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This report corresponds to Chapter I and II of Japanese contribution
report to IAEA INTOR Workshop, Phase Two A, Part 3. The major objectives
of the INTOR Workshop Part 3 are to evaluate innovative ideas which would
significantly improve the tokamak concept, to study new-selected critical
technical issues, that affect the feasibility or practicability of the
INTOR concept, to assess scientific and technical data bases, and to
conduct critical analyses of the existing INTOR-like designs with the aim
of preparing a useful information base for future design work for ITER.
To perform the innovations, critical issues, and data base, the following
8ix groups are organized; (A) Impurity control, (B) Operaticnal limits and
confinement, (C) Current drive and heating, (D) Electromagnetics, (E)

Configuration and maintenance, (F) Blanket and first wall. 1In addition to
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those groups, the two disciplinary groups are also organized to do the
critical analyses of the existing INTOR-like designs; (G) Physics and (H)

Engineering.

Keywords: INTOR, Summary of Japanese Contribution, Tokamak, TAEA,
Phase Two A Part 3.
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PREFACE

This report summarizZes the Japanese work performed for the INTOR
Workshop during the period of September 1985 through November 1987. The
work has been carried out by the Japan Atomic Energy Research Institute
with extensive cooperation of universities and industries in Japan. I
would like to express also my deep acknowledgement to the IJAEA and the
other three parties of the INTOR Workshop for their cooperation.

October 1987

S. Mori

Vice President
Japan Atomic Energy
Research Institute



JAERI-M 88-014

Contents

Introduction ................................................................................. e e e aaaaae s 1
{(S. Mori)

Chapter I[ T e e e e e e e ek ot ettt d o e e e et n e e e e e 3

U @ T 7 oo o o b 3
(K. Tomabechi)

1.

IBpUrity COMETOL e 3
{T. Mizoguchi)

Operational limits and confimement 20
(T. Tsunematsu)

Current drive and heating -~ s 40
(N. Fujisawa)

(B. Ikeda)

Configuration and maintenamee = s 71
(T. Honda and H.Iida)

Blanket and £Arst wall o 83
(T. Kobayashi)

FER design philoSophy st 102
(N. Fujisawa and R. Saito)

- Operational flexibility = s ]2

(M. Sugihara)

System analysis of INTOR-like design e 137
(H. Tida and T. Mizoguchi)



FI=E
_}j»

JAERI-M 88-014

H 27
..................................................................................................................... 1
S T P 1
..................................................................................................................... 3
2 (FE KLY coeeeee et 3

TBEA BB (FEID) +vveerverrmommesemeseinme e e es b et ettt e ts et ab et a e sb e e nee s 3
giﬁﬁﬂﬁ&gﬁbjj_\b ('I“%"”HL&) ........................................................................... 20
%{ﬁ%g%tﬂn% (%ﬁ) .................................................................................... 40
FEREG (HEE) -rreerrrrrermeermmmeeninnen, PPN 54
BEE L ARSF (AR, BREL) oveoemomeormmermenssmse e ss e e ettt 71
T Ay b B BE (JVEK)  reereeeee e 83
FE R%E—i—tﬁgiﬁ‘ (%ﬁ, %ﬁ) ........................................................................ 102
ﬁﬁigT@@iikaﬁ (BJEE) .............................................................................. 122
INTOR 7 5 REBRH O V2 F L E¥ (BRE, HO) o 137



JAERI-M 88-014

Chapter 1 : 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 Atomic Energy Agency,
TAEA.

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

carried out.

As a result of the Zero Phase Workshop, the INTOR Workshop was
advanced 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, proposing a concept of tokamak having a fusion power of 620 MW.

The result of the Phase One Workshop was published in an IAFA report [2].

Then, the INTOR Workshop was advanced to Phase Two A in July 1981 in
order to review critical technical issues which were identified during
Phase One Workshop. The Phase Two A was extended twice so that the
Workshop activities were conducted in the three parts, Part I from July
1981 until the end of 1982, Part II covering 1983 to mid 1985 and Part [
covering mid 1985 to the end of 1987.

During Part T, review was conentrated on issues of plasma
performance, impurity cotnrol and first wall, testing requirements,
tritium and blanket, mechanical configuration, magnetics and
electromagnetics, and cost-risk-benefit. The result of Phase Two A Part I

was published in an IAEA repot [3].

Part ][I concentrated on issues of impurity control, RF heating and

current drive, transient electromagnetics, maintainability, technical
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benefit of component design and fabrication for international
collaborative programme. The result of Part I Workshop was published as

an IAEA report [4].

Part [ was started in order to Iinvestigate issues of impurity cotrol,
beta and confinement, heating and current dirve, electromagnetics,
configuration and maintenance, first wall and blanket, DEMO requirements,
potential innovations for improvement of tokamak concept, and updating
INTOR conceptual design. During the course of Part [I, negotiation for a
new international collaborative activity for joint conceptual design of
ITER was initiated, so that a part of INTOR Workshop activities was
reoriented, resulting in a replacement of updating of INTOR conceptual
design by critical analysis of existing INTOR-1like designs{ which will be

used as useful information for ITER activity.

During the Workshop of Part [, 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 periodically.

The results of the Japanese work contributed to the INTOR Workshop
during Part [ are contained in this national report. The work in Japan
was carried out by the Japan Atomic Energy Research Institute, JAERI, with
the support of +the industries; i.e. Toshiba -Corp., Hitachi Ltd.,
Mitsubishi Group and Kawasaki Heavy Industry Co.., under contracts between

them and JAERI.

Many of the scientists and engineers contributed to the work in Japan
were involved also in designing the Fusion Experimental Reactor, FER, a
next step machine being studied at the JAERI. Thus, many results derived

from designing the FER were contributed also to the INTOR Workshop.

The numberings most of the chapters and sections of this report were
made identical to those which will be used in the TAEA Phase Two A Part [

report, in order to facilitate the readers of this national report.
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Chapter II [ Summary
1. IMPURITY CONTROL

The impurity control studies during the Phase ITA Part 3 [5] have
mainly carried out, (1) an assessment of the experimental and
engineering data base for impurity control system based on current
experiments, (2) an evaluation of five innovations brought up at the
specialist meeting on Jan. 1986 [6], and (3) design studies using
sophisticated computational models to extrapolate to the cperating
parameters and performance of INTOR-like designs. The Impurity Control
Physics group have concluded and recommended that the poloidal divertor
concept either single null or double null be retained as the reference
impurity control system for the INTCR reference design. The pumped
limiter concept would remain as a back-up option of the impurity and
particle control system for INTOR if this concept ccould be dimonstrated

successfully in experiments,

Five innovations were proposed for the INTCR impurity control
system [6], 1) impurity flow reversal, 2) radiatively cocoled edge, 3)
ergodic limiter, 4) helieum burial, and 5) liquid metal divertor target.
It is recommended that further studies for he}ium burial and ligquid
metal divertor plates be pursued because of the possibility of near-tferm
applications of those materials. Further studies for other three are
encouraged, but required to demonstrate their advantages sufficiently

clear before justifing their ineclusion in the INTOR design.

As Japanese contributions [10], recent experimental results from
JT-£0, JFT-2M, JIPPT-11U and Heliotron-E are presented during INTOR
workshop. Experimental results in JT-60 show that a poloidal divertor
configuration is very effective for impurity and particle control in a
large tokamak., The diffusion coefficient of D = (0.6-1,0) m?/s observed
at JT-6C core plasma is good agreement with those observed at JET and
TFTR. JFT-2M tokamak found H-like transitions not only in the open
divertor configuration but also in D-shaped limiter bounded plasmas.
They also found that H-transition does not depend on heating methods.
H-mode discharge, however, are often terminated by the impurity
radiation losses. These observations suggest that the compatibility of
improved particlie confinement and impurity removal from core plasma may

be a problem with H-mode discharges.

i3_
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For design studies, refinement of the mcdel being implemented is
the most impertant task. It has been newly developed two types of two-
dimensional fluid ccde: the one solved by the finite element method and
the other solved by the Partice In Cell (PIC) method for numerical
treatments, Validation of the latter code is reported by simulating the
boundary plasma conditions in Doublet IIJ divertor experiments. The
simulation is in satisfactory agreement with the experimental data from
DIII., With this code, the preliminary calculation for the INTOR-1like
divertor plasma revealed that divertor cperation of high density and low
temperature divertor plasma is possible at a real geometry of open
divertor configuration. The electrostatio particle model for divertor
plasma is also developed. Several suggesticns were made to the fluid

model from the particle simulation studies.
1.1 Assessment of experimental data base

JT-60

The major impurities in JT-60 were oxygen, carbon and titanium
which were the coating materials of the first wall. A slight amount of
nickel, iron and chronium which are constituents of Inconel vessel and
linear substrates are observed in divertor diécharges. The molibdenum
which is TiC coated limiter substrates are also identified in limiter
discharges. In ohmically heated discharges the amount of titanium was
around 1x107%% and 8x107%% at ﬁe=2x1019 m~? in hydrogen and helium
discharges, respectively. For NB heated hydrogen plasmas the titanium
concentration is about two time higher than that in ohmically heated
plasmas. And the quantities of nickel, iron and chronium were below
1/10~1/100 of that of titanium.

The ratio of the light impurity density to proton density is 1.2%
or 2.4% if the species are assumed to be totally oxygen or carbon,

respectively, The averaged Ze falls smoothly with the increase of the

ff
electron density and minimum éeff is about 1.5 at n, = 5x10'° m~? as
shown in Fig. 1.1. The value of zeff for NB heated plasmas were
slightly larger than that of ohmically heated plasmas.

Fig. 1.2 shows a dramatic effect of the divertor in reducing the
radiation loss in the NB-heated and ohmically heated plasma. The

radiation loss from the main plasma, P is typically 5-10% of the

rad’
absorbed power, Pabd’ in divertor discharges and 30-90% in limiter
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digcharges. The evidence shows that the divertor is particulary
effective in reducing the radiation loss of thé NB-heated plasmas., The
particle less in the plasma during the NB heating is enhanced and
efficiently transported to the divertor chamber through the relatively
narrow divertor throat. Radiation loss in divertor chamber is analyzed
by the 2-D fluid model, as shown in Fig. 1.3. Considering the ambiguity
of the main and scrape-off plasma parameters, the simulated radiation
loss power 1is in satisfactry agreement with the experimental values,

The neutral particle pressure in divertor chamber was measured with
a shielded, fast ionization gauge in a pumping duct connected to the
divertor chamber. Compression raties of the neutal pressure of 30 to 40
with chmic heating and 40 to 60 with NB heating were observed, as shown
in Fig. 1.4. The pressure in the divertor chamber indicate to
proportional tc the square of ﬁe' These observations in JT-60 indicate
that a pcloidal diverter configuration is a good soluticn of the
impurity and particle control system for the INTOR design.

The diffusion coefficient in the core plasma were estimated tc D =
1 m®*/sec in ohmically heated plasma and D = 0.8 m?®/sec and 0.6 m®/sec in
discharges with co— and counter- NB injection, respectively. Fig. 1.5
shows time evolution of soft x-ray diode array signals and TiXXI line
intensity of a NB-heated plasma with co- and counter-injection. The
line intensity simulated by 1-D transport code shows no significant
difference in the impurity transport among those cases, and typically
DA: 0.6-0,8 m?/sec., In JET and TFTR, the diffusion coefficient of D = 1
m?/sec are observed for impurities., This good agreement for the
diffusion ceoefficient between three large tokamaks offers a reasonable

data base on impurity transport for the INTOR-1like design.

Disruption characteristics of JT-60 [9] are divided into three
types by their causes, namely, 1) disruptions triggered by enhanced MHD
activities induced at qeff =2 and 3, 2) disruptions due to a critical
density limit, and 3) disruptions caused by impurity introduction. NB
heated discharges have suffered only from the type of disruptions caused
by impurity introduction. A density limit in NB heated discharge has
not yet been observed in JT-60 divertor operation. Plasmas heated by
ICRF and LH (for current drive and electron heating) have also suffered
from disruptions mainly caused by impurities. ICRF heated plasmas are

quite susceptible to disruptions, even after an adquite conditicening.
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However, the addition of NB heating completely suppresses the occurrence
of disruptions. Probably the additional NB heating power may compensate
for the radiation loss induced by impurities.

The maximum current decay rate tends to increase with increase of a
plasma current, All data measured so far are below the design value of
380 MA/s. The decay rate for limiter plasmas tends to be larger than
that for divertor plasmas.

Based on soft X-ray and PIN diode signals, the decay time for the
central PIN diode signals is around 10-100 ms and & characteristic time
which is the fastest decay rate at the start of decay is around 1-10 ms
as shown in Table 1.1, The energy decay rate is expected to be in a
same order as the decay rate of a PIN diode signal through a central
plasma region. In TFTR and JET, the energy decay rate of -0.1 ms, one
order faster than that in JT-60, is observed [8,9]. The difference
between JT-60 and the other two is not clear. Further studies are
required since the faster energy decay rate give a significant impact on

the first wall and divertor designs cof INTOR-like devices.

JFT-2M

Recent additional heating experiments in JFT-2M have achieved the
H-mode in the open divertor configuration with NBI heating. Further-
more, H-like transitions were observed not onl& in ICRF heated open
divertor discharges but also in D-shaped limiter bounded plasma [11].
Improved energy confinement in the limiter plasma reveals that a
diverted magnetic configuration is not the necessary condition for an H-
transition, As the H-transition, temperature and density pedestals are
suddenly formed before the total stored energy increases. This fact
suggests that the energy and particle transport near the plasma edge are
evidently improved at the H-transition. According to these observations
it can say that the transport effects in the edge region of the plasma
will determine the energy confinement property of the tokamak plasma.
In JFT-2M experiments, H-mode discharges are often terminated by the
radiation losses [10]. The emission of FeX does not increase but the
emission of FeXV and FeXVIII increases exponentially during H-mode
discharge as shown in Fig. 1.6. The emissions from the lower ionization
state are depressed like the Ha signal, but the emissions from the
higher ionization state increases., Impurity injection (Ar) experiments

suggest that the increase in the density of these ions is due not to an
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increase in the impurity influx but to improved particle confinement

during the H-mode phase,

JIPPT-1T1 U

It is demonstrated that the m=3/n=2 dominan{ helical field
perturbation produced by toroidally localized multipole-field coils
induces one or two mini-disruptions and that the 2/1 magnetic island is
ergodized by these mini-disruptions. As a results, the temperature
flattening process is interrupted and the major disruption is avoided.

The preliminary ergodic magnetice limiter experiments with the
m=3/n=1 helical field perturbation are also reported. They observed
that application of the local helical field perturbation result in the
ergodization of the edge confinement region and favorable effect of
suppressing impurity influx. The existance of the threshold of the
ergodization was suggested from the dependence of the ergodizaticn on

the pulse hight and width of herical perturbations.

Heliotron E

Particle control with conventionals, pumped limiter is
demonstrated. About 2-4% of the particles lost from the plasma are
removed if the pump ‘limiter is located inside the last closed magnetic
flux surface. Little or no particle control is observed if the pump

limiter is placed outside the last closed surface.

1.2 Inncvations

As Japanese contributions [6], three innovations were proposed, (1)
ergodic magnetic limiter, (2) radiatively cooled edge, and (3) liquid
metal divertor plates.

Ergodic magnetic limiter (EML) has been considered one of possible
impurity control systems in tcokamaks for long time. Some concepts of
EML had already been proposed in Phase One INTOR [2]. Recently,
experimental efforts have been carried out at JIPPT~IIU and CSTN-II at
the Nagoya University [10]. In CSTN-II experiments, they show that a
set of local helical coils can produce the helical field of mode index
around m/n, typically 10/%, specified by the structure of helical ccils
and the direction of herical coil current. A drastic change in the

plasma potential was observed with the application of helical field
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perturbation. The increse in the plasma potential was accompanied by
the decrease in the local electron density. When the helical field
applied the edge plasma contacts with the wall through the magnetic
field lines in relatively short connection length. A rapid loss of
electrons to the wall should be reduced to generate a positive plasma
potential with respect to the wall because of the ambipolarity. The
wall loading was found to be extremely nonuniform along the polocidal
direction. A rotating helical field was succeeded in making a time
averaged loading to the wall uniform along the poloidal and teroidal
direction, In JIPPT-IIU as already discribed, the ergodization of the
edge confinement region with the local helical field perturbation
brought a favorable effect of suppressing impurity influx and decreasing
edge plasma temperature. Theoretical calculations predict that the
radial diffusion in the effectively ergocdized maghetic field seems to be
comparable with an anomalous diffusion coefficient. Further studies
are encouraged at CNTS-II and JIPPT-IIU {also TEXT, TEXTOR and TORE-
SUPRA).

The reactor potential of a radiatively cooled edge had been
considered during INTOR Phase IIA part 1 workshop [3]. However the
subject was raised again at the innovation specialist meeting [6].
During that period, an interesting operation region called 'detached
plasma' in which most of input power was radiated at a narrow edge
plasma boundary was found in TFTR [5]. Various model calculations
showed that the thickness of the radiating layer was sensitive to
assumptions made regarding cross field transport. Alsc, the radiative
loss powers strongly depend on materials of limiter and first wall which
are primary impurity sources. Using INTOR-like parameters and assuming
carbon graphite as limiter and first wall materials, the possibility of
the self-iimited impurity production with radiatively cooled edge plasma

are analysed intensively [10]. Cress field transport is assumed to be

anomarous, X, = 2x10‘9/ne em?/s, DA=0.M for plasma and DQ = —O.Mx(Er/r;)
for impurities. It is assumed that X; = 5xx§c, neo-classical. In
scrape-off layer, it is assumed that e = X; = DA = Di = DB’ Bohn

diffusion., These assumptions are based on recent experimental results
in JT-60, JET and TFTR. The T70% of input power {(or magic alpha power)
are radiated at boundary region and 30% of that goes to limiter and

first wall directely. The radiation losses due to carbon impurity are
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rather small and the radiative layer are scomehpw restricted to the
narrow region of the limiter shadow. As a results edge plasma
temperature at a limiter head is still about 80-100 eV at which erosion
of the limiter due to physcial sputtering is very serious. Neverthe-
less, self-limited impurity production can be achieved with the carbon

concentration of 1.2% and the averaged Ze of 1.5. For the reactor

ff
application, the thickness of the radiating layer must be taken into
account by an increase in the size of the confinement vessel Besides,
the impact of a radiating edge layer upon improved confinement issues

should be examined.

1.3 Pesign studies

The reference design of the INTOR impurity control system is a
single null poloidal divertor. For modeling of a diverted plaéma, it
had been used one dimensional fluid code with two dimentional neutral
code. Assuming rather simple divertor geometry, the divertor operation
with high density and low temperature divertor plasmas was found with an
appropriate heat and particle flux to the region. However, it is
necessary to include the radial diffusion process in the scrape-off
layer for accurate estimation of particle and energy deposition on a
divertor plate. Besides, it is important to analize the behavior of
neutral particles in real divertor geometry. As critical issues during
Phase IIA part 3, refinement of the model being implemented became a

main subject.

Twe type of two-dimensional time dependent flulid code have beéen
developed. The first one is the complete two-dimensional fluld code
solved by the finite elements method in the plasma equilibrium and real
geometry including the scrape-off plasma, the periphery of the main
plasma and the divertor plasma. This code being under development is
assumed the toroidal axisymmetry under the rectangular torcidal
coordinates,

The second one is also the two-dimensional fluid code but emplays
Particle In Cell (PIC) methcd for numerical treatments (Appendix 4.3.2).
The fluid flow channels in the scrape-off and divertor region can be
applied from poloidal magnetic flux tubes obtained by equilibrium
calculation. By the PIC methcd with a proper geometry, fiuld behavior

in the computational region is easily solved with free boundary
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conditions. Free boundary condition means that,the energy flux tc the
vacent cell across the boundary must vanish at the initial step of the
PIC scheme. Transport of the core plasma, however, is not solved in the
code. The appropriate particle flux T', energy flux Qe for electron and
Qi for ion must be assumed at the boundary of the core plasma.

Coupled with two dimensional neutral transport code using Monte-
Carlo method, the fluid equation and neutral gas transport are solved in
the scrap-off and divertor plasma region. In the vacuum region, only
neutral gas transport is solved. The neutral transport package in
called every several tenth of the fluid calculation time cycle.

Validation of the above code is shown by simulating the boundary
plasma conditions in Doublet III divertor experiments. The distribu=-
tion of plasma temperature and density in the divertor region were
calculated using prescribed values of the cross field transport
coefficients (i.e. D=0.5 Bohm and Xo = Xi=uo) and the input power (1MW)
for varicus values of the plasma particle flow across the separatrix.
The results of this calculation are in satisfactory agreement with the.
experimental data from DIII as shown in Fig., 1.7. It is peointed out
that an important parameter besides transport coefficients is the

distributipn of the pitch angle of the field line Be/BT.

For modeling of divertor plasmas, the fluid model has usually been
applied. However, it is not clear that the usual rluid equations can
describe accurately the scrape-off layer and divertor plasma. By this
means, it has been developed the electrostatic particle model which can
express correctly the velocity distribution function and the self-
consistant electrostatic field. The simulation model is based on a one-
dimensional system parallel to the magnetic field.

As simulation results, it is found that Coulomb collisions play a
very lmportant role in supplying electrons with large velocities. The
pre-sheath with the scale length of the system size is formed by the
collisional relaxation of the velocity distribution as well as by the
particle source. The ion heat conduction flux becomes important in a
high-recyecling plasma, This value is found to be much larger than that

estimated by the ion temperature gradient.

Several suggestions were made to the fluid model from these

studies. In usual analyses by fluid model, the boundary condition for
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the flow velocity at the divertor plate is givep by V“ = CS where CS is
the sound speed. In a low recycling plasma, however, V” exceeds CS in
the divertor region, while in a high-recycling plasma V” is equal to CS
at the understream just behind the recycling region. It is usually
assumed in fluid equations that both electron and ion ﬁemperatures are
isotropic. The isotropy in the electron temperatuare is almost realized
of in high collisionality, v,>1, where v, is defined by the ratio of the
collision frequency to the bounce frequency of electron, because of
effects of the trappiﬁg due to the sheath potential. On the contrary,
anisotrpy in the ion temperature is large, even when ve>>1. Therefore
the parallel temperature of ions, Ti" » and perpendicular one, Til’
should be treated separately in fluid equations. When particles are
highly recycled near the plate and V“ <<Cs in the divertor region, the
ion heat conduction flux, a; becomes very important in the total heat

flux.

The preliminary calculation of the INTOR-like divertor plasma is
carried out by the newly developed two dimensional fluid code (solved by
PIC method). 1In the simulation studies, the impurity flow equations are
added, but the behavior of only He+1 ion is included. Assuming
QT=Qe+Qim6O MW, Fp=1x1022 s=! or 3x10%22 57!, and PHe=O.05 Fp' the
maximum temperature Te in the scrape-off layer 1s approximately 210 eV
as shown in Fig., 1,8, Te decreases to approximately 20 eV at the
divertor plate. Electron density near the divertor plate builds up to
n, = 2x10%° m™? for I‘p=1x1022 s~* and n, = 6x10%2% m=* for I‘p=3x1022 sTt,
These results indicate that the new code can reproduce the divertor
operation with high density and low temperature plasma even in the real
geometry, Further studies are encouraged with this cede including
Impurity materials of divertor target and appropriate impurity

production mechanism,
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Table 1.1 Examples of time decay rates of a PIN diode signal from a
plasma center, This decay rates is expected in same order of

thermal energy quench time during disruptions.

Heating Shot No. [tp{(ms) | tp (ms) | Ip (MA)| Configuration
2289 27 11 2.0
OH Div.
2319 40 2 2.0
1C 2466 16 1 1.5 Div,
LH 3747 26 2 1.b Div.
LH+NBI 3938 8 2 1.0 Lim.
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1.2 Ee vs. radiation power fraction in main and divertor chamber

with NB-heated plasma.

in main plasma over the input power 1s only 5-10% in NB-heated

divertor plasma,

The fraction of radiation power loss
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other hand, the tendency is opposite in NB-heated plasmas.
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Titanium

was intentionally injected by switching the configuration from

divertor to limiter cne, and back to divertor as shown in the

figure,

The fitting results of diffusion coefficient

simulated by 1'-D transport code are DA=0'6 m?*/s and DA=O.8

m?/s with Cr=1.0 for counter- and co- NB injected plasma,
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and L-mode (dash line) discharges. During H-mode phase, the
emission from lower ionized ion are depressed like Ha signals,
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exponentially. The increment of these ion density is not due
to the increments of the impurity influx but mainly due to the

improved particle confinement during H-mode phase.
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Fig. 1.7 Horizontal profile of the electron temperature Tem across the
lower divertor channel (device mid-plane: V=0m) and

corresponding vertical profiles of Te on the divertor plate

for each particle filux from the core glasma across the
separatrix (H: T = 1,2x10%% s~!, M: I = 0,8x10%% s~!', L:
r=0.4x10%2% s='), (----) denctes the experimental data for Ee
=3x10'® em™¥, The separatrix flux surfaces at the divertor

plate (WU and WL) are also shown.
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2. Operational limits and confinement

It is a critical issue in the design of the INTOR-like reactor to
acess the data base on the energy confinement. the beta limit, the density
limit etc.. and to improve a guide-line by extrapolating the data to the
INTCR-11ike plasmas. In Group B, we presented the experimental data of
the H-mode discharges in the JFT-2M tokamak and the results on the
analysis of the ideal MHD beta limits during this phase. The scaling
laws derived from the data of the JFT-2M, JT-80 and Doublet-III tokamaks
were also presented.

2.1 Confinement study
2.1.1 Confinement study of JFT-Z2M

Experimental data obtained in the JFT-2M tokamak were presented
mainly for the H-mode discharges. In JFT-2M, two types of the H-mode
discharges are observed; the discharges with the burst of H./D, emission
and without the burst. The frequency of the H,/D. emission depends on
the heating power. In the deuterium discharges where the threshold power
for the transition to the H-mode is lower (Pw ~2950kK) than in the
hydrogen discharges (P, ~B00klY), the discharges are almost burst-free
and the duration of H-mode is limited by the radiation. The threshold
power for the transition increases as the safety factor, g, and it depends
on the distance between the plasma surface and the limiter at the cutside
of the torus (Fig.2.1). The threshold power also depends on the location
of the null points (Fig.2.2}

The global energy confinement time, ?ﬁi 1s linearly proportional
to the plasma current. I,, and almost independent of the toroidal magnetic
field, Br; Té:rv0.151p(MA)sec {Fig.2.3(a)). The incremental confinement
time, Tine ~0.118I,(MA)//Br(T) (sec) (Fig.2.3(b)). The time, <o -
denotes the maximum energy confinement time in the Ohmic discharges with
respect to the density, ne.. The maximum confinement time, Tmf, is
linearly proportional to By and independent of I,. The result shows that
‘nf at minimum q is almost the same as fmf.

The energy confinement time in the H-mode discharge is almost

independent of the heating power, Pis. for the ICKF heating up to



JAERI-M 88-014

Prot ~1.2MW (Fig.2.4(a)) and weakly depends on P, for the NB heating.
(Fig.2.4{b)). For higher power, Pi,:>1.2MW, the discharge tends to the

L-mode.

2.1.2 FER scaling (Mirnov-type scaling)

The experimental data of the H-mode discharge during additional
heating, obtained in medium-size tokamaks, indicate that the global
energy confinement time linearly depends on the plasma current,
relatively weak on the elongation and in some devices on the heating
power, while it is almost independent of the density and the magnetic
field strength. The normalized energy confinement time, 7g/{IpvK;,
obtained in ASDEX, PDX, Doublet-III and JFT-2M, are summarized as the
function of the total heating power in Fig.2.5, where Ip and « denote
the total plasma current and the elongation. The confinement time in
the H-mode discharges scatters in a wide range and seems to be
continuously connected to the L-mode discharge. For example, in PDX,
Tr is strongly degraded by the heating power. The speculated reasons
are; (1)the level of the edge relaxation might increase, {2) the excess
gas-fuelling might prevent the transition to the H-mode. In
Poublet-III, the normalized confinement time has the tendency that the
divertor-discharges show better conf'inement time that the
limiter-discharges, although the former cases overlap the latter ones.
The confinement time decreases with the heating power and seems to be
saturated in the high power region. Thosge data are fitted in two ways,
(a+b/Prior  ¢Pr®, with a=0.044, b=0.059, ¢=0.097 and d=0.35. Both
formulae fit the experimental data within the same accuracy. Assuming
that the energy confinement time is saturated in a large heating power,
the Mirnov-type scaling law can be derived,

TE(s) = 0.185a(m)Ip(MA) VK (1)
Here the ceoefficient ., 0.155, is obtained by using the minor radius of
Doublet-II1. On the other hand, there is no or weak degradation in the
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confinement time by the heating power in ASDEX and JFT-2M. The maximum
confinement time in the best H-mode discharges reaches the level of that
in an Chmically heated plasma, The Mirnov-type scaling described here

is pessimistic one by about factor 3 smaller that ASDEX scaling.

2.1.3 Optimized confinement scaling

In an optimized H-mode discharge, the global energy confinement
time, 7g, 1s as long as that of the Ohmically heated plasma, as shown in
Doublet-II1, JFT-2M and D-IIT-Dtokamaks. Therefore it is important to
understand the scaling law of the Chmic plasmas with optimized discharges
{discharges with a maximum confinement time). The scaling law of the

Ohmic plasmas,

TEOH - Tle"lR”z(l"'lqcyz”lK"'G's, 2)
is wvalid only for relatively lower density. As the plasma density
OH

increases, T is saturated and gradually decreases as shown in Fig.2.06
except for the cases of the pellet injection. However, a steady-state
plasma i1s not obtained in a pellet-dominated fuelling. Therefore, in a
steady state, it is sufficient to obtain the scaling law without pellet
injection. The "optimized” energy confinement time is defined as a
saturated value of rém in a high density plasma as shown in Fig.2.6.

The critical density, n;%nfs), in Fig.2.6 is given by,
n° = 6.7x10%q. \BrR /Ay i ) . (3)

The “optimized” energy confinement time is obtained by using egs.(2) and

(8):
=% = 0.045RaBr VK /A 1 (s) . (4)

The dependence on k is suggested by the data for relatively low elongation
‘k=1.8) and the validity in the extrapolation to high k (xz22) 1is not

clear. The dependence on size, Ra, is not distinguished from o within
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present data base. The scaling,
"™ = 0.120°Br /20 8 (s) (5)
is also possible as more pessimistic one in INTOR-like plasma. In good

H-mode discharges. the energy confinement time is almost independent of
the heating power and proportional to the plasma current. In JFT-2M,
the energy confinement time in the H-mode approaches to the optimized
Chmic confinement time, and TEH ~T€P with gy ~ 2.2 in deuterium
plasmas. The optimized confinement times for both Ohmic and H-mode

plasmas are summarized in Fig.2.7

2.2 Ideal MHD beta limit

The results of the analysis on the ideal MHD beta limit were
presented. The scaling law of the beta limit was investigated and
details in the effect of the pressure and current profiles were presented
for the D-shaped plasmas. The access to the second region of stability
for the ideal MHD mode was proposed as an innovative idea to enhance the
beta limit of the non-indented plasmas.
2.2.1 Beta limit of D-shaped plasma

The alternative iteration of the Grad-Shafranov equation and the
ballooning equation with zero growth rate gives the marginal pressure
derivative in a whole region of the plasma column, from which the beta
limit for the “optimized pressure profile” to the ballooning mode is
obtained. The FCT algorithm is used to obtain the optimized pressure
profile for a fixed profile of the safety factor, g(y). The g-profile
is given by a profile of the toroidal current density at a low beta

state. The calculated data fit the formula,

1.5 0.75 1.5
B = 3T 0.8k 116 - 0.6K. 2 r1am-13(1.85008 | . (6)
Aqs QS qS4
The range of parameters are 1=2q.=8, 22A4=6, 1=x=1.8, 0=5=0.% and
qo=1. The result shows the enhancement in the beta limit due to the
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elongation coupled with the triangularity. The 83rd and the 4th terms
of eq.(B) are effective in the lower gs region {(q«<3). There appears
the degradation from the scale in 1/{q:4) for g:<3 (the 3rd term) and it
is improved by & (the 4th term). The sign of the 4th term changes from
positive one to negative one for xz1.85. However it should be noticed
that the data used in this analysis are limited within ks1.8. It should
be also noticed that the formula (8) may be applicable for the moderate
current profile. The flat and hollow current-profiles are excluded.
The beta limit can be summarized by using the normalized current,
In=I1,(MA) /a(m)Br (T}, where the toroidal magnetic field, Br, is measured
at the center of the plasma. The beta limit is roughly proportional to
the plasma current, 3% =gly. In the low current region <(high
Qs Qs*Qse,» Gsc depends on Kk ), ¢ takes about 4 it becomes smaller as Iy
increases (Fig.2.8). The degradation in g can be improved to some extent
by increasing 6. There appears the degradation in g with x for a given
gs. Figure 2.9 shows 3 and ¢ as the function of k for q.=3, A=4 and
6=0.3. The beta limit tends to be saturated as k and g-value
decreases. As Kk increases, the g-profile obtained from a monotonously
decreasing current-density profile becomes flat near the magnetic axis
and the marginal pressure gradient becomes small in the flat-q region.
The competition between the flat and steep-q regions causes the saturation
in the beta limit.

To obtain the beta limit due to the external kink modes. the pressure
gradient is increased by CdP./dy, where dP./dy 1is the‘marginal pressure
gradient to the balloconing mode. In the FCT sequence, the constant, C,
is adjusted to be 48=0.2%, where 43 is the increment of the
volume-averaged (toroidal) beta wvalue. The steability of the sequence
of the FCT equilibria is studied by using the ERATO-J code and the beta

limit is obtained from the marginal equilibrium with y2g10'5, where v 1s

the growth rate in the ERATO-J code. The characteristic time in v is
w{* ~lusec for the INTOR parameters. The squared growth rate of
*,f2=10_5 gives the marginal mode structure in this analysis. Figures

2.10(a) and (b) show the beta limit as the function of g; for the case
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without and with a conducting wall, respectively. For the case with a
conducting wall, the wall is placed at a,/a=1.5, where a, is the horizontal
minor radius of the wall. The broken lines in Fig.2.10 denote the beta
limit due to the ballooning mode. The beta limit due to the n=1 external
kink mode is smaller than that due to the ballooning mode for the case
without a conducting wall. Two limits coincide each other for
ay/a=1.b. The sequence of the equilibria used in this analysis is
optimized for the ballooning mode but not optimized the external kink
mode. The optimization for the external kink mode can be carried out
in the g-profile (or the parallel current density to the magnetic field
line, J,=J-B/B rather than the pressure profile. The external kink mode
is stabilized by reducing J, near the plasma surface and increasing it
near tha plasma center. This rearrangement in J, gives a large magnetic
shear (S=(V/q)(dq/dV), V. the volume surrounded by a magnetic surface)
near the plasma surface, which stabilizes the n=1 external kink mode.

There appears a steep degradation in the beta limit near g.=integer
for qy=e. The degradation is usually largest near q.=3. For a given
Jy-profile, the shear becomes stronger near the plasma surface and
weaker (sometimes negative) near tha magnetic axis with the increase in
the elongation and triangularity. The degradation for g.<3 is improved
for a large elongation. However the weak shear causes an m=1 mode near
the magnetic axis. The beta limit due to the n=1 external kink mode is
approximately summarized in the Troyon's formula (Fig.2.11),

B(%) = (3.2x0.5) I, (MA}/{am)Br(T)) . ()

The modulation near the integer qs is included in the coefficient.

2.2.2 Second stability access

In the usual stability analysis, J, is assumed to be a monotonously
decreasing function of a plasma radius. If the very flat or hollow
current profile {(i.e. very flat g-profile) is included, the stability

of the ballooning mode is expected to be improved for high poloidal beta
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value, We define the flatness of the q profile by
Su=(q{}=0.8)~q0)/{(qs—qo) . For the cases 1 and 2 this parameter takes
S:=0.23 and 0.05, respectively. A small S, corresponds tc a broad
toroidal current profile in a low beta state. Figures 2.12{(a) and

2.12(b) show the increase of beta as the function of the iteration in
the equilibrium and the marginal stability calculations of the ballooning
modes for the cases 1 and 2, respectively. For the case 1 the beta value
saturates at the beta limit. whereas it increases unlimitedly as the
iteration for the case 2. The pressure gradient, dP/dy. at the final

stage of the iteration is shown in Fig.2.13(a) and 2.13{b) for the cases

1 and 2, respectively. The broken line denctes the marginal pressure
gradient to the ballooning mcdes. For the case 1, dP/d) is almost
marginal everywhere in a plasma. However, Fig.2.137b) indicates that

dP/chy can be increased unlimitedly or plasma enters the second stability
region of the ballooning modes in a low shear region, S=0.2, wvhere
S=2V(dg/dV)/q and V(¥) is the volume surrounded by a magnetic surface.

The mechanism of the access to the second stability region can be
explained as follows. Due to the outward shift of the magnetic axis,
the negative local shear, 8,<0, appears in the region of negative

curvature of the magnetic field line, xy<0, (bad curvature region) where

o
S, = By (8)
vl 191
and
Ky = vw-%v% . 9

When the region of S,<0 stays only in the region of ky<0O, the pressure
gradient reaches the marginal one everywhere in a plasma. If the
negative local shear region extends across the line of k;=0, a plasma
locally enters the second stability region on the magnetic surfaces which
are included in the region of S,<0. The local negative shear is produced
more easily in a low shear region than in a high shear region.

For the stability analysis of low-n modes the pressure gradient is

obtained by using the ballooning mode equation with zero growth rate.
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The pressure gradient is increased by CdP./dy, where dP./cdy is the
marginal pressure gradient to the n== ballooning instability at each step
of equilibrium calculatien. In the FCT sequence. the constant, C, is
adjusted to be 43=0.2%, where 43 is the increment of the volume-averaged
beta wvalue. The profile of the safety factor 1is <chosen as
Sy=(q{v=0.9}-q0)/(gs-q0;~0.05 and g;=3.1. Above the critical gg, the
direct access to the second stability region is possible. For such an
equilibrium the profile of the current parallel to the magnetic filed
becomes hollow which deterjorates the stability of the external kink
modes . Figure 2.14 shows the beta limit of the external kink modes for
k=1.86 and 8=0.3. The upper and lower lines denote the cases for a,/a
= 1.2 and =, where @, and a are the horizontal radii of a conducting wall
and a plasma, respectively. Due to the reduction of the global shear,
the beta limit decreases as qo for the case of no conducting walls. When
the conducting Vall is placed close to the plasma surface, a,/a=1.2,
8~11% possible for qp=1.5. The beta limit due to the n=1 external
kink modes is close to Troyon's beta limit, B=glp/aBi~4% for ¢=3, withcul
a conducting wall. The conducting wall placed at a./a=1.2 increases
the beta limit up to B28% and Troyon's factor ¢ becomes g=6~8. For
the case of k=1.6. the factor g takes almost the same value. Above
the beta limit, the dominant mode is m/n=4/1 for the case of no conducting
wall and the mode is localized near the plasma surface. When the
conducting wall is placed at a,/a=1.2, the dominant ccmponent become
m/n=1/1, which has no rational surface.

When the conducting wall is placed close to the plasma surface, low-n
internal modes becomes unstable. Figure 2.15 shows the beta limits of
the internal modes as the function of the toroidal mode number. The
minimum beta limit is for n=3. As n increases the contribution of the
driving term changes from the current-driven <(kink) term to the

pressure-driven {ballooning) one.
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Fig. 2.5 Normalized energy confinement time vs. heating power.
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3. Current drive and heating

The current drive and heating has been studied as a critical issue
through INTOR workshop Pase Two A[1-4]. In the period of Part 2 Workshop
of Phase Two A, the heating was mainly studied, although some evaluations
were made on the current drive, e.g., a transformer recharging operation
scenario by a lower hybrid wave. Based on those studies, the present
INTOR concept was confirmed to rely upon a fully inductive operation

scenario and ICRF heating as a reference option.

One of major objectives in Part 3 Workshop of Phase Two A is the
evaluation of feasibility of innovative ideas, which would improve the
tokamak concept. The current drive and heating was selected as a
potential candidate and several innovative methods were discussed in the
specialists’ meeting on tokamak concept innovations{5]. Based upon those
backgrounds, the current drive has been considerably emphasized in Part 3,
and the specialists’ meeting on the non-inductive current drive was held
te understand the present status of experimental and theoretical

developments[6].

The potential improvements of the tokamak reactor concept, provided
by adopting the mnon-inductive current drive, are discussed. The
non-inductive current drive operation basically allows the longer pulse
operation, ultimately a steady-state. The following advantages will be
expected from the use of the non-inductive current drive. The longer
pulse operation will allow the more relevant‘ reactor condition.
Physically the 1long pulse length over the current diffusion time
demonstrates the reactor relevant plasma performance, and technically it
provides the more favourable condition for engineering testing. The
active contrel of the current profile control may improve plasma
performances like pA-optimization, control of disruptions and probably
confinement enhancement. The inclusion of the non-inductive current drive
intrinsically brings the the plasma burn in a sub-ignition state, and it
may expand the operation flexibility for burn control and make the machine
lifetime longer because of less fatigue. Those consequences from the
application of the non-inductive current drive will increase the
availability and reliability of the INTOR device. Economically, the
non-inductive current drive could be implemented at low supplementary

cost, if the common usage of the power for heating and current drive is
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made.

The specialists’' meeting on the non-inductive current drive concluded
that there had been considerable progress in research on the non-inductive
current drive in tokamaks{6]. The progress includes all functions for
which the non-inductive current drive can be used, 1.e., steady-state
current drive, current rampup and transformer recharging, contrecl of the
current profile and MHD behaviour, as well as current initiation. The LH
wave is the most developed technique for the current drive. The NB also
shows its capability, although the data base is still limited. Such
progress seems sufficient for tentative extrapolation to reactor

conditions.

The critical issue group for the current drive and heating in Part 3
Workshop has chosen four main methods for the current drive for INTOR,
mainly because of theif feasibility in the time scale of INTOR project.
They are three RF waves in the frequency ranges of LH(Lower Hybrid),
HFFW{High Frequency Fast Wave) and LFFW(Low Frequency Fast Wave), and
NB{Neutral Beam). Their variocus performances like the current drive
efficiency, currnt profile contrellability and transformer recharging

characteristics have been investigated for INTOR.

The goal of the present critical issue study is, using the latest
theoretical methods, to compute current driver power for all four options
under the same set of circumstances. First, all drivers are required to
generate steady state current in a reactor typical of low power operation
of INTOR. In this mode, shown in Table 3.1, the density is roughly half
the reference INTOR value so the power and neutron load are roughly one
quarter of the reference values. The second aim of the study is to learn
what degree of current density profile control may be achieved with four
options. Flexibility in this aspect of current drive is valuable, as such
a tequnique might be employed to improve the plasma operating conditions
{e.g.. to eliminate sawteeth, reduce disruption frequency, or operate at
higher beta). The third geal is compute current drive requirements with a
reversed electro motive force at very low density, shown in Table 3.1.
This stuation is typical of non-inductive, slow current rampup or of a

hybrid burn cycle in which the transformer is periodically recharged.
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Table 3.1 Geometry and plasma for evaluating current drive performance
Parameter Symbol Units Value

Major radius RO m 4.9

Aspect ratio A 4.2
Elongation X 1.6
Triangularity o) 0.5

Toroidal field B0 T 5.5

Axis safety factor a4 ~1.0
Boundary safety factor a, ~2.0

Density profile ne(w) parabolic
Temperature profile Te(w) parabolic
Current density profile ] centrally peaked
mt§£;;é§m;£;¥éj ........................................................................... TSy FEOREE
Average density ﬁe 1020m 3 0.7

Average temperature Te keV 20

Electric field E V/m
_Toroidal current | loo Lo I 8.0
[Reversed electric field]

Average density ﬁe 1020m_3 0.04
Average temperature Te keVv 2

Electric field E V/m -0.01
Toroidal current I MA 8.0(net)
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3.1 Neutral beam current drive [12]

The current drive using a neutral beam is an attractive candidate for
a next generation tockamak reactor. Recent experiments on neutral beam
current drive in JET and TFTR, where driven currents of about half mega
ampere have been successfully observed, indicate that the neutral beam
{NB) has large potential in driving a current, although the lower hybrid
wave 1is most successful in producing plasma currents to date, The
performance of neutral beam current drive (NBCD) for the next generation
tokamak reactor like INTOR has been clarified here, The feasibility of
the NBCD using a sub-MeV deuterium beam is mainly discussed, because of

significant ambiguity in near-term development of more than 1MeV beam.

The parameter dependence of the current drive efficiency has been
derived for the INTOR-like device, such as dependences on temperature,

density, effective ionic charge, beam energy, neutral density, femperature

and density profiles, and location of beam path. The figure of merit
(FOM) ' for the global current drive efficiency,
TzIp[MA]ﬁe[IOZOm—S]R[m]/P [MW], depends upon temperature and density,

7 = O.OGZTeO'SSﬁ 0. 92{1—exp(—7.5ﬁe(L/L0))},
20 -3 2
< oy < = -
where 10§Te[keV]=30, 0.1=ne[10 m ]=1.0, L,fL0 [(R0+a) (Rtang)

The factor LfL0 in the above equation, which 1is the ratio of beam paths,

2117214 28,

is added in order to give some generality to this formula for small
change in the plasma size. This treatment will give a good approximation
of 7 for reactor parameters close to the parameters in Table 3.1. Note

that this formula is valid for the 500keV deuterium beam only.

The temperature dependence for current drive efficiency Ip/Pb with a
constant beta value of thermal pressure kept at 5.9% has been derived, and
~ -4, 1.58
T/Py = 6.65x10 " (T [keV]) ,

is consistent with the formula prescribed previcously, because B « ﬁeTe is

retained constant in the present calculation.

Zeff—dependence and neoclassical effect have been investigated. When
the present neoclassical model is valid, the Zeff‘dependence of Ip/Pb and
Q value are very weak in the range of 1.SSZeff$3.0. On the other hand,
without the trapped electron correction, the efficiency and ¢ wvalue are
significantly reduced, especially in the range of low Zeff’ and the

operation with high zeff will be required to obtain an acceptable drive
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efficiency.

The Alfvén wave might be generated and absorb the fast ion energy,
and the beam ions would be rapidly slowed down to the Alfvén velocity.
The effects of Alfvén wave instability and beam energy on the current

drive efficiency are studied. The beam energy corresponding to the Alfvén

velocity, Ea’ is about 500keV  when TeZZOkeV, ﬁe:0.93x1020m_3,

ﬁizo.87x1020m_3 and Zeff:Z.O. The current drive efficiency for a beam of

more than 500keV is greatly reduced by the Alfvén wave instability, while
no degradation when Eb£500kev. As the beam of more than 500keV 1is
indispensable to drive currents with a reasonable beam power in future

large tokamaks, the Alfvén wave instability is a critical issue.

The beam driven current can be reduced by charge exchange loss of

fast ions during the slowing down process. The efficiency reduction is
investigated under the assumption of a neutral atom distribution in a
plasma as n(r):nq_ geloz(sfl),where s:rw/a. When the ratio of nOedgefne
exceeds about 10 °, the deterioration of the drive efficiency becones

appreciable. The effect of the charge exchange is limited to the plasma
edge, a peaked profile of the objective current profile is unlikely to

receive the effect of charge exchange.

The current drive efficiency may depend on the plasma density and
temperature profiles;r '

T(r)=Ty[1-(c/a)*1%T,  n(r)=ng1-(r/a)%1%.
The profile dependence of the NBCD efficiency is-investigated in ranges of
0.55,%1.5 and O.3£hnS1.2f The fusion output also depends on the
temperature and density profiles. Then the (Q values also change. The
peaked temperature profiles always reduce both 7 and Q. On the other
hand, the an*dependence of 7 is weak, but not simple. One of the reasons
for this complicated aifdependence is that the power deposition
characteristics are very sensitive to the density profile, while the

sensitivity to the temperature profile is weak.

The FOM of the global current drive efficiency and the shinethrough
fraction are dependent upon the beam path characterized by Rtang' The
increase in Rtang enhances the FOM, while the shinethrough is enhanced.

In the case of Rtang>R0’ the current profile becomes intrinsically hollow.
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The current profile, drivemr by beam injection, depends significantly
on the location of the beam line in a plasma. Using these
characteristics, current profile tailoring is possible. The beam line is

split into 16 beams. Each beam has a cross-section of 0.4m in width and

0.2m in height. Individual beam center lines are parallel to the
horizontal plane, but are vertically shifted with Zh from the tokamak
equatorial plane. Each vertically shifted beam drives the current in a
toroidal shell. Therefore, driven current tailoring is possible by

adjusting each beam power.

The beam current drive analysis code, used in this study, has a
routine to autcomatically control each beam power 1in order to obtain a
required current profile. Driven current plofiles on the equatorial plane
for wvarious objective profiles are shown in Fig. 3.1 with the beam power
distribution on the vertical plane.  The current profile controllability
of the NB is very flexible. Various profiles from parabolic to wvery flat
ones have been generated, as well as the hollow profile. The deviation
between the driven profile and the objective profile is less than 2 %,
except for the central small bumps and the edge region. Since the central
bumps are removable with a finer control of the central beams (Zh<0.5m),
they are not essential deficiency. It 1is also shown that the FOM of the
global current drive efficiency, 7, 1is almost independent of the current

profiles.

As the current profile flattens and hollows, the beam powers injected
near the plasma edge increases gradually. This increases the shinethrough
fraction, as shown in the figure. The inclination of the beam line
orlentation from the horizontal plane improves the profile
controllability, even when the beam height is restricted within a moderate
value, e.g. Zhgl.lmd These angled beams increase the profile control
ability, but also reduce somewhat the FOM of the drive efficiency, and the

- shinethrough is still an essential limitatien.

The same beam system is used for the transformer recharging except
that outer beams are switched off in order to aveoid the large
shinethrough. Beam energy is 500 keV and the plasma density range 1is
0.8<ﬁe[1019m_3]<1.4. This density is rather high compared with that for

RF waves.
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The steady state power balance 1is taken into account for the
transformer recharging scenario. The current drive analysis code 1is
coupled with a 0-D power balance code, which is based on a two flow
transport model and includes wvarious impurity radiation data. 1% Xe
impurity is assumed. The Zeff value depends on the temperature, because
the Xe ion charge state changes with changing Te. The impurity radiation

rate also changes with Te.

To sustain ID+IOH=8MA, the power from 47MW to 60MW is required for
0.8§ﬁe{1019m—3]§1.4. As the current drive power in the burning phase is
74MW, the same beam system used for a burning phase can be applied for
transformer recharging. The shinethrough can be reduced by raising the
density, while the beam power increases. The operational parameters in
the transformer recharge phase are summarized in Table 3.2. The FOM of
the current drive efficiency increases with ﬁe' but I/P is retained almost

constant.

Objective Profiles| Driven Proflles |BeamPowers| ¥ / fg

T T

J 0 - I 0.3701
2-//,/”_-\\\\\ ////”V\ﬂ\\\\_ . Q.74 %
5 AT U VS : K

{b)

m
1% t-r2)es [y 03711
] L {o91%

o

o—mnw

i(ry/ (MA/m2)

Q3721
1.35%

{c) =i
3- Flat Ly || ©3714
2 L 1.OT %
g" A N T0

ey
e "l 0.3728
3 Hollow 2 r1 )
24 ' 1.53%
é‘ [—\‘/\/\ M , , 0
o0 1 -1 0 1 20100
R-Ry/(m) R-R,/(m) Pp/TMW)

Fig. 3.1 Driven current profiles for various given objective profiles,
and required beam power distributions in vertical plane and the figure of
merit of the global current drive efficiency, 7, the shinethrough

fraction, f
5
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The beam pressure generated by the circulating ions is significant in
contrast with RF current drive methods where the current carrying electron
pressure is usually small. The beta value due to the fast alpha pressure,
Ba' increases with ﬁe and Te as well as the beta value due to the thermal
pressure, Bth' On the other hand, the beta value due to beam pressure,
Bb’ has been found to be retained almost constant. The formulae for
various contributions to S have been obtained for INTOR size tokamak and

shown in Table 3.3, which also includes the current drive efficiency.

Table 3.2 Recharging parameters

G- T T, P £ 7 1/P I -1
(10778737 | (ke | [ke¥1 | B | [aF taml | By | oY
8.0 9.5 46.5 33 0.093 0.24 11.0
11.2 14.0 53.0 25 0.12 0.24 12.5
1.2 13.6 16.0 59.5 20 0.13 0.23 13.4
1.4 12.2 13.0 7.0 15 0.15 0.22 12.4

Table 3.3 Scaling formulae for efficiency and beta value

Current drive efficiency
i 1 g AE &, AT
L LP@/W=T/m Rymn(T ) ") ~(1e T4 9/ )
Beam beta
L B I%]=g T (B ) (2 2/a fc)
Alpha particle beta (Thermonuclear beta)
B (51,0 (T )6

Alpha particle beta (Beam plasma dlrect reactlon)

.......... B8 E Ty B P@2ra®0

Thermal beta

By [%]1=g,n T (B )

where Te[keV], ﬁe[1020m—3] and
n=0.012 e=0.58 £=1.092 o=1.986 &=0.985 A=7.5(L/4.28)

gb=4.538 gat:0'118 gat=0'0653 gt=7.28




JAERI-M 88-014

3.2 Low frequency fast wave [13]

We have studied analytically and numerically the fast wave
current-drive in the high density and high temperature plasma regime which
simulates the INTOR plasma. In order to get the optimum launching
condition, we have investigated the accessibility of the fast wave and
then determined the antenna condition such as the spacing between two
adjacent antemna and the total antenna number. The antenna spacing is
determined so that the m=1 spectrum peak is removed from the accessibility
condition to avoid the counter current genertion. The total antenna
number is determined so that the spread of the phase velocity of the

excited wave is a level of the electron thermal velocity.

After determining the antenna condition, we have examined the phase
dependence of the antenna loading impedance, the power absorption and the
current-drive efficiency. For a fixed antenna condition, the optimum
antenna phase 1s found and the global efficiency, nG:O.075 A/W, is
obtained in the case of neO:IOZO m_3 and Teo=30 keV within the framework
of the 1-dimensional velocity space treatment in the Fokker-Planck
equation. This value corresponds to about (0.15~0.18) A/W if we take into
account the 2-dimensional effect in the velocity space and reaches the
value of (0.48~0.58) in the efficiency definition given by

.20 -3
7=1,[10°" m ]I [AIR[m]/Ppp[W].

Around the optimum antenna phase, the center-peaked current-profile
with small corrugation is obtained. The corrugation in the current
profile is due to the standing wave formation of the excited wave which
comes from the weak coupling between wave and plasma. In this case, the
wave absorption takes place in the multi-pass process. We also find that
the antenna loading resistance is small around the optimum antenna phase.
This result indicates that the larger antenna current is needed to sustain
the constant plasma current. With an increase of the antenna phase
difference from the optimum one, the total leading resistance increases
and the corrugation in the induced current profile disappers. It is alsb
found that the maximum point of the induced current sifts to the plasma
surfce. This result shows the possibility of the current profile control

by the change of the antenna phase.

We have also studied the performance of the fast wave current-driven
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tokamak rector by examining the fusion energy multiplication factor, Q.
From the numerical calculation for the temperture and density dependences
on the driving efficiency, we find the relation,
PRF=CRFROIpne0(Zeff+2)fTeO, and the numerical constant CRF’ 1s determined.
The above relation is used to estimate the Q value. We find that the Q
value 1is almost proporticnal to xaBOTeol'TS(ﬂ/B C) and shows the strong
dependence on the temperature under the condition of the constant plasma
pressure. This result means that the higher temperature and the lower
density plasma is more efficient for a tokamak reactor when the plasma
current is sustained by the RF wave. 1In the present calculation, Q~4.3x
20 -3

=30 keV and n, =10 m

is obtained for T
e 0

0

In order to improve the current-drive efficiency, excitation of the
wave with the higher phase velocity is expected. In the present
calculation, the maximum phase velocity which can contribute to. the
current-drive 1is limited by the wall loss. The ratio, Pe(kn)/Pw(kn)
depends on the distance between the plasma surface, x=a, and the antenna
location, x=d, for the fixed wall radius. Therefore, the locations of
antenna and the plasma surface are important parameters. Another method is
to increase the exciting frequency. That is, the polarization of the
parallel electric field, EZ/Ey, depends on the frequency and becomes
larger wvalue with an increase of the frequency. However, the cut-off
density becomes higher and the accessibility region for the electron power
absorption, 1.e. k <]k becomes narrower becaue of the

n,max n[<kn min'
’ ' 1/3

. @ and k « @ .  The optimization including
n,min n,max

the frequency dependence is also needed in the further analysis.

dependence of k
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3.3 High frequency fast wave {14]

The fast wave current drive in the parameters of the reactor grade

tokamak 1Is estimated. Typical run parameters in this case are; major
radius r0=4.9 m, monor radius a=1.15 m, plasma current Ip=8.0 MA, toroidal
field BT=5.5 T, parameter profile: parabolic, temperature
Te(O):Ti(O)=30 keV, density ﬁe=0.7x1020 m73, frequency f=0.4 GHz,
Zeff=1.5. deuterium gas, n”(0)=1.5, An”=1.0.

The fregquency dependence of the current drive efficiencies Mg+ Ty and
the single path absorption rate Mabs is investigated, where ne=IRF/Pe,
UT=IRF/(Pe+Pi) and Pe. Pi' Pin_ are the absorption power to electrons,
ions, the input power. At the low frequency regime the ion damping cannot
be ignored éo that the total drive efficiency 0 is low. When the
frequency f is larger than 0.3 GHz, this frequency corresponds to f/fci>7,
the ion damping becomes small. Efficiencies 7, and Ty increases with the
frequency f while the single path absorption rate 7;pabs=(Pe+Pi),’Pl.n becomes
small. This is caused by the change of n, with the wave propagation. At

higher f{requency n, tends to decrease and the wave phase velocity

increases so that the collisional dissipation becomes small.

The current drive efficiency T, and Pe/Pin are derived as a function
of the central electron temperature Te(O) with n”=1~2 and f=0.4 GHZ. The
efficiency N increases almost linearly with Te(O). At Te(O):40 keV, the
60% of the input power is absorbed by electrons and ne:0.0S A/W can be
expected. This value corresponds to the usually normalized current drive
efficiency T=ﬁe[1020 mis]R[m]IRF[A]IPRF[W]wo.3. Fast wave may drive the
RF current with enough efficiency, and the estimated efficiency is

comparable to that of the lower hybrid wave.

The density dependence of the efficiency Ny Pabs:Pe+Pi and
ﬁeIRF/Pabs are calculated with f=0.4 GHz, Te(0)=30 keV. The efficiency 7
is roughly proportional to l/ne and so neIRF/Pabs is almost constant.

The efficiency Ny and _the single path absorption rate M,bs 2are
studied as a function of the width of wave phase velocity normalized the

mean phase velocity with n”(0)=1.5, f=0.4 GHz, Te(0)=30 keV  and
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20 - .
ﬁe=0.7x10 m 3. The sharp spectrum leads to relatively a good current
drive efficiency. The low phase velocity component in the wave spectrum
damps and drives the current in the relatively low temperature region

where the collisional dissipation is large.

The mean phase velocity dependence of the 7, and b is evaluated for
the wide spectrum case (An”=1.0) and for the narrow case (An”:O.Z). The
efficiency N increases with the phase velocity while the single
e>3.0 the electron absorption

T
power is so small that the ion damping cannot be neglible. Therefore the

absorption rate decreases, When <vph>/v

total current drive efficiency is decreases in such region. There is no
large difference on My and Nabs in the low phase velocity while the

efficiency N of the wide spectrum is smaller than that of the narrow one.

The RF current profiles for various n#(O) are testd where An”=1.0 and
the input power is adjusted so that the RF current becomes 8 MA. The RF
current profile tends to be broad when the launched spectrum has a large
n”(O). In the case of the fast wave current drive the center-peaked
current profile can be expected even in the reactor grade high electron
temperature like Te(0)=30 keV. The parallel wave electric field of the
fast wave is smaller than that of the slow wave such as the lower hybrid
wave so that the electron damping rate of fast wave is small. This leads
that the fast wave current drive does not tend to form the surface
current. It suggests that the fast wave current drive has the capability
to control the plasma current profile even in the reactor grade high

temperature plasma.
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3.4 Lower hybrid slow wave
3.4.1 Lower hybrid current drive for INTOR steady state operation [22]

Potentiality of lower hybrid current drive for INTOR steady state
operation in high density and high temperature (ﬁe~0.75x1019 m73,
TewloAZO keV) plasmas has been studied. The calculational model consists
of three coupled numerical codes:

1) code based on the Brambilla theory for wave spectra and coupling;
2) toroidal ray tracing code for wave propagation;

3) 1-D Fokker-Planck code for power absorption.

The model estimates the absorption power and RF currents along the
single ray path for given density and temperature profiles. Wave
frequency was chosen as f=4 GHz based on the present data bases for the

density limit for LHCD.

Calculated current profiles are generally not centrally peaked, and
localized near plasma surface (r~0.8-1.1 m) due to the strong Landan

damping and the limitation of the wave accessibility.

Effects of wave spectra for the current profile and current drive
efficiency have been studied systematically by assuming the wave spectra
to be Gaussian profile with the different central value n,, and the half
spectrum width An ~1.5,
any

profile is still localized near a plasma surface.

e For the peaked spectrum with small n,, case (H”O

~0.5), the wave penetration was slightly improved, but the RF current

We have also investigated the effect of the wave launched angle.
Wave penetration can be effectively improved for 8inj=90° (top launch)
with compared to the case Qin.=0° {horizontal launch) at least for

J
T =5 keV.
e

3.4.2 Lower hybrid current drive models and their verification with

experiments [23]

Two models for +the evaluation of lower hybrid current drive
efficiency were developed; a 1-D Fokker-Planck numerical model and an

extended Fisch-Karney model. These models were compared with experiments
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on the ASDEX tokamak. In the comparison with experiments unknown spectrum
broadening effect in the plasma is taken into account by adjusting the
waveguide spectrum such that the the driven current without DC electric
field must agree with the experimental wvalue. Results are summarized as
follows:

(1) The steady state (without toroidal DC electric field) current drive
efficiencies estimated by both models agreed with the experimental data
within a 30 % error.

{2) As for the dependence of efficiency on the D{ electric field, the 1-D
Fokker-Planck model failed to predict the correct dependence, whereas the
dependence predicted by the extenced Fisch-Karney model agreed well with
the experimental values, and was within the scattering of data as shown in

Fig. 3.2,

Fisch-Kaney o
— _ | extended -

o)
-0.01 0 0.01
En=Ey/Epr

Fig. 3.2 Comparison of experimental and theoretical current drive
efficiencies. The necrmarized efficiencies (JN/PN) are plotted as a

function of DC electric field EN.
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4. Electromagnetics

The purpose of this section is to provide a summary of Japanese
contributions to the Group D (Electromagnetics) during IAEA INTOR
Workshop, Phase Two A, Part 3, Parametric studies are carried out for
both INTOR like reactor and JAERI FER, An overview of the key results

is presented for critical issues and innovations in this section.

4.1 Critical Issues

Poleoidal field coils

Benchmark calculation was carried out for static plasma
equilibrium. The agreement of the benchmark calculations was very good
among the four delegation (EC, Japan, US4, USSR).

The relative merits of single null (SND) and double null (DND)
poloidal divertors are discussed from not only physical viewpoints but
also engineering ones, Though the DND is somewhat superior to the SND
from physical and some engineering aspects, the SND is preferable to
the DND from the viewpoint of remote maintenance aspect,.

The results of general parametric survey on the next generation
tokamak plasma equilibrium are also presented in this item (Poloidal

field coils),

Operation scenario analysis

A possible burn time is compared between inductive and quasi steady
state operation scenarios for the next generation tokamak reactors as
functions of plasma elongation and triangularity. A possible burn time
can be largely increased by adopting quasi steady state operation
scenario when plasma elongation and triangularity are small as shown in
Fig. 4.1. On the other hand, the difference of a possible burn time
between two scenario is expected to be small when plasma elongation and
triangularity are large.

The requirements for the poloidal field (PF) coil system are compared
between two remote maintenance schemes, that is (1)} radial access and
(2) obligue access., In high elongation plasmas such as K » 1.8, the
requirements for the PF coil system are significantly smaller in the case of

oblique access than in the case of radial access, However, the
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difference of relative cost is as small as ~3 % at K = 1,8, On the other
hand, the requirements are almost same between two cases when plasma

elongation is medium as K= 1,6 ~ 1.7,

Closed loop plasma control

The eritical position of the conducting wall is calculated as a
function of plasma elongation by using a deformable plasma model. The
result is summarized in Fig. 4.2. Since the calculation %s rather
preliminary one, we need further analysis, ;

The simulation code is being developed for the feedback control of
plasma current, position and shape (PCPS). The scheme of our PCPES3
contrel system is shown in Fig. 4.3. We use the plasma mcdel with
concentrated constants for practical simulation time, The expression of
plasma equilibrium is formulated by using Fouriler expansion of the flux
function and the plasma boundary, and the usual expansion in the inverse
aspect ratio,

. In a vertically asymmetric system, the vertical and radial plasma
movements are mutually coupled. The asymmetric equilibrium field
provides a significant effect on this mutual coupling., The scheme of
plasma position control is a little sophisticated in such an asymmetric
system., When plasmas receive large radial disturbance such as large MHD
activities, plasmas will largely move in the vertical direction as well
as radial direction due to the vertical asymmetry as shown in Fig.

4.4, and would interact with the first wall and/or divertor plates,
which would lead to disruptions.

AC losses in cryogenic structures (SC coil cans and shear panels)
caused by plasma vertical position control are calculated as a function
of an active control coil location, that is (1) outside TF coils (outer
active coil case) and (2} between TF coils and shield (inner active ceoil
case). Figure 4.5 shows the time behavior of the total AC losses in
the half sector of cryogenic structures for one pulse oscillation. The
total AC losses in the inner active coil case is approximately 1/10 of
those in the outer active coil case.

The effect of ferromagnetic steel on plasma position control is
evaluated by using a simple cylinder model, The control characteristics
in ferromagnetic structures is nearly same as in usual non-magnetic

conductive structures as shown in Fig. 4.6 and ferromagnetic steel is
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allowable as firstwall/blanket material in viewpoint of plasma position
control since toroidal field will be large enough compared with the
saturation induction ¢f ferromagnetic steel.

The review of experimental resulis on plasma vertical positicon
control and some considerations on electromagnetic plasma diagnostics

are also presented in this item (Closed loop plasma control).

Plasma disruptions

The induced loop voltages on PF coils at plasma disruptions are
calculated for the INTOR class tokamak reactor as z function of plasma
current quench time, rd. The toroidal one turn resistance of the vacuum
vessel is set to be 0.2 mOhm in these calculations. The induced loop
voltages range from ~60 V to ~750 V and the voltage shielding effect is
estimated as ~0.2 to ~0.6 as shown in Fig. 4.7 when T4 is 20 msec.
These results are on the safety side since the voltages on PF coils are
largely reduced when PF coils are electrically closed,

Analyses of coil quench at plasma disruptions are carried out for
the JAERI FER. Although the power supplies have the function to
regulate the coil currents, it is not enough to cancel the induced
voltage since the maximum voltage of the power supply is at most 10
V/turn in the FER design. 8o there would be a possibility that the
increases in the coil current and the AC losses trigger the quench of
the superconductor., One turn toroidal resistance of the FER vacuum
vessel is ~30 puOhm. The results show that the criteria of é £ 10 T/s at
PF coils and temperature margin of AT > 2 K are recommended in the FER
design. The FER design satisfies these recommended criteria, so no coil
quench phenomena will be expected at plasma disruptions in the FER.

The SiC shunt resisters have been used for JFT-2M vacuum vessel to
prevent arcing across insulated gaps and protect the PF coil/PF coil
power supply at disruptions. The JFT-2M vacuum vessel is electriecally
insulated at two positions in the toroidal direction., The SiC shunt
resistors are installed at these insulated flanges as shown in Fig.

4.8, Induced currents flow from one side of the flange {left side for
example) to another side of the flange through the shunt resistors,
bolts and the tapered washers., The SiC shunt resistors worked well and

there has been no trace of arcing at the flanges of the JFT-2M vacuum

vessel,
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4.2 Tnnovations

High current density and high field for toroidal field coils

For the INTOR TF coils, the generalized graph for selecting the
winding pack current density in cable—in-conduit type conductors (CICC)
with typical (NbTi)SSn superconductor has been produced on the basis of
the analyses of quench protection and superconductor stability. The
estimations have taken into account the temperature rise of 0.5 degree
of internal helium caused by the nuclear heating 1 wW/cc and the
decrease in temperature margin due to the eritical current degradation
from the coll manufacturing process. The INTOR TF conductor can be
designed using CICC with 40 A/mmz-of the winding pack current density at
12 T (one of the guidelines defined in the INTOR specialists’ meeting on
innovations). However, a conductor with 25 A/mm2 at 16 T, which
corresponds to another guideline by the specialists' meeting, is
eritical and the minimum winding radius must be larger than 2.2 m

(Fig. 4.9).

Use of Nbasn for poloidal field coils

A parametric study for the INTOR OH coil design has been carried out
in the range of maximum magnetic field of 8 T to 16 T at temperatures of
3.5 K and 4.5 K, using CICCs with typical (NbTi)ssn superconductor.
Allowable current densities have been determined based on both
superconductor design and atress analysis of the conduit. The allowable
stress of the conduit material (SS304LN) has been specified to be
530 MPa, two thirds of the yield strength, According to the results
shown in Fig. 4.10, the following design guidelines for the OH coils
are proposed: 25 A/mz” at 10 T, 4.5 K, or 20 A/mi> at 12 T, 4.5 K.

Forced flow subcooled He IT superconducting coils

The possibility of forced flow subcooled He II superconducting coils
has been discussed from the view point of superconducting materials,
conductor design and cooling system, comparing those with forced flow
supercritical He I cooling. The critical current density of the KbTiTa
conductor at 1.8 K is larger than that of the (NbTi)ssn conductor at
4.2 K only at fields less than 12 T. Fig. 4.11 shows the allowable set

of operating current density and magnetic field for each cooling method.
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The safe operating region for NbTiTa conductor with He II cooling at 1.8
K is lower than that for (NbTi)SSn conductor with He I cooling at 4.5 K
above 10 T. A He II cooling system has several demerits: high initial
and operating costs, complexity and unreliability of the system. The
following criteria are proposed as the appropriate cooling schemes:

(1) B €20 T : forced flow supercritical He I cooling

(2) 20 T (B : forced flow subcooled He II cooling

The overall current density limit for the INTOR TF coil
The 1imit of the overall current density for the INTOR TF coil

design has been estimated by using simplified analyses focused on the
stress in the TF coil inner legs. Allotting the overall current density
in the TF coil inner leg to the two areas, i.e., the winding pack area
and the structural material area, two kinds of figures have been plotted
as shown in Figs, 4.12 and 4.13. The following criteria for the TF
coil design have been proposed, taking into account the safety margin
due to inhomogeneity of coil stress:

W J <12 A/mn’ at 12 T

total

2
(2) Jtotal ¢7.5 A/rm” at 16 T

Allowable stresses for structural materials of the magnet system

The allowable stresses for structural materials in the FER magnet
system have been defined based on alloy composition, thermomechanical
treatment, loading condition (static, c¢yclic), stress definition and
maximum assumed flaw size. Table 4.1 shows the minimum structural
material properties of case and conduit at cryogenic temperature., The
eriterion for allowable static stress is given by

Smein (2cy/3, uufz).
The loading conditions and allowable stress intensity are classified as
shown in Tables 4.2 and 4.3. Walker’s equation for fatigue life
evaluation is recommended, where the stress intensity factor K is given
by K=1.lovna. The safety factor for fatigue life cycles is recommended
as follows: N i Nf/4. Fig. 4,14 shows the allowable initial flaw size

of the TF coil case using Walker’s equation when Cax 400 MPa,

Non-metallic structural materials

Applications of advanced FRPs to the main structural components such
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as bucking cylinders, shear panels and coil cases have been discussed in
comparison with traditional stainless steel use with emphasis on the
sizing and cost reduction, including further research and development
needs. FRPs have some benefits for the reduction of activation levels
and eddy current losses. However, they are applicable only for
components where large rigidity is not required, because of too low
modulus., For fusion reactor application, the following problems must be
solved in addition to increase of the Young's modulus:

(1) reduction of Young'’s modulus and strength due to irradiation

{2} increase of shear strength

(3) accumulation of technical data of CFRP, SFRP, ALFRP and so on.

{4) anisotropic property

(5) connecting method

Table 4.1 Minimum structural material properties.

Case material Conduit material a)
Yield stress (MPa) 1200 1100
Ultimate stress (MPa) 1600 1500
Elongation (%) ' 10 10
Toughness, K (MPa%E) 200 ZOO(b)

IC

(a) CSUS=JK! with both cold work and heat treatment
{b) The plane stress fracture roughness (KIC) for a thin conduit

reaches a higher level than KIC = 200 MPa vm
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Table 4.2 Loading conditions.

(1) TF cecil case and conduit.
C) In-plane force due to toroidal field
(@ Out-of-plane force due to poloidal field

@ Quench pressure.

(ii) PF coil conduit
@ Radial and vertical foree due to poloidal field
@ Bending moment due to toroidal field ripple

C} Quench pressure.

Table 4.3 Stress category and allowable limits

of stress intensity.

Allowable Limits of
Stress Caregory Stress Intensities
Primary Membrane (General) sm

Stress Intensity

Primary Membrane (Local) 1.5 Sm

Stress Intensity

Primary Membrane (Local) and 1.5 sm

Bending Stress Inteunsity

Primary + Secondary 3 sm

Stress Intensity
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from the magnetic axis.



JAERI-M 88-014

‘maj)sds Todquod adeys pue uoTjrsod ‘juaddand suSeETJ €% *314

............ ‘Duipeol e ‘Foug = *

——

—

sucnened

-

100 PISMOBOT] sdod odeys ‘uoysod
HOO dnM)O) ¢ —— “IU8JJnD rUWSE|d

D TN w abe3joA ‘Jusddno 49

X ,., B
\ A
F//.“ ”E - (1043u00 35€.4)
m_ :H_ - Addns | S .
_“I,MUWI - 1oMmod o) [1043u0D 40f
‘g ol1soubelq " m L
pwse|d | WE i
, L /) _,D [ {(|043U0D MOIS) 'S 10J43U00
‘g Alddng seg . \ =7 \mj =—1 Addng 'S Sd0d
‘g BAIIQ FUBIIND S e 19MOd o {1043U0D dd ]
, T T
Wo1sAg Bulzeop [] )
SI0D 4 abeljoA “JUBIIND 4
adeys pue uopisod ‘Jusddnd ewseld Sdod
plald 10J3U0D 40 WalsAg

P1&ld [ep1o|0 dd

|10J3UOD |B30L




JAERI-M 88-0C14

-40.0 -20.0 0.0
0.0 i B 0.0
(¢ -7
With shell
k-index = 0 :
7z
(a)
With shell////'
— ; (b) . —
8 50k Without shell d.00 B
@ ! =
g :
k= g
& ] a
= / =
—_ ! .
B B
EE 40,0k Plosma Movements .00 EE
& gt Disruptions o
-
-B0.0 / ! -60.0
-40.0 -20.0 0.0
Rodial Displacement
(cm)
Fig. 4.4 Plasma movements at plasma disruption in 50 msec
' after disruptions. The B_ is reduced by 40 % within
5 msec. P
1oL Outer }_\ctive I f\ ‘,-"“‘ 1,
Coil L AN
p—— T
5 3 532
o @ O
= 8 < g8
S 123 2
o - =
';u‘ Inner Active —-
£ Coil g
bttt . s
2 L2
0 1 I 1 0
0 '1/8 1/4 /8 1/2
Normalized Time in a Cycle {(t/T)
Fig. 4.5 Time behavior of total AC losses in half sector.

Peak active coil currents are ~100 kA4,
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5. Configuration and Maintenance

Based on the planning discussion of Phase IIA Part 3 tasks and
outcome of the Specialist Meeting on Tokamak Concept Innovations held on
March 1986, the following six tasks are discussed. (16]
(1) Comparative study of vertical and horizontal configurations
(2) Shape memory alloys
(3) Ferromagnetic inserts for ripple reduction
(4) PF coil redundancy
(5) Rapid replacement of divertor and first wall

(6) Containment of tritium and activared dust.

The Summary of each task is presented in the following sections.

5.1 Comparative study of vertical (VA) and horizontal {(HA) access

configuration

Newly proposed horizontal access reactor concept (reduced size TF
coll concept), and vertical access reactor concept were designed. The
comparison between the INTOR reference design, the newly proposed
horizontal design and the vertical access design were performed from the
view point of reactor structure, PF coil optimization, (parameter
K=1.5-2.0), reactor interfaces, maintenance procedures, maintenance
equipment and availability. Two concepts are shown in Fig. 5.1 and Fig.
5.2,

The judgement of selection is done with the criteria such as, cost,
maintainability, reliability, availability, feasibility.

The following are the results and conclusions.

(1) Cost
. PF coil stored energy and ampere turn of HA are same as that of

VA for plasma elongation K=1.6 which is the INTOR reference.

. PF coil stored energy and ampere turn of HA is higher than VA for

K=1.8. However, according to the scoping study, the difference
for the reactor systems cost is less than about 3%,
(2) Maintainability
. Wide space is available for HA maintenance procedures.
. Retraction movement is simple (one straight line motion on
horizontal surface) for HA.

. Retraction movement is complicated for VA.
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(3) Reliability

. Purely vertical hoisting system is existing in BWR refueling
system. However, it is very difficult to apply it to obligue
retraction of heavy components,

. Feasibility of complex maintenance equipment for VA is a concern
because it is a crane mounted system,

. Newly proposed maintenance equipment for HA is the simplest and
is based on existing technologies.

. Accurate positioning (0.5mm for heavy structure up to 2000 ton)
is demonstrated for HA maintenance system.

(4) Availability

. Availability may be higher for HA for unscheduled maintenance,

. Simultaneous access for 12 for 10 ports is possible for HA.

. Only one port access is allowed for VA because of the use of the
crane,

(5) TFeasibility

. Blanket structure and support are more rigid for HA. VA has too
many segmented components,

. No problems with bellows for both HA and VA.

. Active control coil space is available for HA, but not for VA in
reasonable locations,

. Mock-up testing for both VA (1/10 model) and HA (1/4 model) were
performed. Feasibility oif HA was demonstrated. However,
feasibility of VA was considered quite difficult.

In Conclusion, horizontal access is the best solution from the view
point of feasibility, reliability and maintainability. If we consider the
trade off between cost and plasma elongation there is no advantage for
vertical access regarding cost for the INTOR reference (K=1.6).

For K=1.8, there is 3% cost advantage for VA, however, judging from
the difference of cost, feasibility, reliability and maintainability

between HA and VA, we conclude that HA is the most appropriate concept.
5.2 Shape Memory Alloy {SMA)

The simplification of maintenance procedure in reactor core structure
is one of the important item for operating a D-T fusion reactor like
INTOR. Applications of attractive features of SMA to fusion reactors are
investigated as a candidate to reduce maintenance time and to simplify
maintenance procedures.
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The shape memory effect is derived from an austenitic martensitinic
transformation of shape memory alloys based on the intermetallic compound
like NiTi.

If a shape-memory alloy in the austenitic state is fabricated to its
final desired shape and then transformed to martensite, no shape change
occurs usually, The martensite can then be deformed easily to a new
shape. Upon reheating above the transformation temperature, the shape
memory alley will return to its original shape. This alloy is called as
one~-way shape memory alloy. If the alloy returns to a deformed shape by
transformation to marteansite, this alloy is called as two-way (or
reversible) shape memory alloy.

Coupling made by such a shape memory alloy requires a minimum of
joint preparation and are much simpler and faster than alternatives, such
as welding and connecting.

Four types of SMA components which are cooling pipe connectors, C-
shaped mechanical quick connectors, metal packing for vacuum seals and SMA
jack system are designed. And maintenance scheme and time with these
applications are studied. Further, their prototypes are fabricated and
successfuly tested, Two exemples are shown in Fig. 5.3 and 5.4.

The following are conclusions:

(1) Shape memory alloys, especially Ni-Ti alloy, are applicable to
some components and/or devices of fusion reactors.

{2) Maintenance time is much more reduced than alternatives.

(3) Maintenance equipment is simplified compared with the conventional
me thod.

{4) There 1s no database on fusion meutron (14 MeV) irrdiation.
However neutron irradiation effect is not an obstacle for
application of SMA to fusion reactors of SMA is used outside the

blanket/shield structure.
Judging from the above results, it is concluded that the application

of shape memory alloys is feasible and should be incorporated into reactor

structure,
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5.3 Ferromagnetic Inserts for Ripple Reduction

The magnetic field in tokamaks is rippled, i.e. its amplitude
oscillates slightly along the major circumference of the torus due to the
discrte nature of a tokamak magnetic system consisting of N separate TF
coils. The existence of toroidal field (TF) ripple leads to enhanced
particle and energy losses from the plasma. This TF ripple can be reduced
to an acceptable levle, by using a relatively large number of TF coils,
or, by using larger TF coils with the outer legs of the coils being far
from the plasma region.

However, increasing the number of TF coils decreases the
accessibility to the torus sectors of a tokamak reactor between the legs
of TF coil. On the other hand, using larger TF coils increases the size
of the over all reactor system and as a result incfeases the cost of the
reactor.

Instead of these approaches, some kinds of TF ripple reduction method
were proposed up to now. Among them, ferromagnetic irom insert in the
neutron shield of the reactor is considered to be one of the most
effective and simplest way to reduce TF ripple. In the present study, we
apply this method to the INTOR design and analyze the effect of the
ferromagnetic insert on ripple reductionm.

The effects of the ferromagnetic insert on TF ripple were studied in
the design of INTOR with only 10 rather than 12 TF coils. Three
dimensional analysis for the magnetic field was carried out using MAGNA/
IME-30 computer code. The results obtained are summarized as follows:

{1} Contour maps of the TF ripple with and without the ferromagnetic
insert were obtained over the poloidal cross section. With the
ferromagnetic iron insert, TF ripple was found to be reduced
considerably almost over the plasma cross section, especially, in
the outer region near the mid-plane.

(2) Sensitivity analysis with respect to i) the locatiom, ii} the
thickness, iii) cross sectional shape and iv) vertical shape of
ferromagnetic insert was carried out.

(3) TF ripple value §ri ~1,8% (at the mid-phase, Z=Om, R=5.95m)

ipple
without the ferromagnetic insert can be reduced to the value
6ripple~1°252’ placing the ferromagnetic insert at the reference
location.
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. ~1,25% i ic 1

Srlpple 25%, placing the ferromagnetic insert at the reference
location.

(4} Further ripple reduction can be possible, if the ferromagnetic
insert is placed more closer to the plasma surface. For example,
5ripp1e
defined as the distance between the ferromagnetic insert and the

can be reduced to less than 1% for dpc < 1.6m, where dpc is

plasma surface.
Based on these results, we have shown that TF ripple can be reduced
within an acceptable level, even in the design of INTOR with only 10 TF
coils, placing the ferromagnetic insert at realistic location and with

reasonable dimensions.
5.4 PF Coils Redundany

In the reference INTOR design, the lower PF ring coils placed between
the TF coils and the reactor base should be disassembled after the
disassembly of the practically whole reactor structures. The option
considered here is to install the multiple number of the lower PF ring
coils. The main features of this concept are as follows.

(1) A pair of coils is installed at each locatiom and each coil has
independent coil structure. Therefore, subcomponents such as
current leads and cooling pipes are also equipped for each coil.

In the case where a pair of coil is installed in common coil case
structures, the damage in oen coil at an accident has a danger to
extend to the other coil.

(2} The coil supporting structures are common for a pair of coil at the
same location.

The problems ar ethe followings.
1) 1t is difficult to optimize the coil arrangement for all
coils.
2) The independent coils having its own coil case is inferior in
space factor in limited installation space.
The conclusions is that the superconducting PF coils should be
sufficiently reliable during reactor lifetime and that the PF coils should
not be replaced. However, in the case of severe accident, there is a

possibility of replacement of the PF coil by PF coil of different size.
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5.5 Replacement of Divertor/First Wall for reduced down time

It is widely recognized that the rapid replacement of reactor core
structure such as divertor and first wall is ome of the important item for
effective operation of a D~T fusion reactor.

Replacement of divertor and first wall is considered as one of the
most important periodical maintenance tasks in the INTOR phase 24, Part 2.
Divertor and first wall are modular structure with a removable shield and
are segmented into 1-2 modules between adjacent TF coils. When a divertor
or first wall is damaged, a damaged module is removed and replaced with a
new one,

To realize the rapid replacement by considering the above reviews,
the following ideas are proposed.

(1) vVacuum should be kept during maintenance prdcedure to avoid the
pre-baking and to reduce the post-baking time,

(2) Only a damaged component such as armor tile on the first walls
preferred to be replaced in-situ instead of modular structures,

For this purpose, development of an in-vessel inspection system
(IVIS) to find out rapidly a damaged component in the vacuum vessel
is required.

(3) Use of shape memory alloys (SMA) are considered for vacuum seals,
pipe connections and mechanical connections outside the shield
structure to perform the quicker replacement of the damaged
components. This item is already discussed as one of our tasks.

The divertor module replacement with small cask without breaking
vacuum was proposed, as the divertor module is small and light compared
with the FW/Blanket module. Concerning the FW/blanket module, replacement
with a cask without breaking vacuum may be difficult because it is very
large and heavy. Instead, in-situ replacement (for example, first wall
armor tile) with articulated boom (manipulator) incorporated cask without
breaking vacuum is selected as the best method for first wall replacemént.
This concept is shown inm Fig. 5.5.

The newly proposed concept are studied and compared with the concept
of INTOR Phase LIA, Part 2 from various view point. The following results
are obtained.

(1) Maintenance tasks become much easier and quicker.

(2) The number of the complicated remote maintenance systems are

reduced.
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(3} 1t is more advantageous from the viewpoint of safety of tritium and
activated dust because of unnecessity of breaking vacuum seals.,
From the above results, it is concluded that the maintenance scheme
of in-situ replacement with manipulator system operating in vacuum

condition should be incorporated into the reactor design.
5.6 Tritium and Activated Dust Containment

Procedures for tritium and activated dust containment especially for
maintenance are presented. Various methods such as carbon coating, use of
cask, keeping low temperature at surface, and evacuation of torus by
flexible duct for tritium and dust confainment are examined. The
reference is proposed by taking account the existing database and
feasibility. The main feature of reference is to use the dust confinement
cask for blanket/shield and dvertor structure in keeping at low
temperature to avoid reemission of tritium. The followings are concepts.

(1) Divertor Module Transfer System

The divertor module transfer system is composed of a transfer
container and a divertor transfer machine, comprising a traverse can and
a hydraulic telescopic jack. An ice box, which is included by a thermal
insulation box at front part of the divertor transfer coatainer, surrounds
the divertor place and latent heat of ice used to maintain the divertor
plate at low temperature to minimize the tritium released from its
surface, The ice box is pushed out with the divertor plate from the
thermal insulation box and is dismantled after use in the maintenance
room, and the thermal insulation box integrated with the container can be
resued without contamination. The container can keep the divertor plate
at low temperature for 60 hours. The concept of the container is shown in
Fig. 5.6,

(2) Movable Blanket/Shield Transfer System

A movable blanket/shield transfer system is also composed of movable
blanket/shield transfer machine nd a movable blanket/shield transfer
container. A water chilling instead of an ice box system for removal of
the decay heat of the movable blanket/shield is provided with the
container since the ehat is relatively large. The movable shield transfer
machine comprises roller forks and a travelling system,

The concept of the container is shown in Fig. 5.7.
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Fig. 5.6 Divertor module transfer system
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Fig. 5.7 Movable blanket/shield transfer system



JAERI-M 88-014

6. Blanket and first wall

This chapter includes the summary of Japanese contributions [17] presented
at INTOR Workshop Phase 2A, Part 3 relevant to balnket, first wall, and divertor
plate. designs, blanket engineering tests and new database concerning these areas.

6.1 New database
Presented new database include the following areas:
(i) Ceramic breeder materials data;
(ii) High heat flux materials data;
(iii) High heat flux experiments;
(iv) Fabrication experience.

6.1.1 Ceramic breeder materials data
(1) Mass transfer of Liz0

Enhanced weight loss in the presence of moisture is one of the critical
issues of Li.0. In order to clarify vaporization/transport characteristics of
Li0H{g) in Liz0 pebbles. Ex-reactor experiments were carried out using the
sintered spherical Li.0 pebbles with 85% TD. The observed results show that
weight loss rate is proportional to the sweep gas flow rate and also to the
square root of H.0 vapor pressure. The obtained equilibrium constants for the
reaction Li>0(s)+H20(g) <--> 2Li0H(g) are in good agreement with JANAF(1971)
data.

The redeposition effect of gaseous LiOH formed at high temperature Liz0
zones onto the surface of lower temperature Li-0 zones was also experimentally
studied. Figure 6.1 shows the relationship between the temperature of the
lower temperature zone and the LiOH(g) deposition efficiency on the lower
temperature zone. In the case that the lower bed is maintained at 700°C, 98% of
vaporized LiOH at the high temperature zone{1000°C) is effectively captured on
the lower zone. This results show that Li.0 pebble of the lower temperature zone
at down-stream is effective to decrease the vapor pressure of LiOH.

(2) In-pile tritium recovery tests

The VOM experiments were conducted in the JRR-2 reactor in order to
examine the tritium release behavior frem Li»0, LiAl0., and Li,Si0s. The
dominant chemical forms in a pure helium sweep gas was mainly HT0 and T20.
Tritium release was enhanced in deutrium bearing sweep gases and the chemical
form was changed to predominantly DT and T.. After theVOM-15H experiment was
completed, the retained tritium in the Li.0 was measured to be 0.5 to 0.9 wppm
at 760°C which is much lower than observed in closed capule irradiation tests,
TULIP and FUBR-1A.

In the VOM-22H experiment, tritium release rates were simultaneously
measured for Li»0 and LiAl0- spheres loaded into each compartment of the same

capsule in order to directly compare their capabilities for tritium recovery.
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Sample specifications are follows;
Liz0 : natural °Li, 10 um grain size, 85 %TD, 5om dia.
LiAl0,: 26% °Li, 10 u#m grain size, 77 %TD, 4mm dia.

In Fig. 6.2(a) the behavior of tritium release from Li-0 after decreasing
temperature to 350, 390 and 470°C from an initial temperature of 500 or 700°C
are compared. The tritium release rate for Li.0 recovered rapidly at 470°C, but
even at 700°C, the tritium release rate of LiAl0> recovered very slowly, as
shown in Fig.g§.2(b).

In the VOM-23H experiment, which is one of BEATRIX series, the tritium
release rates of Li,5i0s spheres and LiAl0. rods have been simultaneously
measured. Sample specifications are follaows;

LiaSi04: natural SLi, 14 um grain size, 89.8 ZTD, 4 nm dia.

LiAl0. : natural °Li, 0.49 u#m grain size, 77.4 %TD, 3.9mm dia.x40mm length
Tritium release rates from Li.Si0s. and LiAl0: after decreasing temperature

to 500, 600 and 650°C from an initial temperature of 700 or 750°C are shown in

Fig.$.3(a)(b). Although the behavior of tritium release from Li,Si0a seems to

be similar to that of LiAlOz, it must be recognized that the mean grain diameter

of Li,Si04 is larger than that of LiAlO:.

From these results the behavior of tritium release from Li,0 seems to be
the best of these candidates for similar temperature and grain size.

6.1.2 Mechanical properties of a W-Cu duplex structure

Mechanical properties at the interface of a W-Cu duplex structure with the
nickel-based alloy filler were examined. The specimen used for tests consists
of 99.9% purity tungsten and oxygen-free high-conductiﬁity copper. The cyclic
fatigue data by torsion fatigue tests are plotted for the tungsten-copper brazed
specimen and the copper solid specimen in Fig.6.4. The brazed specimens exhibit
the cyclic hardening under the fatigue test. Examinations of the crack propaga-
tion indicate that the fatigue cracks have been propagated from the interface to
tungsten in the high strain range. The cyclic fatigue data indicate that the
lifetime of brazed specimen in the low strain range agrees well to that of
copper specimen. The lifetime of brazed specimen in the high strain range
depends on the strength of the interface bond and tungsten. The shear stress
amplitude for the fatigue crack initiation life of 10* cycles has been estimated
to be 70 MPa.

65.1.3 High heat flux experiments

{1) & simulated plasma disruption experiments using an electron bean
Simulated plasma disruption experimental study has been made on the melt

and/or evaporation characteristics of stainless steel, aluminum, and zinc

subjected to an extremely high heat flux, up to 100 MW/m® for durations of
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90-180 ms using an electron beam facility. An existing electron beaw facility
was improved to provide higher heat fluxes uniformly over a wider area by
installing a high speed beam rastering system. An analytical code capable aof
treating melting and evaporation has also been developed along with the experi-
pments, and both experimental and analvtiical results were compared. For the
stainless steel, the experimental data on the melt layer thickeness become
significantly greater than analytical predictiens.

(2) A thermal cycling durability test of W-Cu duplex structure

A durability test of the ¥-Cu duplex siructure against thermal cvcling was
performed. A tungsten disk was bonded to a copper disk by means of brazing or
direct casting. The tungsten surface of the test piece was periodically heated
by a high temperature argon plasma jet with an average heat flux of 0.7 MW/m?.
Before and after the tests, the test piece was examined with the aid of a
scanning electron microscope and the Knoop hardness was measured. Grain boundary
nicrocracks were observed after 200 and 1100 cycles in brazed tungsten samples
which contained a small amount of nicke! and phosporus. A cast tungsten specimen
subjected to 2200 thermal cycles also contained microcracks. However,microcracks
were not observed in a brazed tungsten for thermal cycles up to 3700 times.
None of the test specimens were brokem. It is found that brazing is a valid
bonding method and that W-Cu duplex structure, especially of with high purity
tungsten, are able to endure a practical number of thermal cycles.

§.1.4 Fabrication experience
Fabrication studies of stainless steel first wall panels by HIP (Hot

Isostatic Pressing) and metallic bonding of graphite to stainless steel by

diffusion have been carried out. And in order to evaluate the integrity of HIP

bonded joints, mechanical tests were carried out for the joint. The obtained
results are summarized as folliows:

(i) A& complex first wall panel with coolant channels can be fabricated by HIP
using the grooved-plate technique, and more stable fabrication of the first
wall panel can be achieved by the rectangular-tube technique;

(ii) A complex 3-D first wall can be fabricated directly from 3-D joints by HIP;

(iii) The obtained mechanical data show that the mechanical strength of bonded
stainless steel first wall specimen have same strength as base metal;

{iv) Diffusion bonding of graphite to stainless steel can be done by using
titanium and Invar alloy insert metals;

(v) HIP equipment with larger capacity should be developed for a production use.
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6.2 Tritium breeding blanket

According to the INTOR design constraints shown in Table 6.1 {5], a compa-
rison study of blanket concepts and design studies of candidate blankets have
been carried out. The most important constraint in the present INTOR is the
requirement of tritium self-sufficiency. In order to meet the tritium self-
sufficiency goal, the blanket must have potentiality to obtain a net tritium
breeding ratio greater than unity with the blanket caverage of 60 %.

6.2.1 Comparlson study of blanket concepts
Leading blanket concepts were selected from a comparison study. In this
study, the following representative materials are considered:

-breeder ceramics Liz0,Li4102,L145104
liquid Li,17Li-83Pb,Li-salt

-neutron multiplier  Be '

-coolant Hz0,He,self-cooling

fustenitic stainless steel was selected as an only reasonable structural
material for INTOR judging from the present databse.

Among ceramic breeders, Liz0 has the best tritium breeding performance and
tritium release behavior. And it is a great merit for Li-0 to be able to obtain
enough TBR witheut ®Li enrichment. Though Li.0 has problems of mass transfer,
swelling, compatibility with Be, it will be possible to solve them by the future
design and R&D efforts.

Major problems of 17Li-83Pb are corrosion and tritium containment. And
preparation of pre-heating system for 17Li-83Pb extraction line.

Liquid Li self-cooillng concept may lead to a simpler blanket concept,
however, has great concerns of MHD effect, electromagnetic force, compatibility
with structural material and safety for near-term machines.

The aqueous Li-salt self-cooling blanket will bring a simpler blanket
structure,however, it has the problems on corrosion of structure materials and
much tritium inventory in primary coolant system and additional tritium extrac-
tion system.

Consequently, two blanket concepts(Li.0/Be/H.0, Li.0/Be/He) are selected as
leading blankets for INTOR.

6.2.2 Design description of cadidate blankets

A tube-in-shell type of BOT (Breeder Qutside Tube) is employed as illustra-
ted in Fig.6.5. Bare type of first wall integrated with the blanket vessel is
adopted in order to obtain a high tritium breeding performance by reducing the
amount of the structural material and coolant in front of the breeding zone.
Annealed stainless steel is selected for the structural material comsidering its
fabrication process by HIP. Charging form of Li-0 breeder is designed to be
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small spherical pebbles which has the following advantages:
a) Swall pebbles (e.g.~1uw diameter) prevent a large temperature diffence in
the breeder which causes thermal cracks;
b) Large surface area per unit volume of breeder gives effective condensation
of Li0T(g) or LiOH{g) generated in the high temperature zone;
¢) Charging method of the breeder into the blanket vessel will be easiser than
these of other breeder forms.

Beryllium pebbles in the same form as the breeder are homogeneously mixed
with Liz0. Mixing ratie of Be is designed to be 75 % to obtain the highest TBR
and to prevent the reduction of TBR due to Li burnup. Breeder temperature is
controlled for tritium recovery by helium gap arround cosling tubes and appro-
priate tube arrangement acccording to attenuating deposited nuclear heat in the
breeder zone considering the effect of pulse operation mode. Tritium produced in
the blanket is recovered by helium purge gas stream.

§.2.3 Major design parameters of candidate blankets

Major design parameters are shown in Table 6.2. Estimated local tritium
breeding ratio is ~1.6 which gives a net tritium breeding ratic of nearly unity
with the coverage of 60 % and without ®Li enrichment. Burnup of °Li during the
reactor lifetime of 3 MW.a/m?® is about 2 % and this will not affect the neutro-
nics performances significantly. This TBR will be possibly improved (3~28%) by
placing neutron multiplier{e.g. lead) in the non-breeding inboard region.
Estimated tritium inventory af this blanket concept is less than 400 g.
The weight lsss of Li.0 by mass transfer is estimated about 1 % of the initial
charged Li»0 even if the whole breeder temperature is kept to be 1000°C assuming
the water leakage rate of 10 g/h. And as clarified by experimental investigation,
this vaporized LiOT in the high temperature region is expected to condense
effectively in the lower temperature zone during the transport by helium purge
gas. The deposited LiOT will decompose easily to Liz0 and T20.

6.3 First wall
Wide discussions on first wall concepts for INTOR have been done. Two types
of first wall concepts are evaluated:
(1) Bare stainless steel first wall concept;
(ii) Protected first wall concept.
The choice of low-Z material fer first wall protection is a key feature of
INTOR first wall concept.

6.3.1 Structural material
It is preferable to use in INTOR non-reactor-relevant concept with low
pressure/low temperature water as a coclant, although many kinds of first wall
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designs have beenm studied. Austenitic stainless steel is selected as the only
reasonable structural material for the low temperature first wall considering
the INTOR operating condition and material database. Solution annealed condition
is a preference because high temperature fabrication techniques such as brazing

and HIP will anneal structure.

5.3.2 Design concepts
6.3.2.1 Bare stainless steel first wall concept

The first wall concept consists of a bare stainless steel water-cooled
panel fabricated by HIP process and EB welding, and integrated with the blanket
module. The thickness of the panel facing the plasma is limited by thermal
stress and/or fatigue criteria. Primary advantage of the bare steel wall is
design simplicity and a well-established database.

5.3.2.2 Protected first wall concepts
Two types of first wall protection are studied.
(1) Mechanically attached protection tile concept
This concept has the following main features:

- With radiation cooled graphite tiles on blackened austenitic steel first wall
structures, relatively high nominal peak heat fluxes can be achieved for
relatively short burn pulse operation (~100 sec) considering residual tile
heating;

~ For repair individual tiles may be replaced in-situ without removal of the
whole first wall blanket segment.

However, general concerns exist for the integrity of the tile attachment
for mechanical solutions and for in-situ maintenance technologies.

(2) Local protection concept by “guard limiters”

Guard limiter is a new protection concept which defends the first wall
against the intensive heat loads during plasma disruptions. The concept of'guard
limiters is shown in Fig.8.6. The guard limiters consist of 12 inbosard and 12
upper limiters. Both limiters can be removed with straight motion through the TF
coils. The coverage of the inboard limiters is about 20 % because of the narrow
space between TF coils. The important features of this concept are:

- The stainless steel substrates slides on the guide in the first wall;

- The graphite (or C/C composites) tiles are bonded on the substrates for the
purpose of trustful cooling in normal burning;

- Maintenance without breaking plasma vacuum is possible by using the vacuum
flask.

Fine grain graphite and/or carbon fiber composites (C/C) are selected as
armor material from a thermo-mechanical viewpoint. The most attractive features
are their unique high temperature capability limited by sublimation instead of
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pelting and superior thermal shock resistance.
However, the following major drawbacks are associated with graphite first
wall protection :
a) A limited irradiation lifetime of < 1 MW.a/m?;
b) The retention and release of hydrogen and impurities which will lead to
required baking temperature above 350 °C and high impurity levels;
¢) Formation of amorphous carbon deposits and concern for higher tritium
inventory;

d) The significant erosion due to physical and chemical sputtering.

5.3.2.3 Reference concept
The guard limiter concept is selected as a reference for INTOR because of
the follewing main reasons:
(i) Protection of first wall structure for a wide range of currently rather
uncertain disruption scenarios; '
(ii) Easy maintenability of damaged protection structures;
(iii) Improved impurity control.

6.3.3 Lifetime analysis
6.3.3.1 Bare stainless steel first wall
(1) Allowable peak heat load for normal burning

Allowable surface heat fluxes of bare stainless steel first wall were
evaluated by two dimensional elastic calculation based on the ASME code. It is
concluded that the allowed peak nominal heat flux for a fatigue life of 2x10°
cycles is around 0.4 MW/m? for the bare first wall thickness of 3 mm.

(2) Crack propagation analysis for normal burning

To evaluate the integrity of bare first wall with cracks for normal heat
load, crack propagation estimates were carried out. The inritial cracks were
assumed to be semicircle with 0.1, 0.5 and 1 mm in depth. And, the location was
also assumed to be on the surface facing plasma and on the surface facing
coolant. The peak surface heat flux of 0.4 MW/m® was assumed in this study.
In case of coolant side cracks, no crack growth is expected for all cases after
2x10® cycles. In case of plasma side cracks, initial crack of 1 mm becomes
1.3 mm after 2x10° cycles. From this result, it seems that the bare stainless
steel first wall with small cracks will keep the integrity for INTOR normal
gperation. '

(3) Elasto-plastic analysis for disruption conditions
Two dimensional elasto-plastic analyses for new disruption conditions have
been performed for bare first wall. A pointwise lifetime estimation which means

the estimation of allowable disruption numbers for each point in first wall have
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been carried out from the strain range at each point using the ASME design
fatigue curve. According to this estimation, the unacceptable fatigue damage due
to disruptions will be limited in a depth of less than 0.5 mm near the plasma
surface. In order to estimate the stability of this crack, two dimensional

A
elasto-plastic fracture mechanisw by J integral was applied for new disruption
conditions. From this evaluation, 1t is concluded that no unstable crack growth

A
due to disruptions will occure since estimated Jmax is much smaller than the Jlc
of 316 SS at a room temperature.

6.3.3.2 Protected first wall
(1) Allowable peak heat load for normal burning

The allowable temperature of graphite armor surface can be restricted by
the impurity of graphite vapor. Assuming the plasma pressure of 1.3x107° Pa and
impurity limit of graphite 5%, the maximum temperature of graphite surface is
limited to ~1750 °C. It is estimated that the maximuw surface heat load for
radiatively cooled graphite first wall by darken-treatment of the SS surface is
around 0.4 MW/m=2.

(2) Elasto-plastic analysis for disruption conditions
It is expected that the surface area will be damaged for INTOR disruption

A
conditions. Energy release rate J integral was calculated for estimating crack
behavior of exceptional disruption condition. Reactor grade fine graphite IG-110

A
was assumed for the study. The result shows that the J1 is quite small because
A
-of small tensile stresses at the end of cooling process and JII seems to be

dominant for crack propagation. According to the estimatien, EII value does not
exceed the critical value within a depth of 0.3~0.4 mm. However, crack propaga-
tion estimation has many uncertainties and database for fracture toughness are
very poor. It will be necessary to verify lifetime predictions with test data
for prototypical geometries and operating conditions.

6.4 Blanket engineering tests in FER

Considering the request of tritium self-supply for a future power reactor,
it is inevitably important to develop the technology of producing tritium in a
fusion reactor itself. Though no driver tritium producing blanket is installed
in FER, blanket engineering tests are planned by using blanket test elements and
test modules.

To achieve the steps of physics and engineering goals successively, staged
operation has been planned for FER as shown in Table 6.3. &nd, major require-
ments in order to obtain useful data by engineering tests are summarized in
Table 6.4. Lifetime neutron fluence of about 0.3 M¥.a/m® is decided judging from
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achievable engineering tests, reasonable operation period, present blanket
technnlogy_and externally obtainable tritium. From the viewpoints of mechanical
and shielding performances, FER has a capability to accomodate to the higher
fluence operation. Neutron wall loading of about 1 MW/m?® is an appropriate value
from the viewpoints of probable extrapolations teo DENO and the present technolo-
gy of plasma facing components.

Majer basic engineering tests on blanket performances such as neutronics,
thermal-hydraulics, tritium recovery etc. can be performed by test elements and
modules. Tests for irradiation effects of structural materials and reliability
by long-term operation are considered impracticable in FER. Though demonstration
of electricity generatien is not planned in FER, staged operation by installing
a large sector-size test component will emable to conduct this testing.

Tests in complementary facilities should be naturally required to obtain
basic data.
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Table 6.1 Main design constraints for the INTOR blanket and first wall

Item INTOR
Lifetime neutron fluence M¥.3/m? 3 (pax.)
fvailability - 23
Mean neutraon wall load N¥W/m2 1.3
Net tritium breeding ratia ~1.9
Blanket coverage 6.5 - 0.8
Nominal Condition
Burn time 5 > 200
Cycle time 3 > 270
Total number aof pulses(Inductive scenaria) 2 x 10°%
Peak surface heat flux
without ripple H¥/m= 0.18
with 1.2 % ripple H¥/m2 9.4 - 0.8
Total erosion of steel o 0.3
Permited cosolant leakage g/s 1073 (H20) /10~*(He)

Disruption Condition
Normal case

total number 400

deposited energy

~uniform on first wall®’ NJ ' 30

-local on first wall® N 30

peak energy flux MI/m= 1.1

deposition time ms 20
Exceptional case

total number 49

deposited enerzgy

-uniform on first wall®’ MJ 145

-local on first wall® MJ 145

peak energy flux Hi/m® 2.9

depositian time os 2 -3
Hotspots by run-away slectrons passible

Qther aspects

Start up

min. bake out temperature °C 150

low~Z limiter yes

run-away electrons passible
Structure material austenitic stainless steel
Passive plasma stabilization 1o be checked

1) radiation
2) on 30 m* at the center of the inboard wall
3) to 30 % of the first wall with an additienal peaking of 2
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Table 6.2 Main design parameters of tritium breeding blankets

Wall Maximum Temperatuzi

LLZO/BEIHZO/AS’ I Li O/Be/Ha/AS™*
I (A) | (8)
Blanket Thickness 300 mm (including firsc wall)
First wall integrated with blanket
Thickness 15,3 mm ‘ 18.0 mm
(2.3/5/8 mm} (2/7/9 mm)
Materiat itype 116 stainless kitanium modified avstenitic stainless steel
steel (J1655) (PCA)
Coolant 250 He
Sressure 1.3 MPa 4.0 4Pa
Temperature (In/Qutg) &G /100 *C inors3c0e "z
Flow Direction taoroidal toroidal
Channel Area 35mm” % 5 mmd 7 mm’ x 7 mmd
Pitch 7.5 mm 3.5 mﬁ
Maximum Velocity 2.7 m/s 73 m/s
Pressure Losses ~ 93 kPa ~ 160 kPa
< 200 *C = 400 "2

Braeder Regian
Material
Packing Fraction
Mixing Ratie
Lizo Density

Li Earichment

Tritium Breeding
Local TER
TBR with HTB concapt

Breeder Temperatura
Operaticon
Allowaple Ranga

Minimum Temperatura
Control Method

Coolant Tube
Size (ID/QOD)
Ccolant
Pressure
Temperature (In/Q0ut)
Flow Jirection
Maximum Yelocity

Pressure Losses

homogenecusly

mixed Lizo and Be pebbles of 1 am in diameter

70% in bulk and 0% at near wall
25 v/o af LiZO and 75.-v/o af Be

83

natural

31T.D.

1.34 1.85
450 - 750 *“C 100 - 6§59 ¢
400 -10Q0 °C < Lg0Q0 *¢
helium gas gap arcound coclant tubes none
jless FCA
8/10 mm 20/24 mm
HIO He
1.5 MPa 4.0 MPa
§0/100 ¢ iae/l00 g
poleidal poloidal
4.7 m/s 72 m/is
~ 300 kPa ~ 100 kPa

Tritium Recovery

Purge Gas
Flow Rate

Heat~up

Recovery Time

continuously with purge

He (0.1 MPa)
200 Nm3/hr

gas stream

discontinucusliy during
reactor shutdown

He (0.1 MPa}
2400 ij/hr
{recovery time)

up to 450 °'C
with Primary Cooling
System

about 1 day

* AS:

jqustenitic stainless steel
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Table 6.4 Test requirements for FER

Flusnce

Operation YHoda

Test Part Configuration

1) Neutronies Tests
@ Tritium breeding
@ Huciear heating rate

Tritjum recovery tests

@ Saturation of tritium
inventary

@ Quasi-steady state of
breeder temperafure

2

~—r

@ Holding of breeder
temperature

@ Continuous testing time
for data confirmation

®& Irradiation effact on
breedar

Yaterial lrradiation Tests
@ Insulator

@ Armar

@ Structural material

3)

Sector 3lanket Test (TBD)
D Confirmation of
bhreeding performance
Electricity generation
Parcidai/toroidal tem-
perature distridutien
Coolant flow distri-
bution

[ntegrity for vessel
intarnal pressure,
thermal stress, and
slectromagnetic force

4)

6 ® e

a few pulses
a2 few puises

= 0.24-y/a*

~ 0.24R-y/m*
-~ 0.2iW.y/m?
= IMW-y/2?

0.01~&.024F-y/a?

Z tpuen = ‘1-"'5‘137
continuous pulsed
operation for

front regicn of blanket

Ztuurn = 1000s
rear region of blanket
z thurn _>‘ IUUUUS

toawarr &= 400s

(for touuwrn = 8005}
tuwerr &= J00s

(for Tain = 400°C)

several days

T/E~1
T/E-1

T/E-2, T/M

T/E-2, T/M

T/E-2, T/M

T/E-2,.T/M

T/E-2
T/E-3
T/8S

T/E-1
T/E-2
T/E-3
T /M
T/5

Test Module
Tast Sector

Test Element~1 (~im* x{.9a™ x0.50%)

Test Element-2 (~0.dmn” x 0.5 x0,13a%)
Test Elament-31 (~0.4m* x0.5a™ x0.15a% ,small articles in the Element)
{~Im* x1.Tn™ x0.58%)
{(~I1g” X4.5a" x0.5m%)
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1.0

| Higher Temp. Bed : 1000 ko

Flow Rate H,0 Conc.

- O ¢ 10nd/min 500vpm

: 9ng/min 500vpm

22nd/min 500vpm
10nl/min 250vpm

: 10nZ/min 700vpm

: JANAF Equilibrium Data\©

- Weight Gain of Lower Temp. Bed
" = Weight Loss of Higher Temp. Bed

OO | t I
600 700 800 900 1000

Temperature of Lower Temperature Bed (°C)

©
o

Deposition Efficiency 7 (=)

|booe

Fig. 6.1 Deposition efficiency of LiCH transfered at high
temperature Lio0 (1000°C} as a function of lower

temperature
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Fig. 6.2 A comparison of the effect of an incremental temperature
decrease and then increase on the measured tritium
release from both Lij0 and LiAl0s spheres at high
temperatures(a) and at low temperatures(b) (VOM experi-
ments)

Lip0 ! natural éLi, 10 um grain size, 85% T.D.,
5 mm dia,
LiAl0, : 26% ®Li, 10 um grain size, 77% T.D., 4 mm dia.
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Fig. 6.3

Tritium release from 1i,Si04 and LiAlQ0,

spheres (VOM experiments)

(a) Li,5i04 : natural 6Li, mean grain dia.
14 um, 89.8% T.D., 4 mm dia.

(b) LiA102 + matural 6Li, mean grain dia.
0.49 ym, 77.4% T.D, 3.9 mm
dia.x40 mm length
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7. FER design philosophy

7.1 Technical and Programmatic Objectives for FER [8]

Japan Nuclear Fusion Council organized the Subcommittee on the Basic
Issues of Fusicn Development, August 1985. The Subcommittee studied basic
principles for the nuclear fusion research and development programms in
Japan after the break-even plasmas condition is achieved by JT-60, Based
on the interim report worked out by the Subcommittee, it is decided that
the following new subcommittees are to be set up te specify basic
principles and finalize probable contents of the next step programme.

(1) Subcommittee on the Next Step Device, and

(2) Subcommittee on Fusion Reactor Technologies,

The subcommittee on the Next Step Device has studied the following
points and worked out a report of it.

(1} To define optiens for the design concept and design
specification for the next step device.

(2} To identify urgent research themes necessary for determining
design specifications and specific research programme,

(3) To define feasibilities ©f the phased operation and probkable
options relating to the construction of the next step device,

(4) Appropriate cost of the next step device,

The report worked out by the Subcommittee on the Next Step Device
includs issues related to technical and preogrammatic objectives, which
touches on the followings,

(1) Reactor Relevance

(2) Overall Cocst

(3 Timing and Schedule

(4) Physics/Technology/Testing Objectives

{5) Neutron Wall Loading, Fluence, Tritium Supply, and Breeding
Reguirement

(6) Duty Factor and Availability

(7) Supporting R&D Rescurces

(83 Reliability
(2 Flexibility

(10) Safety/Environment

—102—
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[Reactor Relevance]

Objectives of the next step device are to accomplish missicns,

(1) As reactcr core techneologies mission, to achieve self-ignitieon
including burn control and long pulse burning for about 80C0s.

(2) As reactor technolcgies mission, to develop and test tritium
fuel «cycle, superconducting coil, remote maintenance, and

breeding test module blanket.

Thus this facility aims at integration of reacter core and reactor
technoclogies feor burning plasma for the first time in the world, The
development of this facility will meet most of requirements of reactor
core and reactor technologies needed for demconstration reactor except part

of reactor engineering tests requiring high neutren fluence,

[Overall Cost]

For getting higher efficiency of developmental investment in future,
it is essential that technical risks should be coordinated and born to the
maximum extent by the ordering side viewing from generic standpoint. In
addition, continuous efforts should be exerted for design and research and

development including;

(1} Incorporation of up-to-date databases in such an unexplecred
filed.
(2} Optimization of specific facility specifications in accordance

with progress in research and development and results from

them.

By making these major efforts, the construction cost of the next
step device could be extremely reduced from early trial calculations and
now it is estimated to be about ¥400 billion.

[Timing and Schedule]
The next step device is scheduled to start constructien in early

1990s based on the results of JT-&80 and to start operation in around the

year of 2000. The next step device program fer construction is divided

—103—
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in several ©phases 1ncluding basic design, detailed design, and
manufacturing and construction. Conditions for whether to proceed to the
next phase should be defined and the progress of the program should be

managed by conducting check and review.

As far as the cperation stage is ceoncerned, in order to minimize
development costs and technical risks the phased operaticn option stated
below is to be adopted and the phase-to-phase check and review have to be

sufficiently performed by experts from researxch institutes involved,

{1 FPacility function confirmation phase (1~ 2years, about
5000shects), in which facility functions are confirmed whether
it works sufficiently as expected by using hydrogen and
deuterium plasma.

(2} Burning experiment phase (1~ 2Zyvears, about 1000shots), during
which self-ignition 1is achieved by deuterium and tritium
plasma and physics of burning plasma is also expeéted to be
clarified.

(3 Full-rating operation phase {5~7years, about 12000shets),
where long pulse burning for about 800sec is achieved in this

phase and thereby high duty factor operation is intended,
[Physics/Technology/Testing Objectives]

Objectives of the next step device are to accomplish missions.

{1) As reactor core technologies mission, to achieve self ignition
inciuding burn control and long pulse burning for about 800s.

(23 As reactor technologies mission, to develop and test tritium
fuel cycle, superconducting coil, remote maintenance, and

breeding test module blanket,

Technical objectives therefore are as follows;

(1) The main physics technical objectives 1is to demonstrate
control technologies for self-ignited (2Z20), long-burning
(~800s} plasmas, such as plasma heating and current drive,
impurity and particle contrel, plasma position and shape

control, plasma power balance control.
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(2) The major technology technical objectives are to demonstrate
reactor technology indispensable for achieving reactorrelevant
core plasmas, such as fuel cycle, safety, repair techneology,
superconducting coil, diagnostics and contrel, power sources,
heating and current drive devices, and first wall,

(3) The main testings that can be implemented in the next device
are fuel cycle, power generation engineerxing, material test,

and neutronics test.
[Neutron Wall Loading, Fluence, Tritium Supply, and Breeding Reguirement]

Considering present develcpmental status of the first wall
materials, it is believed that wall lcading of about 1MW/M2 should be used
as appropriate value viewing from probabkle extrapolation inte commercial

reacteor.

It has been determined as appropriate that fluence should be kept in
the range of about 0.3MW/m2 that enables major reactor engineering tests
judging from reasonable operaticn frequency and tritium consumption,
although high fluence is not impossible to attain in the next step device,
In other words, in the next step device, it is operated about 12000 times
with burning time for about 800s and thereby fluence of O.SMW/m2 is

attained.

Tritium consumption required for this operation mode is estimated
about 1.5kg per year, Bmeng reactor engineering test, only irradiation
test of structural materials is considered impracticable with this fluence
of O.BMWY/mz. For this items, it is decided that research and development

should be carried out separately from develcpment of the next step device,

Regarding blanket, when taking into consideration that burning time
is about 800s and maximum duty facter is 0.8, it is not always easy to
conduct extensive high temperature and high pressure tests of blanket used
for power generation. However, compared the usefullness of conducting
blanket tests within the facility with increase in asscociated technical
development and cost, it has been determined as appropriate to carry out
tritium breeding and recovery tests as well as high temperature and high

pressure tests by using modular size blanket.
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[Duty Factor and Availability]

To get the necessary data for the design and manufacture of breeding
blankets for demonstration reacteors, cone at least needs to demonstrate the

following performance in the next step device;

{1 Possibility of achieving a tritium breeding ratio more than
unity.

{2) Continuous recovery of bred tritium.

(3) Heat removal at a temperature corresponding to ceonditicns for

an electricity generation,

The last two items are directly related to the duty facter., Taking
into consideration that the burning time is arcund 800s, a duty factor of
0.8 is at least regquired <tc conduct extensive high-temperature and
high-pressure tests in the next step device for simulating demonstration

proto-type blankets.

The fluence c¢f about O.3MWY/m2, selected for the next step device as
a compromise between engineering test reguirements and  tritium
procurement, 1is not so demanding, A rather small average availability of
about 10% for several years is imposed, because of external tritium
procurement., Operation with availability of 100% for several days is,

however, planned for blanket engineering tests.
[Supporting R&D Resources]

In the area of reactor core technology, the following items are

regarded as important.,

(1) Confirmation of energy confinement scalings
(2) Selection of current drive method such as plasma current ramp-up
(3} Characteristics comparison and improvement of heating metheods

In the area of reactor technologies, the following trial manufacture

and development are regarded as important.
(1) Development of large-size, large current and intensive magnetic

field superconducting magnet
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(2} Develcocpment of tritium handling of kg/day class

(3) Develcpment of blanket

(4} Development of highly efficient current drive and heating device

(5) Development of remote maintenance technology for reactor structures
(e) Development of high temperature flux resistant equipment for the

first wall, etc.

[Reliability]

The Key fusion reactor cempeonents in the next step device are high
heat f{lux components, heating and currnt drive devices, fuel injectors,
vacuum pumps, shielding, TF, PF and position control coils and fuel
circulation systems, etc.,. Generally, their reliability should be tested
in a fusicn reactor enviroment for fairly long time in order to provide
basic data base which enables extrapolation to longer use {~ 10 years, or

several MWY/mZ) in the following demonstration reactor.

Some of the above components are not easy to be replaced when they
fail. Those components, such as TF coils, lower PF coils, a part of coil
shielding and probably position control coils, are not 1likely to be
designed replaceable in the next step device for economical reasons. Then
high reliability 1is required for those compeonents, and it may be
reasonable that those components are manufactured with high reliability
and expected to show their performance during the reactor lifetime to
avoid large additional complexity, cost increase and technical risks of
the plant, caused by easy replaceable scheme. Principally, those
components can be replaced, if they would fail, although it takes longer

time.

[Flexibility]

The next step device will need several vears for its design and
construction. The design drivers and constraints with moderate
extrapolations naturally have large uncertainties, and there are also
uncertainties even in the present data bases., During the peried of design

and construction, technoleogies will be develcoped evoluticnarily and
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sometimes revolutiocnarily, The next step device has to manage those
situations at the operation stages, although there are some possibilities
to change design during construction. In this context, how flexibly the

next step device adjust to unknown situations is very important.

[Safety/Envircnment]

It is the most important for the next step device to be accepted by
the public from the environmental point of view and to assure personnel's
safety during normal and maintenance operation. The next step device is
expected to be built in Naka site, JAERI, The following design conditions
are foreseen;

(1) Distance to the site boundary : ~ 400m,

{2) Water supply : 17000ton/day is planned,

(3) Capacity of radicactive drain : 4000ton/day is planned,

(4) Design guide wvalue for tritium release rate,

normal operation : 100Ci/day
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7.2 Physics "design-driving" features and constraints [18]

The major physics design philoscphy 1is described which 1is the
egsential base for the plasma design and has also significant influences
on a reacteor design'concept. The design philosophy can be divided inte
two classes, design drivers (main physics features diving design concept)
and physics design constraints. The design driver is a feature that a
designer is free to choose, This choice may be guided ky his cpinion as
to feasibility or drivability, but nevertheless he is free to make a
choice. For example, to choose an ignited plasma is a design driver., On
the other hand, the design constraint is a physical law and a designer is
not free to choose whether or not te follow it, For the above example of
ignition as a design driver, the enegy confinement scaling law is a design

constraint.

The following twelve physics design drivers have been chosen for the
FER plasma design.

DP 1 Fusion performance {Energy multiplication rate, Q)

DP 2 Burn pulse length

DP 3 Operation scenario

DP 4 Impurity and particle control methed
DP 5 Plasma configuration

DP 6 Start-up assist

DP 7 Plasma heating methods

DP 8 PFrequency of major disruptions

DP 9 Burn temperature control
DP1Q Teroidal field ripple

DP11 Maximum impurity level

Dp12 Fast o-~particle ceonfinement

We describe our cheices for the above design drivers.

We have picked up the following sixteen physics design constraints
for ths FER plasma design.
CP 1 Plasma confinement
CP 2 )G -limit
3 ;B total/le DT
CP 4 g-limit

Cp
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CP n-limit

CP Fusion power density

Cp

5
6
CP 7 Plasma temperature
8 Inductive lcop voltage
9

CP Plasma edge and scrape-off conditions
CP10 Impurity release and erosion rate
- CP11 Disruption scenario
CP12 Particle exhaust and fuelling requirements
CP13 Power deposition efficiency and profile
CP14 Current drive efficiency and profiles
CP15 Parameter ranges for heating and current drive
CPlée Plasma heaﬁing power flow
The guidelines, which should be followed by a plasma designer, are stated

for first eiéht design constraints for the FER plasma design.

DP 1 Fusion performance (Energy multiplication rate, Q)
[Choice for FER]
Q Z {20-30}

DP 2 Burn pulse length
[Choice for FER]

Around 800s

DP 3 Operation scenario
[Choice for FER]
Scenario is a pulse operation using a hybrid of inductive and
non-inductive current drive, Plasma current is sustained
inductively at a stage of burning, and plasma current is ramped up

mainly by a non-inductive current drive method.

DP 4 Impurity and particle control method
[Choice for FER]

Poloidal divertor with single null,
DP 5 Plasma configuration

[Choice for FER]

Plasma shape is defined by a magnetic surface having a 95%
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flux. Its elongation and triangularity are K =1.7 and & =0.2,
respectively. The outermost surface dividing a main plasma from

scrape-off plasma has a single magnetic-null point.

Start-up assist
{Choice for FER]

Electron c¢yclotron wave of its power 3MW 1is used at the
initiation stage of operaticn for pre-icnization and pre-heating of
plasmas. The c¢rdinary mode with the freguency of fundamental

harmonic will be launched from a low toroidal field side.

Plasma heating methods
{Choice for FER]
Many options are now being deliberated and a final selection
seems too early. Typical options are as follows;
(1 Ion cyclotron wave, especially 2nd harmecnic for deuterium, in
addition to lower hybrid wave for current drive,
(2) Neutral beam with its energy range 250-500keV, which is used

for heating and current drive.

Frequency of major disruptions
[Choice for FERI]
5% for st and 2nd operation phase and 1% for 3rd operation

phase.

Burn temperature control
[Choice for FER]

Not specified.

Toroidal field ripple
[Choice for FER]

0.75% at plasma edge.

Maximum impurity - level
(Choice for FER]
Effective ionic charge, Zgrg=1.5, at burning stage. At a

startup stage impurity level will be increased and Z,fs depends on
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operaticn scenario and current drive options.

Fast (¥-particle confinement
{Choice for FER]
Power loss due to direct fast o-particle loss should be

limited less than 10% of ¢y-heating power.

Plasma confinement
[Guideline for FER]

Mirnov-type scaling law for global energy confinement time,
’C%lObalIS] = O.lSSa[m]Ip[MAI}< , is applied to =zero-dimensiocnal
power balance anlyses with an ignition margin of unity, where K is

plasma elongation,

/3-limit
[Guideline for FER]
Troyon-type scaling, A (%] = 3.5I,IMAl/almiBp(T], is used for

the limit of averaged toroidal beta value,

Brotar/ Por
[Guideline for FER]

Total beta wvalue consists of contributions from electrons,
fuel bp/T ions, impurity ions, thermal helium ions, fast
& -particies, and fast neutral beam particles. The typical
concentration for ions is assumed as follows: 46.5% for deuterium
and for tritium, 5% for thermal helium, 1% for hydrcgen, 0.5% for
carbon and for oxygen. Those percentages result in Zggeg=1.5. The
fast A-particle centribution is estimated by an enhancement factor,
{:.0 + (0.015T'keV] - 0.05)) in a temperature range, 7keVZ T S30keV.
The fast neutral beam contribution can be calculated from an orbit
following Monte-Carlo code or an analytical solution cf

Fokker-Planck egquaticn.
g-limit

[Guideline for FER]

q =2.6-2.8 is selected forMHD safety factor,
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n-limit
[Guideline fcr FER]

The n-limit is not thought to be a strong constraint in FER
plasma design. Namely, plasma is designed without the density
constraint, and the resultant density is checked by the present
database, e.g., Tg,pay[1020m™31=1.5B3(T)/R[m] during a burning

stage.

Fusion power density
[Guideline for FER]

Fusion power is calculated from a formula, 1.SEDST <gv>Eg,
where a numerical factor 1.5 reflects the effect of profiles of
density and temperature, which are expected to be rather flat and

rather round like parabolic, respectively.

Plasma temperature
[Guideline for FER]

T(kevl/alm] could be limited to less than 20.
Inductive loop voltage

[Giudeline for FER]

Spitzer's formula is used for plasma resistivity.

—113—



JAERI-M 88-014

"

[19]

7.3 Engineering "design-driving" features and constraints

The major engineering design philosophy is descrived which is the essen-
tial base for the engineering design and has also significant influences on a
reactor design concept. The engineering philosophy can be alsco divided into two
classes, design drivers (main engineering features driving design concept), and
engineering design constraints, such as are for physics design. For example, to
choose a reactor structure is a design driver. On the other hand, the material

strength is a design constraint.

The following twelve engineering drivers have been chosen for the FER en-

gineering design.

DE- 1 Plasma configuration

DE- 2 Tritium breeding

DE- 3 Lifetime fluence

DE- 4 Neutron wall loading

DE- 5 Operation scenario

DE- 6 Inductive or non-inductive current drive
DE- 7 PF coil lecation

DE- 8 Suppoert of TF coil

DE- 9 Maintenance

DE-10 Vacuum boundary
DE-11 Modularization
DE-12 Shield material

We descrive our choices for the above design drivers.

We have picked up the following sixteen engineering constraints for the
FER engineering design.
CE- 1 Plasma initiation

CE~ 2 Cryostat

CE- 3 RF and NBI system

CE- 4 TF coil

CE- 5 PF coil

CE- 6 Control system of positional instability
CE- 7 Toroidal field ripple

CE- 8 Thickness of components

CE- 9 Gap distance
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CE~10 Auxiliary system requirements
CE-11 Component replaceability
CE-12 First wall
CE-13 Shield
Ce-14 Divertor
CE-15 Tritium system
CE-16 Vacuum system
The guidelines, which should be followed by an.engineering designer, are stated

on the major design constraints for FER engineering design.
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7.3.1 Major engineering "design-driving" features chosen for FER

DE- 1

DE- 2

DE- 3

DE- 5

DE- 6

DE~ 7

Plasma configuration

[Choice for FER]
1. Diverter : Single null
2. Elongation : 1.7
3. Triangurarity : 0.2-0.3

These are also our choices from physics.

Tritium breeding
1. TBR=0O
2. Tritium breeding and extruction test using low/high temperature

test module.

Lifetime fluence
[Choice for FER]
0.3 MWY/m2

DE-2, and DE-3 are the programatic decisiion for FER.

Neutron wall loading
[Choice for FER]
1 MW/m2

Operation scenario

[Choice for FER] ,
1. 1.2 x 10% D-T shdts during 5-6 years for Phase 3.
2., 0.8 of duty factor capability.

Inductive or non-inductive current drive
[Choice for FER]

Non-inductive current ramp up.

PF coil location
[Choice for FER]
1. External to TF coil for SC coils.
2. Inside TF coil and outside shield structure for active

stabilization coils.
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DE- 8 Support of TF coil
[Choice for FER]
Centripetal force of TF coil is supported with a bucking cylinder

cutside the OH sclenoid coils.

DE- 9 Maintenance
[Choice for FER]
1. Component replaceability
Replaceable ; Divertor module, Outboard shield, Guard
limiter.
Semi-permanent; TF/PF/Active control coils, Cryostat, Inboard
shield,
2. Access to torus
Horizontal
3. Personnel access or remote handling
Remote handling with personnel access caapability.
4, Containment of tritium and active dust

Container with cooling equipment.

DE-10 Vacuum boundary
[Choice for FER]

Combined boundary for the plasma and coil chamber.

DE-11 Modularizastion

[Choice for FER]

1. Number of TF coils 12
2. Number of shields 12
3. Number of divertor plates 12

DE-12 Shield materials
[Choice for FER]
Stainless steel of 316 type for the inboard shield.
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Major engineering "design-driving" constraints for FER

Plasma initiation
[Guideline for FER]
1. Break-down voltage

2. Troidal resistance

Cryostat
[Guideline for FER]

Maximum vacuum pressure:

RF and NBI system
[Guideline for FER]

Heating
1. Type ICRF
2. Bays required 1
3. Overall system efficiency 0.43
4, Power density (MW/m2) < 10

TF coil

[Guideline for FER]

Conductor design
1. Type of superconductor
2, Maximum magnetic field

3. Current density of winding:

Structural design

Allowable stress, Sm

PF ceil
[Guideline for FER]
1, Type of superconductor
2, Maximum magnetic field
3. Current density of winding:

4, Field ramp-up rate
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10V for 1 s

> 30 micron ohm

< 1.3 mPa (10“5 Torr)

RF system NB system
Startup Cur.drive (with ECRH)
ECRH LHRF 0.5MeV NB

1 1 3
0.13 0.2
<5 < 10 20-40

(NbTi)3Sn, Forced flow cooling
<12 T
< 35 A/mm2

< 600 MPa

(NbTi)3Sn, Forced fliow cooling
<12 T
< 30 A/mm2

< 10 T/s
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CE- 6 Control system of positional instability
[Guideline for FER]

1.
2.
3.
4,

5.

Passive conducting material close to plasma:

Active coil needed inside TF coil
Growth time of vertical instability

Location of active coils

Penetration time of control field

CE- 7 Toroidal field ripple
[Guideline for FER]

1.
2.

Field ripple (at plasma edge)
Alpha loss

CE- 8 Thickness of components

CE- 9 Gap distance
[Guideline for FER]

The design conditions on these items are summarized in two

figures, Fig, 7.1 FER radial build, and Fig.

vertical build.

CE-10 Auxiliary system requirement
(Guideline for FER]

Bay occupation

ICRH 20 MW
LHRF 20 My
ECRH 3 MW
Test module

Inspection

Diagnotics and I & C

Fueling

{Total)

R R R T

P
-

—119—

Cu

Yes

> 50 ms
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and outside
shield structure
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heat load
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CE-11 Component replaceability
[Guideline for FER]

1. The largest size compenent: movable shield
6.5L x 3W x 5H m, 250 tons
2. Maintenance access port size: Wx 6Hm

CE-12 First wall
[Guideline for FER]

1. Structural material : Annealed S8 316

2. Surface material : Graphite or C/C composite

3. Allowable stress : ASME or crack propagation analyses
4. Allowable temperature : 350 deg. C for SS 316

1800 deg. C for graphite or C/C composite
5. Peak surface heat flux : 0.4 MW/m2

6. Baking temperature : 150 deg. C

CE-13 Shield
{Guideline for FER]

1, Biological shield regquirement : 2.5 mrem/h one day after shutdown
2. Coil shield requirement

Dose limit of TF coil Insulator: < 3 x 107 rad

Max. neutron fluence <2 x 1088 n/em2

Cu radiation damage 1 <4 x lO_4 dpa

Max. nuclear heat of TF coil <3 mW/cc

Total nuclear heat in TF ceil < 35 kW

CE-14 Divertor
[Guideline for FER]

Peak surface heat flux on inclined target plate: < 2 MiW/m2

DE-16 Vacuum system
{Guideline for FER]

Number of ports : 12
Size of ports : 0.8 x 0.8 m/port
Detonation limit v <y 12 torr
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8. Operational flexibility
8.1 Introduection

In designing the next generation machine like FER and INTOR, which can
achieve their missions, with consideration of cost-effectiveness, we must
take into account of the uncertainties of the physics assumptions. In
principle, these uncertainties should be minimized at the start of
construction with the extensive research studies on JT-80, JFT-2M and other
devices of the world, at least for the behaviour of hydrogen plasmas.
However, there might possibly still exist some uncertainties due mainly to
the programatic schedule of FER. In addition, we must consider the possible
large uncertainties of the DT burning plasma, which cannot be removed in the
existing devices. In this context, the device will become fairly attractive
if it has large flexibilities in various ways to ensure the achievement of
the missions.

In this report, we will first examine the possible expected uncertainties
of the physics assumptions, and then study the feasibility to provide the
device with the flexibility to cope with these uncertainties. We will also
examine the flexibility for the future possible advanced operation to meake

the device more attractive,

8.2 Requirements for device flexibility and typical scenarios

There are two categories of requirment for the device flexibility. One
is for achieving the primary missions (mainly refered to ignition) of the
device, and another one is for the advanced purposes after having achieved
the primary missions. The major reason for the first requirement is that
the uncertainty of physics data base will still remain, especially concerning
the DT burning, even when construction and machine operation starts, since
the full DT burning will be done at the first time in FER or INTOR. Expected
possible uncertainties are summarized in Table 8.1. In this table, major
items of physics assumptions for the design are listed on the left column.
In other words, they are research items of FER or INTOR. Possible
uncertainties are listed on the medium column. Double circle and star denote

the uncertainty with achieving the primary missions, and with the advanced
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operatios, respectively. Requirements of flexibilities for each uncertainty
are listed on right column.

Major reascn for the second requirement is that the device will becoume
more attractive, if it has the potential to achieve more advanced purposes
by altering the device with the additional investment, after having achieved
the primary missions. Examples of these advanced purposes include high beta
and steady state operations in physics area, and high fluence coperation in
engineering area.

Based on the summary in Table 8.1, we have prepared the following
flexibility scenarics to cope with the expected possible uncertainties.

(1) Plasma size enlargement scenario to maximize the plasma size by decreasing

or improving the shield and altering the divertor structure.

(2) Plasma shape flexibility scenario for the operations with a variety of

plasma shape, e.g., high triangular shape double null configuration,
limiter operation.

(3) Heating/Current drive/Control system flexibility scenario to provide

flexible machine structure, which enables replacement and/or addition of
various heating/current drive/control system, even after DT operation.

(4} Impurity control system flexibility scenario for the modification of

divertor structure { e.g., long divertor throat, closed divertor
structure ), and replacement of wall and divertor plate materials.

(B) Advanced operation scenario to provide the flexibility for future possibie

advanced coperation scenario, such as high beta, high neutron wall loadiﬁg,
high heat flux operation, steady state operation, and high fluence

operatiomn.

8.3 Sensitivity studies

Before proceeding to the detailed studies of each scenario, we have made
sensitivity studies to examine the effect of size enlargement on igniticn
margin. The effects of the reduction of inboard (Aain), outboard (Adgut),
upper and lower (Ab) shield are shown in Fig.8.1. In this study, standard
FER scaling law (Mirnov type)m) is assumed and other geometrical parameters
are fixed to FER reference reactor {(option ACS) parametersim. Safety factor
e is fixed, so the plasma current is changed according to the alteration of

the device geometry. It is seen from this figure that the effect of Aain
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and Ab are remarkable, while nc increase of ignition margin is obtained with
Adtgue . In Fig.8.2, the effect of the increase of ellipticity (k).
triangularity (8), magnetic field on axis {(Br) and Troyon coefficient (Cg)

on the ignition margin I, are shown.

8.4 Plasma size enlargement scenario

According to the sensitivity studies in the previous section,
enlargement of plasma size by reducing the shield thickness of inboard and
lower /upper shield and by altering the divertor into thin flat structure is
fairly effective to increase the ignition margin.' To reduce the shield
thickness, stainless steel shield must be replaced by some other material,
which has an equivalent shielding capability with thimner thickness, to
satisfy the design criteria for toroidal coils. Here, as an example, the
inboard shield is reduced by 10 cm and upper shield by 20 cm, by replacing each
movable shield with tungsten shield. The divertor plate is also assumed to
be replaced with thin flat type plate, which results in lowering the null
point by 40 cm. The ocutboard shield is retracted by 25 cm only to keep the
elongation to 1.7. The resultant plasma parameters and ignition margin for
typical scaling laws are listed in Tables 8.2 and 8.3, respectively. Ignition
margin is increased up to 1.5 based on the ref‘érence scaling law (Mirnov
type). Figures 8.3 shows the operation space of plasma current I, and
supplied volt-second to the plasma ¥ for this size enlarged plasma. Solid
and dotted lines denote the limiting lines due to the maximum field (10 T
for solenoid coils and 12 T for divertor coils) of each coil for high beta
and low beta plasma, respectively. Coil numbers are labeled by square and
their locations are shown in Fig.8.4. Note that the limiting lines of
enlarged plasma move from those of reference plasma, particularly, line of
No.15 coil (divertor coil) moves upward, since the null point approaches to
the coil in this case. In addition, line of No.10 coil (solenoid coil) moves
downward due to the cancelling effect by equilibrium field component. Mainly
these two effects widen the operation space and compensate the increase of
plasma current to some extent, and 200~300 seconds of burn time 1is still
available in this enlarged plasma, if the plasma current can be ramped-up to
11.5 MA. Configuration of the enlarged plasma is shown in Fig.8.5.

Several contrivances must be considered for this alteration of the
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reactor core component. One possible method is that the inner and upper
shield are combined into L-type structure, which can be removed and replaced
with tungsten shield. As for divertor plate, it must be replaced with thinner
flat type structure as shown in Fig.8.5. In addition, the outboard shield
is retracted with use of the extra shield and spacer.

Application of this size enlargement scenario needs careful
examination. Alteration of the reactor core siructure, which is highly
activated, is quite cumbersome task, and require considerable extra cost for
tungsten shield. Thus, careful assessment for the ambiguity of physics data
base should be made in, at least, two steps. The first step is at the start
of construction. If the confinement scaling law and other physics data base
have been sufficiently established in the existing devices by then, the
construction will be started based on these data bases to realize the required
device size. Even in this case, the capability for the flexibility of size
enlargement, scenario should be included, since the uncertainty under full DT
burning condition should still remain. The second step is at the start of
DT burning. During the initial hydrogen discharge phase, confinement scaling
laws and other physics assumptions should be examined carefully, and the
decision should be made on the plasma size in DT burning phase. If the
experiments in hydrogen discharge phase are confirmed to be well described
by the physics assumptions used in designing the device and the ambiguity of
DT burning plasma is not expected to be so large, then DT operation will be
started with the reference plasma size and the size enlargement scenario may
be used for the contingency of the possible ambiguity with DT burning. When
the expected plasma performance is not attained in hydrogen discharge, though
such a situation should not be encountered, in principle, with a careful
assessment of the physics data base at the construction start, size
enlargement will be provided from the beginning of DT operation. With these
procedure or phased operation and construction, difficulty in replacing and
handling the highly activated component should be minimized arnd the cost could

be saved if the physics assumptions hold as expected.
8.5 Plasma shape flexibility scenario
In this flexibility scenarioc, the degree of plasma shaping, such as

elongation, triangularity, is increased and different configuration, such as
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double null divertor and limiter configuration, will be employed to increase

the ignition margin or to operate with a different shaping plasma.

8.6 Heating, Current drive, Control systems flexibility scenario

Major items of this flexibility scenario include the flexible structure
for using a variety of heating/current drive/control systems, and the back-up
scenario for non-inductive current ramp-up. As for the first item, critical
point is to use and replace tangential neutral beam injector and RF systems
at any phase of the machine operation. As a matter of course. the decision
of the methods for heating and current drive system needs a careful assessment
of the data base at the start of construction and DT operation in the same
context of the =size enlargement scenario. Example of simultaneocus
‘installation of tangential NBI and RF systems into the reference ACS reactor
is shown in Fig.8.6. Several contrivances in desin phase are necessary for
this purpose. They include the removal of triangular post (this is also
necessary for the size enlargement scenario), measure for the suppression of
neutron streaming into water tank type shield due to the removal of the
triangular post, and shape of ocuter shield modules.

As for the second item, two back-up scenarios are considered. One is
reinforcement of LH power by increasing the number of LH port. This scenario
is included in the category of the first item. Another is the modification
of operation scenaric. Figure 8.7 shows this example. In this figure, path
(A) shows the reference operation scenario, where plasma current is ramped-up
to 8.7 MA non-inductively and subsequently inductive burning starts. Path
(B) shows an example of back-up scenario for non-inductive current ramp-up,
where plasma current is ramped up to about 4 MA non-inductively, and
subsequently ramped-up to 8.7 MA inductively. With this scenario, 100~130
seconds of burn time is still available, where we have assumed Spitzer
resistivity and Neo-Alcator confinement scaling during the inductive current
ramp-up phase. Path (C) is the full inductive operation, where 16 seconds
flat top with 4 MA can be available. Plasma current could be ramped-up to &
MA inductively, while no flat top is available in this case. This full
inductive operation scenario will be useful for the initial cleaning up and

aging of the plasma facing component and RF launcher, and so on.
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8.7 Advanced operation scenario

Major purposes of this scenario are to provide the test bed for the
demonstration of advanced physics, such as high beta, sieady staie operation
and to provide the higher potential for engineering testing by, for example,
high fluence operation, though they are not included in the primary missions
for FER. Here, we will examine higher fluence operation (~ IMW-Y/m®) as an
example.

It is expected that the tritium procurement will be primary obstacle
for this higher fluence operation. Then, it will be required to install
tritium breeding blanket as much as possible. We assume that breeding blanket
of 30 em thickness with tuhgsten shield in the inboard region of the improved
ACS - reference reactor. Resultant device parameters are
a=1.2m,R=4.6m, B=5T,I,=7.TMA. Operation of this small plasma must
inevitably be driven mode of operation. Figure 8.8 shows the feature of this
mode of operation. Solid line shows Q value as a function of temperature,
in which upper curve is evaluated with reference FER scaling (Mirnov type)
and the lower curve with degraded scaling by a factor of 1.5. Dashed lines
denote the required heating power for these operations. If the plasma current
is fully driven non-inductively, required current drive power is shown by
solid-dashed line, where current drive efficiency n=ngoRl/P=0.3 vas assumed.
This value of the efficiency is the best data so far obtained in JT-60. Power
balance is achieved at the temperature, where the line crosses with the dashed
lines P;,. At this temperature, attained Q value is evaluated to be 3~4 both
for reference and degraded confinement cases. In the case of full inductive
operation, increasing the plasma temperature will be bereficial to a higher
fluence with smaller shot number. As shown in Fig.8.9, neutron wall loading
P, decreases with temperature, while the burn time increases more rapidly,

and consequently available fluence ¢ during one shot of the burn increases.

8.8 Conclusions

Physics uncertainties and correspondingly required device and
operational flexibilities in DT burning phase are reviewed. Based on the
review, several typical flexibility scenarios have been chosen and studied

in detail. They are (1) Plasma size enlargement scenario, (2) Plasma shape
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flexibility scenario, (3) Heating/Current drive/Control system flexibility
scenario, (4) Impurity control system flexibility scenario and (5) Advanced
operation scenaric. All of the scenarics have been shown to be practicable
and to enhance the device performance considerably. As for the size
enlargement scenaric, alteration of the reactor core component may require
considerable cost, so total coét may exceed that of the larger device, which
is designed to have larger ignition margin from the beginning. However, if
the reference ACS reactor could ignite, no such alteration is necessary and
total cost could surely be saved. Trade-off study for risk and cost-saving
is necessary to establish the final flexibility scenarios. Also careful
assessment of the physics data base is necessary at the start of construction
and DT operation to decide which flexibility scenarios we should include into

the device.
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Table 8.2 Major device and plasma parameters

of enlarged plasma

Major radius R (m) 4.5
Minor radius a {(m) 1.43
Field on axis B (T) 4.53
Plasma current Ip {MA) 11.5
Elongation K 1.7
Fusion power P (MW) 635

Table 8.3 Ignition margin Ig, confinement time
g and Q value for various scaling

laws of enlarged plasma

Scaling g Ig Q
FER Reference 3.30 1.51 =
{(Mirnov type)

ASDEX-H 5.30 2.13 ®
JAERI-Optimized 2.21 1.29 =
KG-H 2.25 .11 o
KG-L 0.64 0.35 2.75
JAERI L-mode 0.30 0.17 1.04
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9. System analysis of INTCR-like design

The critical analysis of INTOR-like designs was implemented as a
home task of engineering group at the session XIV in December 1986. The
purpose of this analysis is to clarify the reasons why the INTOR-like
designs differ from each other, The results of this analysis is
expected to give useful data base for discussing ITER design concept.

Some of the necessary input for this analysis was discussed and
prepared at the Specialist Meeting on the next generation device in
March 1987. However, the informasticn about the design methods employed
by other parties, which is essential for this analysis, has not been
obtained enough. Nevertheless, we conducted comparative studies between
INTOR and FER and between NET and FER.

At the session XIV the analytic procedure was defined as a global
comparison of each country's INTOR-like design. Then later at the
session XV, sensitivity analysis by changing single design opticn, for
example shield thickness, was added. The later process has been done

based on the own naticnal INTOR-like design.

9.1 Representation of INTOR-like Designs

9.1.1 Comparison of physics assumption

Each deligation has its own systems analysis code in order to
optimize reactor design, In these calculational code many assumptions
have been made to model plasma characteristics and components
engineering designs and they differ between countries, One of the most
significant difference is in the power balance considertion. FER takes
radiation loss into account as energy leoss term while INTOR and NET
neglect it. For energy confinement various scaling laws are used.
However all deligation except TIBER employs H mode type scalings.

Troyon scaling is employed by every deligation for the beta limit
with a little different coeffficient., For Zeff the difference is small
except those employed by NET design., the ratio of total beta and fuel
beta differs from 1.6 in TIBER to 1.2 in INTOR. The difference comes

from the choise of Ze and fast o pressure contribution which largely

ff
depends on plasma temperature. For safety factor differes in two

aspects, namely defined magnetic surface and plasma model (cylinder or
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tours). INTOR and OTR employs cylinder model, FERE and TIBER torus model
and defined on 95% wp and NET torus model and defined cn the separatrix.
There is some confusion between plasma specifications and the Physics
in INTOR design. For example, the ratio of B and BDT should be 1.19
according to the specifications, but 1.28 (at 10 keV) in the Physics
constraints, The elongation of 1.6 described at both specifications and
Physics is not the averaged elongation but the elongation at the non-
null point side (or upper side) according to a plasma configuration
figure., The averaged elongation should be about 1.75 on the surface
defined by 95% of wp.

9.1.2 Benchmark calculation of INTOR-like design

Japanese delegation has performed a benchmark study reproducing
design parameters of INTOR and Next Step Machines of participating
countries by using our own systems code. As menticned in the previcus
section, there are lots of differences in the plasma physics
assumptions, However we tried to reproduce other country’s machine
design by chainging algorithm and input of the systems analysis code.
Generally, plasma parameters of each delegation are well reproduced
implying that the differences of plasma physics assumptions among the
parties are well understood.

For the engineering design, electromagnetic quantities are
reproduced fairly well, Difference observed is in the evaluation of the
stress intensity of the coils. Those difference may ccme from difference
of the conductor design and assumptions made fo¢r structural properties,

including the load ratio transfered from conductor to coil case.

9.2 Sensitivity Analysis

The analysis is conducted in two ways, that is, global and
individual sensitivity analyses. Since some design coptions are closely
related, for example, plasma elongation and selection of single or
double null divertor, comparison of sets of certain design options gives
us realistic effect on the machine design. We mainly examine those
effects between INTOR and FER, and between NET and FER by substituting

each physics and engineering constraints and design features.
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For individual sensitivity studies

(1) With few exception the changes which increase plasma major radius
generally leads to caplital cost increase, (See Fig. §.3)
(2) The changes which leads to the major radius (Rp) change are divided

into the following three groups by the intensity of impact on the
de )

dRp "

Strong impact group:

capital cost (

Bt larger than 12 T, ignition margin, Z

Medium impact group:

eff

Shield thickness, safety factor, elongatien smaller than 1.7,
Bt smaller than 10 T, A¢ larger than 50 v.s.
Week or no impact group:

elongation larger than 1.7, A¢ smaller than 50 v.s.

9.3 Relative cost comparison

Relative cost estimations are carried out for five INTOR-like
devices, Itemized direct capital cost breakdown relative to FER/ACS is
shown in Fig. 9.4. The total construction costs of INTOR, NET, TIBER,
and OTR relative to FER are 116%, 127%, 82%, and 160% respectively.
Scme remarks for the above results are following:

(1) Basically, the relative cost of five INTCP-like devices appears cn
a smooth correlation with reactor size. Deviation from the smooth
function seems to be different choices of design features/drivers.

(2) FER and TIBER have no tritium breeding blanket. This means a
direct cost reduction by that amount.

(3) FER and TIBER chose non-inductive current ramp-up. Other three,
INTOR, NET, and OTR choose full inductive current ramp-up as
reference operation scenario. Latter operation scenaric gives a
great impact on electric power supply system.

(4) For a large machine such as OTR, the cost of magnet systems,
especially TF coils, becomes a dominant element. I%¢ is, on the

cther hand, greatly saved for smaller machine such as TIBER.
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On the other hand, in order to have more clear individual effect,
sensitivity study of single design cption based on its own machine
design by each cocuntry has been added at the last session.

Japanese sensitivity analysis has been performed using the TRESCODE
which was developed at JAERI for effective sftudy of conceptual design of
tokamak machine.

The results of the both of global and individual sensitivity

studies are summarized as follows:

For the global sensitivity studies

Figures 9.1 and 9.2 shows the global impacts on the radial build
and cost of machine. ‘

(1) The preliminary result of cost estimations reveals that the cost of
INTOR device is about 16% higher than that of the FER device.

(2) Plasma parameter sets of the both NET and FER machines give almost
same ignition margin when the same Mirnov type scaling law and FER
power balance equation i1s used. However, some physics constraints,
for example ion composition, safety factor etec., are assumed more
conservatively in NET design. If FER physics assumptions and
constraints are introduced in NET design, plasma major radius
decreases by abcout 60 cm, and cost -11%,

{3} Substitution of NET engineering constraints with those of FER,
almost gives no effect on the thickness of TF coil and shield/
planket, then plasma major radius. The difference of allowable TF
rippie values (FER: +0.75%, NET: +1.2%) gives different TF coil
bore (~15 e¢m). However, the cost difference can be expected to be
not so large. |

(4) Compactnéss and cost reduction of the devices will be carried out

mainly by choices of some design features such as (1) high

nonecircularity (2) hybrid operation scenario (3) thinner shield
thickness associated to leower life time fluence,

(5) There is little impact on the INTOR design by substituting FER
Physics.

(6) PFC design constraints in INTOR Engineering is rather conservative

than FER.
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