10 MW durlng the burn.'

15
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The Start—up phase of INTOR is'illustratéd (very ségemati-
cally) in Fig. 2. Computer calculations, calibrated against
present-day experimental results, show that purelijhmic start-
up in INTOR can be accomplished at low density (andtéery low
impurity level) with a peak one-turn voltage around the plasma
of only 100 volts, but such a voltage is about the limit of
what can be provided by a superconducting induction coil of
dimension constrained by thé overall-dimensionsﬁof INTOR, -and
consistent with known limits on B at the coil. Thus, there is
considerable incentive for lowering the start-up voltage by
auxiliary electron cyclotron heating applied for'the first
approximately 100m sec as indicated in Fig. 2, provided this
does not inhibit current penetration into thecplasmacby,
exacerbating the skin effect.

Control of the plasﬁa density, density profile, and species
mix, to ensufe a roughly 50 : 50 DT plasma will be important in
INTOR. The optimum path to ignition (the "variable density
start-up" case shown in Fig. 1) involves neutral beam heating

of a target plasma with density < n, > ~ 7 X lO13 cm-3 (beginniné
at .t ~ 5 secs in Fig. 2), and then increasing the density to

< ne > ~ 1.4 x 1014 cm” 3

by the end of the heating pulse when
ignition occurs (t ~10 secs in Fig. 2). In fact, the injected
beaﬁ partiéles will themselves provide essentiallyiall of this
density increase, althoﬁgh these particles will be entirely
deuterium. Thus, the térget plasma must be almost entirgly
tritium. On the basis of an empirical law characterizing

[

present-day experiments, the maximum density achievable in

-

16



ohmically heated plasmas with INTOR parameters is expected to

=3

be < né > ~ 3 X% 1013 cm” ~, substantially short of the density

3

<n_ >~ 7 X lO13 cm - required at the beginning of the neutral

e
beam pulse to prevent excessive "shine-through" of 150-200 keV
beams. Thus, it ﬁay be necessary to apply some further aukiliary
heating (shown-from t ~ 3 secs to t ~ 5 secs in. Fig. 2), such

as an additional lower-energy injector or an RF system (electron
cyclotron heating would be especially attractive), during a

phase in which the tritium density is increased substantially,

before the main heating pulse begins.

The requirement to confine energetic ions (thermal ions,
beam ions, and\alpha-particles) imposes severe requirements on
the exact degree of axisymmetry of the toroidal confining field,
i.e., on the "field ripple" that necessariiy arises due to the
discrete toroidal field coils: Mofedver,-ourAunderstandingtof_
the physical loss processes associated with field ripple is |
still evolving. With respect to confinement of thermal ions,
it seems that the INTOR requirements (specifically, that the
ripple contributions to éross—field ion thermal conductivity
shotild not exceed about three times the classical thermal -.
conductivity), can be met by a 12-coil toroidal field system
with coils of 8m horizontal bore and 10m vertical bore. Coils
of about this size are needed, in any case, for accessibiligy
reasons. The effect of the ripple on-‘beam ion confinement is

less clear, but preliminary calculations indicate that ripple

17



losses could exceed 15% of the injected beam energy, unless
the injector is inclined at an angle of at least 15° to the

perpendicular.

If the field ripple could be adjusfed upward (to about 1.2%,
peak-to-average, at the plasma edge), it would provide a sig-
nificant mechanism for energy loss, and one that increases
sharply with increasing temperature. Accordingly, variable
field ripple could provide an attractive technique for "burn
control", i;e., for preventing "runaway" of the plasma temper-
ature due to the increase in reaction rate with increasing
temperature. Alternatively, one could operate in a non-ignited
(but very high Q) mode, with the burn controlled by control of
the input power. "

Present-day tokamaks are subject to plasma "disruptions",
in which the plasma energy is dumped rather suddenly upon the
vacuum Veséel, and the plasma current is transferred either to
the vacuum vessel or to nearby poloidal field coils. Disruptions
occur most frequently when the discharge parameters (density
and g-value) are pushed toward. their limits. However, even in
"disruption-free" modes of operation, there is a finite pfob—
ability of a disruption occurring, typiéally of order lO"2
but varying from facility to facility. In recent years, there
has evolved a rather good physical understanding of the processes
that lead to a disruption. Specifically, the plasma current

profile is believed to evolve to one that is unstable to several

resistive MHD modes, which interact with each other in a way

18



that quickly destroys confinement.. In INTOR, plasma disrxuptions

will produce very severe thermal loads upon the f&£st;wgll/
limiter/divertor-plate, as well as severe electro-mechanical
effects. Active magnetic feedback of the brecursor MHD modes

is theoretically possible, but the needed feedback coils, close
to the plasma, would present very severe practical difficulties
in'an'INTOR—like-reactor environment. However, by appropriate
observations of the magnetic perturbafions associated with the
precursor modes, it may be possible in a very large device such
as INTOR to anticipate a disruption in sufficient time to take

effective counter-measures against the consequences of the

disruption, e.g., by inserting some sacrificial limiter to pro- .
téct the main Iimiter-and/or-fifst¥wall coating. CCertainly,oone
of the main objectives of the initial stage of INTOR'operation
will be to learn how to operate in a mode that minimizes the
occurrence of disruptions, in the hope that the disruption prob-

3

ability can be reduced to of order 10 °~ in the later engineering-

test stages.

Impurities represent the most serious threat to the achieve-
ment of ignition and a long burn pulse in INTOR, since the
surface heat load on the first-wall and/or limiter will be muéh
higher than in present-day tokamaks. - Even a very slight con-
tamination of the plasma by partially—stripped high-~2Z impurity
ions leads to substantial radiation losses, and contamination
by low-Z impurity ions at levels typical of many present-day

tokamaks leads to severe depletion of the reacting DT fuel, at

19



fixed B. Moreover, if the heliﬁm‘produced’by'tﬁe DT'reéqtioné

is all retained in the plasma, the burn in INTOR Will be.qﬁenched
after-about 30 secs, unless the < B > - value can increase
significantly above 6%. Although se&eral non-divertor schemes for
impurity control were proposed (and should be investigated .. .C
further) the INTOR Workshop was unanimous in fecommending that

some type of magnetic divertor be incorporated into INTOR.

It is imbortant to understand the functions that a divertor
is intendedAto perform in a.tokamak reactor such as INTOR. First,
as we have seen, the divertor must exhaust helium at the same
rate that it is created by fusion reactions. However, for the

expected helium particle confinement time of about 2 secs, only

about 10% of fhe.helium that recycles at the edge of the plasma
muét be pumped-away, to ﬁaintain an acceptéble ievel of heiium
éontamination. Second, the divertor: should remove a large
fraction of the power which would otherwise be deposited on a
limiter, thus protecting the plasma from impurities generated
at the limiter. Divertors can, in pfinciple, also provide for
exhaust of DT ions. However, to achieve an acceptable burn-up
of the tritium fuel in a reactor tokamak such as INTOR,iit is
desirable for the DT neutrals to recycle back from the divertor
to the main plasma chamber. 1In this case, it will not be pos-
sible to prevent bonbardment of the first wall by energetic DT
neutrals produced by charge exchange. Accordingly, it seems

likely that INTOR must be equipped with a low-Z coated first-

wall, to minimize the effects of charge-exchahge gputtering.
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The selection from among the various alternative divertor concepts for
INTOR will have a profound effect on other aspects of the design of the
device, and is discussed in section 3.3.

3.2. Physics R and D Needs

The INTOR Workshop identified three major research and development
areas in which the present Qor]d—wide program is inadequate, and a
substantial increase in effort will be required to meet the needs of

INTOR, namely: . -

. Impurity conérol; diéertor pﬂYsiés and téchhblog§
"+ Disruption detection and control -
* Neutral beam heating technology
The Workshop identified a number of other areas in which Fhe
needed research and development effort caﬁ probably be carried
out as part of presently-planned programs on existing or ....... Ny
authorized facilities, namely:
* Energy and particle confineménf, especially
ripple effects and helium transport
- Limits on B, and effect on transport
* Plasma shape and profile control, especiallj
current profile control
* RF physics and technology, needing an accelarated
program if near-term experiments are successful
* Fuelling

. Startiup,shutdown; and burn control

S o e — - - e e i r———— i 4w w e e o e e e L O — ——
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3.3. Physics Major Design Issues

The INTOR Workshop examined various alternative divertor
concepts, and a number of divertor designs ‘were carried out

specifically for INTOR.

The bundle divertor, in which the main cohfiﬁing field“is'"
diverted in a single local region of the torus, is attractive
from the point of view of assembly and maintenanée. The main
difficulty, in an INTOR-sized device, is that the requirements
for achieving acceptably low field perturbation (ripple) on
axis_are necessarily in cogflict with the requirement. to provide
adequate space for shielding the copper divertor cpil(s). In
bundle divertor designs proposed for INTOR, the best that qould
be achieved was about 40 cm for shielding and about 1% fieldlper—
turbation on axis. Moreover, a copper-coil bundle divertor
would consume abouf 100 MW power. The Workshop concluded that
a satisfactory bundle divertor design for INTOR had not been
deveioped.

Conventional poloidal divertors maintain the axisymmetry of
the magnetic configuration, and employ an interior poloidal
field coil to divert the field_lines into a divertor chamber
that passes all around the major circumference of the torus.
However, the interior divertor coil was considered unworkable
in the INTOR reactor environment. On the other hand, a poloidal
divertor design with all poloidal field coils outside the
toroidal field coils, as shown in Fig. 3, seems to be a viable

concept for INTOR. Such a concept provides only "weak" divertor
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action, in that the exhaust channels are short and the divertor plates
are quite close to the main plasma. Nonetheless, calculations indicate
that a divertor of this type should be capable of performing the minimum
functions required in INTOR, namely to exhaust helium and to protect the
plasma from lTimiter-generated impurities. Indeed, the plasma scrape-
off, eveﬁ in a relatively short exhaust channel, should be effective

in preventing helium and impurity atoms from returning (recyc}ing)

from the divertor to the main plasma chamber, at the same time permit-
ting DT atoms (more energetic due to charge exchange in the scrape-off)
to recycle relatively freely. Thus, a poloidal divertor of this type
seems to offer a workable solution to the potentially most severe
impurity problems in INTOR, and the Workshop agreed that near-term design
activity should be based on this concept.

Two additional critical design issues were identified by the Work-
shop, burn control and disruption suppression. An adequate mechanism
for maintaining a more-or-less constant power burn against the effects
of thermal runaway and, possibly, limited impurity accumulation must be
identified. At present, variable toroidal field ripple seems most
promising. While disruptions can probably not be altogether avoided, it
should be possible to 1imit the frequency to 10'3 and to mitigate the

consequences.

4. ENGINEERING

4,1, Engineering Status Assessment

Any engineering embodiment of the objectives and physics considera-
tions outlined above requires appreciable design sophistication and,
advanced technology. Novel, sometimes severe, design criteria will

require innovative approaches to the design of individual systems.
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The close coupling of all reactor systems implies subtle and complex
design management problems. Nonetheless, engineering solutions which
support the objectives of INTOR exist. |

4.1.1. General Engineering Design

Each engineering specialist perceives INTOR in the context of his
own specialty. To thé systemsAintegrator; charged with the responsi-
bility for optimizing the overall design, perhaps the most striking
feature is the sheer diversity of interactive effects and systems whfch
will be simultaneously operative in the reactor. Structural loads
result from an unusually large, coupled array of electromagnetic and
thermal effects. The number of advanced technologies which must be
combined is‘1arge; e.g. superconducting magnet, high vacuum, cryogenic,
tritium handling, and nuclear energy conversion systems. High levels
of neutron flux and fluence place unusual burdens on materiqls‘fech-
nology, while reactor availability requirements call for shrewd application
of remote maintenance capabilities. Thus, the analytical structure
which serves as the basis for trade-offs affecting absolute performénce
level, reliability, safety and cost is complex.

Nonetheless, certain key observations can be made, first, a physical
characterization exists which self-consistently éupports the spacial and

functional requirements specified in section 2. Figure 3 represents one

| of several possible approximations to the design solution. The space
allocations are based dn design and construction experience for the
various systems shown and are judged practicable. For some reviewers,
the components might appear a bit "squeezed" toward the ceﬁtra] vertical

axis of the machine, thus implying higher peak mechanical stresses,
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higher refrigeration losses, and more difficult remote maintenance proce-
dures than would be necessary in a larger design. However, enhanced
plasma performance and lower cost for most systéms must drive the layout A
toward this compaction of inboard systems.

A second observation is that remote maintenance requirements pro-
foundly affect the reactor's layout and the specific design of nearly
all components. This situation follows from the ambitious reactor
availability target and simply from the prudent requirement that one be
able to repair the device after initiation of D-T operations. As part
of the assessment activity, a systems interface matrix was generated.

The elements of the matrix provide a rough quantitative indication of
the affect the design of a given system has on the design of other
systems. Remote maintenance systems stood out as the most interactive
of all, thus reinforcing the belief that remote maintenance conSidera-
tions must be an integral part of the design from the onset of
preconcgptual activity.

A third observation, closely coupled to the previous discussion on
reactor availability and remote maintenance, concerns the relative
placement of toroidal ‘and poloidal magnef systems. Placement of all
poloidal coils outside of the bore of the toroidal coil is a strongly
preferred option even at the costs of substantially increased poloidal
coil system stresses and power requirements. Interﬁa] poloidal coils
cause severe topological problems which would inhibit experimental
operations with test modules and comp]icaté remote maintenance procedures.
Particularly unacceptable are the placement of po]oidaT divertor coils
in or near the vacuum vessei as per scale-up of present experimental

devices, The radiation env1r6nment is considered too hostile for these
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room temperature pulsed coils; the reliability of the divertor system
would be poor and the size and topological complexity incompatible with
fast remote maintenance. Fortunately, new simplified concepts for
divertors have been put forth in the past year as discussed in section

3. The designs take advantage of the finding that the long pulse opera-
tion of the reéctor does not require an "efficient” impurity divertor;
the key seems to be provision of a 1éss efficient system which serves
principally to act as a helium ash pump. These simplified concepts,

some of which do not require placement of coils within the toroidal coil,
are being further developed.

One positive finding of the INTOR systems integration assessment is
worth mentioning even though it does not relate to any single technical
issue. There already exists in the world the design management techniques
and experience to successfully conduct a well-integrated design activity.
This base exists largely outside of fusion research but can be adapted to
the needs of INTOR.

4.1.2. Magnetics and Power Systems

It is the use of large magnetic systems which gives fusion power both
a unique conceptual elegance and many practical problems. Despite the
size and complexity of the magnetic systems, the outlook is bright.
Research and development activities throughout the world are properly
addressing the relevant technological issues and, with a modest scale-up
of effort, will be capable of providing the required data base for INTOR.
The discussion of magnetic systems naturally divides jtse]f into the
three categories of toroidal, poloidal, and divertor systems.

In order to meet the field and pulse length requirements for-INTOR,

it is clear that the toroidal coil must be superconducting. Although
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consensus does not exist on the optimum choice of superconductor, stabili-
zer, and cooling system, there is general agreement that development
programs already underway are exploring all Tikely options. A substan-
tial data base will allow an intelligent examination of the trade-offs
in the choice of superconductor (NbTi versus NbSn), stabilizer (Cu
versus A1) and cooling (pool boiling versus forced). Experts are very
confident that a reliable toroidal system can be constructed. The
system can be designed to withstand the effects associated with startup
and plasma disruptions. The inboard radiation shield thickness

- specified for INTOR is deemed adequate to protect the coil against
insulation damage and loss of stabilizer conductivity. It is thought
that superconducting toroidal coils can be constructed with sufficient
reliability that no failure is expected during the T1ife-time of INTOR.
The overall design of the reactor need not reflect a rapid removal and
replacement scheme for the toroidal system. Nevertheless, prudence /
would dictate adoption of a realistic means for replacement on a
several-month timescale. Toroidal field coils with demountable joints
are judged impractical for INTOR because of stress problems and dewar
complications, not because of contact resistance problems.

The poloidal coil system consists of the main induction coil and the
field-shaping and control coils. The induction coil consists of a main
solenoid Tocated in the central bore of the machine and a few distributed
turns to control the flux return from the main solenoid. A superconducting
coil system is preferred over a normal coil because INTOR can be made
more compact and Tower in cost. Coi]é a]ready in operation are capable
of 10 tesla per second rates at up to 7.5 tesla fields. These parameters

are consistent with those demanded by INTOR, but experiments with larger
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coils having an order of magnitude more energy are required. The elec-
tromechanical effects which result from the 100 V/turn required for
plasma startup are severe. Use of rf or other techniques to reduce the
initial one-turn, voltage requirement would appreciably simplify the
magnetics design.

Field-shaping and control coils are required to attain the equilibrium
‘and stability conditions required by INTOR's elongated plasma. Engi-
neering considerations cited above give substantial impetus to the
adoption of superconducting coils located outside the toroidal coil.
However, a full stability analysis, including effects of all inter-
mediate structures, has nof been completed. If it should prove necessary
to place a few coils within the toroidal coils, then the situation is less
attractive, but tolerable. Normal conducting coils would have to be
used because of heat load and radiation damage effects.

Divertors, which are presently specified for INTOR, impose severe
restraints on the magnet sysfem. Designs performed prior to 1979 seem
to be incompatible with acceptable magnet design practice. Fortunately,
the new concepts mentioned previously suggest that designs could be
developed for which the magnet technology basis would be adequate.

Little need be said about the power supply assessment for INTOR.
Analysis of peak power and total energy requirements shows that the
present generation of equipment, already under constructibn for machines

like TFTR, is entirely adequate. The only exception might result from

- any increase of neutral beam energy above the presently planned 175 keV,

or from the adoption of rf as a principal mode of plasma heating. The
total power requirement for the facility is about 200 MW and represents

no severe siting problem.
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4,1.3. Reactor Availability, Reliability, and Remote Maintenance

A major objective of INTOR is the attainment of high availability
(25% - 50%). The assessment has shown that operation of INTOR with high
availability implies severe reliability requirements and profoundly
affects the approach to remote maintenance.

In order to assess the reliability requirements for the components
of INTOR? a rather detailed analysis was conducted. Over 55 components
were studied for an assumed configuration of the machine. Dominant
failure modes were formulated for each of these components, and the time
to complete a remote repair was estimated. A reasonable schedule was
assumed for machine operating time and scheduled maintenance. The availa-
bility target then implied a net time available for unscheduled repairs
and thus established a set of possible reliability factors for the
individual components. Realistic reliability factors were also solicited
for the various components from appropriéte,experts and compared to the
deduced set of required values. The conclusion was that the availability
goals for INTOR can be met, but only with stringent development, testing
and quality control.

The costs and the benefits of fully remote operation versus the costs
and benefits of semi-remote or "hands-on" maintenance was performed.
More specifically, the costs of incremental shielding around the machine
which would allow personnel access to the reactor hall were estimated as
a percentage ot the capital investment. This percentage was found to be
less than the percentage increase in availability for the machine because

of the greater speed of repair associated with semi-remote and "hands-on"
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maintenance. Thus, the addition of the shielding is viewed as a cost-
effective measure. Although all systems must be remotely maintainable,
the lesson is that such a requirement should not rule out some "hands-

on" maintenance.

The technology for the remote maintenance of INTOR largely exists

and can be adopted on an appropriate time-scale. However, the techniques
for designing INTOR for remote maintainability are at an early stage of
development.

The vacuum technology for pumping neutral beam lines and for pumping
the plasma chamber between burn pulses should be adequate for INTOR needs.
However, the development of high speed pumps to remove helium during the
burn is required. Moreover, the neutron and gamma heat. fluxes on the
cryopanels could lead to Targe refrigeration costs if conventional
cryocondensation pumps operating at 4.2 K are used.

4.1.4. OQOperations

The successful operation of INTOR will place substantial demands on
our abilities to diagnose and control very complex experimental operations.
INTOR diagnostics will encompass a uniquely large and diverse package of
physics and engineering diagnostics. Thousands of channels of data will
have to be handled expeditiously and reliably.

Preliminary assessment of the diagnostics, control and data acquisi-
tion system for INTOR has confirmed that most of the required expertise
is already being developed. A great deal of experience in the use of
plasma diagnostics on tokamaks exists and is being expanded as the new
generation of\tokamaks comes on line. Diagnostics adequate for feedback
control and those needed for interpretation of data (and thus eventual

optimization of performance) have been identified. A major problem may
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arise because of the severe environment in which diagnostics will be
required to operate. Several plasma diagnostics components, if utilized
in the same manner as at present, would rapidly fail in the high.neutron
and gamma fluxes encountered during D-T operation. In the case of the
engineering diagnostics, most of the fundamental techniques have been
developed in other fields (e.g. fission, high-voltage).

In the case of the computer systems and the associated interface
equipment, no need exists for INTOR development specifically. Because
of rapid progress in the industry, the technology should be adequate for
any foreseen requirements.

4,2. Engineering R and D Needs

The INTOR Workshop identified two major research and development
" areas in which the present world-wide program is inadequate, and a
substantial increase in effort will be required to meet the needs of
INTOR, namely

* Superconducting pulsed coil technology

* Vacuum pumping of helium.

The Workshop identified a number of other areas in which the needed
research and development effort can probably be carried out as part of
presently-planned programs on existing or authorized facilities, namely

* Superconducting toroidal coil technology

* Energy storage and transfer

* Remote maintenance and assembly

* Penetration shielding for personnel access and component
protection

* Diagnostics, data acquisition and control.
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These R and D needs are specified in detail in the report [1] of the
Workshop.

4.3. Engineering Major Design Issues

The INTOR WOrkghop identified six major engineering design issues:
location of the poloidal field coils, Tocation of the vacuum boundary,
location and configuration of the blanket test modules, the remote mainte-
nance approach, the design availability objective, and the establishment
of design standards. The issues associated with the poloidal field coil
Tocation were discussed previously. The location of the primary vacuum
boundary at the first-wall, in or behind the primary shield but within
the toroidal field coil cage, or at the building wall were all suggested,
and the second option is generally favored.

Provision of a realistic environment for testing tritium extraction
requires that the blanket test modules have a surface area of several
square meters facing the plasma chamber, and the requirement to produce
«10 Mwe implies that about 30 m2 of plasma chamber surface area be
covered by test modules. In principle, these modules can be run in

“vertically from the top, horizontally along the midplane, or on about a
30° diagonal above and below Lhe widplane.

The development of a philosophy on component replacement and of a
fundamental remote maintenance approach is basic to the design of INTOR.
Certain components must be maintainable on a routine basis, while others
can or will have to be designed for very high reliability so that rather
long times can be allowed for replacement or repair. The identification
of which components fall into eéch category is required prior to the
development of an engineering design. A number of remote maintenance

approaches (in situ repair, component removal, segment removal, etc.)
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must be examined in developing a fundamental approach that is consistent
with the availability requirements of INTOR.

The machine availability that realistically can be specified as an
objective for INTOR depends upon the component reliability criteria,
which affect component development programs, and upon the redundancy
level in the design, as well as upon the remote maintenance approach.

Design standards, or guidelines, are needed in order to proceed with
a design. In some instances appropriate standards may be borrowed from
other fields. But in many instances (e.g. superconducting magnets,
tritium release rates) it will be necessary to formulate new design

guidelines.

5. NUCLEAR

5.1. Nuclear Status Assessment

5.1.1. First Wall, Blanket and Shield

The assessment by the INTOR Workshop revealed that because of the
large number of tokamak reactor studies done over the past 10 years
(more than 20), a considerable variety of first-wall, blanket and shield
design solutions appear to be workable under INTOR operating conditions.
The possible exceptions to this statement are limiters, divertor collec-
tion plates, and passive liners to withstand disruptions.

It was concluded that design procedures, design codes and testing
methods currently exist to perform adequate neutronics, thermal-hydraulic,
and structural analysis of the vacuum vessel, test modules, blankets,
shields, and first walls. Furthermore, there was reasonable confidence
that water cooled first walls could be designed to withstand the 10° heat
pulses to the first wall if they did not exceed 30 to 60 watts/cm2 on a

steady state basis. Concern was expressed that there is both inadequate
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information about the magnitude of the heat dumped to the first wall due
to a plasma disruption and the ability of an unprotected first wall to
handle such an event. The use of radiatively cooled armor plate was
discussed but no specific solution was agreed upon during this phase of
INTOR assessment.

There appears to be a growing, and potentially adequate, data base
for predicting failure modes of unirradiated first walls. However, in
practiéa]ly every material except stainless steel there is an inadequate
data base on irradiated materials properties to put into the first wall
lifetime codes. It is anticipated that an adequate data base for Ni
containing materials will be present by 1985, but the prospect for
obtaining such data on other materials before construction of INTOR is
slight.

There seems to be a major uncertainty with regard to the implications
of high voltages induced in the blanket or first wall during start up and/
or during disruptions. The exact placement of electrical insulators and
their operating lifetime in the radiation environment is a major unknown,
and further work is required to clarify this situation.
| 5.1.2. Trilium

Eight major areas of concern were identified with respect to the use
of tritium in INTOR: fuel purification and recycle, tritium breeding in
test modules, storage of tritium, minimizing the active inventory of
tritium, external sources of tritium for INTOR, containment of tritium,
transportation of tritium, and cleanup of tritium releases in the plant.
It was generally concluded that with respect to these topics, eitﬁer data
and facilities are presently available, or that they would be available

by ‘the mid-1980s to proceed with the design and construction of INTOR.
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The level of knowledge and the capability required to’designlthe fuel
purification system is expected to be reasonably in hand by the mid-1980s.
The main body of information is expected to come from experimental
facilities such as the Tritium Systems Test Assembly (TSTA) in the USA,
which is already under construction, and from the planned Tritium
Engineering Test Laboratory (TETL) in Japan and Vacuum/Tritium Stand (VTS)
in the USSR.

The large scale production of tritium from lithium containing materials
has been demonstrated on a batch-wise basis in a number of countries,
but the ability to continuously extract tritium from a hot breeding
blanket module while simultaneously maintaining a low tritium inventory
remains to be demonstrated, Extraction methods and behavior of breeding
components under irradiation could be developed in fission reactor
facf]ities by the mid-1980s.

The inventory of tritium required in INTOR is 2 to 3 kg. Failure
proof storage systems must be identified. The development of such systems
seems to be straight-forward.

The "active" tritium inventory (i.e., in the fuel fabrication,
injection, exhaust, and reprocessing system) is considerably more vulner-
able to accidental release and therefore will have to be reduced to as
low a value as possible. Estimates of this inventory range from a few
hundred grams to a few kg's. The wide spread in estimates is due to the
uncertainty of fractional burnup per pass, recycle time of cryopumps,
and amount of tritium adsorbed throughout the INTOR chamber and exhaust
systems. Efforts to quantify these parameters will be a prime motivation

of research in the next few years.
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In the event that INTOR does not provide its own tritium, then roughly
65-95 kg of tritium, depending upon the option chosen for stage III, will
have to be supplied from fission reactors over a 12 year period. While
this amount of fuel is by no means trivial, it could be obtained entirely.
from dedicated tritium production facilities in the USA or partia]iy from
the heavy water coolant of CANDU reactors. The cost of this fuel could
range from as low as 4 million dollars per kg to as high as 8 million
dollars per kg. The international regulations governing such large
transfers of tritium need to be closely examined.

The mechanisms of hydrogen diffusion through metals are reasonably
well understood. However, it remains to be demonstrated that sufficiently
reliable tritium permeation barriers can be produced, particularly for
heat transfer surfaces and those subjected to intense neutron bombardment.
Such data can come from TSTA, TETL, and VTS, while in situ experiments in
fission reactors should shed 1light on the problems anticipated for
irradiated coatings.

. 5.1.3. Materials

In general, it was concluded that the data base either exists now,
or that it will exist by the mid-1980s, to be able to make a reasonable
judgement on the mechanical performance of materials in INTOR. Further-
Amore, there is reasonable optimism that the structural materials can be
used for the 1ifetime of the device.

Of the four main classes of potential structural materials considered
for INTOR (austenitic steels, ferritic steé]s, ?itanium alloys and aluminum
alloys), the austenitic steels are the favored choice. Ferritic steels
have better thermal stress properties and more resistance to irradiation

induced swelling, but the post-weld heat treatments and the shift in
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the ductile-to-brittle temperature makes operations below the 300-400°C
range questionalbe. Titanium alloys present some advantage from the
thermal stress and fatigue lifetime standpoint, but the general lack of
data on irradiated materials and on formation of hydrides below 300°C
makes them unattractive for use in INTOR at this time. Aluminum alloys
have the potential advantage of lower thermal stresses and higher
permissible first wall thickness, Tower long-lived radioactivity, and
Tower tritium permeability. On the other hand, a lack of irradiation
data aone 100°C, decreased ductility due to post-irradiation heating
(baking) above 100°C, a lack of irradiation data on materials with
appropriate helium content, and doubts about commerical reactor-relevance
for electricity production make the Al alloys unattractive for the
primary structural alloy in the shield. It may be possible to consider
using Al alloys in the first wall operating at about 100°C.

There is only one class. of materials, austenitic steels, that has
been irradiated with approximately the'prOper combination of displacement
damage and helium production. By 1985 it is possible that a few small
specimens of non-nickle containing alloys will be irradiated in FMIT
under "typical" high energy neutrons conditions. However, the number of
specimens and the range of temperatures, stress conditions and alloy
variations will be too small to allow construction to begin in 1985 if
any other alloy except stainless steel were to be used.

The data base on solid breeder materials (e.g. Li,0, L1A102, etc.)

2
is small but building at a steady rate. Tritium release data 1ooks
favorable under low neutron irradiation conditions, but tests at much
higher fluences and at high temperatures are necessary in order for

solid breeders to be ready for incorporation in test modules.
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Damage limits to the Cu and Al stabilizers of the superconducting
magnets have been established. The critical damage 1imft of 5 x 10'5
dpa for copper and 107° dpa for Al have been accepted for INTOR. These
1imits are much lower than those set for the superconductor Nb3$n

(0.002 dpa) or NbTi (v0.06 dpa). The limit to the electrical insulators

10 rad level.

in the magnets was set at the 109 to 10

The use of carbon in the plasma chamber appears to be marginally
acceptable. Recent work by Japanese scientists has revealed that
chemical sputtering can be reduced by a passivation mechanism which is
not understood at the present time. Further work in this area may
remove this barrier to the extensive use of carbon as limiter,
beam dumps, armor plate, or even coatings of the first wall.

The assessment revealed that the experimental data in physical
sputtering is now sufficient to predict wall erosion rates once the
particle spectra and angle of incidence are specified. Wall erosion of
unprotected INTOR first walls is not serious if the wall flux is below

particles cm and if the particle energy is less than 100 eV.
However, the anticipated particle fluxes may be somewhat higher.

A great deal of progress has been madec in the arca of low-z coatings
for first walls, 1imifers and particle collection plateé. However, as
of now there is no clearly superior candidate that has been demonstrated
to be compatible with both the plasma and cyclic operation of the power
cycle. T1'B2 and TiC hold great promise, but more tests are necessary

for a final decision in INTOR.

5.2. Nuclear R and D Needs
The INTOR Workshop identified two major research and development areas

in which the present world-wide program is inadequate, and a substantial
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increase in effort will be required to meet the needs of INTOR, namely

* First-wall, Timiter and divertor plates

* Insulators and coatings.
The Workshop identified three other large areas in which the needed
research and development effprt can probably be carried out as part of
present]y-p1anned programs on existing or authorized facilities, namely

* Stainless steel properties

. Integrated tritium fuel handling system

 Tritium cleanup, safety and monitoring systems.

These R and D needs are specified in detail in the report [1] of the

Workshop.

5.3. Nuclear Major Design Issue

The major near term design issue has to do with the first wall.
There is no question that water cooled stainless steel tubes, on the
order of 2 mm thick can handle the steady state heat flux from INTOR
(»30 watts Cm'z). However, there is relatively Tittle agreement on the
uniformity of the heat flux around the torus. Moreover, the magnitude
of heat fluxes associated with plasma disruptions is so large as to be of
overriding concern in the design of the first wall.

Another concern stems from the high charge exchange neutral flux that
could come from the edge of the plasma. For example, charge exchange

0l6 17 1 4t 100 eV have been postulated.

neutral fluxes of 1 to 10 cm-'2 S
Such fluxes would cause erosion rates of 0.5 to 1 mm/year, completely
unacceptable for many reasons. A logical way to avoid this problem is
to use sacrificial armor plate which is in front of the first wall but
cooled radiatively. Such protection may also be required to mitigate

against plasma disruptions.
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The issue to be decided in the next year of the study is; can INTOR
operate with a bare first wall (if so, is it made from Al or steel) or
is a solid armor plate or other protective mechanism required around
the entire torus? A corollary issue is the establishment of a
reasonable upper limit for the neutron wall load for which INTOR is

to be designed.

6. SAFETY AND ENVIRONMENT

This particular topic had to be approached from a rather generic
sense because no detailed design was available. The main purpose of this
effort was to identify areas of disagreement or lack of regulations
between the various countries.
| The major issues that were investigated for the assessment were
tritium fuel, activation products, use of Tithium in INTOR, effects of
magnetic fields and magnef failures, potential toxic materials, and
hazards associated with high vacuum, large cryogenic systems, and high
voltage.

Since it was decided not to use large amounts of lithium containing
materials in INTOR this was not perceived to be a major problem. There
were no major toxic materials identified in INTOR as it is currently
conceived, so that area was not pursued in great detail. Some observations
on the remaining topics are given below.

Regulations pertaining to the control of (1) radioactivity,

(2) toxic materials, and (3) industrial procedures associated with:
(a) high vacuum technology, (b) large cryogenic systems, and (c) high
voltage systems currently exist in the member nations, and these are

felt to be adequate for starting the design of INTOR. However, there

are few, if any, regulations that are specific to fusion devices, and a
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_concentrated effort to establish these guidelines for INTOR must start
as soon as possible. It is likely to take 5-10 years to formu]afe such
regulations in compliance with public review and legislative require-
ments.

The most critical example of where specific attention must be paid
to fusion devices is in the area of tritium containment. The analytical
models relating release of tritium‘to exposure to humans currently
exist. In addition, the effects of tritium on the population for a
given exposure are also fairly well understood at this time. What is
required is for an authoritative, international group to put the two
together to establish release 1imits specifically for D-T fusion devices.
These quidelines are necessary before INTOR progresses into the detailed
design phase.

There are also two regulations currently in force in some countries
which could place undue constraints on INTOR. The first is the 20 g
Timit on the amount of tritium in approved shipping containers. To
supply initial inventories of several kilograms cou]d.require an unduly
large number of shipments. There is no insurmountabie problem here,
only the time delays associated with the design of larger containers and
regulatory licensing of such units. The second problem is with the
current accountability practices. It is currently required (at least
in the USA) that the entire tritium inventory of a facility be established
to the nearest 0.01(9 twice a year. Considering that inventories of
about 3 kg could exist in INTOR and that 5-10 kg/year might be burned
up, such a strict accoﬁnting may be impossible. The regulations should

be examined to see if such a 1imit can be raised for INTOR or if such a

limit is even appropriate for such a test device.
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At the present time, the only material in INTOR which might be
subjected to safeguards requirements is tritium. It is currently
designated as a sensitive, rather than a strategic, material because of
its high value (about 4000 to 8000 $/g). It is anticipated that this
status will not change for INTOR.

Specific regulations for the continued exposure of individuals to
high magnetic fields are also needed. At the present, the practice in
the field is to use ad hoc values from the accelerator field, which may
or may not stand up to the close scrutiny of safety review panels.

Guidelines currently exist for the use of non-ionizing microwave
radiation, but few, if any,‘regu]ations exist for rf heating sources
that might be used in INTOR. Such regulations should be established in
the next decade.

Considerable investigation has already been devoted to identification
of accident sequences for tokamak reactors. Based on cbnceptua]
designs of commercial p]ants, event trees have been constructed to
identify accident scenarios as an aid in improving the safety aspects of
the next generation of conceptual designs and for quantitative
assessment of accident consequences. These event trees are not usable
at this time to determine defendable values of risk (probability of an
accident times the consequence) because of a lack of speéific reactor
.design details and lack of an adequate data base for component failure
rates. Such a data base should be developed; however, it will not
1ikely be sufficiently developed in time for quantitative application to
INTOR. The state of development of mechanistic computer models for
fusion reactor accidents is preliminary. Further development is

needed if defendable safety analyses are to be done for INTOR other than
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"worst case" analyses. The codes will also need to be verified by
cohparison with experimental data from well-characterized and
instrumented safety-related experiments, which are just starting to be

performed.
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Figure Captions

g and heating pulse tig to achieve

ignition in INTOR, for a range of plasma densities,

Figure 1 The required <B>i

assuming 60 MW of neutral-beam power at 150-200 keV,

including an optimized 150 keV "variable density"

start-up.

Figure 2 Schematic illustration of the start-up scenario for
INTOR.

Figure 3 An exterior-coil poloidal divertor proposed for INTOR.
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