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PREFACE

This report summarizes the results of the Japanese work performed for
the INTOR Workshop during the periecd of July 1983 through June 1985. The work
has been carried out by the Japan Atcmic Energy Research Institute with
extensive cooperation of unversities and industries in Japan. I would like
express my thanks tc all of those who have contributed to the work, I would
like to express alsc my deep acknowledgement to the JAEA and the other three
parties of the INTOR Workshop for their cooperation.

June 1985

S. Mori
Executive Director

Japan Atomic Energy
Research Institute
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Chapter I : Introduction

The Workshop of the International Tokamak Reactor, INTOR, started as a
collaborative effort in January 1979 among Euratom, Japan, the USA and the
USSR under the auspices of the International Atcmic Energy Agency, IAEA.

The initial effort called the Zero phase cf the INTOR Workshop was
conducted during 1979 to define the objectives and physical characteristics of
the next major experiment after the existing large tokamak of TFTR, JET, JT-60
and T-15, and also to assess the technical feasibility of constructing such an
experiment in arcund 1990. The result of the Workshop was published as the
report of the Zero Phase Weorkshop [1]. The report concluded that an ignited
D-T tokamak was technically feasible provided that supporting R&D would be
properly carried out.

As a result of the Zerc Phase Workshop, the INTOR Workshop was extended
to the Phase One, in order to develop a conceptual design of the INTOR
experiment. The Phase One Workshop completed the conceptual design in 1981,
propesing a concept of tokamak having a fusion power of 620 MWt, The result
of the Phase One Workshop was published in an IAEA report [2].

The INTOR Workshop was extendesd then to the Phase Two A in July 1981 to
review critical technical issues which were identified during the FPhase One
Workshop. The Phase Two A Workshop was completed its Part I in 1983,
publishing the results in an IAEA report [3].

Then, the INTOR Workshop was further extended until June 1985, in order
to investigate certain technical issues that are essential to the feasibility
and further improvement of the INTOR concept, to keep under review the results
of the R&D programmes in various countries, and to improve the INTOR concept
as a result of the new informaticn obtained, Major technical issues addressed
for investigation were;

(1) Impurity control

{2) RF heating and current drive

(3) Transient electromagnetics

(4) Maintainability

{5) Technical benefit
Extensive assessment was made on the technical data bases on the following
three areas;

(1) Physics

(2) Engineering

(3) Nuclear

During this Workshop, the work has been carried out, as traditional with
the INTOR Workshop, by teams of experts working in their home countries under
the direction of the INTOR participants, who met in Vienna periocdically. The
workshop lasted from July 1983 through June 1985.

The results of the Japanese work contributed to the INTOR Workshop
during this peried are contained in this national report, The work in Japan
was primarily carried out by the Japan Atomic Energy Research Institute,
JAERI, with the support of the industries; i.e. Toshiba Ltd., Hitachi Ltd,,
Mitsubishi Group and Kawasaki Heavy Industry Co., under contracts between them
and the JAERIT.
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Many of the scientists and engineers contributed teo the work in Japan
were involved also in designing the Fusion Experimental Reactor, FER, a next
step machine being studied at the JAERT. Thus, mamy results derived from
designing the FER were conctributed also to the INTOR Workshop.

The numbering of the chapters and sections of this report was made
identical as that which will be used in the IAEA Phase Two A Part II report,
in order to facilitate the readers of the national report.

References:

[11 INTOR: International Tckamak. Reactor - Zero Phase, IAEA, Vienna,
STI/PUB/556, (1980) :

[2] INTOR: International Tokamak Reactor - Phase One, IAEA, Vienna,
STI/PUB/619, (1982)

[3} INTOR: fnternational Tckamak Reactor - Phase Two A rpart 1, TAEA,

Vienna, STI/PUB/638, (1983)
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Chapter II : Summary

1. Impurity contrecl

Physics

An INTOR core plasma produces high-energy alpha particles with their
heating power, and its heat and particles flow out of a plasma core through
conduction and convection with their finite confinement times. The essential
objective of impurity contrscl is to remove such large heat and particle fluxes

without deteriorating plasme confinement performance. Heat and particle
fluxes finally reach a first wall and a collector plate through a scrape-off
plasma around the main plasma and interact with them, Critical issues for

impurity control physics are, then, related strongly to the scrape-off layer
property, such as parameters of scrape-off plasmas, behaviors of impurities,
helium ash exhaust, basic data for surface and meoleculer/atomic collisions.
In an INTOR operation scenario, it is required to remove a heat flow of 124MW
and a helium particle flow of around 2x1020/s.

Various concepts on the impurity control have been widely assessed since
the Zerc Phase Workshop. Among them, the divertor concepts were evaluated to
have great potential, especially the poloidal divertor was assessed to be the
most .promising for the INTOR impurity control, During those years, many new
tokamaks went into operation and provided new useful informaticns, and
understandings on impurity control has made great progresses. In a divertor
concept, a quite new operating regime. The high-density and low-temperature
divertor plasmas were cbserved in Doublet III experiments with a single-null
poloidal configuration for the first time, Their parameters are in a guite
new .regime different from the past divertor plasmas, and they have several
interesting features beneficial to impurity contrel by the divertor concept.

(1) The density in the divertor region increases nonlinearly with a density
increase of the main plasma,. The density near the collector plate

increases to the order of 1020 m~3,

(2) The high~density near the collector plate reduces the divertor plasma
temperature there below 10ev (Fig. 1.1).

(3) Radiation losses from the divertor region also increase with changes in

the density and temperature. They significantly reduce the input power
to the collector plate.

(3) Along with the changes in the divertor plasma parameters, neutral
hydrogen gas pressures were also observed to be remarkably enhanced.
(4) Changing magnetic configurations from limiter to divertor operation,

considerable impurity reduction in the main plasmas were attained by the
divertor operation. Especially, the reduction in metal impurities is
observed to be remarkable, :

(5) Even in NBI heated discharges, similar phenomena to Joule heating were
obtained.
{6) The high-density divertor operation is compatible with the so-called

H-mode discharges with good confinement time.

The high-density, low-temperature divertor plasma is caused by highly
recycling particles in the divertor chamber, and the high recycling diverter
concept have great advantages for impurity control. The low plasma
temperature near the collector plate could results in significant reduction in
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an amount of released impurity from it. The high density plasma, moreover,

could be effective in aveiding penetration of released impurities from the
The strong radiation in the divertor chamber could also certainly ease

plate.
difficulties in the heat removal of the collector plate. The pumping
requirement for helium ash could also be reduced by the neutral gas

compression around the diverter plasma.

From those favorable experimental results, it may be concluded that the
high recycling divertor concept has some more credible features for impurity
control than the conventional divertor and other impurity control concepts at

present.

In order to discuss the possibility of the ccld and dense divertor
cperation, a two dimensional program for the divertor plasma and neutral
particles has been developed. The divertor plasma is strongly influenced by
the neutral particles emitted from the divertor plate and traversing the
divertor chamber through ionization and charge exchange reactions, Therefore,
a self-consistent modelling is necessary for the description of the divertor
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Fig. 1.1 The hclizontal profile cof the electren temperature, Tgn, and ion
saturation current, Jem: across the lower divertor channel

{mid-plane: z=0cm) and corresponding vertical profiles of T,q and
neq on the divertor plate at t=800ms. The connection of the field
lines between both profiles is shown with dotted lines,
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plasma and neutral particles. The divertor plasma is described by the fluid
equations and the neutral particle transport in the divertor chamber is sclved
by the Monte Carle simulation. The interacticns between the diverteor plasma

and neutral particles are self-consistently sclved by an iterative procedure,

The numerical simulation based on the abcove model was compared with the

Doublet ITI experiments under 1 MW NBI heating. The main features of the
D-IIT experiments were successfully reproduced, such as (a)} formation of high
density and low temperature plasmas, (b) strong radiative ceoling of the

divertor plasmas, and {c) nonlinear dependence of the divertor plasma density
on the main plasma density.

The numerical simulation also gives the dual eguilibrium sclutions of
the divertor plasma in the limited range of the ion flux entering the
divertor. 'The origin of the dual solutions can be explained by a simplified
modelling of the neutral particle recycling in the divertor plasma,

The divertor operating condition for INTOR was investigated based cn the
two dimensicnal program, solving consistently the divertor plasma and neutral
particles, Simple analytic model 1is also developed to clarify the dual
structure of the solution of the numerical code. The numerical results
strongly suggest that the cold plasma layer less than 10 eV could be produced
in front of the divertor plate, provided that the particle confinement time of
the main plasma is shorter than 1.7 s (Fig. 1.2). The evaluation of the
backflow fraction of +the neutrals indicated the low effective pumping speed of
about 2x104 1/s to keep the 5% concentration of the helium ash in the main
plasma, When the real divertor geometry, e.g. open divertor shape, 1is taken
into account, however, the reguired pumping speed should be increased up to
105 1/s from the parametric studies on divertor geometry, These low
temperature and the required pumping speed conditions indicate that the
divertor throat length could be about 50 c¢m and the void width be 5 - 25 cm,
The sputtering erosion of the divertor plate and the other ingide wall of the
divertor seems not to be a serious problem, since the electron temperature
could be reduced to less than 10 eV near the divertor plate.

The dependence of formation of cold and dense divertor plasmas on
divertor geomeyry is studied with the simple analytic meodel to reduce the size

of the divertor chamber. In the cpen geometry, ccld and dense divertor
plasmas are observed tc be produced in a wide range of the incoming ion flux
to the divertor. Temperatures at the plate become below 10 eV. The key

problem of the open geometry is that the range of the incoming flux, where
triple equilibrium states are observed, becomes wide, Iif the width of the
void is retained narrow, it can be predicted that the short divertor of 50 cm
length could produce cecld and dense plasmas at the divertor plate. Even 1if
the width of the gap is not so narrow, the low temperature plasmas at the
plate can be cbtainred with some appropriate controls, such as gas fuelling
into the diwvertor chamber.

Comparison of single and doubkle null divertors are revisited in this
phase as a possible design modification. Discussions are based on ccomparative
studies on a national design, FER, not directly on INTOR. Those studies also
include overall considerations not only from the plasma physics viewpoint, but

also from the engineering aspects, Studies cn the plasma physics side
indicate that the double null divertor has some advantages than the single
null, in areas such as the attainable beta value. Comparison is also made in
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Fig., 1.2 (a) Two dimensional distribution of the electron density in the
divertor plasma. (Q=40 MW, I=3x1022/s)
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Fig. 1.2 (b) Two dimensional distribution of the electron temperature in the
divertor plasma, (Q=40 MW, I1=3x1022/s)
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engineering items, such as reactor structure, divertor collector plates,
toroidal coils, poleidal ceils, vertical position control, and neutronics.
Those studies on engineering side show that the double null case is not
favorable compared with the single. However, no definite engineering items
can not be found which reasconably exclude the double null concept.

Experimental data base for limiters are alsoc evaluated., The origin of
metal impurities in. tokamaks is generally considered to be due to three
different types of wall interaction, i.e. arcing, evaporation and sputtering.

Arcing phenomena are observed to occur on the first wall in
noneguiliblium phases such as the current rise and shut down phases as well as
plasma disruption. The most probable cause of unipolar arcing in tokamaks is
that run away electrons increase the sheath potential between the wall
surfaces and the non-equiliblium dense plasma in the scrape-off plasma, and
produce the arcs. Unipolar arcing will hardly occcur during the steady state
even in future large tokamaks, if the first wall is well conditioned and the
heat flux to the wall is kept below 500 W/cm?. Evaporation due to the heat
flux from the plasma doces not constitute a mechanism of metal dimpurity
preoduction in normal discharges,

Sputtering is the dominant process in the steady state of the tokamak
operaticn. To reduce the amount of metal impurities released from the wall by
sputtering, temperatures and charge number of ions in the scrape-off plasma
must be kept low. Metal impurity can be reduced by Ti gettering, gas puffing
and use of graphite limiter

By using a centrifuge pellet injectors as the principal Dy fueling
seurce, good confinement and high density plasmas have been obtained in the
neutral beam injection heating of Doublet IIT tckamak with limiters, The
neutral pressure at the upper chamber and the particle recycling at the
limiter surface, as infered from the D; emission level, for pellet fueled
discharges are two to three times lower than those of gas fueled discharges.
The ¢lobal energy confinement time obtained by diamagnetic measurement
degrades in beam heated gas fueled discharges as observed generally in present
tokamaks. The confinement time is imgproved 1,7 times by central fueling
(pellet fueling) compared peripheral fueling (gas fueling) discharges at 2.4
MW of beam power, however degrades with increasing the beam power
corresponding to decreasing the pellet penetration,

particle and energy fluxes in the scrape-off layer behind the limiter
have been studied in the JFT-2 tokamak. The diffusion coefficient of the
scrape-off plasma is the order of the Bohm diffusion ceoefficient. The total
heat flux density to the rail limiter during a discharge are compared between
the electron and ion sides of the limiter, This indicates the higher heat
flux on the electron side is mainly due to accelerated electrons. In order to
reduce the heat flux to the limiter, it is important to operate the higher

density.

We performed a detailed recycling calculations of neutral particles on
the limiter and the first wall with the aids of the one-dimensional tokamak
transport code. The energy of neutral particles flowing back from the limiter
chamber and the necessary pumping speed to realize the recycling rate used in
the one~dimensicnal transport code are calculated by the two-dimensional
Monte-Carlo neutral code independently. The feasibility of the pumped~limiter
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were analysed. The electron temperature in the scrape-off layer decays in
radial direction toward the wall very rapidly with the characteristic decay
length of abcut 1 cm, while the density distribution is slightly broad. When
a rather short limiter is installed, moderate pumping system is sufficient to
keep the helium accumulation in the main plasma at the desired level. The
electron temperature at the separatrix is about 400 eV when the realistic
peilet injection by the present-day technology is employed. It will be
difficult to further lower the temperature without increasing the helium
accumulation level. Fueling by gas puffing gives almost the same results. To
solve the high heat flux and erosion of the pumped limiter, cool boundary
plasma may be indispensable. This cool boundary plasma must be restricted to
the periphery and the hot core plasma must be unaffected by it to sustain the
self-igniticon state.

Ergodic limiters and rf pumpout are numerically studied as innovative
schemes of the impurity control. The ergodic magnetic layer produced in the
periphery of the tokamak plasma by subsidiary helical currents (Ergedic
Magnetic Limiter) can be effective for egualizing the heat load on the first
wall. TIn order to examine the possibilities of these concepts we numerically
analysed the formation and destruction of the magnetic islands produced by
resconant helical currents. Calculations on a single set of double 1=3, n=!
helical coils with same constant current in opposite directions show that the
magnetic surfaces outsides the g=3 surface are effectively destructed, when
+the value of helical currents is larger than a critical value which is wvery
small compared to the plasma current, The effect of the local helical coils
is also examined which were wound in the localized regions along the toroidal
directicn of the torus, because they are of Jgreater practical use from the
engineering viewpoints. It is cbserved that the magnetic islands alsc rotate
in this case, although about five times larger current are needed than the
case of full windings.

The active control of impurities reguires some additional input of
momentum (energy) 1into a plasma, The use of radio-frequency (RF) wave
momentum has recently been proposed. This is called RF divertor where waves
are launched into a plasma by external RF generator in the ion-cyclotron range
‘of freguencies. Those impurity control schemes, ergodic limiters and rf
pumpout[ have little experimantal data base, then further experimental studies
are required.

Recent experiments indicate that fueling physics is deeply correlated
with plasma confinement property. Discharges without degradaticn of a
confinement time during NBI heating, the so-called H-mode, are fcund to be
strongly influenced by the fueling and recycling at a plasma edge. Remarkable
improvement in a confinement time of limiter discharges are lately observed in
Doublet III by using a pellet injection. The confinement time of discharges
with a limiter is significantly improved by the deep penetration cf the pellet
and reach the zlmost same value of the H-mode discharges with a divertor. The
results indicate importance of the low recycling in the edge plasma and is
consistent with the feature of the H-mode discharges.

Data compilation and evaluation for atomic and molecular processes and
for plasma-surface interactions is being 1in progress, Those activities
include the atomic structure data cf Fe lons, the charge transfer cross
sections of ions in collisions with atomic and molecular hydrogens, excitation
cross sections and rate coefficients in electron impact for carbon and oxygen
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ions in various ionization stages, the iconization cross sections of ions by
electron impact, atomic processes in hot, dense plasmas and on icn-ion
collisions. The importance of understanding behavior of low temperature
plasmas near the edges, limiters and divertors urged us to compile data
involving the ionization of neutral atoms and excitation, dissociation and
recombination processes of atomic and meolecular hydregen atoms/ions.
Compilation and evaluation of sputtering data by ion impact have been
completed for monatomic solid targets, The incident energy dependence,
angular distribution and incident angle dependence of total sputtering yields
have been evaluated and some empirical formulas for sputtering yields have
been found. Data for the particle- and energy-backscattering coefficients are
compiled and evaluated and empirical formulas for these data in normal and
chlique incidences have been found, In order to make easy access to the
bibliographic and numerical data, a computer-based data storage and retrieval
system has been developed. The databases developed by ourselves as well as
those commercial and exchanged with other data centers are available. These
data can be retrieved through TSS or telephene line linkage.

For the last five years, the data base on surface effects related to
impurity production has been extensively produced and compiled both
experimentally and thecretically. They include hydrogen chemical sputtering
yields of low-Z materials such as C, SiC and TiC in the energy range between
0.1 and & keV, their surface compcsiticnal changes by bombardment with
energetic hydrogens, energy dependence of the hydrogen chemical sputtering of
carbon materials and their theoretical model, chemical erosion of graphite by
atomic hydrogen exposure, chemical erosion by oxygen lon bombardment of
refractory metals such as W and Mo, energy dependence of self sputtering
yields of W and Mo at room temperature in the energy range between 0.1 and 10
keV, an empirical formula for the energy dependence of physical sputtering
yield of monatomic solids. As far as surface effects related to particle
recycling are concerned, the following items are studied experimentally and
theoretically, such as hydrogen recycling model at wall surfaces in tokamaks,
hydrogen diffusivity data on Ni and Mo, an effect of radiation damage on
deuteron re-emission and trapping, deuterium re-emission measurement during
energetic deuteron bombardment in Me, Incenel 625 and TiC, ion-induced release
cf deuterium from Mo by low energy proton bombardment at room. temperature,
empirical formulas of light ion backscattering ccefficient for both particle
and energy as a function of incident energy

Data on vacuum vessel preparation are also assessed, It includes
experiments on electron cyclotron rescnance (ECR) discharge cleaning on JFT-2,
JIPP T-IT and TEXTOR, which has been proved that the vacuum components between
the liner and vacuum vessel can be cleaned by this method, a carbon wall
experiment on DIVA in which once clean surface was obtained by discharge
cleaning very low g plasmas with a good confinement characteristic were
maintained for several hundreds shots without any additional cleaning
procedure, a special stainless steel doped with boren (0.01 %) and nitrogen
(0.16 %) heated to about 800 °C in vacuum, where a very thin layer of
hexagonal boron nitride is formed con the surface, a hard and anti-corrosive
titanium nitride coating proposed for use as a protective coating for the
inside of vacuum vessels, development of surface coatings of low-Z materials
for JT-60, investigation and testing of materials and methods for attaining to
low outgassing rates without bakeout.
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(Engineering)

In the course of the Phase 24, Part 2 sessions, our efforts have
been mainly devoted to "Low Edge Temperature Divertor Design,” and
"Data Base Assessment”.

Design studies of the divertor collector plate were made for the
high recycling and low particle temperature operating conditions. The
conditions are quite attractive for the engineering design, since
little or no sputtering erosion is predicted for high-Z materials at
low edge temperatures. The studies included material cousiderations,
configuration, thermo-hydraulic and stress analyses, disruption,
lifetime analyses, and tritium permeation.

The divertor collector plates consist of a water cooled copper or
copper alloy heat sink which is protected by a tungsten tile bonded to
the surface. Two divertor configurations were considered. Omne is
essentially unchanged from the previous INTOR Sonfiguration. The heat

flux on the inner collector plate was 5 MW/m“. The other is the one
where the plate is further inclinded to limit the surface heat flux
less than 2 MW/m“. Tungsten tile thickness was taken to be either 1

mm or 3 mm. The effect of bonding methods on the mechanical
characteristics of tungsten and copper were discussed.

Thermo-hydraulic and stress analyses were also made for the
collector plate with a thin stainless steel layer om it.

Thermal response, melt layer depth, and evaporated thickness due
to a plasma disruption were calculated for the tungsten tile covered
by a thin stainless steel layer. The gsituation simulates the case
where the stainless steel sputtered at the first wall accumulates on
the divertor surface. Stability of the melt layer was analytically
treated with the aid of hydrodynamic linear stability theory.

In addition to the studies of the low edge temperature divertor,
trade-off studies were made to examine the use of helium gas coolant
for the first wall, and the advantages of long pulse operation.

The major conclusions and recommendations are summerized as
follows:

(A) Low edge temperature divertor

1) The geometry of the divertor plate and the divertor chamber
depends on the plasma configuration (the magnetic field lines).
Two plasma configurations have been considered for the
engineering study. The first plasma configuration is the same
as the Phase 1 design. The second plasma configuration is based
upon the Japanese physics prediction. More physics information
is neede to establish the best solution of the divertor
geometry. :

2) Under the Phase I divertor configuration, the maximum heat flux
is 7 MW/m“ on the inmner plate. The maximum heat flux is reduced
to 5 MW/m“, if the inner plate is placed at an angle of 20° to
the field lines. The other divertor configuration has begn
considered in order to limit the peak heat flux to about 2 MW/m“.
The angle between the divertor plate and the separatrix is 8% for
the inner channel, and 6° for the outer channel.

3) The divertor chambers for the long channel length divertor and
the reduced channel length divertor have been compared. The
length of divertor channel has been taken to be 40 cm for the
reduced channel length divertor. The peak heat flux has been
taken to be either 5 Mw/m2 or 7 MW/m® fot both long and reduced

J—— 10 —
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channel length divertor. The reduced channel length divertor
gives the decrease of 0.45 to 0.6 m in the height of divertor
chamber compared with the long channel length divertor.

4} The divertor collector plate is composed of a protective
material, heat sink, and supporting structure. The protective
material is 1 mm or 3 mm thick tungsten. 7The heat sink is pure
copper or a copper alloy, and the support structure is stainless
steel. The protective tile is brazed or plasma-sprayed to the

. heat sink.

5) Stress and fatigue analyses of the divertor plate indicate that
the peak heat flux less than 2 MW/m“ is required to reduce the
thermal fatigue stress range to an acceptable level. An
unacceptably short lifetime results under the peak heat flux of 5
MW/M“. The plasma spraying is preferred to the braziag from the
standpoint of heat sink fatigue life. However, the strength and
fatigue life of tungsten appear to be critical for the plasma

spraying.
6) The stress in the divertor plate is quite sensitive to the
deposition thickness of 316 S$S. The stress increases with

increasing the deposition thickness. Deposition of 316 SS on the
divertor plate could result in significantly reduced life.

7) The bulk mechanical property data base for the protective
material and the heat sink is small, and there are greates
uncertainties in the interface bond strength. Further studies
are needed for the accurate lifetime estimation and the selection
of reference bonding method.

{B) Additional studies

8) The first wall is composed of Type 316 stainless steel. If the
melt layer is stable, the thickness with an allowance for erosion
of first wall is only 6.9 mm, and the first wall is expected to
survive the reactor lifetime in terms of fatigue damage
accumulation. Using the assumption that the entire melt layer is
lost, the first wall has to be replaced at least once.

9) Thermo-hydraulic analyses were made on a helium-cooled first
wall. The results indicate that a practical design of the first
wall is possible with helium coolant.

10) Thermal response of the divertor plate covered with thin
stainless steel layer were cglculated for the reference
disruption energy flux of 230 J/cm® with the duration of 5 ms or
20 ms.

i) Tungsten does not melt for either of the conditions.
i1) Melt layer and vaporized thicknesses increase with increasing
thickness of the stainless steel.

iii) 1In the case of 1 m deposition layer, the S§ layer completely
melts for 5 ms disruption. Thus if all the melt layer 1is
lost, stainless steel cannot accumulate on the tungsten
surface thicker than 1 m.

iv) Judgin from these results, a certain deposited thickness
exists which melts completely for 20 ms disruption.

11) Melt layer stability was analysed with the aid of the
hydrodynamic linear stability theory. As long as the theory is
applicable, the melt layer is predicted to be unstable. Further
studies are required.

—_— 11 —
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The first wall is composed of Type 316 stainless steel. If the
melt layer is stable, the thickness with an allowance for ercsion
of the first wall is ounly 6.9 mm, and the first wall is expected
to survive the reactor lifetime in terms of fatigue damage
accumulation. Using the assumption that the entire melt layer is
lost, the first wall has to be replaced at least once.

The lifetime of the divertor plate and the first wall has been
analysed for the long pulse operation, and has been compared
with that in the reference operation. The advantages of the long
pulse operation are:

i) The fatigue life of the divertor plate is 5 times longer than
that in the reference operation. For the long pulse
operation, the fatigue life of heat sink is 3.3 year in the
Case 1, and 1.6 year in the Case 2.

ii) The lifetime of the first wall is expected to be more than the

14)

13)

full reactor lifetime. On the other hand, it would be
necessary to exchange the first wall at least once for the
reference operation of Case 2.
The limiter is composed of either Be or C bonded to Cu heat sink
and support structural material (316 8S: 40 mm thick). 3-D
thermomechanical calculations were performed for four cases of
10/20 mm thick Be and 5/10 mm thick C. The stress intensity in
the Cu heat sink is below the 3Sm limit for all cases.
The lifetime considerations for the limiter plate were made in
terms of the erosion and gatigue. The conclusions are that:
i) the Be—Cu and C-Cu limiter plates are expected to survive the
reactor lifetime in terms of fatigue damage accumulation,

ii) the consideration of the erosion results in an unacceptably

short lifetime, at most 0.1 y in the case of 20 mm thick Be,
and

iii) further analysis should be made with consideration of the

erosion/redeposition for the leading edge.
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2. RF Heating and Current Drive

Data base assessments of bulk heating for ion cyclotron range of
frequency (ICRF), for lower hybrid range of frequency (LHRF) and for
electron cyclotron range of frequency (ECRF) were performed. Assessments
of current drive for LHRF and of start-up assist by ECRF were also.
undertaken,

2,1 1Ion cvclotron waves

Major ICRF heating experiments are now in progress on JFT=-2M (JAERI},
JIPPT~-II-U (Nagoya) and Heliotron~E (Kyoto). Before these, ICRF heating
experiments were carried out in DIVA (Prf - 100 kW, 1978 - 1979) and JFT-2
(Prf - 500 kW, 1981 - 1982) of JAERI and JIPPT-II (Prf - 300 kW, 1981 ~
1982) of Nagoya. Heating regimes used in the TCRF heating experiments
cover the two-ion hybrid (D-(H), D(®He), ( ) denotes minority component),
the second harmonic (pure H), the ion Bernstein wave (H(*He)) and the
slow (ion cyclotron) wave (Pure H)., The two-ion hybrid regime is
employed most commonly and its heating efficiency is 3.7~6.6x 107
keV/MW+m®. It was demonstrated in JFT-2 experiment, where a launching
structure was located on the high field side, that power partitioning
among species changes with ny/np, i.e. D majority heating (np/np=2~47%)

H minority heating (ny/np=~ 10%) electron heating (ng/np=30%). The

second harmonic heating was investigated in JFT-2M and Heliotron E. The
second harmonic heating was successful only when the target plasma was
heated by neutral beam injection (NBI) in JFT-2M. This fact indicates that
the second harmonic heating is suitable for high temperature and high

beta plasma, which is consistent with theoretical prediction. The heating
efficiency of 4.3 % 10'? keV/MW.m® can be obtained. The efficiency of
Heliotron E is 3.3x10'° kev/MW:m®. Ton Bernstein wave heating is
investigated in JIPP T-IIU. The heating efficiency is comparable to that
in two-ion hybrid regime.

In these experiments conventional loop antenna with Faraday shield
are used. Coupling efficiency of 50 - 90% was obtained, Parametric
dependences of the antenna loading resistance on plasma parameters are
well explained with calculation quantitatively.

Considerable progress was also made in the theoretical modelling
of ICRF heating. The method of solving a wave equation as a stationary
boundary~value problem is used since the typical wavelength in a tokamak
becomes comparable with the dimension of the device in the range of ion
cyclotron frequency and the ray tracing method fails the validity. Three
different codes, kinetic one-dimensional, ceold two-dimensicnal and
kinetic two-dimensional codes, have been developed to include realistic
geometory. Numerieal results well explain the tendency of the experiments.

INTOR bulk plasma heating system using ICRF requires 60 MW of injec-—
tion power to reach the ignition and heating time for the ignition is
6 seconds. ICRF launcher constructed till now are basicaily devoted to
study a heating principle, so that the RF systems are of low power, short
pulse and low duty factor. Certain extenslion of current state-of-the-art
will be required to manufacture RF-coupling antenna, feed-through, trans-
mission lines and power source. Wave coupling mechanism has been adequately
comprehended. However some problems are remained to be solved: the first
is the allowed sparsity degree of Faraday screen plates. The second is
the plasma effect to the voltage breakdown in the loop coupler. An
intense R and D program will be necessary to develop ICRF heating to the
level required for INTOR.
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The choice between RF waves for bulk heating in INTOR, at present,
rests on a trade-off between the engineering and technical advantages
of RF heating. From the data base assessments, the ICRF can be the
first candidate. In the ICRF, we can also conclude that the 2ugp heating
of INTOR plasma is feasible, but some other back-up heating is necessary
in the initial stage of the heating. Furthermore, it is also important
for INTOR that impurity influx is significantly reduced by control of ky
spectrum of an antenna array. This is a strong experimental evidence
of the merit of the 2 x 2 antenna array proposed for INTOR. The feasi-
bility of the 2uwcp heating and the 2 x 2 loop antenna array will be tested
with a reactor-grade plasma of JT-60 in the near future.

2,2 Lower hyrbid waves

LHRF heating was successfully demonstrated in many tokamaks.
Efficiency in the ion heating mode (< 4 x10%° ev/kWem® in JFT-2, JIPP-TI,
Petula) become comparable to those of ICRF and NBI (£ 6 x 10Y° eV/kW.m3
but still less effective., The key point to improve the efficiency is
the understanding of the surface phenomena like parametric instabilities
etc. On the other hand, the efficiency of the electron heating mode is
excellent (10~ 20 x 10*? eV/kWem® in FT, Alcator-c) where decay waves
were scarecely observed. But electron heating mode requires higher
toroidal field (2 6 T) and higher frequency (> 3 GHz) in INTOR.

Ffficiencies of the both heating modes are adequate for the
ignition of the INIOR plasma with practical power level. Technology
of the RF generator and coupling structure required for the INTOR is
within the extension of the present level. Therefore, it is recommended
to prepare the LHRF heating in INTOR. Final decision of which is better,
ICRF or LHRF, should be done after the ongoing program in JT-60, FI-U
and Tore Supra, etc.

Another important role of LHRF is current drive. Almost all of the
present data base for the current drive is restricted to the low density
plasma. In the low density discharge, many experiments, where the plasma
current is ramped up with various combinations of LH current drive and
OH coils have been carried out. For example, it has been verified in
PLT that the plasma current driven by OH coils is sustained with LH
current drive. It has been performed in PLT, JIPP-TIIU, WI-2 etc, where
the plasma current is initiated and ramped-up without OH coils but with
LH current drive. Furthermore, it has been demonstrated that the plasma
current can be driven by LH wave under the inverse DC electric field
in PLT.

Figure of merit of current start up M = IzpR/Prp ~ 3 MA-m/MW-s.
Current drive efficiency n=n(10'% n™3) IRF(MA) R(m)/Pgp (MW) were ~1 in
JFT-2M, 0.6 in JIPP-TIIU and 0.06 in WI-2. The efficiency m increases
with plasma current (JFT-2M). Hence, the power required for the steady
state operation of INTOR is ~300 MW and it should be premature to employ
the complete steady operation scenario with the use of lower hybrid
current drive (LHCD) in the burning phase. If the effifiency is improved
by factor 3, it is the best scheme for the tokamak operatiom., From
present status of these experiments, LHCD in low density plasma have
expleoited the operation scenario — plasma current ramp-up and sustain-
ment of plasma current during transformer recharging (quasi-steady
operation). Although the specification of LHRF wave for LHCD to realize
the quasi-steady operation has not fully identified yet, preliminary
evaluation shows that 10~ 20 MW of power is needed for this purpose.
Broad wave spectrum is predicted to be necessary to drive sufficient
current. Rather low ave frequency many be preferable due to low
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reflection coefficient of the wave at the plasma periphery.

If the plasma current can be successfully ramped-up by LH in the
present device, the burn time will be prolomnged to 1500 ~2000 seconds.
On the other hand, of the burn time is set to the order of the resistive
skin time tgp (300~ 500 seconds), the major radius could be reduced by
about 1 m. The burn time of the order of tgi will be necessary and
sufficient for the physics experiments of the inductive current drive,
Although the samll reactor size may be attractive, any burning experi-
ments should be failed if the sufficient current ramp~up by LH is failed.
In addition, the demonstration of stable longer burn of about 1500~ 2000
seconds would be useful and important for the future possibility of
inductively driven commercial reactor. Based on the above discussions,
we propose a following scenario for INTOR. (1)} Burn time should be
prolonged at least to the order of tgy by LH current drive, In addition,
longer burn time (1500 ~2000 seconds) should be included in the target
of the experiments., (2) Quasi-steady operation should also be included
in the target no matter how the burn time is, since this operation
scenario will bring about the engineering merits in INTOR,

2.3 Electron cyclotron waves

Electron Cyclotron Heating (ECH) is considered to be an important
method by which all of the processes such as preionization, start-up,
heating, current drive and profile control of the plasma are possible
in principle.

In the JFT-2 tokamak, three types of the fundamental (n=1, 28 GHz)
modes were launched, i.e. X-mode from inside, O-mode from outside and
TE,- mode(which is the direct output of the 200 KW gyrotron) from the
top, and compared. The oblique launch of the X-mode gave the most
efficient heating (efficiency n > 90%) in consistent with the theoretical
prediction, Increase of the Tgo from 600 eV to 1250 eV in the peaked
profile was observed., In the JIPP T~II stellarator, 40 XW of 35.5 GHz
microwave power was injected. Both O- and X-mode (n=1) were launched
from outside in the circular TE;:1 mode. The same heating efficiency of
2,2%x101% ev/kW.m3 at o, = 6.0 x 10*? m=3 was observed. In the
fundamental resonance of Heliotron E, total kinetic energy increased
with the density and the maximum value was obtained near the cutoff
density of the O mode. The maximum heating efficiency of 6.5x10"° ev/kW.m?
was observed. In WI-2, the ECR-plasma with r_le=2><1018 m~? was generated
and there appeared a week plasma current I, = 0.5 kA.

In INTOR, frequency of the wave is 140 GHz and injection power of
about 5 MW seems sufficient for the start up assist, while injectiecn
power of about 10 MW may be required for 10 seconds. Since the first
experiment, the pump frequency has been raised step by step and 86 GHz
is the highest frequency available now. The cut off density of this
frequency is n_ = 0.9 x 10*° m™3, and heating of the thermonuclear core
plasma is possible by ECH. However, the developments of a high frequency
and long pulse gyrotron, and a transmission system are necessary. In
conclusion, ECH system, especially, for preionization, startup and
profile control of the plasma, which can be done within the extension
of the present power level, should be prepared in INTOR.

2.4 Other methods for heating and/or current drive

There are many useful methods for plasma heating and/or current
drive except ion cyclotron, lower hyrbid and electron cyclotron waves.
One of them is turbulent heating., TRIAM-1 tokamak plasma 1ls turbulently
heat by inducing pulsive toroidal plasma current., If we adopt the

J— 15_,
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turbulent heating in the INTOR tokamak, we can expect effective ion
heating. But we must apply much higher voltage to the turbulent heating
coil.

Another method is relativistic electron beam (REB). In SPAC-VII,
REB ring current continuously increased during the long pulse injection.
The rate of the current rise was 2-4X 10% MA/sec at the injection current
of 30 kA. This result suggests that there is a possibility of the use
of electron beam injection for start-up or sustainment of tokamak
currents. However, it should be noted that electron beam injection into
the deep inside of a large current column might be difficult unless a
proper mechanism is present. For practical application of this electron
injection to large tokamaks like INTOR, much more study is necessary.
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3. Transient electromagnetics

The purpose of this section is to provide a summary of the work of
the Chapter 5 "transient electromagnetics™ carried out for INTOR
workshop phase 2A (part 2) during FY 1984, Parametric studies are
carried out for both JAERI FER '84 and INTOR. An overview of the key
results are presented in the rest of this section,

Plasma stabilization

The stabilizing properties of passive elements and the effect of
plasma model are surveyed for plasma vertical position control. The
effects of the number of conductive shell segments, inboard conductive
shells and shell thickness are analized for the FER. Table 3.1
summarizes the results of this parametric study. The growth time of
vertical position instability is approximately in proportion to the
revaerse of the number of segments,

Based on this study, two conductive shell designs are selected for
simulation study on feedback control of plasma vertical position, The
fesults of the simulation study are summarized in Table 3,2. The power
supply capacity of 30~50 MVA will be required when active coils are
installed outside toroidal field ecoils, The error and delay time in
position detector and the dead time of thyristor do not strongly affect
the power supply requirement and maximum displacement within the range
of our survey if the growth time of conductive shells is high enougth
The power supply requirement dose not strongly depend on the shell
structure but on the active coil location. On the other hand, the
maximum plasma displacement is affected by the shell structure,
Parametric studies are also performed for the INTOR plasma.

Preliminary study on plasma radial position control are carried out
by simulating plasma movement at disruptions. Impractically large power
is required to recover the plasma radial position.

Start~up effects

The shielding properties of passive structures against magnetic
field and electric field are analized for the FER. The vacuum vessel
without bellows (high one turn toroidal resistance) prevent the
penetration of the magnetic field by active coils when active coils are
located outside toroidal field coils. So untolerably large power would
be required for plasma position control in the system with no bellow and
outer active coils, As a function of bellows resistance, figure 3.1
shows the time evolution of plasma loop voltage normalized by the loop
voltage without any passive structure surrounding plasma, One turn
troidal resistance of ~0.2m is reasonable, if plasma current is ramped
up by inductive method,

Plasma disruption effects

The induced voltage and electromagnetic force at plasma disruption
are calculated for the FER, The induced voltage between adjacent
modules is estimated as ~75 V in case of 24 blanket modules.

The electromagnetic forces at disruptions are calculated for two
kinds of the plasma current decay scenarios, i.e, 1) exponential current
decay, 2) liner current decay. In the latter case, the mnaximum
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electromagnetic force is one and a half times as large as that in the
former case. Since the supports of modules would not be rigid because
of the restriction on accessibility behind the inboard blanket modules,
they would not withstand the induced forces when the conductive shells
are installed in them.

In addition to the results mentioned above, the chapter 5 describes
the vertical stabilty experiment on Doublet III, and data bases of the
JT-60 plasma control system, the JFT-2M equilibrium control system and
fast pulse power supply technology, and irradiation effects on coil
insulation materials and shell materials.

The results of the beachmark calculations specified in INTOR
workshop are also provided for stabilization simulations of plasma
vertical position, and eddy currents and forces at plasma disruption.
Three configurations of passive elements are analized for vertical
position control., One filament model is used for the plasma in these
models, and a distributed current model is also used in the simplest one
of these passive models. The disruption analysis is carried out for
only one passive model,

Table 3.1 Summary of sensitivity studies on stabilizing
properties of high conductive shell structures.

KBO. OUTBOARD R

MODEL | XO. OF _I\BO*RD GROWTH

x0. | DIVISION! F/W /W FIW 5 /u D/ IDE: 1g (=)

10 5s (10) | 55 (20) ' 32.21

14
20 b (60) | Cu (15)| Pb (60D 41.04
Cu (13)
30 ' 17.74
1 NONE 20.62

31 ss (10) | ss (20 | FP (109

32 . b (60) 21.90

' 28 cu (22.5)

33 | Pb (100} 26.29

40 >b (60) | Cu (15) 27.62

50 | S5 (10) | SS (20) Clow (15) | 19.73

P (60) | Cu (13)
80 '3 $s - (10) |85 (20) 0.27
' XOXT
90 Pb (60) | Cu (15) 1 . 17.07
F/W: FROKT WALL S/W: SIDE WALL I/W: END WALL

FIGURES.IN ( ) IS THICKKZISS; mm
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Table 3.2 Parametric studies on plasma position control.

MAX. | MAX. | P/s MAX. DIS-

VOLT |CURRENT | CAPACITY |[PLACEMENT
(V) (kA) (MVA) (mm)
7 0.0 | 612 | 1185 72.57 ~18.27
(n%?:f) 2.0 | 630 118.5 74.67 —18.24
50 | 700 120.7 84.50 —~18.32
., 1.0 | 612 118.5 72.57 —_j&27
(r}flgec) 2.5 | 534 117.1 62.50 —15.59
g 5.0 | 438 112.5 4971 —12.64
LA 0.5 | 615 115.2 70.87 —17.83
S (rggég 1.0 | 612 118.5 72.57 ~18.27
2.0 | 592 125.9 74.49 ~18.92
T 0.5 | 588 115.3 67.80 —~17.62
(rge:g) 1.0 | 612 118.5 72.57 —18.27
5 20 | 661 126.5 83.69 —19.56
0.0 | 250 132. 33.09 —19.08
Zont 20 | 250 | 1320 33.01 ~19.05
(mm) 5.0 250 133.1 33.28 —19.17
- 1.0 | 250 132.4 33.09 —19.08
> (Bd) 25 | 250 | 1283 32.08 —~17.47
o msec 50 | 250 121.4 3035 —14.62
S 0.5 | 250 130.4 32.60 ~18.90
"o oelay | 10| 230 | 1314 33.09 ~19.08
e © 2.0 | 250 | 1358 33.95 ~19.35
T 0.5 | 250 129.2 32.30 —18.66
(Iﬁ"'if) 1.0 | 250 132.4 33.09 ~19.08
5 20 | 250 138.6 34.66 ~19.90
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Fig. 3.1 Time evolution of normalized plasma loop
voltage as a function of bellows resistance.
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Maintainability

In the personnel access reactor concept which were developed in INTOR
Phase 0, Phase I and Phase Ila Part 1, maintenance operations external
to the reactor are expected to be accomplished in a hands-on mode.

And all internal operation such as replacement of divertor or blanket
should be remotely accomplished.

On the other hand, in the all-remote reactor concept which excludes
the personnel access to the reactors, all operations should be carried
out remotely and there is no requirement in order to permit personmel
access. In the case of all-remote reactor concept, as there is no
personnel access to the reactor from the view point of maintenance,
biological shield is not necessary and baking of the vacuum chamber in
order to evacuate the tritium seems to be unnecessary, and immediate
access to the reactor by remote machine is possible just after coil
shutdown without waiting the decay of induced radio-activity of the
reactor structure.

The purpose of the study is to examine the impact of all~-remote access
concept to the reactor system and to establish a comparison with that
of personnel access concept.

The goal of the study is to estimate the relative cost and the impact
on repair and maintenance system.

The following items are considered in order to compare both design
concepts.

1) Reactor structure dimension, (2) TF/PF coils, (3 Dose rates/
shield requirement, (& Tritium containment and control, ®
Maintenance procedure/maintenance device, ) Reactor building,

(@ Capital and operational costs.

(1) Tritium containment

During reactor operation, the tritium containment is performed
by vacuum enclosure (plasma vacuum chamber) and reactor building.
During maintenance such as replacement of divertor or blanket,

as the vacuum enclosure is opened, the tritium containment is
performed by reactor building. The tritium containment concept
is same both for personnel access concept and for all-remote
concept.

(2) Tritium cleanup criteria

According to the ionization radiatiom hazard protection rule in
Japan, the allowable tritium concentration level is <5x10-° Ci/m3.
During maintenance operations such as retraction or insertion of
internal reactor component, there is tritium release from first
wall into the reactor room. For persomnel access, the tritium
concgntration level in reactor room should be lower than 5x10~°
Ci/m”.
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Two cases of tritium release and its treatments are considered.

@

When vacuum enclosure is opened without baking after reactor
shut down, the tritium release rate from the first wall is

102 ci/day.

Tritium release will continue a month (maintenance time),
then total tritium release in the reactor room is ~3x103% ci.
This amount of tritium should be recovered by a large re-
covery system to avoid the excessive soaking effect even
though any persomnnel access is not considered.

The emergency tritium cleanup system with 1.5 m3/sec. per-
mits the tritium concentration level in the reactor room to
reduce to the range <5x10-° Ci/m® with the delay of one week
after the maintenance completed. TFor all-remote concept,
the vacuum chamber bake out for detritiation is not required

but desirable.

When vacuum enclosure is opened with baking (150°C, during
a week) after reactor shut down, the tritium release rate
from the first wall is ~2 Ci/day.

In order to sustain the tritium concentration level in the
ranges 5x10-° Ci/m3, the process flow rate (>4 m3/8) is re-
quired. This will be possible by a large ventilation system
as far as the total amount of tritium will not exceed the

waste limit,

Shielding requirement

The following conditions are considered as basis of the design.

@

@

Dose rate at the outside of shield: 2.5 mrem/h, for personnel

access concept.
(for all-remote concept, only the protection of TF coil is

considered.)

Dose rate at the outside of reactor building wall for both
personnel access and all-remote concepts: 0.1 mrem/h.

With above conditions, the thickness of outer shield and reactor
building wall for personnel access and all-remote concept is
estimated. Nuclear heating in TF coil for both concepts is also

estimated as follows.
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Personnel All-remote

access
Thickness of the 1.5 m *
reactor building . 2.6 m
wall (2 m)
Thickness of the
outer shield 1,05 m 0.55 m
TF coil nuclear 3 KW 8.6 kW
heating ’

* Requirement from shielding
%% Requirement from building structure

Configuration parameters

For all-remote concept, the elimination of the biolegical shield
permits the reactor to be more compact by virture of the reduction
of 50 em in thickness of the outer shield structure.

As a result, the sizes of TF coil and PF coil are slightly reduced.
The reactor concept for personnel access and all-remote are per-—

formed.

The main characteristics relative to TF/PF coils and the torus
gtructure for both cases are as follows.

Personnel All-remote
access

3 6.1mx 9.0m
TF coil bore 6.6mx 9,3m (ripple 1.8%)
AC loss of TF/PF coils 204.4 kW 158.1 kW
PF coil ampere turn 96 MAT 108 MAT
PF coil power supply

.3 GW .

(MG peak power) 2.3 1.9 Gw
Diameter of cryostat 24,5 m 23.5m
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Maintenance requirements and scenario considered

In order to determine the delay for access to the reactor after
reactor shut down for both concepts, several time intervals are
taken into consideration.

The time intervals considered for access to reactor are as
follows.

Items Hours
TF coil shut down time 20 h
Dose rate to 2.5 mrem/hour 24 h
Heating to 150°C for baking 32 h
Baking time for personnel access 168 h (1 week)

For all-remote concept, as there is no human access, no baking
nor reduction of dose rate is required. Therefore, only the
delay of TF coil shut down time is sufficient for access of
remote maintenance device. For personnel access concept, when
only the access around the reactor such as inspection is re-
quired, the delay of 24 h. required for reduction of dose rate
ig gufficient. However, when the plasma vacuum chamber should
be opened for the purpose of repair and maintenance of internal
components, the baking is indispensable.

The delay time required for access to reactor are as follows.

Items Hours
Personnel access for replacement 200 h
Personnel access for inspection 24 h

for replacement

All-remote access{

for inspection 20 h

Being taken into consideration the delay time for access,
the comparison on repair and maintenance time between
persomel access and all-remote concept is as follows.
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Items Persomnel access concept | All-remate concept
Replacement . .

; 30 days (single) 19 days (single)
time of 47 days (multiple} 39 days (multiple)
blanket
Replacement
time of 19 days (single) 11 days (single)
divertor 37 days (multiple) 31 days (multiple)
(limiter)

(6)

(7

The difference of time for maintenance between personnel access
and all-remote results mainly from the exclusion of baking
evacuation for tritium removal in all-remote concept.

Maintenance equipment requirements

All remote equipment must use sensor, actuators, etc. which are
reliable under strong radiation. Materials which don't tend to
be irradiated should be selected as structures. As for personnel
access equipment, it isn't always necessary to consider the
irradiation effect. But it is wise to do that, if we consider
the serious accident such as LOCA.

However the function of the all-remote maintenance equipment
basically is not very different from that of the personnel access
one. Because all the remote maintenance equipment should be of
simplicity of mechanism, high reliability, and high efficiency

of work.

INTOR maintenance requires following remote maintenance equip-
ments.

C) overhead crane, () access door carrier, () divertor
extraction vehicle, &) blanket extraction vehicle, (5) auto-seal
cutter/welder, §) auto pipe cutter/welder, () bolt runner,

(8 floor-mobile manipulator, (9 overhead servo manipulator,

ﬂ@ overhead power manipulator, in-vessel inspection vehicle,
ﬂ@ ex-vessel inspection vehicle, work supervising system,
@ N.D.T. system, jigs and tools, vacuum leak detect-
ing system.

Costs

The typical cost fractions are determined following the conclusion
of the cost and schedule group in the Phase TA Part 1 workshop.
Detailed cost fractions, for example "shield" contribution in
"vorus + divertor'", are calculated using Japanese coOst evaluation
for the case 2 in the benchmark assessment study of that group.
The relative cost changes are calculated using differences listed
below.

— 26 J—
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Component gzziiiinc?zs AfP=
TF Magnet 21.5 0.92
PF Magnet 9.2 0.99
Shield 3.6 0.80
Reactor Building 8.3 1.28
T ragner 8.2 0.82

% A: All-Remote Maintenance Design

P: Personal Access Design

The unit cost of the reactor building is taken to be weight (or
volume) dependent although it was taken to be area dependent in
the Phase IIA Part 1 workshop. About 1% of the direct capital
cost change is lead from the above list. The cost reduction

due to a smaller reactor size in the case of all-remote mainte-
nance design is almost canceled by the increase of reactor build-
ing cost.

If we employ the same way to evaluate operating cost as the one
in the Part 1 workshop, it changes very little since maintenance
and decommission costs were calculated to be proportional to the
direct capital cost. However it is possible that we have a
significant difference of decommission costs between the all-
remote maintenance and personal access designs due to reactor
building activation.

Data base assessment of maintenance equipment and R&D required

The existing technical data bases of the remote operation in Japan
were checked whether this data base could be applied to the

remote maintenance concept of fusion reactor system. Result is
that the fundamental base is exist but the existing technical

data base can't be applied directly to the fusion reactor.

These existing data are mainly developed for use at LWR plants
or fuel reprocessing facilities, etc. There are several differ-
ences between fusion reactor and the other nuclear facilities:
condition of circumstance, characteristics of the object to be
repaired, etc.

The demonstration of remote technelogies to fusion maintenance

problems is necessary and the continued improvements in robotics
and electronic hardware and software are expected.
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General conclusions

In this study, we have re-examined the present personnel access
reactor concept and developed an all-remote reactor concept which
is oriented to reduction of reactor size. And we have compared
both design concepts in focusing our attention to reactor struc-
ture size, TF/PF coil size, dose rate/shield requirement, tritium
containment and control, maintenance device, reactor building and
finally to capital and operational costs.

About 1% of the direct capital cost reduction is obtained.
Concerning the operating cost, it is possible that we have a
significant difference of decommission costs between all-remote
concept persomnel access concept attributable to reactor wall
activation. )

The conclusion of this study is that a configuration based on all-
remote operation comncept with biological outboard shield which
allows limited personnel access is the most effective design for
maintenance.
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5. Technical Benefit
Technical benefit of partioning INTOR component design and fabrication,

5.1 Purpose and Scope

The purpose of this critical issue is to examine the implication of
having four participants fabricate components of a major system of INTOR.
There are potential advantages and disadvantages from such an approach, and so
a systematic examination of them will be performed,

Informations of an identification of differences between fabrication by
a single manufacturer and fabrication by multiple manufacturers, would be most
helpful in prcgressing the international joint project of the four INTCR
participants.

5.2 Technical benefit

Technical benefit is defined as follows;

{1 Technical transfer of advanced technologies developed in INTOR project
among four participants.
{2} Develecpment of industrial capability and experience for furture fusion

reactor technology.
5.3 Basic assumptions of technical benefit evaluations

(i} Reference crganization scheme
A reference organization scheme is characteriged as shown in Fig,5,3-1

and its responsikilities are given alsc.

(2) Three scenarios for realizing INTOR
Three scenarios are shown in Table 5,3-1. Scenario A is the reference
for comparison between internaticonal partitioning approaches, scenaric B
and scenario C, and a purely national approach, scenario A,

(3) Reference cost
International average figures as of phase IT A Part 1, (Case 8)

(4) Reference schedule
Phase II A Part 1.

(5) Classification of systems/comp. in scenaric B and C. Tabkle 5.3-2.
(6) Approximately equal shares per participant,
5.4 EHvaluation results

(1) The relative cost evaluation between three scenarios for total cost per
participant is shown in Table 5.4.1.

{2) Schedule evaluations are based on the evaluations of incremental time in
the questionaires and on the consideration of preserving the relatieon
among preceding and succeeding items in the schedule, From INTOR design
and construction schedules of scenaric B & €, the net increase of total
schedule is about 1.8 years in scenaric B and about 1.0 years in
scenario C.
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(3) svaluation of partioning on construction process in perfermed for impact
of scenarioc B & C and the result shows that scenario C is superior to
scenario B. This coresponds to results of cost evaluation, that is, the
partioning of scenario B needs a lot of manpower and leads to cost-up of
INTOR censtructicn.

{4) From the answer of No. 15 in the guestionnaires, scenario C is estimated
to be risky. The risk needs to be emphasized that, in case of scenario
¢, there would be a great damage for INTOR project execution if a
participant shoud fail in the fabrication of one compenent,

(5} Information exchanges for technical transfer are indispensable for
scenaric €, which only one participant is engaged in the fabrication of
one component in advanced technology areas, but an effert has to be made
for fruitfull information exchanges, On the otherhand, in case ef
scenaric B, information exchanges will be made successfully on the same
technology base, because four participants execute the same R&D and
fabricate the same system.

5.5 Conglusion

The following conclusions were obtained that from benefit evaluations of
cost, manpower and schedule, scenario C is superior to scenario B, and to the
contrary in the technical informaion exchange and the risk, scenario B, is
most premising. From the definition of technical benefit, scenaric B seems to
be very favorable for technical transfer of advanced technologies developed in
INTOR project. In order to adopt scenario B, technological level of each
participant is necessary to be almost equivalent at the start of INTOR
construction and so, each participant should make a great effort to develope
his own technology basis. ©On the other hand, the INTOR central team should be
consisted of many staffs with strong management power and strong technology
power, for the purpose of successful INTOR project in scenario B.



JAERI-M 85-073

Fig. 5.3-1 Reference organization scheme

Responsibilities

— set up basic specifications

International INTOR ~ design the total system
team (+ industry — set up management scheme
studies) ~ coordination, standards

- control, data exchange
- plan facilities, assembly, test program

- operate the machine

- control detailed national design and R and D

4 National INTOR - = selert national manufacturer

coord. teams - control procurement and fabrication, QA

- survey acceptance tests, installation and

check-out of natiomal components

— provide national management scheme

- production design

4 groups of national - fabrication and test

manufacturer and - guarantees
R and D

research organizations

Table 5.3-1 Three Scenarios for realizing INTCOR

A B C
(advanced technology components {branch)
split, conventional technology
components branch)

Four nations each build One intermnational machine is One international
their own "INTOR" based built by four nations based on | machine is built

on their national R and D{ four national R and D programs by four nations

= reference case for sharing fabrication of multiple; based on four
benefit evaluation high technology components and national R and D
of the different conventional programs sharing
components. fabrication of
different

components.,
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Table & 3-7 Classification of systems/comp. in scenario B and scenario C

scenario B |scenaric C
No. Systems/comp. x Remarks

Multil Difflmulti.|Diff.

Reactcor systems Multi: multiple
t Torus high technology
Divertor components
Diff: different
conventiocnal
components.

Blanket sector
Bianket test module
Shield sector
First wall
Mechanical support O

O0000

* in scenarie C,
all divertors
are fabricated
by one partici-
pant.

OO COOCO

Pumping system

1 2_ Magnet
TF magnet

FF magnet (solenocid)

Q00 O

PF magnet (zring)

Cryostat { C )
Mechanical support (O

Refrigerators

00O
OO0 000

3 Heating
ECRH
ICRH

0O
OO

Supporting systems
1 Fueling (O)
2 Electr, supply

TF

PF

RF

Tritium

BN fV ]

Croling

]

Diagnostics

o

Maintenance

O OOOOOOO O
Ol 0000000 O

3 Facilities

Table 5.4-1 Relative cost per participant

Scenario
ITtem A 3 c
Relative co st per
participant 1.0 0.43 0.32
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6. Physics

Stability limits

(Reata limits)

as for the experimental effort to attain a higher beta equilibrium,
extensive studies on the low gy discharges under the condition of a relatively
low toroidal field were continued in Doublet III from the viewpoint that the
higher beta value could be attained for the lower gg discharge. In order to
attain the very low-g stable discharge in the Doublet III ramping of the
plasma current during the NBI heating is effective. By the technique the
plasma with safety factor as low as 2 and 1.5 were obtain for the plasmas with
large (0.41< a< (0.44) and small (C.34<a<0.38) minor radii, respectively. In
these experiments the maximum beta values are 3.3 3% and 4.5 % in the
respective corder, An extensive effort to get higher plasma pressure, i.e., a
high beta value at higher toroidal field strength has been also made. In the
series of the experiments the volume average beta of about 2 % is obtained for
the toroidal field of 2.2 T, where Te(0)~5 keV, Ti(0)~ 5.5 keV, ng>6.5x1013
cm—3, with 8 MW NBI heating.

At present quantitative discussicn on the beta limit is possible only
within the framework of the MHD stability analyses, sometimes with taking into
account of modification by kinetic effects, We summarize the four topics on
the stability analyses which relate to the beta limit of the tokamak plasma,
i.e., the analyses of the infinite-n ballconing mode, the finite-n kink mode,
the beta scaling law due to the medes, and the finite-n ballooning meodes,

In general a growth rate of a higher-n mode i1s higher and infinite-n
ballooning modes are considered to play the most crucial role on the
limitation of the plasma pressure. These instabilities are sensitive to the
shape of the plasma cross section, pressure anisotropy, pressure profile, and
current profile, In order to obtain a high beta egquilibrium stable against
the infinite-n ballooning modes, optimization with respect to these parameters
is required.

The dependence of the critical beta value on the safety factor at the
plasma surface 1is studied in the wide range of the ellipticity and the
triangularity of the plasma cress section. The safety factor at the magnetic
axis gp 1is unity. The triangular deformation of the elliptic tokamak
increases the critical beta value considerably, especially, in the low gg
region. By fits on the numerical resuits, Takizuka got the following formula
of the critical beta value for gp=1,

SOKLS KOJS 5L5
Be (%)= 1140.9(k-1)8-0.6=—+14 (k-1 }{1.85-x)—7}.
Aqs s Qs
Figure 6.1 shows that numerically obtained critical beta values are well
represented by the above formula. Elongation and triangular deformation

cooperatively increase the critical beta value.

Another important result of the analysis is the dependence of the
critical beta wvalue on dg. The critical beta wvalue can be increased Dby
increasing gg. This improvement by large ggp is also strongly related with the
triangular deformation of the plasma cross section and the increase of dap
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reduces the critical beta value for a purely elliptic tokamak, as expected by
the theoretical prediction.

In summary optimized high beta egquilibrium stable against only the
infinite-n ballooning mode is obtained by choosing simultanecusly high
elengation, high triangularity, high gg, and low dg. It is very important to
investigate whether this kind of optimized egquilibrium is accessible or not.
Further studies are necessary on other kinds of instabilities by taking into
account of the transport and/or heating processes. The result of the kinetic
analyses shows that the transition between the stability and instability
regions of the MHD modes is smooth and suggests the soft beta limit. But
conclusion on the implicaticn of the instability on the beta limit reguires
more extensive analyses of infinite- and finite-n medes  including
3-dimensional nonlinear simulations.’

Free boundary modes remain unstable for the optimized egquilibria against
infinite-n ballooning mode. By using the ERATO code Tsunematsu et al, studied
the stability of the free beoundary medes for the same equilibria as those for
the infinite-n ballooning mode. The n=1 kink mode is the most unstable and
the beta limit for n>1 i¢ almost the same as that for the infinite-n
ballooning mocde. The formula for the critical beta against the n=1 kink mode
is expressed similarly as in the case of the infinite-n ballooning mode as

1.65
ﬁg%):‘i’iq (1+(k-1)8) C=14 (2<qs<3) and C=20 (3<gs<4),

s

B0 for q.<2, (1.2.1.5)

where inverse proporticnality on the aspect ratic is assumed.
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Fig. 6.1 Critical beta value for infinite-n ballooning mode .
Numericalluy obtained beta 8 1s well represented Dby

Be.
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In deriving a more convenient expression it should be noted that the
critical beta value is approximately proporticnal to the plasma current in a
practical cor conservative tokamak. This tendency is also observed in the case
of the n=1 kink mode. And bcth of the equations for the ballconing and kink
medes are roughly expressed in the range of gg 2 by using the torcidal plasma

current Ip as

B (%)=(20+2.501,/ (2raB:o ) for ballooning mode, (1.2.1.8)
Bk (%)=(1612.0)uol,/ (2raBo ) for n=1 kink mode. 1.2.1.7)

Systematic parameter survey of the finite-n ballconing modes still
ccnsumes a lot of CPU time and cnly typical cases are studied and qualitative
results are obtained as for the feature of high beta eguilibria of a tokamak
plasma. As examples of the low-, middle-, high-n ballooning modes Tsunemaisu
et al. studied the n=3, 10, and 50 modes, especially, to find the second
stability region and investigate the dependence of the stability of ballconing
modes on pressure profiles. Optimization of the current profile remains
effective for the stabilization of the middle- as well as low-n medes, Also
it seems that the external kink mode will be a beta limiting instability after
the optimization with respect to the finite-n balloening modes is carried out.
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Fig. 6.2 Comparison of the experimental data and the theoretical

predictions of the beta limit.
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We obtained scaling laws which give the accessible beta value of
tokamaks by the optimization of the pressure profile against infinite-n
ballooning mode and by stability analyses of finite-n free boundary modes for
the optimized equilibria. These scaling laws are roughly expressed as
Be = CIp for gs> 2. This kind of parameter dependence is predicted by
several theoretical groups in the world and the comparison between this
theoretical prediction and experimental data obtained up to now is presented
in Fig. 6.2. From this figure it seems rather difficult at present to attain
a high beta state above the theoretically predicted limit, and it seems
reasonable that the equation B =CIp gives a practical beta scaling law for a
standard tokamak of the present day.

(Density limits)

Density limit of a tokamak is well represented by the DITE plots, where
cperational regimes with high density and low safety factor are clearly shown
together with the advancement of the used experimental technigques, In Doublet
III, JAERI team has carried out experiments on high density and low ¢
discharges. Wall conditioning with TDC and Ti gettering and choice of TiC
coated g¢raphite as limiter material have resulted in the -highest Murakami
parameter of 10x1019 m=2T-1 with NBI heating.

Experiences obtained through these studies are as follows: {1} The
Murakami scaling of density on Bi/R is effective to describe the operational
regimes of a tokamak plasma the Murakami parameter well represents cleaniiness
of the plasma,. Clean vacuum condition is one of necessary conditions to
obtain a high density plasma, because the ratio of radiation 1loss rate to
input power has some threshould value. In ohmic heating, it lies at 40-80 %.
(2} In ohmic heating without Ti gettering, the Murakami parameter lies in
5-4%1019 m—27-1 and with Ti gettering in 4-8x1019 m—27-1, additicnal heating
increase the value up to 6-10x1012 m=27-1, The ratio of radiation loss to
input power has a tendency to take a lower value in the case with additicnal
heatings. (3) In order to cbtain a high density and low g plasma, careful
programming of the plasma current and gas puffing rate, and appropriate
postion control are necessary. If it is not the case major disruption
terminates the discharge. :

(Disruptions)

We have neot vet reached a comprehensive even phenomencological
description of the disruption by which we could logically classify the variety
of existing experiments. The important informations needed to understand and
overcome the disruptions are: conditions of the disruptions, detailed
description of the time evolution, freguency, heat deposition profiles, and
density and current limitations. Experiments aiming at developing technigues
to increase density and to lower gg values are also closely relating topics,
One of the very important gquestions concerning the mechanism of the major
disruption 1is what kind of the MHD modes exist and whether the modes are
external or internal ones.

A systematic study of the disruptions was carried out in DIVA, The
results obtained in the series of the experiments are summarized as follows:
(1) after reducing impurities no major disruption was observed, (2) by
injection of neon gas at gg=2.5, radiation loss increased and the disruption
was excited, (3) m=2/m=1 precursor oscillation was observed before the
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disruption and for the plasma with g less than 2 disruption did not appear.
These results seem tc confirm the disruption scenaric of the nonlinear tearing
. mode origin. On the other hand the experiments carried out in JFT-2 tokamak
suggested that the disruption is caused by the m=2 kink mode .,

The first series of JIPP T-II experiments insisted that the observed
disruptions are classified into three types: (1) soft major disruption caused
by the overlapping of the m=2/n=1 and m=3/m=2 magnetic islands, {2) soft major
disruption caused by direct contact of the m=2/n=1 magnetic isoland to the
limiter, in which the m=3/n=2 magnetic island plays no role in the disruption
process, and (3) hard major disruption which is caused by a simultaneous
contact of the m=2/n=1 island with both the m=3/n=2 island and the limiter,
The second series of the disrupticn experiments concluded that an m=1/n=1 mode
coupled with dominant m=2/n=1 mode is responsible for the major disruption,
The disrupticn scenario is rather sophisticated and roughly summarized as
follows; (1) establishment of broad current profile by accumulation of
impurites, (2) growth of an m=2/n=1 mode, (3) nonlinear growth of an m=3/n=2
mode, (4) occurence of a minor disrupticn, (5) establishment of narrow current
profile, (6} growth of an m=1/n=1 mode, (7} establishment of flat current
profile, (8) growth of an m=2/n=1 mode, (9) phase locking of the m=2/n=1 and
m=1/n=1 modes, (10} asymmetric reconnection of the m=2/n=1 island, (11)
occurence of a mjaor disruption,

Experiments by putting emphasis on understanding the disruption
phenomena were also carried out in Doublet III. For the ohmic heating plasma
very low-g discharge with g less than 2 has not been realized because c¢f the
disruptions. In the NBI heating experiments very low-q discharges with gy as
Jow as 1.5 have been realized, In the experiment two cases with and without
the NBI heating at the current ramping phase were carried out and compared
each other in order to investigate the effect of current ramping on the
disruptions., The reason why the disruption is suppressed during the current
ramping phase with the NBI heating is not clearly understood but it may be
attributed to the change of the current and temperature profiles during the
NBI heating.

There are several theoretical models to reproduce the experimentally
observed major disruptions. Among them the mcdels based on the nonlinear
treating modes and the nonlinear kink mode are investigated minutely by
numerical simulation codes. The former model relates the majer disruptions in
a plasma with profiles formed by edge cooling and the latter relates those in
a plasma with the safety factor less than 2. As for the nonlinear tearing
mode evolution model several dJdifferent cases were numerically analyzed.
Typical one of them is the disruption scenaric of nonlinear destabilization
due to the overlapping islands with m=2/n=1 and m=3/n=2 modes. This scenaric
seems very plausible because the typical phenomena of the maijor disruption,
i.e., the negative voltage spike, decrease of the plasma temperature and
extinction of the equilibrium due to the destruction of the magnetic surfaces
can be explained successfully by the simulation on an edge-cooled plasma,
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Confinement

Energy confinement properties of Ohmically heated plasmas in Doublet TII
were compared for D-shaped and circular cross section plasmas with an
jdentical minor radius as functions of plasma current, electron density, and
vertical elongation under a wide range of discharge conditions. It indicates
that the electron energy confinement time is proportional to the preduct of
the average density and the safety factor with an elongation effect,

In the low density regime, the gross energy confinement times of
Ohmically heated plasma in DIVA, JFT-2Z, Doublet III, JFT-2M and JIPP-T II are
almost same as that expected by neo-Alcator scaling (0.19x10-201R2:) . In gas
fueled diverted Ohmic discharges, the recyecling and the neutral pressure both
at the edge and the divertor region, increase nonlinearly as the density is
raised above 4x1013 cm~3. The energy confinement time saturates near 60 ms.
In contrast  to that, the pellet fueled confinement times continue to improve
with increased density. This is probably due to the fact that in the pellet
fueled discharges both the edge pressure and the limiter recycling are
maintained at relatively low levels and/or the successful density rise at the
plasma center which leads to good confinement properties,

The neutral-beam heating experiments in Douklet ITI, JFT-2, and JFT-2M
showed degradaticn (L-mode) of confinement in comparison to the Ohmic heating
case. Recently, H-mode discharges have alsc been observed in divertor
cperation in Doublet TIIT. The observation of the recycling particle flux
intensity at the main plasma edge for various limiter and divertcr discharges
indicates +that the gross energy confinement of beam-heated discharges is
closely related to the intensity of the edge particle flux. The divertor
egquilibria allow a wide variety of edge recycling, depending on gas puff
intensity, rotational transform of scrape-off field line, plasma current, etc,
Divertor discharges with low particle recycling arcund the main plasma show
better energy confinement than limiter discharges at high plasma densities,
The energy confinement time of these discharges is proportional to ne (Fig.
6.3). The improvement in the confinement time may stem primarily from the
reduction of heat transport in the main plasma edge regilon, which is
associated with the reduction of the recycling particle flux at the main
plasma edge.

Recent Doublet III experimental results with high plasma current {1 MA)
and high power (8 MW) NBI heating with hydrogen and deuterium beam indicate
that the central ion and electron temperature of E-mode discharge increase
almost linearly to the absorbed power up to 7MW and attains more than 5 keV

(Fig. 6.4). The amount of energy stored in the plasma measured by the
diamagnetic loop increases almost linearily with the increase of absorbed
power. The volume averaged beam component of high NB heating is estimated to

be 10-20 % (at fe=7-4x1013 cm=3). The stored energy of a limitered discharges
is still on the scaling Wgt=c (0,5+0.4Pabs) -

The improvement of energy and particle confinement in pellet produced
plasmas has been established in both ohmic and beam-heated limiter and
divertor discharges. The energy confinement is seen to improve with
increasing density, in contrast to the saturation found in gas fueled plasmas,
While the confinement of pellet-produced beam heated plasmas detericorates with
time and with increasing beam power, a method of interrupting the beams has
produced sustained high confinement discharges with suppressing pellet edge
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ablation. The enhancement of the ablation at the edge by neutral beam is
found to be responsible for the confinement deterioration, A simple model
calculation shows that the lower energy components of the beam particles which
are supposed to deposit at the edge may be important for the edge aklation,
The reduction of edge density and recycling seems to be a key aspect of the
improved confinement along with the peaked central densities,

High power ICRF heating experiments have been performed in two ion
hybrid heating regime in JFT-2M. The gross energy confinement time has an
almost linear dependence on the line averaged electron density when the
electron density is lower than 3x1013 cm-3, The degradaticn of the gross
energy confinement time in the ICRF keating is not so large as in the NBI1
heating case, We can not conclude that the slight detericration of the energy
transport or the radiation cooling by the impurities causes the degradation of
the confinement time. The ICRF heated discharges in JIPP-T IIU also show that
the gress energy confinement time increases with the density, and apprcaches
to the value expected from the Ohmic scaling.

The Doublet III experiments show that the particle confinement time
depends on the density and the plasma current in limiter discharges, The
measurements show that the particle confinement time decreases with beam

injection: 18-24 mnsec {Ohmic) to 7-18 msec (NBI). This means that edge
particle recycling is enhanced with beam injection by a factor of 1.4-2.8 with
respect to the ohmic heating level, The important feature is that the

particle confinement time is proportional to the plasma current for
beam-heated plasmas.

In JFT-2 the particle confinement time and the trapping efficiency were
measured in various conditions. The results of particle confinement
measurments show that, with injection, the particle confinement time levels
off slightly as compared with the Ohmic heating case. The maximum reduction
of the confinement time during the injecticn is 20 te 30 %. No appreciable
difference was found between co- and counter-injection as far as the reduction
of the particle confinement time is concerned, although nc many cases were
taken with ccunter-injecticn.

The toroidal rotation speed was measured in a series of Doublet TIII
discharges by a spectrometer with wavelength shift of OVIII lines on a NBI
beam path. For a constant value of plasma density and heating power, the peak
rotation speed. The rotation speed is consistent with the toroidal phase
velocity of the Bp fluctuation. Discharges with good confinement have a large
rotation velocity, suggesting a close relationship between energy confinement
and momentum confinement.

Neutral Beam Heating and Current Drive

JFT-2 was shut down in June 1982 after 10 years operation. A 2-MW
neutral-beam injection (NBI) system and a 1-MW ion cyclotron range of
frequency {ICRF) system were installed én JFT-2. The injectors are run in Hp,
The NBI system consists of a co- and a counter-injector with an injection
angle of 36° with respect to the plasma axis. Fach beam line provides an ion
beam of 65 A at 40 kV and species mix is 60 % Hyt, 30 % Hpt and 10 % Hz®., 1Tn
the case of the two beams, 1MW co-beam and 1 MW counter-beam, the increment of
poleoidal beta is obserbed additive. The teroidal plasma rotation induced by
+he momentum input associated with NBI is unimportant in transport processes,
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No rapid impurity accumulation occurs during counter-injection, Sawtooth
oscillations change into the continuous mode when the peolcidal beta value
exceeds a critical value

In the JFT-2 tokamak, significant plasma heating 1is observed with
simultaneous NBI and ICRF heating. With a net power of 2,2 MW (1.7 MW NBI and
0.5 MW ICRF) into D¥ plasma at a plasma density of 6x1013 cm-3, the central
ion temperature increases from 0.4 to 1.4 keV, In the JFT-2M tokamak,
cimultaneous heating of NBI and ICRF has been also performed. A thecretical
analysis of ICRF wave heating in a plasma with neutral-beam injection (NBI) is
performed, Wave propagation and absorption are examined kinetically in the
presence of a high-energy ion beam component, The following findings are
reported: 1} the wave coupling efficiency does not deteriorate by the beam;
2) co-operative heating is to.be expected, and 3) selective heating of
high-energy ions 1is pobssible.

The NBI system of JFT-2M consists of a co- and a counter-injection with
an injection angle of 38° with respect to the plasma axis. Each injector is
capable of delivering 1.2 MW to the plasma for 200 ms at a source voltage Ep
of 40 kV and species mix is 72 % Hq*, 22 % HpT and 6 % H3™ .

In the JFT-2M tokamak, a neutral-beam-injection (NBI) method to modify
the distribution function f(v) in a velocity space of injected beam particles
in a tokamak plasma has been developed. The method, multiple-short-pulse
method, is characterized by the repetition period and the pulse length, and is
expected to be a useful tool for the detailed investigation of sleowing down
process of injected beam particles and of NBI effects on plasma confinement,
Wwe have excited waves with this method in the ion-cyclotron range of
freguencies (ICRF) due to beam-plasma interactions by an controllable manner.,
The theoretical analysis has shown that the high energy beam particles can
excite the Alfven wave eigenmodes in the ICRF if the beam density exceeds a
threshold and that the excited wave may contribute to the nonclassical energy
transfer from the beam particles to the bulk plasma particles. It is very
important to clarify the role cof the excited wave on power balance in tokamak
plasmas and the effects on plasma confinement.

The NBI system of DIII is designated to provide substantial auxiliary
heating to a high density non-circular crosgs-section plasma.
Near-perpendicular injection at approximately 27° to a radius vector at the
plasma centerline, together with high energy hydrogen beams, is used to ensure
substantial heating of the plasma core. Each ion source, when operating at a
nominal 80 kV extraction voltage, delivers a beam whose approximate species
mix is 60 % Hq*, 30 % Hy™ and 10 % Hit to a close-coupled neutralizer, 1In
DIII, energy confinement of beam-heated divertor and limiter discharges has
been studied.

For the understanding of NBI heating experiments, both theoretical and
numerical (Monte-Carle) codes to calculate neutral beam trapping and
penetration have been developed. The time dependent power deposition profiles
are derived by using simple description of the local beam power fracticns.
Detailed non-time dependent beam power deposition is derived by an orbit
following Monte-Carlo code. A new code which is time-dependent orbit
following Monte-Carle ceode is in progress, Another kind of orbit fellowing
Monte-Carloc code to derive the spectrum of charge exchange neutrals which
enter into a diagnostic port has been developed to analyze diagnostic results,
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There is no investigation of tokamak current drive using neutral beams
in Japan. Only in Beliotron E, the experiment of neutral beam current was
done. Induced toroidal plasma current flows in the same directicn as neutral
beam., Component of beam induced plasma current is 1.1 kA under neutral beam
injection of 1 MW (2B° injection, Pgpg=0.5 MW) and observed torcidal plasma
current should be composed cof two origins, beam induced "Ohkawa" current and
the diffusion-driven neoclassical "bootstrap" current, A current drive scheme
based on combining neutral beam-injection and ICRF heating 1is investigated
theoretically. The neutral beam injecticn mainly supplied toroidal momentum
and is sustained by ICRF wave heating, The current is generated with
sufficient efficiency and can sustain the tokamak plasma in a steady state,

Operation scenario

Detailed operation scenario of INTOR seems difficult now to be credibly
specified from experimental experiences on JFT-2, JrT-2M, and Doublet III.
Purthermore credible informations will be taken from the large tokamaks such
as JT-60.

on JFT-2 and JFT-2M, the chamber wall and limiter are cleaned with TDC
and gettering with titanium. To obtain a stable and clean plasma, the wvacuum
condition is a key factor. On INTOR, the measure of vacuum conditions must be
also necessary and it must be solved that what method is applicable for vacuum
conditioning, what measurement is appropriate and how to decide the critical
value.

In the breakdown phase of JFT-Z2, pre-ionization with ECRH decreased the
breakdown voltage to about half value of that without ECRH. The calculated
inductive part of lcop voltage agreed well to the measured cne, So with a
sufficient pre-ionization such as ECRH, plasma current may be built up easily
with comparatively low loop voltage correspending to the inductive part,
After the breakdown, plasma current is planned to be raised with a rate of 1

MA/sec. This rate is not so high in ccmparison with results in JFT-2M and
D-III. Before plasma current reaches near =3, severe mhd instabilities may
not appear. But near g=3, kink instability of m/n=3/1 and dangerous tearing

mode of m/n=2/1 will be excited. Here, careful control of plasma parameters
fo overcome this barrier may be required, such as plasma density, plasma
position and so on. In JFT-2M, initial current is raised with the rate of 1
MA/sec up to g=3.5, then plasma density is ramped up enough under nearly
constant plasma current, Then rising rate of about 0.5 MA/sec 1s now
necessary to run through the g=3 barrier. Key factors to overcome the barrier
seems to be comparatively high density, clean plasma and moderate current
rising rate. The barrier of g=2 is too hard to overcome.

As far as control of the plasma vertical control is concerned, in D-III,
capability of non~-circular plasma to cbtain a high beta plasma has been
demonstrated and elongation of 1.8 was achieved., On JFT-2M, elongation of 1.5
was also accomplished. But capability of vertical position contrcl depends on
the passive stabilization effects of vacuum chamber, poloidal coils and so0 on.
Therefore it depends on the passive stabilization effects of inner
compositicns in INTOR that whether a stable divertor plasma with elongation of
1.6 can be cbtained or not.

For control of plasma shape, in the initial build-up phase, nearly
circular plasma may be a safety choice, and a desired plasma shape can be
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established easily by modification from the circular plasmas. On JFT-2M and
D-III, this method is used to control the plasma shape from a circular plasma
to a D-shape plasma or to a divertor plasma.

BAs a main heating methed, ICRF heating and NBI heating have been
developed and a high beta plasma was demonstrated with NBI heating, In
heating control, not only input power contrel but contrel of a high beta
plasma are reguired. Control of a high beta plasma with gecod reproducibiliity
is not yet established and experiments to get higher beta plasma is under way.
Control technigques on current profile or pressure profile must be developed.

Burning plasma

The loss of alphas is mainly due to the ripple of toroidal magnetic
field. This ripple loss was studied in detail by means of an orbit-fcllowing
Monte—-Carlo code. Collisionless ripple loss processes of suprathermal alpha
particles are numerically investigated and the results agree fairly well with
the thecretical prediction, The ripple-enhanced banana drift dominates the
loss process of alphas. The ripple-enhanced power loss for the muximum ripple
of 1 % is about 10 % of the total fusion power of charged particles, The
effect of ripple on particle loss is also important not only for energetic but
also for slowed-down alphas. The fraction of particle loss is about 1.5 to
1.8 times as large as that of power loss. The wall heat load due to loss
alpha particles is localized, and its peak value reaches the order of 1 MW/me
if the muximum ripple exceeds 1 %.

Alpha-driven Alfven modes may cause an anomalous energy transport from
alphas to bulk ions. The velocity inversion of alpha distribution, however,
dces not appear in an INTOR-like reactor. Perturbations cof magnetic £fields
and electric fields due to ballooning mode instabilities can enhance the
radial loss of alpha particles, ICRF waves in the additional heating phase
can also affect the alpha confinement and thermalization., It is required to
clarify these anomalcus transports,

One of the practical proposals for burn centrel is active feedback
control methed performed by the plasma compression-decompression varing the
vertical magnetic field. Recently, ©Chnishi et al., carried out a
one-dimensional plasma model to analyze the active feedback control by the
plasma compression-decompression. It is shown that the thermal runaway can be
suppress by the compression-decompressicn feedback control, The relative
deviation of the major radius is within 1,2 %, that means the major radius
moves 6.24 cm for INTOR case. Outward and inward shifts of the plasma major
radius will compel the scrape-cff layer increase for protecting the plasma in
contact with a limiter on the midplane. Futhermore, this type of active
control will reguire very accurate informaticns about the plasma state such as
density, temperature and position. Although there are another possibilities
for controlling thermal runaway, much works have to be done before the
preferred method will be recommended. The passive control due to the beta
limit oscillation is particullary atractive because the power production is a
weak dependence on the ignition condition. Further progress in this area is
expected.
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7. Engineering

The Japanese contribution for Group G includes "Data Base Assessment",
and studies on seven new tasks.

The Japanese current data base has been compiled mainly focusing on the
superconducting magnet develcpment and JT-&0 project at JRERT.

The data base for magnet system has greatly advanced since the Phase 0
data base assessment through the LCT and CTP {(Cluster Test Program)} projects
and the TMC-I {Test Module Coil} experiments. R & D reguirements for the
INTOR design data base are identified.

Satisfactory test results of the JT-60 NBI prototype have also
demonstrated a great advance particulary in energy, power, and pulse length
since +the Phase Zero data base assessment. Problematic areas in R&D
requirements for the INTOR-NBI systems are being reduced,

Systems engineering

A FOTRAN code "TORSAC" has been developed to evaluate a design concept
and to make a sensitivity analysis, The code is now being upgraded with a
main effort being paid on deciding PF coil locations autematically in
accordance with plasma parameters.

Magnet systems

Results of current data base assessment and R & D requirements on magnet
structures are summarized in Table 1.

A reasonable data base exists on mechanical characteristics of
austenitic stainless steels, but generation of data on weld preparations is
required.

Reliability of guality control technigues should be improved,
More informations are needed on radiation effects.

An extensive data base exists on the critical current characteristics of
NbTi and Nb3Sn econductors in strand size, but limited data is available on the
effect of fatigue on critical current characteristics.

Little data exists on how much disturbance energy will be preduced in an
actual supersconducting magnet,

NBI systems

Results of JT-60 NBI prototype have almost satisfied the INTOR NBI
requirements.

To increase overall power efficiency up to 50 %, it is necessary to
develop direct recovery system with efficiencies higher than B0-9C %.
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8. Nuclear

Data base of the nuclear technology for INTOR is assessed focusing
on the following four fields ; Blanket, Shield, Tritium and Safety.
Ongoing R & D programs in the above fields are also reviewed and required
new programs are discussed.

(1) Blanket

Nuclear data file called JENDLE~3PR1 has been developed. This
file includes newly evaluated nuclear data for bLi, "Li, Be, 12C, 180,
Cr, Fe and Ni, and is used mainly for the analysis of the fusion
neutronics experiments. In order to be used for fusion reactor design
calculation the data for wider range of isotopes should be incorporated.

A number of computer codes and nuclear group constant libraries
have been developed for the neutronics design of fusion reactors and
for the analysis of integral experiments. They included group constants
processing code, neutron and gamma ray transport codes, induced activity
calculation code system and neutron and gamma ray group constants file.

With the twe major intense D-T neutron sources, Japan 1s very
active in the field of R & D of fusion neutronics. In JAERI, integral
blanket neutronics experiments have being carried out at Fusion
Neutronics Source (FNS) facility in two areas by using Liz0 as a
breeding material. One is the basic benchmark experiment where the
system is of simple composition and geometry to make the comparison
with calculations as straightforward as possible in examining
nuclear data and/or neutron transport methods, The other is the design-
oriented benchmark experiment where the system incorporates the con~-
figurational complexity in radial direction of blanket design; it is
not the mockup of a particular blanket design but for providing data
base on the factors affecting tritium breeding or energy deposition,
and to examine the overall accuracy of the calculation in a composite
system.

The research program at the OKTAVIAN (Osaka University) directs
more basic areas of fusion neutronics, Its major ongoing activity is
the systematic measurements of double-differential cross sections of
various materials to be adopted in fusion reactors by using a time-of-
flight method.

While the fundamental aspect of fusion blanket neutronics can be
studied by using present point neutron sources or their grade-up,
neutronics engineering test will need higher intensity (“-1015 n/s)
and 3- dimensional volume neutron source, and more realistic simula-
tion of blankets for precise evaluation of tritium breeding ratio and
nuclear heat generation.

Data base assessment for the tritium breeding material is conducted
sharply focusing on the Li,0 solid breeder.

Ongoing R & D programmes can be 1isted with the following headlines:

1) Fabrication and characterization of Li,0 and other solid breeders
2) Mechanical and chemical properties of 1Liz0

3) Compatibility test of Li,0 and structural material

4) Mass transfer test of Lis0

5) In-Situ tritium release test of Liz0 and other solid breeders

6) Radiation damge study
7) Irradiation integrity test of Li,0 and other solld breeders

746__
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The above programmes are addressing issues that need resolution
in order to establish the viability of Li,0 solid breeder materials
for blanket designs.

The compatibility data between Ni- or Fe-base alloy and Li,0 have
been obtained. However the corrosion rate is strongly affected by the
impurities such as H20 or LiOH, Hence, it is necessary to measure the
corrosion rate under the INTOR conditions.

For various experiments on Li,0 breeder, techniques has been
developed to control impurities and to fabricate cylindrical Liz0
pellets by sintering. Discrepancy of porosity distribution properties
will be attributable to the differences of measurement, fabrication
process and starting material. Further experimental studies are
desirable including microstructure control of Li0 sintered pellet,

The data on tritium recovery are essential for the evaluation of
tritium inventory in breeding blanket. The irradiation effects on the
prosity change and thermal conductivity are important to understand
the tritium recovery and cracking propagation of sintered Li,O0,
respectively. Up to this time some studies on tritium recovery have
been performed. A few experiments of small-scale in-situ recovery
have been tested recently. However, data on irradiated Li,0 are not
sufficient at present. Further experiments are necessary under high
irradiation fluence.

The minimum operating temperature of Li,O0 is confirmed at about
400°C, but the maximum operating temperature depends on design. High
temperature is very attractive from a thermo-hydraulic point of view.
Further irradiation tests are needed stringently.

The blanket configuration will be needed to be revised in order to
avoid the cracking and to accommodata the change of thermal conductivity.

The pebble-packed type blanket concept is potentially a strong
candidate. In this blanket structure, when beryllium pebble is used in
homogeneous mixture with breeding material pebble, the obtainable
tritium breeding ratio will be increased remarkably,

{2) Shield

There are considerable activities in the R & D of shielding and
radicactivity for fusion reactor in Japan by using D-T neutron source
facilities. They are 1) experiments on fast neutron streaming through
duct and activation of various samples at the FNS facility of JAERI
and 2) experiments on the leakage spectra from various shielding
materials and sky-shine effect at the OKTAVIAN of Osaka University.

Two kinds of streaming experiments were carried out by utilizing
experimental ports prepared in the shield wall of FNS target rooms.

One experiment is on a straight port of 42 cm diameter facing to the
rotating target. The detailed spatial distributions of fast neutron
were measured across the streaming beam as well as the neutron spectra
at selected locations of the traverses. The results were compared with
the calculation by DOT3.5 transport code. The other is an experiment

on a set of parallel small-diameter long holes, The axial distribution
of fast neutrons was measured in each hole into which the source neutron
entered with different incident .angles from 0 to 6 degrees. In both
cases, the detector was a small-sized NE 213 spherical spectrometer,
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Measurements of induced activities in 316 type stainless steel
samples were performed to.verify the THIDA code by using the FNS
facility. It was demonstrated that the calculation can predict the
total gamma doses within 15 %, though there were some disagreement in
the intensities of individual gamma-ray peaks. Activation measurements
on some structural materials and concrete samples are in progress.

Leakage neutron spectra from various shielding materials were
measured by means of time-of-flight methods at the OKTAVIAN as benchmark
experiments to assess neutron cross section data and method for shielding
calculation of D-T neutron.

High intensity neutron source could enable the experimental evalua-
tion of neutron streaming problems combined with deep penetration i.e.
to evaluate neutron flux consisting comparable amount of neutrons
streaming through a small slit or duct and those penetrating through
very thick shield to examine the accuracy of the calculations in the
design study. It also enable to measure nuclear heating more directly

and accurately.

(3) Tritium

Main research areas in JAERI related to tritium technology for
fusion at present, are forcused on the field of tritium processing,
safe handling, tritium production, and health physics. Basic tech-
nologies for these areas will be developed with the next half decade.
The TPL (Tritium Process Laboratory) in JAERI will be a key facility
in basic tritium technology development,

Component studies for fuel cleanup, have been carried out, and
devoted both to palladium diffusers for separating hydrogen isotopes
from all other impurities and to ceramic electrolysis cell for decom—
posing tritiated water vapor with very low tritium inventory. In the
former, the permeation characteristics of protium and deuterium, and
the effects of the presence of impurities on hydrogen isotope permeation
have been studied. 1In the latter, the basic cell performance has been
obtained by using ordinary water vapor. Recently, the effect of tritium
on these components has been investigated at TSTA facility of Los Alamos
Nation Laboratory under collaboration between US~DOE and JAERI.

In the development of tritium production technology, extraction and
purification of tritium gas produced in neutron irradiated °LiAl target
have been carried out. The present handling level is 50 ~100 Ci. It
will be elevated up to approximately one order of magnitude near future.

In the study of ceramic lithium compunds as breeding materil, the
preparation and the measurement of thermochemical properties of lithium
oxide pellet have been successively performed. And the neutron irradia-
tion experiments for in-situ tritium behavior measurement was initiated.

In tritium monitoring activities, monitoring services such as area
monitoring and urine analysis have been performed, and the development
of tritium concentration measurement by bremsstrahlung is being conducted.

— 48 —_
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Tritium safe handling (as well as tritium processing) in fusion
facility is strongly dependent on tritium transfer mechanism of fusion
device, The permeation and trap of tritium in structural and breeding
materials must be fully studied. Development of tritium barriers for
permeation is needed to reduce tritium permeation rate to the working
area and to the environment., The other problems on the tritium safe
containment such as adsorption and desorption of tritium at the reactor
room wall surface 1s to be investigated.

Tritium oxide is assessed to be much more toxic than elemental
tritium. So the conversion of tritium in atmosphere to oxide should
be intensively investigated especlally on kinetics. And biological
toxicity of tritiated species should be also well understood,

(4) Safety

The code, criteria and guideline for LWR, which are reviewed before
its construction and operation have been already developed and are being
improved. Up to now those for fusion reactor system does not exist.

New criteria appropriate for the fusion system are required, con-
cerning with plasma core, magnet system, fuel cycle, reactor building
and so on. However, some of those for LWR may be applicable to the
fusion reactor system with or without modification. Since the purpose
of the siting criteria is the protection of the public from the radiation
hazard and it should not be dependent on the kind of the nuclear power
system, it can be the typical one which is applicable to the fusion
power system.

Tritium concentration level in the primary coolant strongly affects
the size of detritiation system. The numerical code TRIP based on Fickian
diffusion equation analyzes the transient-state hydrogen isotopes migra-
tions. Comparing a pulsed mode operation with steady state operation
mode tritium migration during the dwell time is found to be negligibly
slow, and 4,1 years continuous operation corresponds to whole INTOR
mission period,

The permeation through the outboard first wall is no greater than
1 Ci/day at the end of INTOR mission even if the thinner wall correspond-
ing to the end of life is used. The molecular sticking coefficient is
the most critical parameter which has strong effects on the magnitude

of tritium permeation,
There are some accident analysis codes which deal with coeling pipe

rupture accident in a tritium producing blanket, magnet accident, tritium
system accident and cryogenic system accident. They are now being

improved.
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9. Design modification

The conceptual design concept for INTOR was developed in the Phase One
workshop. In the Phase Two A, Part 1 and 2 workshop, we have studied critical
technical issues and have also assessed scientific and technical data bases,
Rased on +those results, the INTOR design have been modified to upgrade the
design concept. The major modification items are related tc plasma kbeta
value, plasma operation scenaric, reactoer size reduction, neutron fluence,
tritium producing blanket, and implementation of active control coils. The
vertical view of modified INTOR is shown in Fig, 9-1.

Reduction of a gap between the design value and the predicted beta limit

The total average beta walue . (5.6 %) of the present INTOR design is
rather optimistic and somewhat beyond the critical beta limit (3.46 %)
predicted from the empirical beta limit scaling (3.51pIMA]/a[m]BT[T]), which
is derived from recent experimental and theoretical studies, and most of
experimental data are below this limit, Narrcwing down the gap between the
design beta value and the predicted beta limit have been included in the
design modification. One potential way for reduction of the beta gap is the
increase of plasma current and the decrease of plasma major radius, based on
the empirical beta scaling. Another possible way is the reduction of non-DT
contributions in addition to the fuel DT beta value {4.57 %), 45 % of which is
alloted tc the non-DT contributions at present,

The reduction of the plasma major radius have been achieved by the
following potential engineering improvements. The first is the reduction of
the inboard shield by 10 c<m, The second is the increment of the maximum
experience field of poloidal field coils, which use Nbi3Sn instead of NbTi.
The last improvement is to increase current densities of toreidal (30 A/mmé)
and poloidal (25 A/mm2) field coils, Those engineering improvements make the
reduction of 0.3 m in the mador radius feasible. The reduction of the excess
of the average total beta value is accomplished by the increase of the plasma
current, from 6.4 MA to 7.5 MA and the reduction of the plasma major radius,
from 5.3 m to 5.0 m. It raises the beta limit (4.4 %) predicted by the

empirical scaling. The other is the reduction of the additional beta value,
which should be provided for impurities, high energy particles and thermalized
helium particles, in addition to the beta value due tc fuel DT ions. The

additional beta value 1is chosen to be 30% of the DT fuel beta value (4.58 %)
instead of 45 %. Then the total beta wvalue amounts to 5.92 %, which increases
from the reference value of 5.6 %.

Based on the above considerations, the simple plasma analysis numerical
code vyields the main plasma parameters, as shown in Table 2.1, The plasma
current is selected to be 7.5 MA, which corresponds to 1.7 of the safety
factor, taking account of ellongation, and could be over 2, when the torcidal
effects is included. The total beta value increases up to 5.92% from 5.6%.
The critical beta limit predicted by the empirical scaling alsc increases due
to the enhanced plasma current. Then, ratic of the total beta value to .the
critical one is reduced to 1.34 from 1.62. The excess of the total beta value
peyond the critical one is also reduced to 1.35% from 2,14%.
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Operation scenaric

In the present INTOR design, the plasma current is inductively driven
by OH coils throughout the whole pulse of more than 200 s, including start-up,
burn, and shut-down. In the design modification, the increase in the plasma
current and the reduction of the plasma major radius, retaining the present
inductive veolt second, are incorporated to narrow the beta gap betwwen the
design value and the beta limit. It regiuires reconsideration of the present
operation scenario.

Remarkable progresses have been made experimentally and theoretically in
non-inductive current drive with a LH wave, and the further progress may be
expected in this area. Based on analyses and evaluations on this issue, the
non-inductive current ramp-up and recharging scenario with the LE wave 1is
incorporated in the design modification to resolve the estimated problem about
the required volt second and to gain engineering benefits associated with the
non-inductive scenario.

{Physics considerations)

The modified operation scenario with non-inductive current ramp-up and

transformer recharge with a IH wave is shown in Fig. 9.2. The operation
scenario consists of seven phases; {(A) start-up phase including a current
ramp-up to 5.7 MA, (B) heating phase to ignition, (C} burn phase, (D) cooling
phase for recharging or shutdown, (E)} recharging phase for OH coils, (G)

shutdown phase, and (H} dwell phase.

Table 9.1 Modified main plasma parameters
Plasma major radius, Rp(m) 5.0
Plasma radius, a(m)/b{(m) 1.2/1.92
Aspect ratio, A ' 4,167
Elongation, K 1.6
Triangularity, ¢ > 0.2
Average ion temperature, <Ti{> (keV) 10
Average ion density, <nj> (102° m™3) 1.4
Total beta, By (%) 5.92
Fuel beta, B¢ (%) 4,57
Plasma current, Ip (MA) 7.5
Safety factor, qy 1.7
Toroidal field, By (T) 4.96
Thermonuclear power, P.p {MW) 580
Neutron wall load, P, (MW/m?) 1.24
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At the biginning of the start-up phase, plasma are produced and heated
with an assist of ECRF heating with 10 MW, and plasmas are brought to a
parameter region with around 3x1018 m~3 in densities amd 1-2 keVv in
temperatures. Such a low-density plasma carry well its current driven by a LH
wave. Based on analyses on & current ramp-up scenario, a ramp-up time is
specified ~ 100 s, and during this pericd the plasma current increased up to
5.7 MA by the LH wave with a power level of 10 MW.

In the heating phase to ignition, plasmas are heated by an ICRF wave of
50 MW, and temperatures and densities are increased to the specified level cf
the burn phase. The plasma current is also increased from 5.7 MA to 7.5 MA
inductively instead of rf drive, because of significant decrease of rf current
@rive efficiency in high density plasmas. The heating time is ~ 20 s, An
initial goal of a burn time is more.than 100C s, which is inductively drived,
The cooling phase is an inverse process of the heating phase, The ccoling
time is ~ 20 s. The prolonged cooling time may require temperature control
with the ICRF wave, otherwise temperatures cculd drop with the shorter time of
an order of confinement time. In the cooling phase, the plasma current
decreased to from 7.5 MA to 5.7 MA inductively.

In the recharge phase, OH coils are recharged, while the plasma current
is hold to 5.7 MA by the ILH wave in plasmas with densities of around 3x1018
m~3 and temeratures of 1-2 keV. The recharging time of ~ 200 s is also
svaluated based on analyses of transformer recharge by the LH wave, In a
quasi-steady operation, four phases from (B) to (E} are repeated,

(Engineering benefits)

Several engineering benefits are expected associated with the plasma
current ramp up by RF instead of OH coils, that is, wvolt second saving,
decrease of &A¢ loss in superconducting coil system and reduction of
requirement for power supply.

—-volt second saving-

In the conventional inductive current ramp up scenario the most part of
volt seccnd delivered by PF coil is consumed for plasma initiation and current
ramp-up leaving a small amount of volt second for the burning phase, When the
plasma current is ramped up by RF wave injection, most of the volt second can
be used for burning phase leading to a longer pulse or smaller OH coll bore
then smaller reactor size.

Magnetic field analyses, howevver, found some problems of superposing
magnetic fields by divertor coil current and plasma current on the OH coil
near divertor coil at the begining of the burn phase, This 1is the
disadvantage inherent to the RF ramp-up scenario, The burn time of 957 s is
obtained for the burn phase plasma current of 6.4 MA. When we increase the
plasma current to 7.5 MA in order to mitigate the beta problem, 50% s of burn

time is obtained. Since our RF coll system design for INTOR is not fully
optimized, it should be possible to extend burn time to some extent by
selecting proper division and location of divertor coils, Anyway there is

certain advantage associated with RF current ramp up in extending burn time cor
reducing reactor size.

J— 52 J—
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-&C loss-—

The large AC loss induced in the TF and RF coil systems was a big
problem in the reference INTOR design with conventional inductive current
ramp-up scenario. Even with the large number of electric breaks in the
support structure, which leads to the concern about the structural integrity
of the supports, the total cycle averaged AC loss exceeds 100 kW. 1In the case
of RF current ramp up, current rise can be greatly proleonged (-~ 100 sec) and
AC loss is dramatically reduced without significant structural problems in the
support system,. The result of AC loss calculation shows that total cycle
averaged AC loss 1s about 4.3 kW. This is the great advantage of the RF
ramp-up scenario.

-Cyclic Stress on the TF coil-

When gquasi-steady operation mode is adcpted as well as current ramp up
by RF, we have further possible advantage that the fatigue problem of TF coil
support can be greatly mitigated. The difficulties for supperting the
superconducting TF coil of large tokamak like INTOR are mainly caused by the
overturning force which results from the interaction of the TF coil current
and the equilibrium field. in the pulsed operation tokamak, this force acts
cyclically on TF coils. The TF coil structural design criteria include
conventional (primary) stress limits in addition to limits established for
stress amplitude based on fatigue life consideration, It must be expected
that the stress amplitude can be reduced considerably by intreoducing the
guasi-steady state operation, Analyses on the overturning force indicate that
the amplitude of the overturning force can be reduced by sustaining the plasma
current in OH coil recharging phase at lower value than the burning plasma
current,

~Power supply capacity-

Typical load pattern of PF coil power supply for the case of
conventional inductive current ramp-up scenario shows that peak power load
appears at the end of plasma current ramp-up phase {t=5 s). At this time,
apparent power for PF-coil power supply becomes as ~ 2000 MVA., By adopting RF
current-ramp up scenaric and extend the ramp-up duration to ~ 100 s power load
at the end of current ramp up phase can be greatly reduced (~ 600 MVA) .
However since there is another peak (~1400 MVA) at the end of heating phase,
some effort is reguired to reduce this peak, By extending heating phase
duration and selecting proper plasma current level at the end of current
ramp-up phase this peak can be reduced to about 1000 MVA, Since lenger
heating time regquires larger power supply capacity for heating system,
carefull trade-off study is necessary., Our preliminary study which compares &
s and 20 s of heating phase duration shows that the latter heating phase
duration is preferable,

Reactor size reduction

In order to reduce reactor size the following engineering improvements
are implemented. The first is the reduction of the inboard shield by 10 cm.
The second is the increment of the maximum experience field of poloidal field
ccils, which use Nbi3Sn instead of NDTi. The last improvement is to increase
current densities of toroidal (30 A/mm2) and poloidal (25 A/mm¢) field ceils,
Those engineering improvements make the reduction of 0.3 m in the major radius
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feasible. The inboard shield thickness is reduced by changing shield
criterion for the allowable nuclear heating in TFC from 5 kW to 15 kW and
optimizing shield composition. The composition of B85% stainless steel and 15%
water is selected as the optimum peint.

The increase of TF coil current density from 25 to 30 A/mmZ2 and the
maximum allowable PF coil field from 8 to 10 T resulted in the reduction of TF
coil thickness by 10 cm and OH coil bore by 10 cm, respectively. These
engineering modification resulted in the 0.3 m of plasma major radius
reduction, Both the reduction of the main radius 5.3 m to 5.0 m and the
reduction of cross section of TF coil centribute to the reduction of the
reactor structure size (diameter of the belljar) by 1 m.

As for the vertical dimension- of the reactor, the impact of the choice
of impurity control system is considerable. As a reference design, the short
channel type configuration of the divertor is adopted in order to reduce the
reactor size. The maximum heat load on divertor plate of short channel
concept is about 5 MW/m2, This design condition is very severe from the view
point of the thermal stress, If the permissible level of the maximum heat
load 2 MW/mZ2 is adopted, the increasing length of divertor plate in
horizontal direction leads to the increase in TF c¢cil bere and the short
channel divertor is not recommendable,

Tritium producing blanket

In the previous blanket design studies for INTOR, centinucus tritium
recovery scenaric has been proposed based on econcmic and tritium availability
consideratiocns. However, design requirements associated with continuous
tritium recovery such as the precise temperature control of breeder, lead to
complexity of blanket design, A improvement of the simplicity and reliability
ies desired for tritium producing blanket. A batch-type tritium recovery
scenario is proposed as a solution of simple and reliable tritium preducing
blanket, and design feasibility studies have been performed.

The design - philosophies adopted for accomplishing the simplicity and
reliakility are as follows:

(i) Batch-type tritium recovery scenaric is adopted to simplify the
temperature ccntrol mechanism of breeder,

(ii) To provide high reliability performance of shell effect, copper alloy
{Cu-Be-Ni) which cffers possible advantage oveXr pure COpper in the area
of radiation damage resistance is used as a shell conducter material,

{iii} Low temperature helium gas 1is selected as the coolant to avoid
coolant/breeder reaction in accident.

(iv) To achieve the high tritium breeding ratio, lithium oxide (Li0) and
beryllium are used as a tritium breeding material and a neutron
multiplier, respectively.

There are two major factors that reduces simplicity and reliability of
blanket. One is the temperature control requirement of breeder (ex. 400 1000
°C for LizC) to ensure continuous in-situ tritium recovery during xreactor
operation. This factor imposes installation of thermal insulation gap to
provide temperature difference between breeder and ccolant tube, The other is
the addition of neutron multiplier and shell conductor for passive plasma
stabilization with their cocling mechanism and support structure. Application
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of beryllium plate potentialy be a candidate, since it can be used as both
neutron multiplier and shell conductor. However, limited ductility of
beryllium relative to other structural materials imposes some censtraints on
design, fabrication and reliability of the shell structure,

For the above reasons, design approaches in this selection study are
focussed on simple and reliable blanket concept in the area of temperature
control mechanism and neutron multiplier/shell conductor. Elimination of
thermal gap around ccoling tube is essential for simple design of blanket, If
econtinuous in-situ tritium recovery is a design requirement of Dlanket,
refractcry metals must be developed for the structure materials, But if the
continucus in-situ recovery of bred tritium is excluded from blanket design
requirements, stainless steel (or PCA), that has most develcoped data base for
nuclear application, can be used .as structure material,

There are three options available for basic thermal hydraulic design of
batch recovery blankets: (i) Water-cooled blanket, (ii) Directly-helium-cocled
blanket, and (iii)} Indirectly-helium-cocled blanket, 0f these three concepts,
indirectly-helium-cooled blanket appears most attractive and selected as the
reference of the present study, because of its high potential of tritium
breeding performance and easiness of periodic tritium recovery.

Fluence

Materials tests is the one of the INTOR operation purpese. The minimum
fluence required for & structural material irradiation test is said to be 3
MWY/m2. And considering fusion reactor develcpment schedule, the irradiation
test duration should not be too long. It seems that around 10 years may be
the proper duration, When we want 6.6 MWY/mZ2 of fluence during 10 vyears
operation (0.66 MWY/m2/Y), abcut 0.8 of tritium breeding ratioc is required
since the tritium procurment available in near future does not seem to exceed
3 kg/Y¥. The breeding ratio of 0.8 requires installation of breeding blanket
on the inboard side of reactor making reactor size increased., The fluence of
3 MWY/m2 in 10 years can be achievable with the tritium breeding ratic of 0.6.
Then the fluence of 3 MWY/m2 is recommendable from above consideration and the
finding that the fluence reduction is very effective in decreasing INTOR cost
as shown in the cost benefit analysis in Phase IIA Part I.

Implementation of active control coil

Through the Phase IIA Part 1 and 2 the plasma vertical position contrecl
is discussed as one of the critical issues mainly from the viewpoint of
electromagnetics. However, active control ccil, which is essential component
for stabilizing the plasma, has not been implemented intc the mechanical
configuration of the reference INTOR. The fellowing items should be taken
into consideration to determine the location of installation of the active
control coil which produces the horizontal magnetic field constituent,

{a) Active coil should be installed in the location where the magnetic field
of horizontal constituent can be generated efficiently and the power
supply capacity reguired is small-encugh,

{b) Tnstallation of the active control coil should be easy and the structure
supporting the active control coil should be simple,.

() Radiation damage should be low enough.

{d) hssembly and disassembly procedures should ke simple and easy.

_55__m
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