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The NAVIGATOR concept is based on the negative~ion-grounded 500 keV
20 MW neutral beam injection system (NBI system), which has been proposed
and studied at JAERI. The NAVIGATOR concept contains two categories; one is
the NAVIGATOR machine as a tokamak reactor, and the other is the NAVIGATOR
philosophy as a guiding principle in fusion research. The NAVIGATOR machine
implies an NBI heated and full inductive ramped-up reactor. The NAVIGATOR

concept should be applied in a phased approach to and beyond the operating
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goal for the FER (Fusion Experimental Reactor, the next generation
tokamak machine in Japan). The mission of the FER is to realize self=-
ignition and a long controlled burn of about 800 seconds and to develop
and test fusion technologies, including the tritium fuel cycle, supercon-
ducting magnet, remote maintenance and breeding blanket test modules,

The NAViGATOR concept is composed of three major elements, that is,
reliable operation scenarios, reliable maintenability and sufficient
flexibility of the reactor. The NAVIGATOR conéept well supports the
ideas of phased operation and phased comstruction of the FER, which will
result in the reduction of techmolegical risk,

The NAVIGATOR concept is expected to bring forth the fruits growing
up in the present large tokamak machines in the form of next generation
machines. In addition, the NAVIGATOR concept will supply many required
databases for the DEMO reactor.

The details of the NAVIGATOR concept is described in this paper, and
the concept may indicate a feasible strategy for developing fusion .

research.

Keywords: Guiding Principle, NAVIGATOR Concept, Conceptual Design,
Negative—-Ilon-Grounded, FER, Next Generation Tokamak Machines,
Operation Scenarios, Reliability, Maintenability, Flexibility,

Fhased Operation, Phased Construction, DEMO Reactor
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1. Introduction

Japan has few natural rescurces for energy and therefore depends on
import for most of its energy supply. Japan is very eager to pursue
the develcpment of new energy sources by fusion. The Atomic Energy
Committee (ACE) set up a division for nuclear fusion research in 1958
under the chairmanship of the late Professor Hideki Yukawa, Nobel Prize
Winner in Physics, which division began to inquire into the general
direction that the scientific activities within ACE might take. Thus
the Institute of Plasma Physics {IPP) was established at Nagoya
University in 1961, with Koji Hushimi as director, as the center of
cooperative research activities throughout the country. In the mid-
1970s, the AEC decided to proceed with fusion R&D as a national project
and authcrized the construction of a "large-tokamak project" (JT-60) at
the Japan Atomic Energy Research Institute (JAERI). In parallel with
the decision of constructing the JT-60, the importance of tokamak
alternatives was alsc recognized, and specific developmental projects on
hot plasma were initiated In the university sector as extensicns of past
individual achievements, in addition t¢ those at the IPP, Nagoya
University. Those include the heliotrcn project (D, DM and E devices)
at Kyotc University, the inertial confinement fusion project (glass-
laser GEKKO series, COE-laser LEKKC series, and light-ion beam REIDEN
series) at 0Osaka University, and the tandem-mirror prcject (GAMMA 6 and
10) at The University of Tsukuba.. More recently, the new-laser
development project at the University of Electro-communications, the
high-field (superconducting) tokamak project at Kyushu University, and
others have also been initiated. Many Japanese contributions to fusion
research have been made, and may be found in the proceedings of the
International Conference on Plasma Physics and Controlled Nuclear Fusicn
Research under the auspices ¢f the Internaticnal Atomic Energy
Agency (IAEA). Especially, during this decade, significant progress has
been done in the tokamak field, using JFT-2a (DIVA), JFT-2, JFT-2M at
JAERI, D-III{JAERI) at GA technoclogy and JIPP-T2/T2U at IPP, and many
original works have been made at JAERI in the physics field and
engineering field. These works resulted in the success of the JT-60

project.
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The JT-60 experiment started in April 198%. The net periocd of the

experiment was one year because of the installaftions of heating devices,

diagnostics, armor plates and so on., The following successful results

were obtained not only in the physics field but also engineering field,

1)

2)

3)

1)

5)

6)
7)

8)

Impurity, particle and heat fluxes are successfully ceonirolled
under the condition of a the maximum power input of 30 MAd and
a maximum energy input of 80 MJ.

The wall conditioning technique is well developed and several
tens hours are sufficient for wall conditioning not only for
the metallic wall but also for the graphite wall., A wide

18

range of averaged plasma densities of ﬁe = (1 - 120) x 10
3

m is cbtained.

Stable discharges of 3.23 MA plasma current with a safety

factor = 2.2 are obtained by saving the flux swing

q

using lowervhybrid {LH) current drive and by stabilizing the
m/n = 3/1 kink like mode by neutral beam injection (NBI)
heating.

A maximum stored energy of 3.7 MJ is obtained by NBI of
about 20 MW and an energy confinement time of 0.18 - 0.15 sec
is obtained using 20 MW NBI power in hydrogen discharges.

A plasma current of 2 MA was driven by the lower hybrid
current drive (LHCD) and the efficiency, defined as

— 20 _
n = ne[1O m

3]R[mJICD[MA]/PAD[MWJ, is very high, e.g. 0.1 -
0.17 in the case without additional heating and 0.2 - 0.28
with NBI heating.

Electron heating up to 6 keV is obtained cnly by lower
hybrid range of frequency {(LHRF) heating.

Injected high energy ions by NB is effectively heated by ICRF
with the second harmonic. -

Several pessibilities of improving c¢onfinement are
demonstrated, e.g. H-mode transitions in diverted and non
diverted discharges with NBI, NBI+LH or NBI+ICRF (iocn
cyclotron range of frequencies), improvement of energy
confinement time by controlling the current profile with LHCD,
improvement cf the energy multiplication factor Q value and
confinement of high energy ions by simultaneous heating of NBI

and ICRF.
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9) The maximum power input of NBI was cbtained after only twenty
days net operation. 20 MW x 5 sec. injections are routinely-
obtained from 28 ion sources after several conditicning
shots.

10) The maximum total heating power of 20 MW including NBI,ICRF
and LH was obtained one year after the installation without
many special tokamak discharges for aging.

Beyond the present, we are planning to go forward to the next step
of fusion power development. A committee to review the basic issues in
fusion development was composed under the Nuclear Fusion Council and has
discussed the missicn and guidelines for the next step after JT-60.
dccording to the internal report of the review subcommittee in February
1986, the next major device, which employs tckamak confinement, alimes at
achieving self-ignited, long-burn DT plasma and relaﬁed technology to
demonstrate the engineering feasibility of nuclear fusion as a power
reactor.

As already mentioned, significant progress has been made in fusion
research during this decade. The success of a big project depends not.
only on personal abilities but also especially on the budget owing to
scientific policy. There are sufficient human resources in Japan.
Thus, remarkable progress will be expected during the next decade, if
the budget is enough. The next step project will need a long term and
much money compared with that of the JT-60 project. In order to make
the design of the next generation machine attractive, sufficient
innovative ideas should be adopted. A%t the same time, the design should
be based on the present databases. In order to reconclile the
differences between innovative ideas and realistic ideas, we proposed
the NAVIGATOR concept. The NAVIGATOR concept is based on the negative-
ion-grounded 500 keV 20 MW neutral beam injection system (NBI system),
which has been proposed and studied at JAERI. The word "NAVIGATOR" has
the meaning found in 0.E.D., "one who conducts exploratiocns by sea”. A
boat concept plays an important role in the NAVIGATOR concept. We
compare the present large tokamak machine to a pier and the innovative
next generation machine to a ship. The boat is a medium, which belong
to both sides of the present large tokamak machine and the innovative
next generaticn machine. The NAVIGATCOR concept contains two categories;

one is the NAVICATOR machine as a tokamak reactor, and the cther is the
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NAVIGATCR philosophy as a guiding principle in fusion research. At
present, the NAVIGATCR machine implies an NBI heated and full inductive
ramped-up reactor. The NAVIGATOR concept is composed of three major
elements, that is, reliable operation scenarios, reliable maintenability
and sufficient flexibility of the reactor. The NAVIGATOR concept well
supports the ideas of phased cperation and phased construction of the
next generation machine, which will result in the reduction of
technological risk and initial cost and in the enhancement of cost
benefit.

Section 2 provides a detailed description of the NAVIGATOR
ccneept. Section 3 describes operation scenarios based on the negative-
ion-grounded neutral beam injection system. Section U presents detailed
description of a 500 keV/20 MW negative-ion-grounded neutral beam
injection system. Section 5 deals with the reactor design based on the
NBI system. Discussion and conclusions are given in Sec. 6.

In conclusion, we are preparing many appendices in order to bridge
the gap between the physics field and engineering field. We are now
constructing the dockyard for the boat belonging in common to the FER
team, JT-60 experiment, operation and engineering team, JFT-2M

experiment group, theory group and technological R&D groups.
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2. Overview of the NAVIGATOR Concept
2,1 The NAVIGATOR Philcsophy as a Guiding Principle

Japan needs nuclear fusion from the security point of view, Japan
has already the JT-60, one of the three present large tokamak machines
in the world, Recently, the scientific feasibility of the fusion
reactcor, that i1s, the break-even condition, has been successfully
demonstrated by the JT-60. The result is encouraging in promoting the
realization of the fusion reactor. Next, the engineering feasibility
of nuclear fusion as a power reactor should be clarified as socn as
possible by the next generation tokamak machine. The initiation of the
project for the next generation machine tightly depends on national
demand, because it takes a long term and much money compared with other
scientific projects.

In order to make the design ¢f the nexi{ generation machine
attractive and cost effective, sufficient innovative ideas should be
adopted. In cost estimation, not only the total cost but also the
initial cost and cost benefit should be considered. Cost benefit is
defined as the ratio cf the sum of the evaluation of databases and know-
how to the total cost. Databases consist of physics databases obtained
from the self-ignited long-burn plasma, engineering databases obtained
from the required neutron fluence and databases for the DEMO reactor.
Know-how is obtained through the construction cof the next generation
tokamak machine and the operation cf the machine. On the other hand,
the design should be based on the present databases. In order to
reconcile the difference between inncvative ideas and realistic ideas,
the NAVIGATOR concept has been proposed at JAERI. The NAVIGATOR concept
is a guiding principle in fusion research and should be applied in a
phased approach to and beyond the cperating geoal for the FER (Fusion
Experimental Reacter, the next generation machine in Japan).

In the design of the next generation machine, the three following
items should be mainly examined, that is, energy confinement time,
heating method for realizing the self-ignited plasma and the first wall
materials, including the divertor material. Many eXperimental and
theoretical scaling laws of energy confinement time have been proposed

(see Appendix 1). At present, no commonly accepted view on how the
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tokamak confinement properties can be quantified as a function of the
parameters of the plasma and of the device., Thus, it is necessary to
study the effect of the scaling law on the reactor size and on the
reactor concept. However, if the scaling law does not decisively
affect the reactor concept, there is no problem in choosing a particular
scaling law in corder to desigh the next machine as a tentative measure.
The most important thing to be considered is to study the commonly used
concept for the next machine even if the reactor size is changed.

The NAVIGATOR concept isrcomposed of three major elements, that is,
reliable operation scenarios, reliable maintenability and sufficient
flexibility of the reactor. In this report, the NAVIGATOR machine is
shown to satiéfy the above three elements.

NBI, LHRF, ICRF and ECRF (electron cyclotron range of frequencies)
are candidates for the heating facility to realize a self-ignited plasma
conditieon. H—mode confinement is obtained without exception in the NBI
heated tokamak with a separatrix magnetic surface (see Appendix 1).
The overall efficiency of the negative-ion-grounded NBI system is
expected to become comparable with that of ICRF and much better than
these of other RF facilities {see Appendix 2). This value can be
improved further by employing a plasma neutralizer and/or an energy
convertor system. The progréss in the R&D of the negative ion source is
remarkable (see Appendix 3). The negative-ion-grounded NBI system has
many functions of heating, current ramp-up, transformer recharge, steady
state and current profile control, as described iﬁ Section 3, However,
in order {0 support the reliable operation scenarios, at first, only the
heating function of the NBI system is demanded in the NAVIGATOR machine.
That is, the NAVIGATOR machine implies an NBI heated and full-inductive
ramped-up reactor. In addition, in order ftc suppert the reliable
operation scenarios, low-Z materizl is used as plasma side material.
Low z materials are preferable for the first wall material.. Considering
sputtering and thermo-mechanical characteristics, the carbon would be
the best choice for the surface of the divertor plate. The carbon
surface and its in-situ and vacuum repair are adopted in the NAVIGATOR
machine. And removable carbon guard limiters are used for the
protection of the vacuum chambér. .

In order to realize a disruption free and self-ignited controlled

long burn plasma, phased operation and phased construction are attached
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great importance in the design of the FER. The phased operation_
consists of three phases; the first is a cold phase with hydrogen and/or
deuterium discharges, in which & person can enter into the vacuum vessel
of the FER, the second is a semi-hct phase with deuterium and tritium
discharges in order to realize very short self-ignited plasma, in which
a person can enter intc the vacuum vessel aftér many hydrogen and/or
deuterium discharges and the last is a hot phase with deuterium and
tritium discharges in order to make a mission-criented long self-ignited
plasma.

Figures 2.1.1a and b show the fusion ocean without the NAVIGATOR
concept and with the NAVIGATOR concept, respectively. A becat concept
plays an important role in the NAVIGATOR concept. The present large
tokamak machine and the next generation machine are compared to a pier
and to a ship, respectively. The ship navigates across the fusion ocean
in order to find out a new world DEMO, after stopping at an ignition
island or steady state island. The becat is a medium, which belongs to
both sides cof the present large tokamak machine and the next generation
machine. The bcat symbolizes the phased c¢peration and phased
cgonstruction. A dockyard for the boat belonging in common te the FER
team, JT-60 experiment, operation and engineering team, JFT-2M
experimental group, theory group and technological R&D groups is
constructed. The boat consists of four elements, that is, & hull,
engine, cargo and crew, A detailed description of the elements are
given in Table 2.1.1. The hull is JT-6Q, JT-60 up-grade or the FER
flexible reactor in cold and semi-hot phases. The JT-60 up-grade well
simulates the FER flexible reactor, as shcown in Table 2.1.2,

In the cold phase of the NAVIGATOR machine, a simple vacuum vessel
without a neutron shield, as shown in Fig. 2.1.2, will be used. The
vacuum chamber should be easily exchanged without interference of the
heating facility, if the negitive-ion-grounded NBI system is used. The
vacuum of the NBI system is maintained during the exchange of the vacuum
vessel, and full power injection is possible just after the work. Thus,
the NAVIGATOR machine involves the present large tokamak machine in
itself and has sufficint flexibility. When well-accustomed diagnoestics
and simple RF launchers without a neutron shield, developed in JT-60 or
JT-60 up-grade, are set up on the flexible reactor, the plasma in the

cold-phase and plasma-antenna coupling will be able to be well examined,
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and the databases and know-how in the cargo of the boat will become
abundant. In the NAVIGATOR machine, the reference plasma configuration
is a single null divertor configuration with a medium elongation of
around k = 1.7 and triangularity of arcund § = 0.2. The vertical
pesitional instability is expected to be well stabilized. Horizontal
access for the maintenance of the movable shell, including the divertor
segment, is possible. Horizontal access is reliable compared with the
vertical access, In the medium elongation case, the poloidal field
power supply for horizontal access is possible to be smaller than that
for vertical access., TIn the flexible reactor, plasma parameters arcund
the reference value will be examined, using a high elongation plasma of
up to 2.0, high triangularity up tc 0.3, a larger plasma size and higher
plasma current. Threough this examination, disruption free plasma is
e¢xpected In the hot phase. The NAVIGATOR cold and semi-hot phase
flexible reactor is used for the NAVIGATCOR hot phase mission oriented
reactor in order to make the plasma well-accustomed, except for thermal
instability and to confirm the specification for the reactor compenents.
We can obtain information concerning the slqwing down preocess and the
ripple~loss mechanism, for high energy hydrogen and deuterium particles,
in the c¢old phase. For example, by using the simultaneous injection of
500 keV NBI and ICRF (second harmconic ICRF heating or minority heating),
information on alpha particles in the semi-hot phase and estimation of
the plasma behavior of the hot phase may be obtained by using both the
databases for the cold and semi-hot phases and simulation codes.
Therefore, it may not be necessary any longer that the mechanical
configuration of the NAVIGATOR machine be changed, after going into the
hot operation. Even if the ignition condition were not realized, the
NAVIGATOR concept will satisfy the technolcgical mission of next
generation tokamak machines and will supply databases for the DEMO
reactor. Well-considered phased operation and phased construction will
result in the reduction of technological risk and initial cost and in

the enchancement of cost benefit.
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Table 2.1,1 Elements of boat

Hull

Engine

Cargo

Crew

JT-60. JT-60 Upgrade
The FER flexible reactor
in cold & semi-hot phases

Well-accustomed diagnostics

Simple RF launcher
Power supply system

Carbon divertor

Fuel injection system
Evacuation system

Databases
Know - how

Table 2.1.2 Parameters of JT-60, JT-60 up-grade and FER

JT-60 JT-60 up-grade FER
Plasma current 2.7 MA 6.0 MA ~ 10 MA
Input power 30 MW 40 MW ~ 50 MW
Magnetic field
in the plasma 48T 45T ~ 3T
Aspect ratio 3.4 3.4 ~ 3.5
Position of x-point Out side Lower Lower
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Fig. 2.1.1 Fusion ocean; (a) without the NAVIGATOR concept,

(b) with the NAVIGATOR concept



JAERI-M 88-086

A AR AR AT
UT uMoys o1e 1030e31 oseyd 310y 3yl Jo SUOTIIBION
*o3e1d Jojaeatp ad41 je1j e 3urpniour aje]d I101I3ATP 2Y3
30 uoT3IEANEIIUOD DY PUB I0JINPUOD [[2Yys aarssed a8yl Jo
uorjtsod oyj JurBueyoxa Aq PaUTEIQO 21T SUCTIRANBTIIUOD
ewsefd jo sadAl snotiea *sseyd pyoos 8yl surang
*oseyd p1od 2yl BuTInp PILTYS UOIINIU JNOYITM 9§54
unnova a7durg (q) ao3joeex aseyd 1o0H (e) Jo3oe9x

941 JO uotr3onijsuod paseyd pue uorjwiado paseyq g 1'z "I1d

aiDjd Joionp adky D)4

=
=H1

o e b he W o e




JAERI-M 88-086

2.2 The NAVIGATOR Machine as a Tokamak Reactor

Positive-ion-based neutral beam injection technology is well
established [1] and plays an important role in high power plasma heating
of the JT-60 [2]. Recent experiments on the beam driven current in
present large tokamaks [3,4] have increased the potentiality in applying
the NBI system to the fusion reactor. These injectors utilize positive
ion beams with energies up to 100 keV/nucleon. Higher beam energies are
required for future fusion devices in order to realize deep bean
penetration and current drive in the tokamak devices. The existing
positive-ion-based injectors, however, cannot be used in such a high
energy regime because of their extremely low conversion efficiency of
positive ions to neutrals as shown in Fig. 2.2.1. The efficiency is
below 20% at 200 keV deuterium and decreases further with beam energy.
This low efficiency increases the circulating power in the system, even
if an energy recovery system is used, and makes the injector system too
complicated and tco big to be used. The most promising methcd, and the
only possible methed, to overcome this problem is to use negative ions
which have high neutralization efficiency at a high energy regime; the
efficiency is higher than 60% at such energies depending on the
neutralization methods, as shown in Fig. 2.2.1,

Ancther fundamental problem confronting the neutral beam injector
is a problem on neutronics. Since the existing injector is situated
near the fusion device and connected with the device through a big
straight tube, the neutrons from the plasma directly hit the complex
internal structure in the neutral beam system. This would not only
cause serious damage of the structure but also make maintenance
difficult and expensive due to induced radioactivity. In order to
overcome this problem, the LBL group has proposed a TFF (transverse
field focusing) beam acceleration and transport system, where the beam
line has several bends tc avoid direct exposure against the neutrons
[5]. The proposed TFF-based neutral beam system utilizes negative ions
and is able to preduce 400 keV, 2 MW/m sheet beams with a high power
efficiency. Another solution against the neutronics problem is to place
the ion source and complex beam line components at a position far from
the fusion devices_and to transport the beams straightforward to a long

distance through a narrow transport duct soc as to minimize the solid
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angle from the plasma. This was considered to be impossible in both the
positive-ion-based injectors and the injectors using the negative ions
produced by the process of double-charge exchange and surface
conversion, because of their large beam divergences. However, recent
experimental studies on negative ion sources and high energy beam
extraction have shown that the negative ions produced by volume
processes have a capability of realizing this concept becauss of good
beam divergence (see Appendix A.3). Based on this prospect, a negative-
ion-grounded SOO_keV/EO MW neutral beam injection system, which has a
long, straight beam line, has been proposed at JAERI. Applying the NBI
system technology to FER represents a reasonable step from the present
data base [6].

The top and side views of a negative-ion-grounded advanced tokamzk
reactor are shown in Fig. 2.2.2. Two beam line systems are encugh for
realizing a self-ignition plasma in the H-mode confinement case. Three
beam line systems are prepared for the FER, considering flexibility in
operation scenarlos and redundancy. The NBI system consists of a bheamnm
line, a 500 keV power supply system, an evacuating system including a
tritium handling system, a cooling water circulating system and
auxiliary sub-systems. The beam line consists of an intense negative
ion scurce, a beam profile controller, a long gas neutralizer, an ion
beam dump, a neutron shutter, a drift duct including an injection port
of the torus and a shine-through armor plate against the neutral beams
into the torus. In both the ion source rcom and the beam dump room,
eryopanels are mounted. The neutralizer and the ion source room are
shielded magnetically, and the beam line is covered with neutron
shields. The D ions are produced by & volume production method and
extracted by DC acceleration. The beam energy is variable in the 200
keV te 500 keV range during the beam injection phase,

The most important feature of the NBI system is characterized by a
long, slender neutralizer, which is 0.3 meter wide and 24 meters long.
The required beam divergence is ¢.3 deg or & mrad. Such a low beam
divergence can be realized by using a volume D ion source (see Appendix
A.4). The long, slender neutralizer concept results in a considerable
reduction in required pumping speed and in neutron damage of the ion
sources. The total pumping speed is 850 m?/s for 20 MW injection, while
that for the JT-60 NBI, for example, is 1400 m®/s for 1.4 MW injection.
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The neutron flux above 1 MeV is estimated to be 107 n/cm®.s at the_
positicn of the ion scurce insulator, The database on which to judge the
performance limits of the NBI components, especially for organic
materials, is poor.  Congerning mechanical strength, the radiation
exposure limit under Y-ray irradiation for epoxy may be suppesed to be 1
MGy (108rad) or less. Then, under neutron irradiation, assuming that
the irradiation limit value for mechanical life time estimation is 10%°®
n/cm?, it may be expected to have a life time (operation time) of the
magnitude of 10° 3. But the limit value for electrical resistivity has
a tendency to be reduced by a few orders of magnitude. Thus, it 1s
desirable that the ion source insulator has encugh distance from the
axis to have a moderate life time. For an operation time of a
magnitude of 107 s (for several years), it is expected that it will be
necessary to exchange the ilcon source insulator only a few times. The
thickness of the neutron shieid for the NBI system has been estimated
to satisfy a dose value c¢f less than 2.5 mrem/hour one day after
shutdeown following a 2-year full power operation.

Another feature is that the poloidal magnetic field from the
tokamak is used to deflect the unneutralized negative ions and reionized
positive ions toward the ion dump near the injection port. Therefore,
no hending magnet, which takes much space, is used In this design. The
space for the ion dump room is designed to be narrow in order to make
the reactor maintenance easier. In the FER case, the bore of the TF
coils, set by the ripple condition of 0.75% enables a part of the first
wall (removable shield) to be withdrawn by a radial straight-line motion
through the acecess port, as shown in Fig, 2.2,3 [7]. The divertor is
also segmented inte 12 sectors toroidally and withdrawn by a single
straight-line radial meotion. The divertor segment is withdrawn without
interference of the NBI system. The movable shield with the drift duct
is also withdrawn, after taking off only a part of the neutron shutter,
as shown in Fig.2.2.4. Each shine-through armor plate is installed on
the same movable shield for another NBI injection port, which keeps the
number of ports employed by such NBI systems minimum. The shine-through
armcr plate is extractable while keeping vacuum c¢ondition cf the reactor
vacuum chamber, as shown in Fig.2.2.5. If these design concepts are
adopted, the NBI system will become more reliable, have much longer

lifetime and will be more easily maintained.
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Fig. 2.2.1 Dependence of maximum neutralization efficiency on
beam energy.
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3. Operation Scenario

The most efficient and reliable way to drive torcidal current in a
tokamak is by electromagnetic induction, using a set of external coils,
including OH (ohmic) transformer coils and equilibrium coils. Thus, in
the NAVIGATOR machine, a full inductive curfent ramp-up operation is
adopted in crder toc make the cperation reliable., This inductive
operation necessitates pulsed operation, because the current in the
external coils canncot be ramped indefinitely. The disadvantages of
pulsed operation are discussed, It 1s generally believed that in a
power reactor, non—-inductive current ramp-up and steady state operations
are necessary. The most straightforward way to overcome the problems
of pulsed operation Is to drive tcroidal plasma current in a strictly
steady-state device with externally supplied NBI particles or RF waves.
More recently, i1t has been recognized that merely employing the non-
inductive current drive technique during the current ramp-up phase of a
tokamak can results in & considerable saving of volt-seconds and in a
reducticn of the reactor size. High R is also essential to reducing
cost, since considerable capital is invested in the large toroidal field
magnet. One key to achieving high beta in a tokamak may be the proper
control of the plasma pressure and current density profiles.

In this section, tokamak reactor cperaticn scenarios based on
plasma heating, current drive and current profile control by a 500
keV/20 MW negative-ion-grounded neutral beam injection system are
examined. The bootstrap current effect on the Q value and the rotaticn
effect on current drive efficiency and plasma confinement are also
examined. The negative-ion-grounded NBl system will be shown to have
many functions of heating, current ramp-up, transformer recharge, steady
state and current profile control, However, in order %to support the
reliable operation scenarios, at first, only the heating function of the
NBI is demanded in the NAVIGATOR machine. That is, the NAVIGATOR
machine implies an NBI heated and full iInductive ramped-up reactor.
Some parts of the operation scenarics have already been presented at the

IAEA conference held in Kyoto [8].
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3.1 Mcdel of Calculation for Beam Driven Current

Ohkawa suggested the use of fast ions for current drive [9]. High-
energy neutral particle beams can be injected into plasmas across a
strong magnetic field. The neutral particles are converted into high-
energy ions by means of charge exchange with plasma ions or ionization,
as shown in Fig. 3.1.1 [10,17]. The high-energy ions running through
the plasma are slowed down by Coulomb collisions with the plasma ions
and electrons and the beam energy is thus transferred to the plasma.

The change rate of energy ¢ for a fast ion is given by

b
2 172 1/ 2
1 dey _ Z?e"1lnA [ A ) nyZy . Mne ffﬁ) EEL___] = -2 - g 172
v d 81e, 2 = A, 1/2 A T 372 € ol
b b 1 3n e b

when the beam ion's veleocity v, is much less {say 1/3) than the plasma

b
electron thermal velocity (T /me)”2 and is much larger than the plasma
ion thermal veleccity (Ti/mi)1 2.

The symbols A, Ai, and Ae give the atomic weights of the injected

ion, plasma icn, and electron, respectively. Z and Zi are the charge

b
states of the injected and the plasma ion. The first term on the right
(—a/sb) is due to beam~ion collisions, and the second term (*Bsb1/2) is

due to beam electron collisions. A ¢ritical energy €ap of the beam ion,
at which the plasma ion and electrcns are heated at equal rates, is
given by
2
3/2 3 2y
n

273

€ = 15T ( A )
e

1
er R Ai
In the following, we Wwill describe the mechanism of the beam driven
current, We assumed that the energy of the injected fast ions is larger
than the above menticned critical energy. Thus, the injected beams
mainly interact with the plasma electrons much mere than the plasma
ions. The plus direction on the coordinate is takén to be in the same
direction as the fast ion velocity. 1t is easy for us to understand the
interaction between injected fast ions and plasma electrons, using a
moving coordinate with the same speed as that of the fast lons.

In a moving coordinate, the friction force is given by
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nmyv
_eeb

eb . . ‘. . .
where TBb is the Braginskii collision time [12]. Plasma electrons are

accelerated due to friction foree. But these plasma electrons are
decelerated due to collisicns with the plasma ions. The friction force
is given by

nemevd

where Vg I3 the electron drift velocity. A steady state is obtained in

the condition of F, + F, = 0. From this relation, the following

equaticn is derived.

el n
J., =" jfi- © J
) b 7 ’
e Tg bnb b

where je and jb are the beam-induced reverse electron current and beam-

induced ion current and expressed as

v b “p b

Consequently, the total induced current due to the injected fast ions

becomes to be

Tei n
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db b e b eb Z. n *
T b'b
B
Using the following relations,
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where 27 is the effective charge state defined as 2 = n.,Z3%/n_, the
eff eff 1 7171 e

total induced current is reduced to the following equation.

Thus, in the classical deseription, i.e., when trapped electrons
are not considered, thnis collisional electron current will cancel the

ion current if Zb=Ze When trapped electron orbits are included, the

£fe

electron current is reduced and Zb need not differ from Zeff in order to

drive a net current. The beam driven current is estimated by

Iy = Ipy 11 - 2/ 0 l1-6(z pp00d])

where the trapped electron correcticn, G(Zeff,e), depends on the inverse
aspeect ratio, s=r/RO, and on Zeff[13]. The finite aspect ratio

calculation [14] of G(Z ) 13 approximated by

efr’®

G(Zgppre) = (1.55+0.85/Z . )Ye = (0.20+1.55/2 )¢

i

This approximation is in error by <1% for 1 < Ze f< 3and 0< e < 0.2,

For the estimation of the beam drivei current, an accurate
knowledge of the fast-ion distribution function is necessary. In most
of the old analytical treatments [15,16], the fast ion current irduced
during slowing down of the injected beams has been estimated by using
an analytical scluticon of the non-bounce averaged Fokker-Plank equation
without the energy diffusion term (see Appendix A.5)}. J.G. Cordey has
reported that the effect of particle trapping on the distribution of
fast ions in a tokamak is very important [177. In the presence of
banana trapped particles, the pitch angle of passing particles can
change its sign in a time interval much shorter than in a plasma without
banana particles. A precise treatment of banana particles requires that
the Coulemb collision operator must be bounce averaged. The effect of
energy diffusion might be important in a high temperature plasma. The
effect of fast ion loss during slowing down on the beam induced current
is very interesting. These problem may lead us toc estimate the beam

driven current by using an orbit-following Monte-Carlc code (hereafter
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simply refered to as OFMC code) which can precisely describe the
behavior of fast ions during slowing down.

Our OFMC code cconsists of four parts [18,197;

1) ©beam deposition

2) simulation of Coulomb collisions,

3) calculation of the guiding center orbit
and 4) simulation of charge-exchange reactions of fast ions and

succeeding reicnization of fast neutrals,

Cne of the problems in the use of the OFMC code is that it takes a very
long CPU time. For example, it takes about 2 hours tc analyze the beam
driven current in the FER fcr 2000 test particles. The OFMC code,
however, may provide many Important informaticon for analyzing the beam
driven current. The OFMC code is a very useful tool to analyze the
slowing down process of fast icns. We have found some important effects
from the comparison of the calculation results derived by the OFMC code
with those by the old analytica treatment. Taking these informaticn
into consideration, we have developed a new analytical code. One is the
code in which the analytical eigenfuncticns of the bounce-averaged
Fokker-Planck equation sclved by J.G. Cordey [17] are adopted. In the
other code, the eigenfunctions of the Fokker-Planck equation are
numerically derived by using a varliational method. We employed an
analytical expression for the energy diffusion term given by J.D. Gaffey
(see Appendix 5) in both codes. Detailed descriptions are given in Ref.
[20] and in Appendix 5. Thus, in the following, we will simﬁly describe
the calculation result,

Calculations are made for these parameters appropriate to JT-60.
Fast ions are launched from a specific point (R,Z) = (4.0, 0.0) with
an initial pitch of Ng = 1.0 and a beam energy of 160 keV. The banana
size of fast ions are assumed fo be zero. The beam driven current as a
function of the initial piteh angle given by Gaffey's model with the
energy diffusion term (old analytical treatment), is shown by the broken
line in Fig. 3.1.2. The dash-dotted line is the cne given by Cordey's
analytical expressions of the eigen function with the energy diffusion
term. The closed circles are the results from the 0OFMC code. The
results from Cordey's model agree very well with those from the OFMC
code near the tangential injection (pitch angle ~9%). 1In the piteh

angle near the banana region, however, one can find a difference of
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10~30% between the results of the OFMC code and Cordey's model. The,
sclid curve in Fig. 3.1.2 shows the results from the improved analytical
model with numerical eigenfunctions which can describe the effect of
tarely trapped ions [17]. One ¢an see that the results from the
improved analytical code agres very well with those from the OFMC code
in a wide range of pitch angles. Another interesting thing about the
comparison of the results from those two methods lies in the effect of
loss during slowing down. The effect of a finite banana size on the
distribution of the beam driven current is also of great interest. The
calculation results for the FER are shown in Fig. 3.1.3. We cannot
find ocut any significant difference between the results with and without
charge-exchange loss. This is because charge-exchange loss usually
occurs when fast ilons slow down to the energy range E < 50 keV, where
the contribution of fast ions to the ion current becomes very small.
In order to clarify the effect of the finite banana size Py on the
spatial distributicn of the beam induced current, calculations with and
withcut the banana size were made. Results are shown in Fig. 3.1.3.
What is evident from Fig., 3.1.3 is that the effect of the finite banana
s$ize cn the distribution of the beam driven current is not essential.
Figure 3.1.3 shows that, in the FER case, the calculation results
between the three modes are small. This is because the effect of energy
diffusion on the current drive efficiency becomes low, because the
increment of the injected beam energy and injection angle is relatively
large. Thus, in the FER case, the old treatment can be used.

The characteristics for each model are summarized in Table 3.1.1.
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3.2 Current Profile Control -

Current profile contreol is important for beta enhancement [21],
control of sawtooth oscillation [22,23] and suppression of major
disruption. In the NBI system, almost all beams are not rneutralized at
the entrance of the neutralizer, because of low system pressure. Hence,
the beam driven current profile is easily controlled by changing the
beam power profiles with horizontal magnetic fields, less than 0.03 T,
procduced by coils in the beam profile controller shown in Fig., 2.2.2.
A detailed description of the beam profile controller is given in
subsection 4.2.2. Figures 3.2.1a and b show the cross-sectional view of
the drift duct, the neutralizer and the icn source. The abscissa is
scaled down one-tenth of the ordinate. The size of the FER ion source
is 0.2 meter wide and 2.4 meters high. The ion source is divided into

three icn sources (18 I8 ISD) fer calculation. Multiple focused

U’ o’

beams frem the ion scurce mazke Gaussian type power profiles, of which e-
holding half width is X tanw, where w is the beam divergence and X is
R is the

tang” tang
minimum major radius along the beam path. Figure 3.2.7c shows the power

the distance from the icn source to the pesition of R

ratio tc the total power of the rectangular ion source, the beam
divergence, the vertical position and e-holding half width of each ion
source. Usually, neutral beams are focused to the focal point A and
makes a peaked power profile, as shown in Fig. 3.2.1a. In this case,

the beam divergence of the ion scurce of IS, at Z=0 does not change,

that is, w=0.3 deg (5 mrad),. When.horiz;;tal fields are applied, a
hollow power profiles is made, as shown in Fig. 3.2.1b. In this case,
the beam divergence of the ion source ISO at Z=0 is assumed to change
from C.3 deg toc 0.5 deg, due to the fringing field near the equatorial
plane, However, the perturbation can be minimized (see subsection
4.2.2).

Figure 3.2.2 shows typical beam driven current profiles JNBI

C
corresponding to three beam power profiles along the vertical direction

at Rtang’ The QFMC beam driven code has been used. The global beam
driven current efficiency Ib[A]/Pb[w] and beam shine-through fraction fs
are also shown. Figure 3.2.2 shows only the capability of current
profile contrcl, because the target plasma parameters are fixed. The
upper and lcwer beam profiles with respect tc the equatorial plane can

be contrelled independently. The required total beam driven current and
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its desirable profile, depending on scenarics, can be obtained by the
combination of individual current profiles as obtained in a few units of
the NBI system. The drift duct is 0.44 meter wide and 1.2 meter high at
the reactor entrance and is 0.5 meter wide and 2 meters high at the
first wall, respectively. The drift duct does not have a sericus impact
on the reactor structure such as toroidal field coils, shield structure,
passive shell conductors, coolant channels and electriczl insulators for

one-turn resistance (see Section 5.2).
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05F ¢ 277 ] | |
0 10 20 30 40 50 X[m]
7 (m) [ Note scale difference /
{b) E___1
|
T ISy
IS I
S e L1220 X (m)
- g
/M M r-ISD—E
|
ED_ ion source

(c) P/P. | W [deg]% 7 (m) e-holding half - width
X - tan W
ISy 3/7 0.3 0.46 0.25
ISq /7 |03/05| O 0257042
ISy 3/7 0.3 0.46 0.25

Fig. 3.2.1 Control of beam power profile. (a) Peaked power
profile. (b) Hollow power prefile. (¢) Charac-
teristics of modelled ion source, (IS,,IS5,ISp);
P/Prec: Power ratio of each ion source to total
power of original rectangular ion source, w: Beam
divergence, Z: Vertical position, r: e-holding
half-width, that is, r=X-tanw, where X is the
distance from the ion source to the position of

Rtang.
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3.3 Self-Consistent Plasma Profile of Beam Driven High g Plasma
3.3.1 Calculational Procedure

The high beta tokamak discharge with the NBI current drive has been
studied by using the library system for the 1.5 dimensional (1.5 D)
tokamak transport code: LIB2D. The code system consists of an
axigsymmetric equilibrium code, a magnetic-surface-averzged tokamak
transport code, a lccalized MHD stability code and an NBI depositicn and
current drive code. The basic role of each step is as follows:

(1) Equilibrium step

An axisymmetric MHD equilibrium equation (see Appendix A.6)

A*w = _Rz“og_i - F %

is solved for prescribed values of q(y} and v(w)=pT(¢)(8V/ap)Y, where q,
pT, V and ¥ are the safety factor, the total plasma pressure including
the beam and o particle components, the velume surrounded by the
magnetic surface ¥ and the adiabatic constant (Y = 5/3), respectively.
The code solves this squation as a generalized differential equation by
using a combination of the Bunneman DCR method and the Green function
method.

(2) Transport step

In this step, the plasma parameters of density nj, temperature Tj
and poloidal field B are advanced by solving the magnetic-surface-

o]0
averaged transport equations:

Efi 12 ( <|Vr|2>rD. Eii ] + <85>

at r or j Br

%;ﬁ%a—‘" <queor Ungyg g_:i * g D3T3 ;:l )+ Q> <Q§Eu>
8:—50 = EF”//(<J//B> - <jZXtB> ]

b9 Lt (g B
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where pj,= anj and BpO = @ar/(wRoq), and the angular blacket <X> is the
surface averaged value
erX drx
< = .
X > % B / % 5 H
D b

where y denotes the poloidal direction. The radial coocdinate r is
defined by ¢ = @arz, where ¢ and @a are the toroidal magnetic flux and
its value at the plasma surface, respectively. The other quantities, Sn
’ Qj’ Q?Eu and jjft are the particle source, energy scurce, energy
equipartition and externally driven plasma current parallel to the
magnetic field, respectively. In these equations, we ommited the terms
for the temporal change of the plasma volume which are included in the
equilibrium code. These equations are solved by the finite element
approximation and the Crank-Nickolson time integration scheme.

3) Stability step

Stabilities against the ballooning mode and Mercier mode are
checked feor the given equilibrium profile, and the threshold values of
the pressure gradient against these modes are calculated. As an option,
the code enhances the plasma transpert in the unstable region so that
the plasma is in a marginally stable state for these modes,

43 NBI step

The particle deposition profile is calculated by the Monte-Cario
scheme, and the heat depcsition profiles to electrons and icons are
evaluated with Stix's formula. The beam-induced current parallel to the
magnetic field is also evaluated by using Start's analytic expression

neglecting the trapped particle effect on beam ions.
3.3.2 Calculated Results

In the following, the time eveclution of the FER plasma with a 50-
506 D-T mixture is simulated by using a hydrogen plasma with an
equivalent mass number cf 2,5. The employed transport coefficients are
De=1.0x1019/ne ms-t, xe=5.0x1019/nem23—1 and xi=3.0xx§C, where x?c is
the neo-classical ion thermal conductivity {see Appendix 1). The
simulation is started from the MHD equilibrium of the Joule heated

plasma with an average plasma density Ee =5.0x10'° m-?, total plasma
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current Ip=5.0 MA and flat current density prcfile with q 1.5, and

then the plasma parameters are advanced In time by soli};rllg each step
mensioned above in turn. The average plasma density and the plasma
current are kept constant during the simulaticn by adjusting the gas-
puffing and by controlling the OH-coil current. The NBI heating power
is also contrelled sc that the OH current in the initial phase is
replaced by the beam-driven current in the steady state phase.

Figure 3.3.17 shows the plasma parameter prcfiles in the final
stage of the simulation, where the plasma current is driven by the NEI
and the toroidal elegtric field is almost zero in the whole region of
the plasma. The fusion energy multiplication factor Q and the toroidal
beta value 8, [%4] are Q-4.0 and BT-M.B (2], respectively. 1In this
simulation, teenhancement of the transport due to the ballconing
instability is not taken into account and the plasma is unstable In the
narrow region., Because of the off-axis injection of the neutral beamn,
the safety factor prefile remains very flat with qaxisﬂ' and the
marginal stability analysis predicts the beta value to be more than 6

for this q profile.
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Self-~consistent high-B plasma profile. (a) Magnetic
surface, (b) Beam power profile h{(z). Plasma
profiles of (c) Electron density ng, electron tempe-
rature T and ion temperature Ti; (d) Total plasma
pressure Py, thermal plasma pressure ptp and safety
factor q. (e} Profiles of beam~driven current
density JNEI and toroidal component of plasma current
density Jg. Device parameters are the same as shown

in Fig. 3.2.2,
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3.4 Current Ramp-Up Operation

An operaticnal scenario, in which the plasma current is ramped up
from 2 MA to 8 MA by the NBI current drive without OH-assist, is
investigated with physical limitations on BT and Bp and with an
engineering restraint on the beam shine-through taken in account. The
time evoluticns of the plasma parameters are obtained using 0-D
transport equations, the steady-state 2-P Fokker-Planck equation, and
the plasma circuit equaticn. The beam-driven current is calculated
time-dependently with a fermula obtained by Mikkelsen and Singer
[15,24].

3.4.1 Simulation Model and Formulation

The plasma current ramp up scenario by the NBI current drive is
studied with simple time=-dependent 0-D transpoert equations, the steady-
state 2-D Fokker-Planck equation, and the plasma circuilt equation. The
transport equations deal with the following powsr balance equaticons and
the particle balance equations., The density and temperature profiles
for icns are assumed to be the same as those for electrons, which are
given by n(r) = n(0)x[1-(r/a)21%"% and T(r) - T(O)x[1-(r/a)?],
respectively.

The power balance equations for electrons and ions are given by

dw

e e e e
gt =Py " Pumr t Fow T Pei Psyn Pimp P conv
dw, . . -

iod i i

at - To T Pwer T Per 7 Foony

where Pz and P; are the alpha-heating power to the electrons and to the

ions. P;BI and P;BI are the beam-heating power to the electrons and to

the ions. POH is the Joule heating power; Pei is the energy transferred

from the electrons to the ions; Psyn is the synchretron radiation loss;

P, is the radiation loss due to impurities. p°® and Pl are the
imp - conv Cconv

electron and the ion energy transport losses. The energy confinement
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time for the electrons E e is calculated by Kaye-Goldston scaling (seg

Appendix 1).

The ion energy confinement time T is ecalculated using ion
?

thermal diffusivity X 0 which is taken to be ten times the neoclassical
value as calculated by Change and Hinton (see Appendix 1).

The global energy confinement time, =t is calculated:

E,g’

The particle balance equations are also solved time-dependently for
D, T, He, and impurities individually. Argon is assumed to be the only
impurity here. The charge state of argoen Zk is calculated from a
polynemial fitting function given by Post[25].

The particle balance equations for D, T, He, Ar, and the electrons are:

d n
D 1 D
at - v Sp T Sygr T8¢! T (T =R
dn n
T 1 T _
rFra v‘(ST Sf) . {1 Re)
p
dﬁa 1 Ea
R
p
daimp 1 “imp
dt - V-Simp - T (- Re)
p
dn_  dn_  dn dn dn,
. _P, T, 2,y E—LL
dt dt dt dt imp dt
where n . n , n R n. and n_ are the volume averaged densities for D,
D T o imp e

T, He, Ar, and the electrons, respectively. The number of D, T, and Ar
particles fueled per second are represented by SD"ST and Simp’ and SNBI
is the number of beam particles injected into the plasma. Sf is the
number of D or T (or He) particles spent (or produced) in the following

fusion reaction: D + T » o + n.
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The particle recyling rate, He, is assumed to be the same fer D, T,
He and Ar for simplecity. This is assumed to be 0.85 and is set
constant. The particle confinement time Tp is defined as twice as large
as TE’g, where T E,8 is the global energy confinement time.

The energy balance equations and the particle balance equations are
solved by the Runge-Kutta-Gill method and the plasma parameters are
cbtained time-dependently. The global beam driven current efficiency,

n, 1s calculated by the formula obtained by Mikkelsen and Singer[15]:

[ Amp ] i INBI 1 ; Te/(keV)

watt " B T 2R /(m) 58.92 o1 ~ 1)

ﬁe/(wozo/m_3)

) (x,y)

hou
n

140.06F(Zb, Zeff'

faall
|

= RO/ £ = a/ZRO

0 Rtang’

where fs is the shine-thrcugh fracticn calculated by a beam power
deposition code; J(x,y) is a function of the normalized beam velccity

parameter x and the pitch-angle scattering parameter y; and F(Zb, Zeff’

€) is the correction factor for the current carried by the electrons in

response to the beam ion current. F(Zb, 7 g) also contains the

eff’
correction for trapped electrons. Thus the global beam driven current,

INBI’ can also be obtained time-dependently.

The vcltage applied by the external field can be given by the
following equation, if the inductance of the beam current is assumed to

be the same as that of the inductive current:

d

where Lp, Rp, and I are the plasma inductance, the plasma resistance,

CH’
and the inductive current, in which the return current is taken into

consideration. Since the totzl plasma current, Ip, is supported by the

beam driven current, I in this scenario, Ip can bée represented by

NBI'’

the sum of INBI and IOH as follows: Ip = INBI + IOHf Therefore, VL can

be rewritten as:

39—
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The magnetic flux supplied by the external field wex is obtained by

integrating V. in Eq. (1)

L
Note that in order to noticeably save the flux swing, the heam

driven current INBI should always be larger than the plasma current, and

it is also necessary to make V. as small as possible, A smaller V

L L
results from higher plasma resistance to ramp up the plasma current
while the electron temperature is low. The beam power PNBI should be

controlled properly.
3.4.2 Current Ramp-up under BT and Bp Limitations

Since high energy and high power NB is injecied during the NBI
current ramp-up, care must be taken to satisfy the conditions on BT and
Sp’ and the beam shine-thrcugh stated hereafter.

i <
13 BT(tor01da1 beta) £ Bcr
where Bcr represents the Troycn's beta limit which is given by

Troyon[7].

Ip[MA]
Bcr(%) - CT a[m]BT[T]

where Ip, a, and BT are the plasma current, plasma minor radius, and the
toroidal field strength, respectively. The Troyon's beta scaling
coefficient C.. is taken to be 4 in this calculation. Although the

T
pressure precduced by the fast beam ions is anisotropic (P, >> P;), while

the background thermal pressure is isotropic, the total pf;sma pressure
is defined as the sum of the beam pressure and the thermal pressure Iin
this calculation. 8Sco the total beta toroidal is given by the sum of the

. T " Bbeam + Bth' The kinetic
beam pressure i1s defined by P = nb Th <Eb>, where nb is the particle
density input rate due toc the injection, 1, 1s the beam ion life

b
time[15], and <E_»> is the averaged energy of the circulating beam ions,

beam beta and the thermal beta, that is, B

b
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2) Bp {poloidal beta) < A = H/ap [plasma aspect ratio]
Beta pcloidal Bp is given by:

= 2 L2
Sp Br A% g

1+k 2

where « and A are the plasma elongation and the aspect ratic, The

safety factor ¢ is represented by:

] SaBT(1+K2)
95 TR T
p

Thus, if we use the relation R BT = constant, Bp can be expressed by

where C, is a constant, This equation for Bp shows that Bp is
dependent not only on Ip but also on k and A, So it is possible to ramp
the plasma current up keeping Bp smaller than the aspect ratio, if k, R,

and a can be changed properly.
3) Allcwable beam shine-through rate

The allowable beam shine-thrcough rate during the current ramp-up
phase depends on the engineering design (see Subsection 5.3.2). The
electron density is the main control means for the beam shine-through.

The electron density ng and the effective charge Ze are mainly

controlled by gas fueling. o

The current drive efficiency is inversely proporticnal to the
plasma density. Therefore, it is preferable to keep the plasma density
as low as possible. However, note that it is required to keep the
density adequately high in order to suppress the beam shine-through and
also to make a cold and dense divertor plasma.

The effective charge, is controlled by impurity fueling.

Z ’
eff
Since high power beam 1s injected into the plasma while low electron

temperature is preferable for reducing the resistive backward electron

current due to negative voltage, Z should be kept high sc that the

eff
radiation less due to impurity can be large enough to keep the electron



JAERI-M 88-088

temperature low. Zeff is preferable to be controlled at about &.5 .

during the current ramp up,
3.4.3 Full Non-Inductive Current Ramp-up

In the previous ssction, the importance of controlling the NBI

power and energy are described sc that both the total beta, B8 and the

peloidal beta, Bp’ are limited within the Troyon limit and tie aspect
ratio, respectively. These restraints limit the speed of the plasma
current ramp-up, otherwise OH-assist is required for fast current rise.
In this subsection the OH-assist is removed resulting in VL:O
during the NBI current drive. It is not so easy to sclve Eq. (1) even
if VL=O, because the plasma resistance, Rp, and the NBI driver current,
INBI’ are non-linear functions of Te, and Te is one of the quantities to
be sclved in esach time step. To avoid this difficulty, the rate of
change of the plasma current is estimated for obtaining the value at the

next time step by the next equation in spite of solving Eq. (1)

dl R

v - T (Ip = Tygr? @)

[
k=]
o

This procedure clearly requires slow changes of Rp, Lp and INBI'

At the very beginning of the NBI current drive, the V. = 0 supposition

L
is' slightly viclated. The plasma current is ramped up from 2 MA to 8
MA. The Do—pencil beam is injected at:
1
Rtang 2 a

Since Troyon's beta limit is proportional to the plasma current and
since the total beta is defined as the sum of the beam beta and the
thermal beta, it is not allowed to inject a high power beam into the
plasma when the plasma current is small. So it is required to increase
the beam power as the plasma current becomes larger.

The NBI energy maintained at 500 keV throughout the current ramp-up
phase. The density will continue to increase gradually due to the gas
fueling effect of the NBI. A lower energy beam reduces the shine-

through rate because the interaction cross section hetween the beam
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particle and the background plasma increases as the beamn energy _
decreases. From a gas fueling peint ¢f view, a lower energy beam
supplies more particles for the same NBI power, hence the density will
increase more rapidly, which will deteriorate the current drive
efficiency.

Figure 2.4.1 shows the time evolution of the plasma current, total
beta, density, Zeff and beam shine-through, fer two different NBI power
controls to compare its effect on the polcidal beta. Throughout the
current ramp-up total beta is within the Troyon limit. In Fig. 3.4.1b,
Bp limit violation has been avoided by beam power control, therefore
there is no necessity of controlling k and A (see Sub-section 3.4.2).

The power due to beam shine-through is well suppressed below the
design value for the shine-through armor plate. Time evolution c¢f the
ion and electron temperatures and the loop voltage calculated by

Egq. (1) are also shown in Fig. 3.4.1. Loop voltage is a measure of

accuracy when approximating the change rate of the plasma current as

Eqg. (2) . The flux consumption during plasma current ramp-up from 2 to
8 MA is 0.2 - 0.3 VS which is less than 0.5% of the inductive storage
A{LpIp).

Table 3.4.1 summarizes the results for two different manners of the
NBI power control at the initial stage of the NBI current ramp-up. Case
1 corresponds to the Fig., 3.4.1a in which PNBI is contrelled so that the
total beta BT is maintained closed to the Treyon's beta limit. The
poloidal beta Bp exceeds the sapect ratio for the first 50 seconds. In
case 2, both NBI power and its rate of change are decreased, thus
resulting in the suppression of Bp at the level around the half of the
aspect ratio. Note that the case 2 requires longer rise time (tr) and
larger energy (P'tr) for plasma current ramp-up. Other condiftions such

as initial electron density ﬁe(t = 0) and.Ze are set exactly cor

approximately same,. "

Since NBI current drive efficiency is basically proporticnal to
fe/ﬁe, the NBI driven current is maximized in the high temperature but
low density plasma. ©On the other hand , a return electron current,
which cancels the driven current, increased rapidly at high electron

temperature because of %9_3/2

dependence of the plasma resistivity.
There exists, therefore, an optimum electron temperature to minimize the

plasma current ramp-up rate. The Importance of contreolling the energy
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and particle confinement times separately should be noted from this view_
point.

In the present analysis, the beam pressure contribution to the
plasma pressure 1s tazken into considertation by defining the total
pressure as the sum of the beam pressure and the thermal pressure. If
such an anisotropic beam pressure may be neglected when considering
instabilities, it will be much easier to ramp up the plasma current A
further study on the effect of the anisotropic beam pressure on
instabilities is required in order to establish the current ramp up

scenario.
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Table 3.4.1 Plasma parameters and summary

Caose | Case 2
R (m) 49 49
a (m) 1.3 1.3
K 1.7 1.7
Lp (pH) 10.72 10.72
A = R/a 377 377
Ip (MA)Xt=1tr) 80 80
Br (T) 50 S0
Bp - MAX 545 25
tr (sec) 3625 4525
P-tr (GJ) 15915 17.31
P- MAX (MW) 500 4802
Psh ~MAX (MW ) 2.053 1.645
Ne (x10®m-3)Xt=0) 0861 0.861
Z - effective 4657 4775
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Fig. 3.4.1 Time evolution of the plasma parameters for two cases

of different NBI power control; (a)

NBI power is

controlled in proportion to the plasma current up to
50 MW, (b) the rate of NBI power increase at the
begining is suppressed to decrease at this phase.

Beam energy Ep is 500 keV. Beam power PNBRI; beam
shine through power Pgp; beam driven current Iypt

and plasma current Ip; critical beta value B¢y, total
toroidal beta value Bp, including beta value due to
thermal populations B¢p, due to suprathermal alpha
particles By and due to ion beam particles Bj.

Critical beta value B.y is assumed to follow Troyon
beta scaling law, expressed as Bcr=CTIp[MA]/ap[m]BT[T].
(Scaling coefficient Cp is 4), poloidal beta value Bp;
electron density ne, deuterium density fiy, tritium
density ny and argon density EAr' Time wvariation of
loop voltage is also shown. The loop voltage is
given by VL:szIOH+3€%—(LPIP)’ where Ly, Ry,

and IOH are the plasma inductance,

the plasma

resistance, and the inductive current, where the return

current taken into consideration.

charge state defined as Zeff==§nizi
1

Zeff 1s the effective
/ne
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3.5 Quasi-steady State Cperation -

In FER, a quasi-steady state operation scenario was proposed, based
on plasma heating and current drive by an RF system [26] and various
problems were discussed [27]. In this operation, as shown in Fig.
3.5.1, the plasma current is non-inductively ramped-up by LHRF [28]. 1In
the ignition approach phase, LHRF or ICRF is used for plasma heating.
In the burning phase, the current is inductively maintained by the OH
coils and plasma profile contrcl is performed by ECRF. After the
burning, the current is ramped-down to the same former appropriate value
and then non-inductively maintained by LHRF in low density pilasma.
During this phase, the transformer coils are recharged. The engineering
advantages of introducing the RF-assisted quasi-steady state operation
were discussed [29] and may be summarized as follows; 1) reduction in
machine size without decreasing burn time, and 2) remarkable reduction
in cyclic stress due to the over-turning force on the TF coil. The same
engineering advantages are expected in the quasi-steady state operation
Scenario based on the NBI system. In this operation scenario, cnly the
NBI system is used for heating, current drive and current profile
control during all the phases, except for the plasma initiation phase by
ECRF with about 3 MW power and the current growing-up phase up to 2 MA
helped by OH coils. Figure 3.5.,2a shows typical plasma parameters
during the burn phase and the recharge phase. A beam input power P of

b
40.9 MW with E_ of 500 keV is injected. Xenon impurity is used to

imprcove the ougrent drive efficiency and to decrease the recharge time.
By full using the prepared heating power for the igniticn approach,
relatively high density plasma can be used for a target plasma. Thus, a
cold and dense divertor plasma tends to be obtained. The plasma
poloidal beta Bp during the recharge phase is about one third of that of
the burn phase. If the plasma current is reduced to 5.4 MA from 5.9 MA,
the time variation for the over-turning force on the TF coils can be
reduced significantly [29]. The heat load on the divertor plate during
the recharge phase is about half cf that for the burn phase, which leads
to a reduction of the cyclic heat load on the divertor plate compared to
the pulsed operation. The shine-through fraction fs is 0.2. To reduce
the heat load due to the shine-thrcough beam particles, a parametric

survey was performed. Figure 2.5.2b shows the Ee—dependence of the beam
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driven current Ib’ electron temperature fe and fs. The injection power.

Pb is fixed to be 40.9 MW. Figure 3.5.2¢c shows the P, -dependence of I

b b’
Te and fs. The plasma density is fixed to be 1x10!® m-*, Figures
3.5.2b and 3.5.2c suggest that a plasma density of 2x10'% m-2* seems Lo
be a more preferable target plasma density, from an engineering

viewpoint, even though more injection power is necessary.

(B) (F)
{A) o | (C) (D) (E) {D) i
Ignitien - . Repetition | Final
Coo!
Rampup Approach Burn Cooling | Recharging ooling ggak
Plasmg
Operation Plasmae Current, I, 57MA I
Scenario Temperagture,, 10 keV
[ T ~4MA
~4MA— Density, n ~4MA 0
.32 % 1020 3 N
T {~2keV 1~ 2keV ~1 keV

N 18 __
108 3 10% 3 3¥107m \

~100s | ~25s ~2000s | ~25s ~200s |, ~25s | ~30s
Current Sustoinment Scenario . .
OH LHRF OH LHRF | " OH
Heating Scenario

EOMW BOMW SOMW

10MW {OMW | /RF || oMW RF \1OMW OMW RF
EC LHRF (CD)|EC EC EC_LHRF (CD)
A L e A
Is {00s 55 20s 10s 20s 5s 200s 25s

Fig. 3.5.1 Example of quasi-steady state operation, based
on RF systems.
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3.6 Cold and Dence Divertor Plasma during Non-Inductive Current Ramp-

Up and Quasi-Steady State Operation

The formation of a high recycling divertor plasma, that is, a high
density and low temperature divertor plasma, is preferable for plasma
production and maintenability of the divertor plate due to the reduction
of the impurity release from the divertor plate. When the main plasma
density is high, a high recycling divertor fends to be easily obtained,
On tne other hand, the current driving efficiency is inversely
proportinal to the plasma density., As already described in the
preceding section, the target plasma with a density of arcund (1 -
2)}{1019m_3 is available in the NBI case. In this section, we examine

the properties of the divertor plasma during non-inductive current ramp-

up and quasi-steady state operation with the NBI,
3.6.1 Calculational Procedure

Particle palance among the main, scrape-off and divertor plasmas is
shown schematically in Fig. 3.6.1 [30]. The neutral flux fleowing from
the scrape-off plasma regicn inte the main plasma region is balanced
with the ion diffusive flux at the boundary befween both regions. On
the other hand, the neutral flux flowing from the divertor region back
to the scrape-off region, a part of which is reionized in the scrape-off
region (the probability is assumed to be exp(—b/AM) and accelerated back
again to the neuftralizer plate, is balanced with the incoming ion flux
flowing into the divertor region at the boundary.

We describe the divertor plasma by the conservation equation for
the particle, momentum and energy alcng the field line projected on a
pcloidal cross section. Details of these analytical models are
presented in Ref.,[30], so only a brief description is given here. The
analytical sclution for the particle conservation equaticn can be

expressed as follows,
F(z) = np(z)V(Z) = F(Zthr) + F(ZL)nCZ) (1)

Wwhere
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zZ = 2Z Z - 7
@) = lep( — =) - exn “’“"A// =101 = nggeem(- 301 (@)
where
v . (z )
Mo w Tz )<23>(I§(z 3] (3)
p L thr
v, (z )
A o= th L (4)

np(zL)<ov>(T(zL))

z 18 the coordinate along the poloidal magnetic field line, Zenp
indicates the location of the throat entrance and zL the neutralizer
plate. The quantities np, v, F and T are the plasma density, the flow
velocity, the ilon flux and the plasma temperature, respectively. In
Egs. (3) and (4), A”

particles to mcve along and across the divertor channel, Nese is the

and A) are the mean free paths for the neutral

probability for a neutral particle emerging from the divertor plasma to
escape from the divertor chamber, b is the width across the divertor
channel. Vin and <gv> are the thermal velocity and the electron impact
ionization rate. The physical meaning of n{z}) is the ionization
probability of the neutral particles emerging from the divertor plate.
The analytical solution for the momentum conservaticn equation is

given as follows,

v(z) = vS(Z)(K(Z) - vK(z)2%-1) (5)
where
B
_ P 2T (z)
VS(Z) = BT I (6)

F(ZL)VS (ZL)

F (2)vg (2) (7

K(z) =

where Vg is the sound velocity, and Bp and BT are the poleidal and
toroidal magnetic field. The sheath boundary condition (sound velocity)

at the plate is used to derive Eq.(5).
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The analytical solution for the energy conservation equation ig

given as follows.

T/2 7

T(z) = [Tz 5= { ay(z,, ) (2, -2)
V3
-aF(z ) 1 - n exp( -5 )]
L esc Ay
[ z -z Zepe T 2L ]}]2/7
x |A,(1 - exp y - {z, - z)exp (8)
4 A” L A”
where
Tz ) = [Qy{z ) - alF(z) - Flz,, D }H/¥F(z)) (9)
B
X, = 10° ( =) (10)
T
QD is the power flow, a=13.6eV and Y=7.8. In deriving Eq.(8), we have

used the sheath condition QD(ZL)=YT(ZL)F(ZL). These simple analytical
models have been shown in Ref.[16,18] to well describe the features cof
the divertor plasma, if several parameters, e.g., Nese’ are properly
adjusted.

Next, we model the particle balance in the main plasma as follows.

on r -r
- 12 (rp, =) = s,(r) = S, exp [ 2 ] (1)
M
where
_ Ven Zenp) (12)
M nM(rB)<ov>(T (Zthr))
[ S (r)dv. =1, =1exp { - o ) (13>
JV M p M AM
P

and Ty is the position between the scrape-off and the main plasma, IF

we aséume the diffusion model in the main plasma as,
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Dy = [h(r)-ne(r)J“ , (14)

where h(r) expresses the r dependence of DM

assumed to be constant in practical calculations here. We can easily

except for De(r), but it is

obtain the solution as fcllows:

when o % -1
I r

n (ry = In_(r)%1 4 (er1) e A_E )x
r 1
[I‘B 1 [ P )\M ot
——— 1+ (=~ 1)e " Jdr} (15)
Jr n{r)--r AM
and when a=-1
I r r
M B B
my(r) = ny(rdexpl gy &( 3 y[£( %, ) - £ %\; )11 (16)
where
f(x) = exp x - 1 + 0.57721 + 1n x - Ei(x) (17}
gly) = ——ox2y) (18)

y - 1 + exp(-y)

It will be more convenient to use the average density by integrating
Eqs.(15) or (16), since the current drive efficiency in the experiments
is usually expressed in terms of the average density. Thus, we

introduce the average density ﬁe defined as
21 B
n = —; n(r)rdr (19)
ré¢l, M

3.6.2 Calculated Results

The solution in the main plasma gives the relations among the edge

electron density in the scrape-off layer n the ion cut-flux across

thr’
the geparatrix surface intc the scrape-off layer IM and the average main
electron density ﬁe' According to a recent experimental result [31] it

iz observed that the particle confinement time decreases as the average
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main electron density increases. Hence, we assume the diffusicn model
defined in Eq.(14) and search a reasonable index o consistent with the
cbserved particle confinement time in the JT-60 experiment. We will
obtain the main plasma sclution by using various values of o. Figure
3.5.2 shows the particle confinement time Tp as a function of the
average main electron density with the edge density as a parameter for
the diffusion model @=0.5. The lower cross marks are the result of JT-
60. The essential point tc be examined is the densiﬁy dependence of Tp,
since the diffusion model of Eq.({14) contains an unspecified numerical
coefficient. Thus, we arbitrarily plot the upper crosses, which
represent 3Tp, toc examine the density dependnece of Tp. Resulits for 0O <
a < 1 reproduce the experimental characteristics. Hence we use ¢=0,3,
which is hardly different from the condition a=0.5.

The main plasma solutions consistent with the divertor solutions
are shown in Fig. 3.6.3. The calculation result suggests that it is
very difficult to make a divertor plasma temperature below 10 eV in non-

inductive current ramp-up while satisfying the required plasma current.
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Fig. 3.6.1 Poloidal cross-section of divertor tokamak [30].
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Fig. 3.6.2 Particle confinement times are as a function of
average main electron density with electron
density at throat entrance as a parameter when
diffusion model in main plasma is o=0.5. Cross
marks indicate experimental results in JT-60
(lower) and 37p(upper).
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Fig. 3.6.3 Main plasma solutions consistent with the divertor

solution.
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3.7 Steady State Operation -
3.7.1 Steady State Operation for Next Generation Tokamak

We now consider the steady state operation scenaric for the FER,
using the heating pcwer prepared for the ignition approach. Figure
3.7.1%a shows an equi-contour map for the minimum heating power Pb[MW].
The plasma temperature and plasma density profiles are assumed to be
T(r) = T(O)x[1—(r/a)2]0'6 and n{r) = n(O)x[1~(r/a)2]O'5, respectively.
The beam energy Eb is 500 keV. Figure 3.7.1b shows the relaticn between
the Q values and other plasma parameters, corresponding to the contour
denoted by the dashed-and-dotted line in Fig. 3.7.1a. The 3 value
includes the fusion output due to beam-target interaction. The dotted
line in Fig. 3.7.1b shows the contour, corresponding to the Troyon beta
scaling, expressed as BCP=CTI[MA]/a[m]BT[T], where I, a and BT are the
plasma current, plasma radius and toroidal field strength, respectively.
In this case, CT’ the coefficient of the Troyon beta scaling, is assumed
to be 5. This value is well expected when the current profile is
controlled, as shown in Section 3.3. If the total beta value BT i3
restricted by this Troyon scaling, the attainable Q value in FER is
around 5. The pressure due to suprathermal alpha particles and ion beam

particles amounts to 40 to 50 % of the total pressure.
3.7.2 Steady State Operation for Power Reactor

The performance of the fusion plasma is often denoted by the Q
value. But, for indicating the performance of the fusion power plant,

the following parameter seems to be more appropriate,

E
ap = Pf/Pnet

where P_, is the fusion power and PE is the net electrical power.

Figure 2.7.2 shows the relationshipesetween Q and Gp with a schematic
drawing of the power flow in a fusion plant. In a present fission power
plant, the circulation power ratio is about 2%. Here, we assume that
the ecirculation power ratio, excluding the NBI power, is 5% and the

thermal efficiency is 30%. In both cases of the NBI efficiency nb=0.5
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and nb=0.7, ap decreases up to Q = 15 but in the region of Q > 15, the.
variaticn of ap is rather mild,

A future fusion power plant seems to require a net electrical
cutput of about 1000 MWe with & reasonable beta limit. Under the
reactor scale of Rp= 6.7 m, ap:2 m, k=1,6 and BT=5'2 T [32], the beamn

energy E i3 assumed tc be 1 MeV, which seems to be a reasonable value

after theb500 keV injection system is completed for the next generation
tokamak. How should the operation point be decided?., The beam driven
current efficiency is gocd in high temperature and low density plasma
for any given beta. A high plasma femperature (abcut 30 keV) ensures a
maximum Q value, but the fusion output is rather small within a certain
beta 1imit. On the other hand, a low temperature (about 10 keV) ensures
maximum fusion output. In this case, however, most of the fusion output
is spent for the NBI system.

The above-mentioned relationships are summarized in Fig. 3.7.3. An
electron temperature ?e of 20 keV ensures a maximum net electrical
output. But this point does not ensures a high Q. Therefore Te of 25
keV is chosen as a compromise between the requirements of a high net
electrical output and a high Q. As a result, a Q value of more than 15
is realized and a net electrical output of more than 700 MWe is expected
with a total NBI efficiency of C.5.

Figure 3.7.4a shows the CT—dependence of the Q value and other
parameters. The plasma density and plasma temperature profiles are
assumed to be n(r) = n(O)x[1—(r/a)2Ja” and T(r) = T(O)XEW—(P/a)zjaT,
respectively, 1In Fig. 3.7.4a, an=0.3 and aT=T are adopted. The
influence of density and/or temperature profiles on the Q values is
shown in Fig. 3.7.4b. A brecad density profile gives a relatively low Q
value compared to the peaked density profile, when the total beta value
is fixed to be almost the same value. In Fig. 3.7.4a, the beam driven
current can be decreased in accordance with the enhancement of the
critical beta value under the condition of constant plasma temperature
and plasma density, namely, constant fusion output. This results in a

reduction in beam inpuf power P_ and, hence, in an increment of the Q

b
value., 1t is expected that CT for a tokamak plasma with a conventional
cross—-section is improved more than two times, compared to the normal
case, as shown in Section 3.3, owing to current profile controllability

with the NBI system. In addition, a maximum field strength con the TF
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coil Bmax of 16T may be possible with expected future progress [33]. As_
& result, a Q value of more than 20 is realized and a net electrical
output of mcre than 700 MWe is expectéd with an overall efficiency of
0.5. In Fig. 3.7.4a, the toroidal beta value and poloidal beta value
are also shown., The pressure due Lo suprathermal alpha particles and
ion beam particles amounts to 30 to 40% of the total pressure. The
pressure due to suprathermal alpha particles and ion beam particles may
Improve the MHD stability and raise the critical beta [34]. 1In
addition, if the bootstrap current can be considered as a realistic aid
in the current drive for a steady state tokamak [4,L45], the required
power for the current drive will be reduced. In the following section,

the effect of the bootstrap current on the Q value will be described,
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Fig. 3.7.1 Steady-state operation in next generation tokamak.

Beam energy Ey is 500 keV. (a) Equi-contour map

for minimum heating power P[MW] on a density and
temperature plane, calculated from a point model

of power balance with INTOR-Alecator scaling law as
electron energy confinement. Xenon impurity frac-
tion of 0.047 and helium impurity fraction of 57 in
the ion density are assumed. (b) Maximum attainable
Q value. Parametric survey is performed along the
contour denoted by dashed-and-dotted line in Fig.
3.7.1a. Critical beta value Bgr is assumed to
follow Troyon beta scaling, described in Fig. 3.4.2
(Scaling coefficient Cr is 5). B7: total toroidal
beta value, including beta value due to thermal
populations B¢}, due to suprathermal alpha particles
By and due to ion beam particles By
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Fig. 3.7.2 Energy multiplication factor Q-dependence of O and Y.
Power flow in a fusion power plant is also shown in
this figure ap=Pf/PEet: ratio of fusion power Pf to
net electric power Pfer and Y=Y} + Yother: total
circulation power ratio. The definition of nctations
are as following; Py: beam injection power, Pth;
thermal output (Pg + Pp), nth: thermal efficiency,
Nyt NBI efficiency, PE: circulation power for current

drive, Pgther: circulation power for other,
Yb * Yother:
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Fig. 3.7.3 Operation point of fusion power plant. Notations are
the same as shown in Fig. 3.7.2
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Fig. 3.7.4 Steady state operation in power reactor (R,=6.75 m,

a=2 m, K=1.6)., Beam energy Ey is 1 MeV. Plasma
density and plasma temperature profiles are assumed
to be n(r)=n(0)x[1-(r/a)?]% and T{r)=TO)x[1-(r/a)?]°T.
(a) Cr-dependence of Q values and other parameters.
Plasma temperature and plasma density are fixed to
obtain constant fusion out put. The maximum field
strength on TF coil Bpax is 12 T and 16 T. The
pressure due to suprathermal alpha particles and

ion beam particles amounts to 30 to 40% of the total
pressure. (b) Influence of density and/or tempera-
ture profiles on Q values. Total beta value is
fixed to be almost the same value.
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3.8 Bootstrap Current Effect -

Recent experimental measurements in TFTR have shown that
substantial plasma currents are created by neutral-beam injecticn
parallel to the magnetic field [4]. 1In additicn, a large fraction
(sometimes more than 50%) of the plasma current can only be explained by
including thecretically predicted necclassical (bootstrap) effects.
Theory has predicted that radial diffusion induces a current (boctstrap
current) in the toroidal direction and that the current becomes large in
the banana region [35,36,37].

The origin of the bcotstrap current is as follows. Electrons in
the collisionless region Ve i < Vi make complete circuits of a banana
crbit. When a density gradient exists, there is a difference in the
number of particles on a neighboring banana orbit passing through a

point A, as shown in Fig. 3.8.1. The difference is (dnt/dr)Ab, A being

b
the width of the banana orbit. When the component of the velocity

parallel to the magnetic field 1s denoted by v” , 1ts value for the

1/2 . :
v E Vi where vy is the thermal velocity.

Consequently, the current density due to the trapped particles is

banana particles is v

32

1
i dr “bp’ B
p

= (e v

¥l

Jot

The untrapped particles start to drift in the same direction as the
trapped particles due to the collisions between them, and the drift
becomes steady-state due to the collision with ions. The drift velocity
Vb of untrapped particles in a steady state is given by
( 299 ym_{ EEE yo,

€ e -en,

v .m v, =
el e b

where vee/e is the effective collisicn frequency between trapped and

untrapped electrons. The current density due to the drift velocity Vb

of the untrapped electrons is

L 12 1 3P 1/2
= -0.33 ¢ Bp A (a/R) Bp

Ip
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Since Bp,should be about unity in next generation devices such as thes
FER, a substantial fraction of the current could come from neoclassical
effects,

Inspired by the above mentioned experimental results, we analyze
the beam driven current with boctstrap effects. The expressicn for the
neoclassical current is the Hinton-Hazeltine smoothed banana-plateau
formula [38]. We develop an algorithm to solve the beam driven current,
being consistent with MHD equilibrium. The algorithm is shown in Fig.
2.8.2. There are two options; cne is the case with the regulation of
injection power for a fixed plasma current, and the other is the case
with the regulation of plasma current for a fixed injection power.
Notations in Fig. 3.8.2 are the =zame as these in Section 3.3 and a
detailed description is given in Appendix €. An example of convergence
of the eguilibrium plasma current in the calculation is shown in Fig.
3.8.3. Usually the number of iterations Nit is within 10, We have
carried ocuft calculations for the FER Opticn C reactor decribed in
Secticn 5., The radial density and temperature profiles are used: n «
(7—¢/ws)k and T « (1—w/ws)m, where k = 0.5 and m = 1,0, Table 3.8.1
shows the numerical results with neoclassical effects and without
neoclassical effects, Plasma current regulation is used. For Ip =7
MA, a required power is 103.9 MW without neoclassical effects and 55.6
MW with neoclassical effects in the case of Eb = 500 keV and Zeff = 2.

The Q value with necclassical effects increses frem 2.8 to 5.42. The

total ocutput P including the thermal cutput P and the fusion output

T)
due to beam-target interaction, is alsc shown,

th

The bootstrap effect on the Q value in a power reactor (RO=6.75 m,
a=2 m, k=1.6, BT=6'9 T, Rtang%6 m } is also examined. The beam energy
Eb is 1 MeV, The plasma density and plasma temperature profiles are
assumed to be n = 1.75x1020[m_3]x(1—¢/ws)0'3 and T = 50[keV]x(1—w/ws).
The calculation results are shown in Fig, 3.8.4. Notations are the same
as those in Fig. 3.3.1. For a fixed plasma current of Ip = 15 MA, the
required power is 282 MW without neoclassical effects and 127 MW with
necclassical effects. In the case with bootsrap effects, the total
output, the Q values and Troyon coefficient CT are 3075 MW, about 24
and 6.21, respectively. In the case without bootstrap effects, these
values are 3129 MW, about 11 and 6.47, respectively. The Q value with

necclassical effectis increases from 11 to 24.
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Table 3.8.1 Calculation results with and without bootstrap
effects for the FER.

w. B.S w/o B.S| Op. C |
R [m) 492 |
a [m] 1.32 !
K 1.7 |
5 0.2 i
By [T) 4.68 :
T [keVl | 16 15 |12 |
fe [10°m~1] 0.72| 067! 1.09!
P, [MW] | 556 [1039 | |
Py, MW 262 {219 459 |
Prer [MWI | 398 | 719 | |
Pr [MWI 302 1291 | |
Bp 1.84| 1.85] i
Br (%) 574| 583 49
I, [MA] 376 7 | T |
lgs  [MA] 3.24 | |
Ip  [MA] 7 7 | 869
Cr 5.1 51 1 35 |
Q 542| 28 | oo |
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Fig., 3.8.1 Banana motion of electrons that induce the
bootstrap current.

Ip - fixed by P, requlation
or Pp - fixed by I, regulation

P =Bef (¥) : given
FF' = (1-Bp) Rof (V)

MHD equilibrium code
NV = - 1R P - FF’
v(R,Z), <B®>

<j, B>

L

FF = ol FPP +F<J,B >) /<B®>

Fig. 3.8.2 Algorithm to solve the beam driven current, being
consistent with MHD equilibrium.
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EB = 1.90QE+Q3(KEV),
RT 7.17°CM>, BT = 6.9@(T2, QA = 4.21,
NEQ = 1. 7SE+20C ME%3), TEQ = 5.@QRE+Q1CKEYD,
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Fig. 3.8.3 Example of convergence of equilibrium plasma
current in the calculation. Nj, denotes the
number of iterations.
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3.9 Plasma Rotation Effect

In this section, plasma rotation effects cn plasma confinement and
the beam driven current efficiency are described. In the JFT-2 tokamak,
the torocidal plasma rotation induced by the momentum input associated
with unbalanced beam injection was studied to clarify the possible
effects on the transport processes [39]. There was no difference between
the incremental energy with co-injection, with counter injection and
with balanced injection. Figure 3.9.1 shows the experimental results
obtained in D-III [40]. The toroidal rotation speed was measured in a
series of discharges by a spectrometer with a wavelength shift of ¢ VIII
lines on an NBI beam path., For a constant value cf plasma density and
heating power, the peak roctation speed just before the onset of Ha
peripherical disruption has a linear correlation with the ion
temperature, as is shown in Fig. 3.9.1. The rotation speed measured by
a Doppler system is consistent with the toroidal phase velocity of the
Bp fluctuation., The points at high Ti(O) correspond to the H-mode
discharge and the lower Ti(o) values correspond to the L-mode discharge
because the points shown In Fig. 3.9.1 are for almost the same heating
power. The data for limited discharges are plotted on the same line.
This suggests that the phenomenon, at least in the central region of the
plasma, are continucus from limitered to H-mode discharge. Discharges
with confinement have a large rotation velocity, suggesting a close
relationship between energy confinement and mementum confinement. The
above mentioned experimental results suggest that plasma rotation effect
of plasma confinement is small.

On the other hand, a new mode of enhanced energy confinement, the
so called super shot, has been observed for TFTR with near-balanced
injection [#1]. The super shot exhibits improved electron stored
energy, as well as improved beam and thermal ion stored energy. Peaked
density profiles observed in this regime appear. A number of
classically expected factors may lead to reduced density peaking and
poorer heating efficiency at high rotation speed with unidirectional
injection., In a rotating plasma frame the beam iohs, and especially the
fractional energy component beam ions (which constitute abouf one half
of the total beam in the TFTR), have considerably reduced energy. This

results in larger atomic cross-sectien for beam deposition and a larger
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fraction of the deposition on hydrogenic species in the form of charge-
exchange rather than impact ionization as shown in Fig. 3.17.1. A
lowered heam velocity in the plasma frame results in a strong reduction
in the beam-target and beam-beam fusion neutron yields; unidirectional
injection reduces beam-beam neutron production as well,

In the FER, beam energy is 500 keV. Even if the plasma rotates

Wwith an ion thermal velocity v the atomic cross-section for beam

-
deposition is effectively isrihe form of impact ionization. Thus,
confinement properties will be independant of the injection method.
Next, we consider the plasma rotation effect con beam driven current
efficiency. Numerical results are shown in Fig. 3.9.2. An effective
beam speed is defined as the difference between the injection velocity
v. and plasma rotation speed v¢ and the effective beam energy is E =

b af f
m(vb-v )2/2. Solid and open dots correspond to the case of v. = v

¢ ¢ Ti

and VTi/Z, respectively, where Virg is the icon thermal velocity.
Ib(Eeff)/Ib(SOOkeV) means the ratio of the induced plasma current with
an effective beam energy Eeff to the current with 500 keV. The current
drive efficiency is reduced within 10 to 20 percent. Owing to the
estimation by Geldsteon, the maximum roration speed in the next
generation machine will be below 20 percent ¢f the ion thermal velocity
when the injection energy is 500 keV [42]., 1In this case, the rotation

effect on the beam driven current efficiency is negligibly small.
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Fig. 3.9.1 Toroidal rotation speed versus central ion temperature
observed in D-III [40]. e Divertor discharge,
® limiter discharge, Pinj=4.5-5.0 MW, ﬁe=(5—7)x1013cm'3,
Ip=750-830 kA, Br=2.0-2.6T.
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Fig. 3.9.2 Effect of plasma rotation on beam driven efficiency.

Effective beam speed is defined as the difference
between injection velocity v}, and plasma rotation
speed v¢ and effective beam energy is Eeff=m(Vb'V®)2/2.
Solid and open dots correspond to the case of Vo =Vri
and VTi/Z: respectively, where v... is ion thermal
velocity. Iy (Eqff) /I (500keV) means ratio of induced
plasma current with effective beam energy Eoff to the
current with 500 keV.
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3.10 Summary

The operation scenaric, based on plasma heating and current drive
by a 500 keV/20 MW negative-ion-grounded NBI system, has been proposed
as one of the cperation scenarios for the FER. Applying the NBI system
technology with a beam energy of 500 keV fo the FER represents a
reasonable step from the preseni database. The system may be used for
plasma heating, current drive and current profile control, concurrently.
The quasi-steady state cperation by the NBI system realizes nearly
steady state oonditions for the reactor structural components. Steady
state operation can also be demonstrated by using an injection power of
40 MW, prepared for the ignition approach. Q values of around 5 can be
expected in this steady state cperation, if the coefficient of Troyoen
beta scaling is increased from 3.5 to 5. According to numerical
results, this beta enhancement can be realized when the beam driven
current profile is contreclled. The control of the current profile is
easily performed by this system., The impact of the NBI system on the
reactor structural configuraticn and maintenance is favorable. The
steady state operation scenario in the power reactor is also considered,
The beam energy for the NBI system in the power reactor is assumed to be
1 MeV. This value seems to be reasonable, after the 500 keV injecticon
system is completed for the FER. The c¢ritical beta value for the
tokamak plasma with a conventional cross-section Is expected to be
improved more than twe times, compared to the normal case, when the beam
driven odrrent profile is controlled by the NBI system., In a steady
state operation for the power reactor with a fixed fusion output, the
reguired current for equilibrium and stability can be reduced, when the
critical beta value is increased. This results in a reduction in the
required beam power, hence, in an enhancement of the Q value. In
addition, if the maximum field strength on the TF coil is increased from
12T to 16 T, a Q value of more than 20 is realized within a reascnable
beta value.

Two critical issues are drawn for the NBI current ramp-up, i.e.,
the beta limitation (especially polcidal beta in low plasma current),
and the density build-up combined with excessive electron heating . NBI
power control in the early stage of plasma current ramp-up is quite

effective for both the total beta and the poloidal beta suppressions,
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Wwhile this control tends t¢ expand current ramp-up time. One |
possibility to shorten the ramp-up time while keeping poloidal beta
limitation is a small mincr radius start-up with a constant low qIJJ
value. A lower qw value 1lncreases the plasma aspect ratio for a given
plasma current, maximum tereoidal field and elongation. The problem for
this scenario is adjusting the beam line and shinethrough. It should be
addressed that the possibility of the direct control of the energy and
particle confinement timers will be a future study for attaining fast
and effective NBI current ramp-up.

The bootstrap current effect on the Q value is examined. We
develop an algorithm to solve the beam driven current with the bootstrap
current, being c¢onsistent with MHD equilibrium. If the bootstrap
current can be considered as a realistic aid in current drive for a
steady state tokamak, the required power for current drive will be
reduced. In the FER, the plasma rotation effect on plasma confinement

and beam driven current drive efficiency are expected to be small.
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4. A 500 keV/20 MW Negative-Ton-Grounded Neutral Beam Injection System,

This NBI system consists of a beam line, a 500 keV power supply
system, an evacuating system including a tritium handling system, a
ccoiing water circulating system and auxiliary sub-systems [43]. The
beam line consists of an intense negative icon source, a beam profile
controller, a long gas neutralizer, an ion beam dump, a neutron shutter
and an injection port of the torus. In both the ion source room and the
beam dump room (or icn dump room), c¢rycpanels are mounted., The
neutralizer and the lon source room are shielded magnetically, and the

beam line is covered with neutron shields.

4.1 Beam Line Design

The ion source produces a 500 keV, 100 A negative deuterium ions.
The profile of the extracted ion beam is changed by the beam profile
controller before the ions enter the gas neutralizer. In the
neutralizer, about 60% cof the ion beam is converted to neutrals by
collisions with the background deuterium molecules. The residual ions
(D_, D+) are deflected by the tokamak pcloidal field in the downstream
reglion of the neutralizer exit and guided to the ion beam dump. The
neutral beams are injected to the plasma through the torus injection
port. Figure 4.1.1 shows a power and gas flow of the system at a beam
energy of 500 keV., Out of 120 A D ions extracted from the ion source,
92 A D ions are accelerated to 500 keV, while 28 A D ions are lost by
the gas collisions in the acceleratcor. In addition, 7 A D ions are
lost by c¢olliding with the side walls of the neutralizer. The
equivalent current of neutrals going through the neutralizer exit is
5G.2 A. Unneutralized negative ions (13.2 4) and re-ionized positive
ions (21.6 A) are deflected towards the ion beam dump. In the injection
port region, 3.8 A deuterium neutrals are lost due to direct
interception by the port, and 2.0 A neutrals are lost by re-iconization.
After all, 44.4 A equivalent neutrals whose power is 22.2 MW are
injected intc the FER tckamak, which corresponds to 46% of the
acceleration beam power. The D, gas is introduced into the ion source

with a rate of 11.7 Pa'm®/s. The gas is evacuated by cryopumps located
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at the ion source room and the beam dump room. The pumping speeds are
700 m*/s and 150 m®/s, respectively, resulting in pressure distribution,
as shown in Fig. 4.1.1. It seems to be unnecessary to control the line
density in the neutralizer for the purpose of obtaining a maximum
neutralization efficiency in the energy range of 200 keV to 500 keV,
because the optimum line density does not change sc much in this energy
range, However, control will be required in order to keep the heat flux
cn the beam dump surface below a permissible value, because the power
fractions of the D beam and D+ beam are sensitive to the gas line
density. Table 4.1.1 summarizes the major performance characteristics
of the present NBI system.

The design is a little conservative so as to be realized in the
near future. However, this injector has several prominent
characteristics as follows:

(1) Due to the lcng, slender gas neutralizer (0.3 meter wide by 24
mefters long), the gas load to be handled and the neutrcn
irradiation in the ion scurce room can be reduced considerably.

(2) The plasma current profile can be controlled by changing the
neutral beam profile. The beam profile is changed by applying a
transverse magnetic field at the entrance of the neutralizer.

{3) In order to deflect the residual iocns (D—, D+) to the ion beam
dump, poloidal magnetic fields are used. Hence, the conventional
bending magnet, which takes much space in the reactor, can be
eliminated.

(4} In the design of the acceleration power supply system, an AC switch
coupled with a high frequency AC line (-5 kHz) is used instead of a
DC switch. This will improve the reliability of the power supply
system.

(5} The beam energy and power can be controlled individually during the
beam injection phase.

In the next section, major beam line components will be described.
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Table 4.1.1 Major performance characteristics of the present
500 keV/20 MW injection system.

Overal |
Neutral Beam power 22.2 MW
Power Density 16.4 MW/m? (average)
Beam Energy 200-500 keV
Pulse Length {0 sec- DC
Ion Species D
Power Efficiency 46 % (at 500keV)
Acceleration 96 %
Neutralization 59 %
Geometrical 85%
Re - ionization 96 %
fon Source
Number 1
Type of D™ Source Volume Production
Size 0.2mx2.4m (grid)
Extracted Current 120 A
Accelerated Current 96A
Current Density 50mA/cm?
Divergence (e-folding half width) S mrad
Transparency 20 %
Neutralizer _
Size (0.26-04)m x{24-1.4)mx24m
Line Density 7.5 x10" molecules /cm?
Pressure 1.6 x10°2 Pa {at entrance)

Injection Port

Size (0.44-05)mx{(1.8-2.8)mx1im
Pressure 4x10°%Pa (at entrance)
Gas Flow into Torus 0.13 Pa m¥s
Cryo - Pump
Source Chamber 700 m¥/s
Beam Dump Chamber 150 m¥/s
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4.2 Major Components of Beam Line System -
4.2.1 Ion Source

<H Production>

In this design, a volume produced D ion source is employed, OQut
of several approaches to produce D ion beams, volume production has big
advantages over cther methods, such as the charge exchange method and
the surface preoduction method.

1. The extracted beam has good beam qualities: 1i.e., low

emittance, high brightness, and low impurity content.

2. Since no cesium is required, the associated voltage breakdown
problems resulting from cesium contamination of the accelerator
column are avoided,

The structure is simple enough to scale up.
Stable and reliable operation has been demonstrated experi-
mentally.

These advantages make the volume producticn method the most
attractive for use in future injectors. The present status of negative
ion source is summarized in Appendix 3. In the volume production type
scurce, an H beam with a current of 1.26 A was already produced at
JAERI using the source shown in Fig, A3.2 cf Appendix 3. However, the
current density was still as low as 10 mi/em?, At the lower extraction
current, on the cther hand, a higher current density of more than 50
mA/cm?* is obtained. Hence, in the present design, a single, big volume
iton source, which has dimensions of 0,2 m x 2,4 m for the extraction
grid size, is applied to obtain D ions of 120 A with a current density
of 50 mA/cm?. The technology for sophisticated high current positive
ion sources, i.e., large area plasma production, can be applied to
develcp such a big negative ion source. The most important point in
developing the source is that the D ions must be produced in a low
filling pressure of around 0.5 Pa in order to suppress the

neutralization lcss in the accelerator.
{Pre-accelerator>

When the D ions are extracted from a volume source, a large amount

of electrons are accompanied. In order to prevent these electrons from
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entering the main accelerator, they must be handled in the prexs
accelerator. Figure 4.2.1 shows one of the coptimized pre-acceleration
systems where the electrons are deflécted to the electron recovery
electrode by a transverse magnetic field. The magnetic field is
produced by two magnets inserted in the electrode. Only the D 1ions go
straight to the main accelerator without being disturbed by the magnetic
field (< 100 Gauss-cm). It is important to minimize the heat flux on

the surface of the electron recovery electrode.

<Main accelerator>

The accelerator of existing high current positive ion sources is
composed of nulti-aperture grids. If the negative ion accelerator is
designed in the same manner as those of the positive icn acgcelerators,
the negative ion loss becomes very large due to beam-gas
collisions,because the cross section for electron stripping of D in D,
gas is unfortunately very large. The loss was estimated to be 409,
prcvided the préssure in the source plasma generator is 0.5 Pa. In
order tc minimize the loss, we adcepted an accelerator shown in Fig.
4,2.2. Unlike the pre-accelerator ccomposed of multi-aperture grids, the
main accelerator consists of grids with large bore apertures or slots so
as to Increase the conductance for pumping. The D, gas flowing from the
plasma generator is evacuated from the apertures as well as from both
sides of the main accelerator grids. Figure 4.2,3 shows the
distribution of the gas pressure and electrical potential along the beam
axis when the pressure in the arc chamber is 0.5 Pa. The stripping loss
of negative ions is 17% in the pre-accelerator and 4% in the main
accelerator. Since the beam energy is small in the pre-accelerator,

the loss of 17% does not affect very much on the total power efficiency.

Another important point in designing the main accelerator is to
produce a very convergent beam with an e-folding half-width divergence
angle of less than 5 mrad in order to obtain a high geometrical
transmission efficiency. Figure 4.2.3% shows one of the optimum
acceleration systems, where three beamlets from the pre-accelerator are
merged in the main accelerator. The maximum electric field strength
between the grids is less than 5 kV/mm, which will make it possible to

operate the accelerator stably. The slot geometry is'preferable in that
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it gives not only large gas conductance than the aperture geometry but
also higher optimum perveanée for a fixed electric field strength
between the gaps. The merged beams are focused at a point about 40
meters from the ion source by curving the grids or by shifting the axis
of the slot. The beam energy and beam power c¢an be controlled
individually during an injection pulse by varying the gap length of the
accelerator and the potentials of each grid, The cross section view of

the ion source room is shown in Fig. 4.2.5.
L.2.2 Beam Profile Controller

Control of the plasma current profile is possibhle by changing the
spatial intensity distribution of the neutral beams. The ion source
proddces a sheet beam with a cross section of 0.2 meter wide by 2.l
meters high. The beam is focused at the entrance of the torus injection
port, which Is abcut 40 meters from the ion source. In order to control
the current profile efficiently, the focused beam must be deflected
vertically by about 25 mrad, which corresponds to a shift of 1.2 meters
at the target plasma 48 meters from the ion source. The beam can be
deflected by applying a transverse magnetic field between the exit of
the accelerator and the entrance of the neutralizer., The upper half and
lower half beams are deflected in opposite directions by applying
inverse magnetic fields t¢ each beam, so that crossed beams can be
formed, as shcown in Fig. 4.2,6a. Hence, it is possible to produce
various kinds of beam profiles from a Gaussian-like profile to a hollow
profile at the plasma.

The vacuum pressure is typically 1.55x10_2 Pa in the region between
the exit of the accelerator and the entrance of the neutralizer,
Therefore, only a small amount of deuterium negative ions are
neutralized before the ions are deflected by the controller.

The transverse field is produced by four modified solencid coils as
shown in Fig., 4.2.6a., The coils are deformed near the beam axis in
order to reduce the vertical compconent of the magnetic field which
increases the beam divergence. The return magnetic field is minimized
by enclosing the coils with mild steel in crder tc decrease the required
ampere-turn of the coils and to reduce the stray magnetic field in the

icn source region. By optimizing the shape and siZe of both the coils
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and the mild steel, the upper and lower beams are deflected by 25 mrad

with a coil current of about 2000 ampere-turns, as shown in Fig. 4.2.6b.
4,2.3 Neutralizer

There are three options for the neutralization of necative
deuterium ions; i.e., (a) laser photo-neutralization, (b) plasma
neutralization, and {(¢) gas neutralization. The laser neutralizer
strips the negative ions by photodetachment in a laser resonator.
Though nearly 99% neutralization is pessible by this method, the
required laser power is estimated to be about 1 MW, provided the
reflectivity of the mirror is the 99.95% and the transparency cof the
window is 99.5%. Considering the production efficiency of the laser
(<10%), the required power input to the laser is estimated to be greater
than 10 MW. Thus, photo-neutralization is impractical in our design as
far as it is based on the present technology of the laser. In the case
of the LBL design mentioned above, photo-neutralization might be
practical because the icn beam is strongly fecused by transverse field
focusing, and thus the transverse dimension of the laser resonator is
small resulting in a small laser power (75 kW).

The plasma neutralizer provides up to 87% neutralization efficiency
in & fully ionized plasma and about T0% neutralization with 10% ionized
plasma, However, it is difficult to generate such a highly ionized
plasma over a wide area. Based on the effigiency of producing a plasma
in a multicusp plasma generator, the required power to produce the 10%
ionized deuterium plasma was estimated to be a few MW, which cancels the
merit of plasmaz neutralizaticn. Using high atomic mass gases (e.g.
xenon) seems to be a better way in realizing the plasma neutralization
especially in our present design, because these impurity gases will be
easily pumped out due to small conductance of the beam line, Multiple
lonization of these gases leads te higher stripping efficiency, which
Wwill reduce the required power. However, such a plasma neutralizer has
not been developed_yet and we do not have a sufficient database at this
time. In addition, the utilization of gases will require an extra
handling system for the radic-activated gases.

Thus, we chose conventional gas neutralization in the present

design. The fast negative ions are converted tc neutrals and positive
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ions by ccllisions with the neutral gas by processes of stripping and _
charge exchange. The cenverted fraction is shown in Fig., 4.2.7 as a
function of the neutral gas line density at 500 keV. The fraction was
calculated by using the cross section data collected by Nakai, et al.
[44]. It is shown that the optimum line density which makes the neutral
fraction maximum is about 7.4 x 10'° molecules/cm?, where the
neutralization efficiency is 59¢%.

The minimum pressure in the neutralizer is determined by the effect
of spaoe—charge—expansion. The space-charge-effect of negative ion
beams is different from that cf positive ion beams and is not
Investigated in detail so far. In our recent experimental results using
a low current H ion beam, the space-charge-effect was cobserved below

the pressure of 5><1O_3

Pa and this result agrees with theoretical
estimation. In the downstream region of the neutralizer, the space-
charge-effect will be mitigated due to the preduction of positive
deuterium ions. Hence, we chose the pressures at the entrance and the
exit of the neutralizer to be 1.55x10 2 Pa and 0.4x10 2 pa,
respectively. When the length of the neutralizer is 24 meters, the
cptimum line density can be obtained.

It is necessary to shield the neutralizer against the stray
magnetic field from the tokamak. The beam deflection angle AD due to

the magnetic field is given by
40 = e BjL / (2 m E)1/2 .

where, B; is the component of the magnetic field perpendicular to the
beam axis. L is the length of the neutralizer, m is the mass of the D
ions, and E is the beam energy. In crder to suppress the deflection
angle below the permissible value of 1 mrad which is fairly smaller than
the beam divergence, B should be reduced to 0.048 gauss at E=500 keV.
Since the maximum value of the stray field is estimated to be 1000
Gausses at the exit of the neutralizer, the required shield factor is
20,000. The shield is composed of two layers. The inner shield is made
of 4 em thick mumetal, while the outer is of 20 om thick mild steel.

Both shields also act as a part of the neutron shield.
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4.2.4 TIcon Dump

The unneutralized negative ions and the re-ionized positive lons
are deflected by the poloidal magnetic field from the tokamak toward the
ion dump in the beam dump room. Both the beam energy and the pcloidal
magnetic field vary during a pulse, according to the operation scenario
of the FER tokamak. Hence, the trajectories of the ions also change
during a pulse. The structure of the icon dump is designed so as to
receive all those ions at all phases in a pulse by calculating the
trajectories in the energy range of 200-500 keV. The Iinner dimensions
of the ion dump are 3.0 meters in length, 0.5 meter in width and 2.0
neters in height. Figure 4.2.8 shows an example cf the 3-D trajectory
calculation for 500 keV deuterium ions. While the average heat flux
dissipated in the ion dump is 76 W/cm®, the peak heat flux is estimated
to be 4 kW/cm?. Since that of an existing neutral beam injector, for
instance JT-60, is 0.5 kW/cm?, the development of a high heat flux icn
dump is the subject for future study {see Appendix A.7) An externally
finned swirl tube is cone of the promising candidates for the beam dump
element.

Utilization of an energy recovery system is a better soluticn for
the heat removal problem, though it is nct applied in the present
design. The softlanding of ions on the ion dump decreases the heat flux
and alsc improves the total power efficiency cof the injector. In
addition, it will prolcong the lifetime of the ion dump which is
determined by sputtering and blistering caused by high energy ion
bombardment. A preliminary study on the energy recovery system shows
‘the possibility of energy recovery for both pcositive and negative lons

by means of an electroststic recovery system.
4,2,5 Cryopump

There are two cryopumps in beth sides of the ion accelerator, Each
has a pumping speed of 350 m®/s. In the beam dump chamber is a smaller
cryopump whose pumping speed is 150 m®/s. The required pumping speed is
small compared with the existing injectors. The total pumping speed is
850 m®/s for 20 MW injection, while that of the JT-60 NBI is, for

example, 1400 m*/s for 1.4 MW beam injection. The dimensions cf the
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cryopump are 1.6 mx2,2 m in the ion source room and 1.3 mx17.3 m in the
beam dump room. The dimensions are determined so that the pumping speed
per unit area beccmes 100 m®/s.m?. This is a reasonable value because
the pumping speed per unit area is 100 m3®/s.m? in the JT-60 NBI for
hydrogen gas, which corresponds to 70 m®/s«m® for deuterum, and there is
rossibility to increase the pumping speed by employing an open-structure
cryopump which 1s used in JET NBI [4%4].

The most important point which differs from the existing system is
that the cryopump should be operated quasi-continuously. Since the
cryopump should bé re-generated periodically, an alternatively operated

cryopump system is now proposed for DC operation.
4.2.6 Power Supply System

The power supply system is composed of three units, each of which
has a 500 keV, 100 A acceleration power supply and several minor power
supplies for plasma production, etc. Figure &4.2.9 shows the
arrangement of three beam lines and their associated three power supply
units arcund the tokamak. In designing the acceleration power supply,
it is important to protect not only the ion scurce but alsoc the power
supply itselfl azgainst a breakdown in the ion source. The protection has
been maintained by a high speed DC switch and a surge suppression system
s0 far. However, the DC switch used in the JT-60 NBI and the 200 keV
helium beam diagnostic system will not be available, because the system
requires many switching elements and becomes too complex to control
these elements at a high potential of 500 keV. Instead of the DC
switch, an AC switch coupled with an inverter system is used in the
design as shown in Fig. 4,2,10. The frequency of the inverter is
determined by the permissible cut-off speed and the ripple of the beam
energy or beam current. To obtain a cut-off speed of less than 100 us
and a ripple of about 3%, the frequency in the AC power line must be
increased up to 5 kHz.

Another criticalrpoint in designing the system is to suppress the
energy dissipation in the 1on source grid in the case of breakdown.
The stray capacitance exists primarily in the insulating transformer of
the plasma production power supplies. Therefore, instead of utilizing

mary insulating transformers for each source power supply, we use a
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single, big insulating transformer combined with the inductance, which.
has & parallel resistance to suppress the zero-phase-seguence current.
This concept makes it possible to reduce the surge current and
consequently the size of the surge block core. By utilizing a 1.2 mH
inductance, it is possible to suppress the surge current and the energy
input to the ion source down fo 1 k& and 1 joule, respectively. The
volt-second of the surge block core is 0,2 volt-secend. This value
makes the size of the surge block core one nineth the size without the

inductance.
4.3 Summary

Taking advantage of the good beam quality of the volume negative
ion source we have designed a 500 keV, 20 MW negative-ion-based neutral
beam injector for the FER. The most'significant feature of this design
is to transport the high energy beams over a distance of more than 40 m
through the narrow neutralizer and the beam drift duct. This design
offers several advantages including the following items:

{1) All beam line components installed near the tokamak are simple and
small.

(2) Tangential beam injection is possible because of the high bean
energy and the narrow beam drift duct.

{3) Since complicated beam line components such as the ion source are
situated at 2 place far from the. tokamak {(or in & separate room),
difficulties on neutroniecs will be reduced considerably and
maintenance will be easy.

(4) Magnetic shield of the beam line is easy.

(5) The required pumping speed for the cryopump is small.

In this design, the total injection efficiency is 0.45 at 500 kevV.
This efficiency has a possibility of becoming higher by employing a
plasma neutralizer and/or an energy converter system. The most
important R&D component in realizing this design is the intense
deuterium negative ion source. The source will be develcped in the

Advanced Injector Test Stand (AITS) which we are planning to construct.
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5. Reactor Design
5.1 Mission of Next Generation Tokamak {(FER)

Since 1980, the FER( Fusion Experimental Reactor ) has been
designed as a next step machine to JT-60, with different levels each
year, changing design emphasis and philosophy. 1In 1986, "the
subcommittee on the next step device" in the Nuclear Fusion Council
discussed and established the physics and engineering missions and the
major specifications for the next step machine. The specifications
for the FER is shown in Table 5.1.1. The physics missions of the FER are
realization of self-ignited plasma and control of plasma stability for a
long burn time (102 ~ 103% sec). The engineering missions are
develcpment and test of the fusion technology, including the tritium
fuel eyele, superconducting magnet, remote maintenance and breeding
blanket test modules. The new FER design has been developed based on
the subcomittee's conclusions with the main emphasis on increasing its
cost performance considering the allowable budget for the machine, Five
types of the reactor design concept have been examined [45,46]. Pulsed
operation is chosen as the basic scenario option, while full use of non-
inductive current ramp-up is adopted to reduce OH capability, which
results in the reducticn in the reactor size. The 500 keV/20 MW
negative-ion-grounded neutral beam injection system is applied to one of
these five reactors, the so called Option C type reactor. The Option C
reactor is not necessarily optimized for the application of the NBI
system, The basic performance parameters of the Option C type reactor
are shown In Table 5.1.,2. One of the operation scenarios based on
plasma heating and current drive by the NBI system is shown in Fig.
5.1.7. In the following sections, the impact of the NBI system on the
reactor structural configuration and maintenance will be described,
including the design of the injection port and shine-through armor
plate, the estimation of the neutron flux distribution and the Y-ray
dose distribution in the ion source.room and the ion beam dump rocm and

the selection of the tritum processing system.
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Table 5.1.1 Specifications of the FER

Ttems selected

Specifications

Long pulse burning
Self ignition

Impurity control
QOperation mode
Heoting - Current drive
Wall loading

Neutron ftuence

Magnet

Blanket
Maintenance

Power source

Effective use of JT-60

Reactor technology
development test items

Burning duration : ~ 800sec.

{D/T burning)
Energy muttiplication rate :
more than 20 ~ 30
Poloidal divertor
Pulse operation
Neutral beam injection,
Radiofrequency
Neutron well loading * ~1MW/m?
~ 0.3MW Year/m?
Superconducting (partially normal
conductor available]
Partial  module
Disossembling repair : divertor,
first wall, part of shieldings
Combined use of utility power line
ond flywheel motor generator
Flywheel motor generator,
OC convertor, heating device
power source, megsurement
diagnostic  device, efc.
Tritium fuel cycle : fuel injection,
gas exhaust, purification, isctope
separation, storage
Superconducting coil : system
engineering
Blanket : tritium breeding, continuous
recovery and high temperature high
pressure ‘test by using modufar size
blonket
Materiaf testing : irradiation of
breeder and superconducting mognet
materials
Neutronics : shielding experiment,
gtc.

i Remote handling ® first wall in-situ

replacement, disassembiing, pulling
out and replacement of divertor /
limiter

Other irems : mecsurement ard control
equipment testing, first wall
material development, efc.
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Table 5.1.2 Performance parameters of the Option C type reactor

Major radius

Minor radius

Aspect ratio

Elongation

Trionqularity

Toroidal field strength
Plasma current

Average plasma temperature
Toroidal beta value (total)
Average electron density
Average ion density
Safety factor (95 %)
Cylindrical safety factor

Fusion power
Wall toad

4.92m
1.32m

37

7

0.2

46871

8.69 MA
12.0 keV

4.94 %
(.09x107m™2
0.98x10°°m"
26

2.0

459 MW
{ 03MW/m?
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Fig. 5.1.1 Operation scenario based on plasma heating and current

drive by the NBI system.
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5.2 Location of Beam line System

Figure 5.2.1 shows the dependence of the normalized beam driven

current ID(R )/Ip(RO) on R which is normalized by the beam

tang tang’
driven current Ip(ROJ at R = R R is the minimum major radius

tang 0° tang

alcng the beam path. Using the code described in Section 3.8,the beam
driven currents are solved, being consistent with the MHD ecuilibrium,
The plasma density and plasma temperature profiles are assumed to be

n = n(O)x(1—¢/wS)O'5 and T = T(O)x(1“¢/ws), respectively. P is the
magnetic surface (see Appendix 6) and ¢s implies the outermost magnetic
surface. The shine-through fraction fs (that is, 1—fs corresponds to
the net deposit power fraction) is alsc shown Iin Fig. 5.2.1a. Figure
5.2.17a shows the low density case, which corresponds to the non-
inductive current ramp-up operation (see Section 3.4) cr quasi-steady
state operation (see Section 3.5). Figure 5.2.7b shows the relatively
high density case, which corresponds to the steady state coperation (see
Section 3.7). In the low density case, the maximum current drive
efficiency appears at Rtang = RO - %a. On the other hand, in the
relatively high density case, there appears no maximum in the range

3

1 .
= - = = + -
between Rtang RO 32 and Rtang RO 32 This comes from the
shift in the magnetic axis to the outside of the torus due to¢ the high
poleoidal beta value. In addition to the above mentioned current drive
efficiency, the fecllowing items should be considered in the design of

the beam line.

{1) The drift duct (or injection port) should aveid interference
with the passive shell conductor (copper shell shown in
Fig. 5.2.3d) and the semi-permanent shield, as shown in
Fig. 5.2.2. The passive shell conductor plays an important
role in stabilizing of vertical positicn instability.

(2) The shine-through armcr plate should avoid interference with
the drift duct.

{3} The shield structure around the drift duct and the shine-
through armor plate should aveid interference with the vacuum
vessel of the TF coils and should have more than 500 mm shield

thickness for the biclogical shield,
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(4) The shine-through armor plate should be able to be separately"
pulled out in ocone direction for the purpose of making its
overhaul procedure simple.

In the present design work, the location of the beamline is determined
by surveying the three dimensional geometry of the torus structure
containing the beamlines by using a 3-D CAD. Figure 5.2.2a shows the
plan views of the torus structure with beamlines. Figure 5.2.2b shows
views from the direction along the beamline. The degree of interference
of the beamline with the passive shell conductor and the permanent

shield is reduced as the R g and the angle between the beamline and

tan
the datum reference line, 6, decrease. The Rtang and the angle, &, are
confined to Rtang < #0000 mm and © £ 20, respectively, in crder to avoid
the interference of the beamline with the passive shell. 0On the cther

hand, increase in Rtang reduces the interference of the shield structure
around the drift duct and the shine-through armor plate with the wvacuum
vessel of the TF coils. The interference of the shine-through armor
plate with the permanent shield and the drift duct can be avoided by a
decrease in @,

However, the lccation of the beamline, which completely satisgfied
all the requirements mentioned above, could not be found. So, we put
emphasis on avoidance from the interference of the beamline with the
passive shell conductor (copper shell) and permanent shield structure,

o

and located the beamline at 9 = 2~ and Rtang =3928.5 mm, of which value
3

corresponds to Rtang = R - P In this case, the current drive
efficiency of the low density case is reduced by about 20% compared with
the cptimized value, as shown in Fig. 5.2.1a. Figure 5.2.4 shows the
dependence of the global current drive efficiency Ib[A]/PbEWJ, current
drive efficiency n, shine-through fraction fs and the required beam
power for Ip = 7 MA on plasma density. The plasma density and plasma

5

temperature profiles are assumed to be n = n(O)x(1—¢/wS)O' and T =

16[keV]x(?-w/wS), respectively.

—100—
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190

fs[“dz] , Pg(MW)
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§ 3
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Dependence of global current drive efficiency
I,[A]l /Py W], current drive efficiency n,
shine—through fraction fg and the required beam
power for I_=7 MA on plasma density. Ey=500 keV.
Zeff=5. Plasma density and plasma temperature
profiles are assumed n=n (0)x(1-¥/%4)%+> and
T=16[keV]x(1-¥/¥ ), respectively.
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5.3 Injecticn Port and Shine-through Armor Plate ' -

5.3.1 Structural Concepts of Injection Port and Shine-thrcugh Armor
Plate

The structural concept of the injection port (drift duct), designed
on the basis of the location of the beamline determined above, has
already been shown in Fig. 2.2.2. The drift duct penetrates the
movable shield without crossing its side-wall where the connector
between the upper and the lower shell conductor lies, as shown in Fig.
5.2.3c and d. The separated shield structure is also installed in the
vacuum vessel of the TF coils where the required thickness of the shield
structure around the drift duct and shine-through armor plate is
insufficient. The interference of the drift duct with the permanent
shield 1s so slight as to raise no serious structural problem except for
cutting off the shield,. The structural concept of the injection port
involving the access door has been already shown in Fig. 2.2.5. The
drift duct, shine-through armor plate and access door compose a
moﬁolithic construction,

The structural concept of the shine-through armor plate is shown in
Fig. 5.3.1. The armor plate is extractable while keeping vacuum
condition of the reactor vacuum chamber, It is 2.0 meters high and 2.3
meters long and located 50 as to make the incident angle 65? considering
the reduction in damage due to the heat load and erosion {(see the next
Subsection 5.3.2). Graphite and copper allcy can be applied to the
surface material of the shine-through armor plate. The former is
favorable from the viewpoint of impurity control and the latter is
favorable from the viewpoint of the reliability in heat removal. In the
present design work, we adopt a grahite armor structure because the
self-sputtering and the blistering of the copper alloy has not yet been
made clear. The graphite armor is brazed tc the copper allcy heat sink
by inserting a thin layer of molybdenum. It is fastened with bolts on a
base plate of stainless steel. The surfaces of the graphite armors are
slightly slanted in order fto protect their edges from erosion damage.
The shine-through armor plate has four cooling systems branching at a
header installed in the base plate. The base plate has jogs near the

access door against neutron streaming.
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5.3.2 Thermal and Erosion Estimations of Shine-through Armor Plate
(1) Thermal estimation

The thermal estimation of the armor plate was carried out on the
basis of the structure proposed in the previous section. The inlet
temperature and pressure of the cooling water were matched with other
cooling systems, that is, SOOC and 8 kg/cm®, respectively. The normal
heat load on the shine-through armor plate during the current ramp-up
phase with a duration time of 200 sec is § MW/m2 with a peaking factor
of 1.5. The dimension of the armor plate is shown in Fig. 5.3.1b. The
length of the cocling channels is 2 meters. The flow rate is determinead
5C as to keep the temperature of the copper alloy heat sink below 15000.

The relation between the flow rate and the heating surface of the
cooling channel is shown in Fig. 5.3.2. Accoerding to this figure, a
flow rate of more than 7 m/sec is required in consideration of the
temperature difference of 15OC in the copper alley heat sink and to keep
its maximum temperature below WSOOC. The pulse length of 200 sec is
long encugh to be regarded as steady state, Steady state thermal
analysis was carried out using the one dimensional model shown in Fig.

5.3.2b. The temperature at each position indicated in Fig. 5.3.2b is as

follows;
© o]
w 130.57°C, T, = Tmax,graphite_1673 c,
>~ ‘max,molindenun =164°c, s = Tmax,oopper = 1HA°C

where, the thermal conductivity of graphite is 0.151 W/OC-cm, molybdenum
1.3 W/OC-cm, and copper alloy 3.7 W/OC-cm. The cutlet temperature of
the cooling water is 61.8°C. The temperatures of the graphite and
copper alloy are kept below their allowable temperature.

Experimental studies on the burnout heat flux in highly subeccoled
forced-convection boiling of water has been carried ocut in order to
design beam dumps of a high power neutral beam injector for JT-60 [47].
From these results, the burnout heat flux is more than 1 kW/m? at a flcw
rate of 7 m/sec. The surface heat flux of 0.54 kW/m? in the present
design work i1s much smaller than this value, The present cocoling system

nas a sufficient margin to burnout.
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Next, we consider the integrity of the shine-through armcr plaEe
for the plasma disruption case. When the plasma disrupts, a heat load
of 20 MW/m2 with a peaking factor of 1.5 flows into the armor plate.
Figure 5,3.3 shows the calculational result of temperature rise on the
surface of the armor plate QUring the plasma disruption. A steady state
thermal analysis based on & one dimensional model was used. The

temperature T on the surface of an infinite plate is given by

t
T=24 // TeC_opeh
p

where Q, t, cp, p and x are heat flux, time, specific heat, density and
thermal conductivity [L8]. Figure 5.3.3 shows that if the injection
power is shut off within 0.5 sec, which is sufficient from the technical
point of view, the carbon surface of the armor plate will maintain its

integrity.
(2) Erosion estimation

The surface ercsion of the armor plate caused by physical
sputtering and blistering is estimated. The normal particle load is
5x1019/m2-s, as shown in Fig. 5.3.4, Figure 5.3.4 shows the results
of erosion estimations due to the physical sputtering of several
candidate materials by using the DSPUT mcdel [49].

This computer code has been developed to compute the physical
sputtering yields for various plasma particles incident con candidate
fusion reactor first wall materials. The code, which incorporates the
energy and angular-dependence of the sputtering yield, treats both high-
and low-Z incident particles bombarding high- and low=Z wall materials.
The physical sputtering yield is expressed in terms cof the atomic and
mass numbers ¢f the incident and target atoms, the surface binding
energy of the wall materials, and the incident angle and energy cf the
particle. A low-z material is favorable from the impurity control peint
of view. Although the erosion thickness become large abruptly as the
incident angle increases, the erosicn thickness of graphite over its
life time of 2.Hx106 sec 1s less than 1 mm at an incldent angle of 700

and the erosion thickness of copper alloy 1is less than 1 mm at the
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incident angle of 500. By using bare copper alloy, the armor plate,
structure becomes s5imple and the reliability of heat removal is

improved.
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Incident particle D

103} Energy 500keV
Flux 5x10'%/m2s (L)

Duration 24 x 108 sec
DSPUT Model
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Fig. 5.3.4 Erosion estimation for armor plate. Calculation
was performed by DSPUT model.
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5.4 Neutron Shield Structure

The beamline is subjected to neutron irradiation and this limits
accessibility and makes maintenance difficult. Therefore, it is a
matter of concern to estimate the neutron-induced radioactivity and v-
ray dose rate distribution in designing the maintenance procedure as
well as the beamline and its components. In the following section, the
neutron flux distributicn and the Y-ray dose distribution in the ion
source room and the ion dump rocom will be described.

In this study, the D-D and D-T reactions at the D beam bombarded

surface are not discussed.

5.4.1 Calculational Model

For the calculation of neutren and Y-ray transport in this study, a
two-dimensional model may be applied and this helps reduce computational
time. The Dot 3.5 code [52] is used mainly. To make a calculating
model of the beamline, the following are concerned.

1) The drift duct is modeled in order to represent the transported

neutreon accurately.

2) The neutrons which are radiated directly and scattered a few
times are calculated in order to estimate the 1ife time of the
components cor the neuclear heating.

3) Each regicn volume is represented to be equal to that of the
actual components.

Considering these requirements, the ion source room and ion dump
rocm are mocdeled as shown in Figs. 5.4.1a and 5.4.5a. These two
components are of prime concern to the maintenance design of the NBI
system, The model 1s a two-dimensional axi-symmetrical (R-Z) one whose
axis of symmetry ccincides with the center line of the NBI beam line.
The R dimensions were chosen in order to represent the component cross-—
section or the volume accurately. The Z dimensions were actual. In
this model, the material compositions used were the same as in the
actual components. In Figs, 5.4.7a and 5.4.5a, the region numbers
represent the modeled components, and their material compositions are

shown in Tables 5.4.1a and b, respectively.
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5.4.2 Calculation procedure

The neutron transport calculation was carried out with the DOT 3.5
code using an 18-group neutron cross-section set, a'T—group Y-ray cross
section data set and L4UxBY spatial meshes. The generation and depleticn
of neuclides were estimated with an induced activity calculation code
considering an operating pattern. The Y-ray transport caleulation using
the decay Y-ray source, which was calculated in the former step, was
carried out to obtain the dose distribution. The DOT 3.5 code was again
used In the calculation with a 54-group Y-ray cross-section set. The
calculated Y-ray flux distribution was converted intoc the dose
distribution using the flux-to-dose conversion factors. This procedure
is shown in Fig. 5,4.2. To estimate the neutron scurce, it was assumed
that the neutrons were ylelded uniformely and radiated isotropically
from the plasma region. The neutron density was estimated as 5.7x101!!
n/ssem®, It was also assumed that the neutreons, radiated inside of the
solid angle through the drift duct, might arrive at the input point of
the caleculating region and be well collimated. Therefore, the neutrons
radiated into the region were supposed to have the same divergence as
that (solid angle). The geometrical position cf the ion-source and the
ion-dump chamber are illustrated in Fig. 5.4.3, and the scurce

conditions are also described in the figure.

5.4.3 Results
(1) Ion source room

The neutron flux distribution for the 14 MeV neutrons is shown in
Fig. 5.4.1b, and the distribution for components higher than 1 MeV is in
Fig. 5.4.1¢c. In these figures, the distribution of the near axis region
and the chamber wall is considered tc be reasonable. 1In the electrode
insulater region, the neutron flux is estimated as ~10%n/s-cm?.
Assuming a 5 hour operation (18 times burning) per day, the Y-ray dose
distribution for cne day after shutdown following a twc-year operation
1s shown in Fig. 5.4.17d. It is shown that the electrode region and the

back wall have a high dose rate of up to 1 rem/h. Fig. 5.4.4 shows the
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decay of the induced activity for the generated neuclides. The dose
rate in the electrode depends on the decay of ®*Cu which is generated
from the ®*°Cu(n,2n)®“Cu reaction.

But the chamber wall has long life neuclides, such as °°Fe and
*7Co, and it is expected that its material and vclume will be

reselected.
{(2) Ton dump room

The same calculaticn procedure and operating assumptions were used
for the neutron flux distribution and the Y-ray dose distributicn as for
the ion dump chamber, The results are shown in Figs. %.4.5b to d. The
outerside dose rate of the chamber is permissible. However, the neutron
flux becomes up to ~10°% n/s-.cm® at the beam dump which is suppcsed to be
subjected to a high heat flux of several kW/cm®?. Sco life time
estimation may be important. In the maintenance process, a remocte
handling machine and work time limitation may be necessary.

_ One of the congerns in maintenance is the 1life estimation of the
ion source insulation, for which FRP is used, In this design, the icn
source was distant from the reactor and the neutron flux in that region
was estimated to be under 107 n/em®+s for neutrons above 1 MeV.

The database on which to judge the performance limits of the NBI
components, especially for organic materials, is poor [53]. Concerning
mechanical strength, the radiation exposure limit under Y-ray
irradiation for epoxy may be supposed to be 1 MGy or less. Then, under
neutron irradiation, assuming that the irradiation limit wvalue for
mechanical life time estimation is 10!'% n/cm?, it may be expectied to
have a life time (coperaticn time) of 107 s magnitude. But, on
electrical resistivity the limit value has a tendency to be reduced by a
few orders of magnitude. Thus, 1t is desirable that the ion source
insulator has enough distance from the axis to have a moderate life
time.

For an operation time of 107 s magnitude (several yvears), it may
be expected that there would be only few times of exchanging ¢f the ion

source insulator.
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Table 5.4.1 Material compositions: (a) Ton source room,
(b) Ion dump room.

Region| Region name | Composition (Volume fraction)
|| Vacwm chamber] SS* (1.0)
2 | Insulator FRP {1.0)
3 |Electrode Cu (0.5) +Vacuum (0.5)
4 |Neutralizer | 0002 R 02 B b
5 | "Ghamber wall | SS (10)
6 | Vacuum Vacuum (0.5)
Region| Region name | Composition (Volume fraction)
[ | Vacuum Vacuum (1.0)
2 | Beam limiter | Cu(0.8)+ H,0(0.2)
3 |Neutron shield | SS (1.0)
4 | Neutron shield | H,0 (1.0)
S5 [lon dump room| H,0 (0.8} +SS(0.2)
6 |Ion dump Cu(0.3) + H20 (0.5)
7 | Neutralizer SS(0.33)+H,0 (0.67)
8 | Magnetic shield| Permalloy (1.0)
9 | Magnetic shield| Fe (1.0)
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Fig. 5.4.2 Calculational procedure
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5.5 Tritium Processing System for Ion Source Room and Ion Dump Rcom

Plasma of D-T fusion reactors are expected to be heated to ignition
temperature by deuterium neutral injection. Since D/T gas is the fusion
fuel, the handling system is one of the major components of a fusion
reactor. So neutral injectors for the heating plasma of D/T burning
fusion reactors are subject to tritium contamination. Tritium
contamination in deuterium neutral beam injection (NBI) systems results
from particle backstreaming from the reactor vessel, and to a much
lesser degree, from the D(d,p)T reaction at D-beam-bombarded surfaces.
Therefore, the trititum aspects of gas pumping and recycling are of
prime concern in NBI syétem design as well as 1in reactor fuel recycle
system design. Here, we examine the tritium-related problem areas in
the NBI systems, including discussions on deutrium injection, gas

pumping, and recycling scenarios.

5.5.1 Operation Scenario and Mass Flows

The plasma operation pattern and NBI power required for each phase
have already been shown in Fig. 5.1.1. The species of fuel gas injected
into the plasma vacuum chamber in each operation phase are listed in
Table 5.5.1, A schematic diagram of the NBI system, inecluding the torus
vacuum chamber, NBI gas evacuation and gas supply, is shown in Fig.
5.5.1. The tritium/deuterium mass flow in each operation phase is
listed in Table 5.5.2. During the gas injection phase before start-up,
the torus is filled with only deutrium gas. During the current ramp-up
phase, only deuterium gas is injected from the pellet injector inte the
torus, and the deuterium gas effluent from the NBI is evacuated from the
main vacuum system. During the ignition approach, burn phase and shut
down phase, the tritium and deuterium are injected from the pellet
injector Into the tcrus. The unburned tritium and deuterium, injected
from both the pellet injector and NBI are evacuated from the main vacuum
system. During the burn phase {BCO sec), the NBI is scheduled to be
operated during 80 sec (8 seex10 times) at maximum for the purpose of
prcfile control, A fast-acting shutter, instead of or in addition to

the vacuum/shield valve is employed to substantiélly decrease the
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tritium effluent from the torus into the NBI through the drift duct.
The shutter is opened during neutral beam injection into the torus and-
the shutter is closed fast after injection . The primary source of
tritium contamination is the backstreaming gas from the torus during
each injection pulse. Most of the backstreaming tritium gas from the
torus is trapped in the vacuum pump in the ion dump room, however, &
small fraction of the tritium gas seems to penetrate into the ilon source
system and become trapped in the vacuum pump in the ion source room.
The backstreaming rate depends on the gas pressure near the reactor
wall, the local particle loss rate from the reactor plasma, and the
cross-sectional area of the drift duct that connects the beam line to
the torus.

Figure 5.5.2a shows the cross-section of the COption C plasma. The
total tritium cut flux IT [5_1] from the main plasma is given by
-1

I_[s

T ]

( Ni/E)/Tp[S] - ni[m_3]v[m3]/2rp[s]

1029288/ (2x0.2) ~ 7.2x10°°

where n; V and Tp are the ion plasma density, plasma volume and
particle confinement time, respectively. The decay length of the back
flow neutral particles from the divertor to the main plasma is about 0.2
m. Using this value and the above-mentioned toctal tritium out
flux, the maximum tritium flux TT[m_z-s_W] into the drift duct is
estimated as follows.

-2

FT[m s 1 = ITexp(-1.3/0.2)/2nR[m]d[m] ~

C 72x10%2x1 5010 3/ (2x3.14%5%0.1) ~ 3.4x10 "0

where R and d are the mean major radius at the position of the plasma
side wall of the drift duct and the distance from the separatrix to the
first wall. The maximum neutral density nT[m_aﬂ_at the entrance of the
drift duct 1s estimated as

/103 ~ 3.Mx1016

n [m—3] = FT/VT[m/s] ~ 3.4x1019

T
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Conductance of the drift duct is LLSEmB-s_1

1, which is shown in Fig., _
5.5.2c. The back stream flux of tritium molecules from the torus into
the drift duct is estimated as

16

. _ R N 18
¢Bd[n/s-un1t] = nTC 3.4x%10 “x48 1.6 x 10

{3 NBI units for FER system)

The backstream flux of the tritium molecules into the ion scurce is

estimated as

L] i = 3- _1 3- —1
@Is[n/s unit] = @BdC[m 5 ]/ST[m s ]

~ T.6X1O18X 5.5/160 ~ 5.5x1016

where C[m3-s“1] and ST[m3-s-1] are the conductance cof the neutralizer
and the cryocpump speed in the ion dump rcoom, respectively.
(3 NBI units for FER system)

5.5.2 Gas Handling Conditions

The presence of tritium in the NBI system affects gas handling or
the ecycling scenario. The selection of the gas handling scenario should
be done by considering the backstream tritium flux and D/T ratico. The
tritium inventory on the ion dump cryo panel is estimated. Assuming a 5

hour operation per day, and 0.8 duty with 3 units.

Inp =3X5X3600x0.8x¢BD=1.2 g/day

For tritium inventory on the ion scurce cryopanel with the same

assumption,

IIS=3x5x3600x0.8x¢I =0.024 g/day

S

From the above results, the evacuated gas from both the ion dump vacuum

system and the ion source vacuum system cannot simpiy be vented to the
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environment. (The maximum permissible tritium evacuation rate to the
environment is settled as 100 ci/day). Therefore, the evacuated gas
shculd be recirculated until the buildup of tritium becomes a problem or
the evacuated gas should be recirculated for processing. Table 5.5.3
shows the averaged D/T flux and ratic during 1000 sec in each vacuum
port. From the above table, it is clear that the D-flux from the ion
source vacuum system is about 3 times that of the main vacuum system and
the T/D ratio for the gas in the ion source vacuum system is very small
in comparison with the main vacuum system. Therefore, it is recommended
that an Independent gas cycling system should be used for the main

vacuum system and ilon source vacuum system.
5.5.3 Selecticon of Gas Handling Scenario

Several gas handling scenarios are considered for the NBI system as

shown in Fig. 5.5.3.

i) A total integration of the NBI gas cycle into the reactor fuel
cycle system in which the tritium contaminated gas from the NBI
system is treated in the same way as burnt fuel gas.

ii) The NBI gas from the ion source is vented directly to the
envrironment. The rest of the gas is integrated into the reactor
fuel cycle system.

iii) The NBI gas from the ion source is recirculated until the buildup
of tritium becomes a problem. After & number of uses, the NBI gas
from the ion source is transferred to the main reactor fuel recycle
system or detritiation system.

iv) This scenario is the same as iii) except for the addition of a
purification system in the deuterium gas recirculating system.
Scenarios i) and ii) are not acceptable from the discussion in

subsection 5.5.2. Scenarios iii) and iv) are similar éxcept in the way

of recirculating the gas. A purification system for the ion source
will be required because of impurity contamination in the ion source.

Therefore, scenario iv) is selected as the reference gas handing system.

The flow diagram of this system is shown in Fig. 5.5.4.
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Table 5.5.1 Species of fuel gas injection into plasma vacuum
chamber during each operation phase.

5 Phases for fuel gas injection Fueling gas
(D Gas injection phase before start up D
@ Current ramp-up phase D
(® Ignition approach phase D+T
@ Burn phase D+T
® Shut down phase D+T

Table 5.5.3 Averaged D/T flux and ratio during 1000 sec in

each vacuum port

D-flux (n/s)| T-flux (n/s}| T/D Ratio

Main vacuum system || 1.3 X 1.02' 12 x10° 0922

Beam dump 2.0x10%° (185x10"® | 0009

vacuum system

Ton source

32 x 107
vacuum system

4 x10® | 0001
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operation phase

mass flow during each

04 2~24 24~100 100~120 120~920 120~920 920~940 940~1000
(4} (20 (76) 20y (720/800) (80/800) (20} (60)
D 0 0 i} 0.78x10%*n/a[1.68%10% n/s| 0.48x10% n/s| 0.78x10%'n/s ]
T o 0 0 1.686%102"n/a|1.68x10% n/s|1,688%10%"n/s[1.688%107 'n/s 0
He 0 ] 0 0 0 0 0 0
Qr c 0 0 0 0 0 0 0 0
0 0 o 0 [} ¢ 0 0 0
N o ) 0 D 0 0 o 0
H 0 0 0 0 0 0 0 0
ete.| 0 0 0 0 o 0 0 0
D 0 |0.6 %10 n/e| 1.2x10%%n/s! 0.9 %107 'n/s 0 1.2 x10%tays| 0.9x10%!n/s )
T 0 0 0 0 o 0 0 o
He o ] 0 0 ] 0 0 0
% C o 0 ) 0 o 0 0 0
0 ] 0 0 0 ] 0 0 ]
] ] o 0 0 o 0 0 0
K’ 0 ] 0 0 0 0 0 0
etc, | O o 0 D o 0 0 0
D 0 0.6 x102'n/e| 1.2x10% n/s| 1.52x10% n/s[1.52x10% n/8| 1.52x10%*n/a| 1.52%10% n/s 0
T 0 0 0 1.52x10% n/a[1.52x10% tn/s| 1.52x10% n/s| 1.52x107 n/s 0
He 0 0 0 1.63x102%n/s|1.63%10% n/s| 1.63x10%*°n/s| 1.63x10°"n/s 0
Sp c 0 0 ] 1.63%10" " n/s|1.63%10""n/s| 1.63x10%%n/s| 1.63%10"*n/s 0
1] o 0 0 1.63x10 %n/a[1.63x10 *n/a! 1.63x16'"n/s| 1.63x10'n/s 0
N 0 0 0 0 o 0 0 0
H 0 0 0 3.26x10 % n/8|3.26%10**n/a| 3.26x10%%ass| 3.26x10'%n/s 0
etc. | O [} 0 h] ¢} [} 0 0
D 0 |5.1 x10?%n/s[1.02x10%*n/a] 7.65%10%n/s 0 10.2 %10%°n/s| 7.65x10%%n/s 0
T 0 0 0 8.37%10'%n/s 0 8.37x10'%n/a] 8.37x10'%n/s 0
He 0 0 ] 0 ] 0 0 o
Sgp C 0 0 o 0 0 0 0 [}
0 0 0 0 0 0 o 0 0
N 0 ] o 0 0 0 o 0
H 0 0 0 0 bl 0 0 0
etc. | 0 0 o 0 0 0 o o
D 0 1.8 x10% n/s|16.2x10% n/9:12.15%10% 'n/a 0 16.2 x10%'n/s[12.15%10% n/s 0
T 0 0 0 3.32x10' " n/s o 3.32x40 7n/s| 3.32x10'7n/s 0
He 0 0 ] 0 0 0 0 0
S.q c 0 0 0 0 0 0 0 0
0 o o 0 0 o 0 0 0
N 0 0 0 ] o 0 [\ 0
u 0 o 0 0 o 0 0 0
ete. | O 0 0 0 ) 0 0 0
D 0 19.81x10%'n/a19.62x10% 'n/o 14.71x10%  n/s 0 19.62x10%'n/s|14.71%10% n/s ¢
T ) 0 0 [V 0 D [} 0
He o o 0 ] o o 0 0
Qg C ) ) 0 0 0 0 0 )
0 0 0 0 ] o 0 0 0
N 0 o 0 0 0 0 0 )
n ] 0 0 ] 0 0 ) v
etc. | O ] 0 0 0 0 ] o
NBI power J0MW 6OMW 45MW 60MW £ SHW
Fueling gas D D D+T D+T D+T b+T
QT Qp Injected fuel gas
1 ST Evacuated fuel gas
QIS Gas supply for ion source
SIS : Cas evacuaticn from ion source
QBD-— —Qrg Sgp ¢ Gas evacuatien from fon dump
Q‘DB Gas flow from WBI to vacuum chamber
¢ 5gp Sis
ST
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(a)
(e Drift duct Neutralizer
a
Plasma side l y [em] ¢80 140
b, [cm] 50 40
Ton source side 0z [em) 180 240
b, {cm] 44 26
fi [cm] 600 2400
Correction factor @ 1.3 )
Conductance C [m3s™') 48 0 55

Fig. 5.5.2 Geometries of drift duct and neutralizer.

{a) Cross-section of Option C plasma.

(b) Tapered duct (c) Parameters of drift duct
and neutralizer. Conductance C[l:s™1] of a
tapered rectangular duct is given by

_ 166 af(aj-bp)(az-by)
T VM (3+B){2+8035/3(3+5) }

C[l;s_l]

where 3 = (a;+as}/2, B = (b 4b,)/2, o is

. 1°%2 L1072 .
correction factor and M 1s molecular weight,
respectively.
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5.6 Summary

The impact of the NBI system on the reactor structural
configuration and maintenance was examined, including the design of the
injection port and shine-through armor plate, the estimation of the
neutron flux distribution and the Y-ray dose distribution in the ion
scurce room and the ion dump room and the selection of the tritum
processing system.

The NBI system is applied to the Option C reactor, The Opticn C
reactor 1s not necessarily cptimized for the application of the NBI
system. However, tangential ports can be set without serious
interference with the torus components.

The divertor segment is withdrawn without interference to the NBI
system. The movable shield with the injection port (drift duct) is also
withdrawn, after taking off only a part of the neutron shutter. Each
shine-through armor plate is installed in each injection port, which
keeps the number of ports employed by the NBI system to be minimum,
The shine-through armor plate is extractable while keeping the vacuum
condition of the reactor vacuum chamber.

The heat load on the shine-through armor plate during the current
ramp-up phase is 4 MW/m2 with a peaking factor of 1.5. This value is
permissible for the design of the armor. The heat load on the armor
plate during plasma disruption is 20 MW/mZ. If the NBI is shut off
within 0.5 sec, which is possible from the technical point of view, the
armer plate will keep integrity.

From the estimation of the Y-ray dose distribution in the ion
source room, it may be expected that it will be necessary to exchange
the ion source insulator only a few times for an cperation time of a
magnitude of 107 s {(for several years)

From the evaluation of the backstream of tritium molecules from %the
torus into the ion source room, the gas handling system is selected,
The backstream into the ion source room is very low. Thus, the NBI gas
from lon source is recirculated until the buildup of tritium becomes a
problem. A purification system is used for impurities in the deuterium
gas recirculating system . After a number of uses, the NBIL gas from the
lon source is transferred tc the main reactor fuel recycle system or

detritiation system.
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6. Discussicon and conclusions

In order to minimize the development cost and technclogical risk,
phased operation and phased construction were proposed by the Atomic
Energy Commisicn of Japan, The phase-to-phase check and review have to
be sufficiently carried out. The phased operation is defined as follow.
1) Phase I: Facility function confirmaticn phase
2} Phase II: Burning experiment phase
3) Phase III: Full-rating operation phase

Figure 6.7.1 shows one example of the phased operation and phased
construction adopted in the NBI reactor. The most important items are
presented in the figure. Phase I (sc called physics phase) with
deuterium and/or hydrogen plasma (D/H plasma) is the important phase.
During this phase, the plasma parameters are widely examined using a
simple vacuum vessel without a neutron shield, as already shown in Fig.
2.1.2 and any mcdification of the mechanical configuration is done as
necessary, Iin order to obtain an ignition relevant D/H plasma. Through
these works, we realize a disruption free and self-ignited long burn
plasma in Phase III. Thus, a simple and reliable operation scenario is
preferable and the reactor should have sufficient flexibility.

Lawson derived his condition for ignition. Lawson's fusion

parameter niTiT which should be above a critical value for ignition,

E 1)

is prepoticnal o BTT where ni, T., 1

E’ i E
density, ion temperature, global plasma confinement time and toroidal

and BT are the ilon plasma

beta value. Recent experimental results show that beth the plasma
confinement time and maximum attainable beta value are propcrtional to
the plasma current. Thus, in order to have a required current and a
required injection power as soon as possible after completion of the
reacter, full inductive current ramp-up operation and NBI heating are
adepted as the mest efficient and reliable current ramp-up method and
heating method, respectively.

The chcice of the first wall material is one of the key factor in
the design of the next machine. Recent experimental results show that
a low-Z material 13 necessary for the production of a high performance
plasma. However, for example, the erosion width of the graphite
divertor plate of the FER is estimated to become several mefers during

the reactor life., 1In order to overcome such large erosion and offer
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reliable maintenability, in-situ and vacuum repair of the divertor
surface is adopted,

An NBI heated plasma offers good and reliable target plasma for the
RF. One of the problems in RF is that the antenna-plasma coupling
depends on the plasma property, especially on the scrape-off plasma and
final aging of the transmissicn line including the antenna is finished,
using an actual plasma. Thus, it is preferable to study the RF launcher
using a simple structure without a neutron shield, for example, the RF
launcher used in JT-60 or JT-60 up-grade. In this case, an. unknown
plasma can be studied using the well-known RF launcher like a well-
accustomed diagonostic tcol and obtain valuable information for the
design of the RF launcher to be used in Phase III. The ECRF, from the
peint of coupling, the impact on the plasma edge conditions and
absorption, is particularly simple. An ECRF with injection power of 3
MW and duration of 0.5 ms is used for the initial plasma productiuon in
the NBI reactor from Phase I. If the non-inductive current ramp-up by
the LHCD is realized in Phase III, the burn time is remarkably prolonged
in the reactor with relatively medium elongation and medium
triangularity plasma, and many technological advantages are expected
(see Section 3.5)

The 500 keV/20 MW negative-ion-grounded NBI system has many
functions such as current ramp-up, transformer recharge or gquasi-steady
state, steady and current profile control. These functions will be
tested in Phase T and used to increase plasma performance. If non-
inductive current ramp-up by the NBI is available, the required power
for the LHCD in Phase III {s reduced. If the current profile control by
the NBI is effective, a high B plasma is expected. Steady state
operation by the NBI offers database for the DEMO reactor.

The NAVIGATOR concept has been proposed in this report. The
NAVIGATOR concept is composed of three major elements, that is, reliable
operatlion scenarios, reliable maintenability and sufficient flexibility
of the reactor. The negative-ion-grounded advanced tokamak reactor
based on a 500 keV/20 MW neutral beam injection system satisfies the
above three components and well supports the ideas of phased cperation

and phased construction of the FER.
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Yedrs of operation
f . 213 4,5, 6 7 ,8,9,10
Phase I | Phase T Phase I (Phase W)
H/D D/T D/ T
5000shots 1000 shotst  BOO sec x 12000 shots
 Lo.otMwy/m? ~0.3MW-y/ m°
*Inductive ramp- up
Non inductive ramp-up
{LHCDY Feemee- =
+Heating
NBI
+Plasma initiation Steady state
ECH High 8
+Operation region _ High Q
(disruption free)  p=-===—1—-- -
»Coupling
LH pem——- h———
ICRF === -———
(simple structure)
* Divertor
¢
W meeee —— e
{carbonization)
«Current profile control
NBI = pemememgememm—mges————— o s m T
[Port No.l
- Neutronics tests #;}ZE'B’J'
- Tritium recovery tests !
. ) ¥1,2,3,4
Screening {short period) ’
. T/E-2 | #4
Irradiation effect on breed i
-er properties {long period) | ;/IE2-23
*Blanket demonstration tests ‘ T ”:q 1
e #5,6
*Muaterial irrodigtion tests 1
T/E-3
Number of test port . 6 Test element-1 © 2/port Test module @ V/port
Test element -2 : 4/ port Test sector : TBD
Test element-3 : 4/ port

Fig. 6.6.1 Phased operation and phased construction
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Appendices -

A. 1 Confinement Scaling Law and H-Mode Phenomenon

1) Energy flow pattern of tokamak discharge

The energy flow pattern of tokamak discharges is illustrated in
Fig. A1.1. It is convenient from the energy flow point of view, to
regard the plasma as consisting of the bulk plasma and the bcundary
plasma. The plasma is heated by ohmic heating, neutral beam injecticn
(NBI) heating and/or radio freguency (RF) wave heating. The ohmic
heating power mainly goes into the central bulk plasma electrons, and is
transmitted to the ions via Coulomb collisions. The energy flow may be
quite different when additional heating is applied. In both NBI and RF
heating, the central bulk plasma can be heated under some appropriate
condition. The electron energy is transported from the bhulk region of
the plasma to the boundary region principally by heat cenduction and by
the energy that accompanies mass transport, that is, convection. The
ion energy loss frcm the bulk plasma is, in general, dominated by heat
conduction and mass flow to the plasma boundary, but charge exchange is
of comparable magnitude at low density as an energy loss mechanism. In
the case of NBL heating with relatively low injection energy ( < 40 - 50
keV ), the birth of fast ions is due toc charge exchange between injected
fast neutrals and bulk ions, as shcwn in Fig. 3.1.1. Thus, neutrals
coming from bulk ions (so called Halo neutrals) are made in the central
plasma region, and affect the energy loss from the bulk region.
Electron and ion energy can gc¢ from the plasma boundary to the limiter
or divertor plate by mass flow. Electron energy can flow to the limiter
cr divertor by heat conduction, OCther important mechanisms to remove
the energy of the boundary plasma are radiation and charge-exchange
directly to the wall. When the deminant impurities are low Z (typically
oxygen, carhon, and nitrogen), the bulk of the emitted radiation
originates from the plasma boundary. However, in some discharges
contalining heavy metal impurities (such as tungsten or molybdenum from
the first walls), the energy lost by radiation from the bulk plasma may
be a significant fraction of the input power.

When there are large scale MHD modes, for éxample, sawtooth

oscillation or m/n = 2/1 ftearing mode, it is impossible to define the
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transport coefficients for electron and ion thermal diffusivities Xoo XL
and the electiron and icn particle diffusion coefficients De, D.1 around
the region with large scale MHD instabilities. 1In addition, a
discussion on transport in a region with large amount bf radiation loss
is meaningless., Generally, three confinement zones in.a tokamak plasma
can be distinguished in the radial direction,i.e., the central region
(within the g = 1 surface), the core region (r{gq = 1) £r s r{q=2))
and the outer region. Sawtooth oscillation dominates the transport in
the central region. When we scolve the transport equation under the
given Xo» Xy De and Di’ we should take account of the MHD effect.
(Fer example, Xe + ® or BTe/ar = 0 in the region of 0 = r < s q(r1) =
1 and rs £r < a, q(r2) = 2.). Large scale MHD instabilities restrict
the plasma profile. Thus, sometimes, nearly the same scaling law is
derived for each electron thermal diffusivity Xg o which is different
from each other in physical properties. The energy transport in a
tokamak plasma is dominated by electron thermal diffusivity Xg The icn
transport is dominated by ion thermal diffusivity X5 which 1s close to
its neoclassical value or within several times of the value gliven by
Chang and Hinton [1]. The experimental result does not necessarily
imply that icns follows the necclassical theory. It seems that
anomality in the ion transport does not affect, because the neoclassical
value of X is intrinsically very large compared with the neoclassical

value of y .
e

2) Confinement scaling law

The energy confinement time is of practical importance In tokamak
performance, and the possibility that it might scale with other
experimental guantities in a predictable manner 1s of considerable
interest both for interpreting the results of existing experiments and
for the design of future devices. Varicus empirical scaling laws for
the energy confinement time , reflecting primarily anomalous electron
transport, have been proposed. The mest commonly adopted scalings are
listed in Table At.1. The energy confinement time is defined by 1. =

E
W/Ploss’ where W is the sum of the electron (We) and ion (wi) energy,

and Ploss is the total power lost from the plasma. Since, in steady
state, Ploss is equal to the total power input (Pin)f Tp 18 equal to e
= W/Pin. The latter guantity 1is often called the gross energy

confinement time (cr the energy replacement time)}, and commonly used as
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a measure for tokamak performance, In order to separate the electron
and ion energy balance, the electron and ion energy replacement times

are defined by = = we/(POH+Pe—Pei)-and Tps = wi/(Pi+Pei)’ where P is

the ohmic heatiiz power, Pei the heat transfer from electrons and,iins,
and Pe(Pi) the power input to electrens (ions) directly from additional
heating. In the chmic heating case, Tee follows neo-Alcator scaling in
plasma density below some critical value of ncr' However, a clear
saturation of the confinement time with density is cbserved. above the
critical density. This saturation is cconsidered to arise from the
enhancement of icon thermal diffusivity X5 due to the ni—mOQe, resulting
in the dominant loss channel in plasma transport. The effect based on
neoclassical theory is not necessarily excluded. The observation of a
neoclassical bootstrap current is reported by the TFTR group [2]. If
there exists neoclassical bootstrap current, the Ware pinch shculd
exist, because of the Onsager symmetry relation. However, there 1s no
experimental evidence on the Ware pinch.

In the additicnal heating case, two different types of discharges
can develop. In one case, the reduction in confinement lasts through
the NBI or RF heating, Because of the low values of Bp achieved during
these discharges, they are called L-type discharges. In the other case,
the particle and energy confinements suddenly improve during the NBI or
RF pulse. As a higher wvalue of Bp is obtained, this discharge type 1is
called H type [6]. Both the confinement properties at values of beta
much smaller than the beta limit and when the beta 1limit is approached
should be analyzed. No precise scaling is available yet. The global
energy confinement time in an H-mode discharge seems toc follow the
Kaye-Goldston scaling, as long as the plasma beta does not approach the
beta limit and the value is twice or three times larger than that cf the
L-mode discharge. Recently, an optimized confinement time was proposed
at JAERI [3]. The parametric dependence of the H-mode confinement is
different from that of ohmic plasma, but the energy confinement time of

an optimized H-mode TH iz equal to the optimized chmic confinement time

E
TOE, as shown in ASDEX, D-III(JAERI), JFT-2M and D-III-D with qoy <
2.2. The optimized chmic confinement time is the saturated value of
Of o by th Alcat 1 i O Ra q « ok
T iven e neo—-Alcater scaling, i.e. 1 « n a K . T
Eg y 19 _1 %105 EO e pqcy ososE

. p .
saturates at n, = 6.7x10 qcyBTR A and TS O.OMSRapBTK A

Therefore, the optimized H-mode plasma with qcy £ 2.2 has the following
0 5 ¢ 5

confinement time, TE = O.ONSRapBTK A
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An excellent review of anomalous transports in tokamak plasmas can be,

found in Ref.[4].

3} Improved confinement

It was a great relief when in the ASDEX divertor experiments a new
type of beam-heated discharges with confinement times comparable with
those in ochmic discharges was found [6-16]. High confinement

discharges have also been obtained in JFT-2M [17-22], PDX/PBX [23-27],

D-II1/D-III-D [28-37], JET [38, 391, TFTR [40] and JT-60 [41-43]. 1In

the following, the experimental conditions and the range of plasma

parameters which allow the development of the H regime are described

[5].

i) There is a threshold power for transition into the H-mode.

ii) Even under the condition of the power being below the threshold,
H-transition is often triggered by an internal sawtooth that
transports energy into the boundary plasma zone.

iii) The discharge begins as an L-type. Transition into the H mecde
occurs suddenly after a short L-phase,

iv} The transition from the L-mode to the H-mode is also found in
both hydrogen and deuterium plasma, although the power threshold
is higher in hydrogen plasma. In addition, there is a dependence
of the power threshcld on the safety factor, plasma density and
3¢ on. However, the H-mode also has been obtained over a wide
range of plasma parameters, and there seems to be no sericus
restriction in the parameter space typicel for tokamak operation.
In particular, there is no obvious restriction on low q (qsz 2.0)
or high currents. The observed lower density limit has no
practical consequences, whereas the upper density limit seems to
be a power limit and can be improved by pellet fueling.

V) There is a dependence of the power threshold for the H—mode on
the number and locatlion of the x-points on the separatrix.

vi) An H-mode plasma is characterized by a large temperature gradient
at the plasma edge, and a high temperature only a few centimeters
inside the separatrix.

vii) For the H-mode, -2 reduction in particle recycling around the
plasma boundary is necessary. In the divertor configuration,

this condition is easily satisfied.
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In addition %o a minimum heating power, the separation of the,
separatrix from the limiters or the wall ; AL, and of the x-point
from the target plates, AX, respectively, are required for the H-
mede.

The H-mode is usually accompanied by strong fluctuaticns at the
plasma edge (edge localized modes , "ELM", or edge'relaxation

phenomena, "ERP").

Numerical simulation of the broad ne and Te profiles, typical for
the H-mode plasma, indicate & reducticn in electron thermal
diffusivity by a factor of typically 2 in the plasma center and
by a facteor of over 5 at the plasma boundary. The H-mode energy
confinement time are found to scale linearly with the plasma
current., The parameter dependence of the H-mode scaling law 1is
nearly the same as the Kaye-Goldston law.

It is interesting that H-mcde discharge can be obtained with
limiters. For limiters at the cutside of the tcorus the minimum
clearance, AL, ranges from 2 to 5 ecm in different
experiments, roughly equivalent to twice the e-folding length of
the power flow in the scrape-off layver. The required separation
is smaller for limiters at the top or bottem of the machine and
can even become zero for limiters on the inner side of the torus
as demonstrated by the recent JFT-2M limiter H-mode results. A
tentative explanation for this strong leoidal variation of the
required clearance would be the following: particle and energy
transport are maximum in the plasma at the outer side, giving
maximum thermal insulaticn from the contact point for limiters on
the inner side. The elongation of the plasma cross-section
increases the connection length and therefore improves the

thermal insulation.

Many theoretical works have been done to interpret the H-mode [44-

Review of theories on the H-mode is given in Ref.[5]. Attention

is paid to the following experimental results,

i)

ii)

iii)

The high edge temperature and density with a steep radial
gradient a few centimeters inside the separatrix , i.e., the
high pressure with a steep pressure gradient.

The finite edge current density due to the above results
deseribed in 1i).

The effect of the separatrix
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iv) Control of the boundary plasma (recycling, divertor functions,
ete)
v) Why the global energy confinement becomes strongly dependent on

the boundary energy transport ?
An outstanding feature of the H-mode is the ccecurence just inside the
separatrix of very steep density and temperature gradients , and
therefore the pressure gradients. Since pressure gradients can be
limited by the onset of the ballconing and interchange modes, it is of
interest to examine how the stability properties of such modes are
medified by the presence of the separatrix. Bishop examined the
stability of a model tokamak equilibrium for the MHD ballooning and
interchange modes [47, 55]. He showed that the combined effects of the
magnetic separatrix and a finite edge current density can result in
ccalescence of the first and second stable regions, and this leads to a
picture of the H-mode in which the observed steep edge pressure
gradients result from the modified ballooning stability properties.
Harm and Diamond showed that the principal effect of separatrix geometry
on resistive fluid turbulence is a decrease in the characteristic radial
scale length (step size) caused by increased global shear [59].
However, it is very difficult to determine whether the stabilizing
effect of the separatrix is important for H-transition or not, because
the limiter H-mode is obtained in JFT-2M [21]. Hinten suggests that the
transiticn into the H-mode might be triggered by the neoclassical
transport properties of the icns [44, 46, 511, A study of the plasma
conditions during the preceding L-phase just before the H-transition
indicates that the electron temperature at the plasma edge plays a
crucial role. In order for the electron temperature to rise above the
critical threshold, Hinton ccnjectured that the ion temperature zt the
plasma edge has to rise, which should be possible in the low-recycling
conditions of the divertor configuraticon. When charge-exchange and
convective losses at the edge are negligible, the edge ion temperature
is geverned by neoclassical transport across the separatrix, and
bifurcation in the time evolution of the ilon temperature, and
subsequently in the confinement properties, Is possible. The most
important aspect of Hinton's theory with respect to the H-mode
bifurcation, which could be tested experimentally, is the deteriorating
effects of enhanced recycling, the role of the oollisionality conditions

at the plasma edge, the advantage cf the asymmetric topology of the
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single-null (SN) over the double-null {DN) configuration, and %the role_
of the ion grad B-drift direction. The increased H-mode accessibility
of the single-null configuraticn requires the ion grad B-drift directicn
to be towards the stagnaticn point. The experimental observations in
ASDEX [14] are in agreement with the theory cof the H-transition by
Hinton.

One of the puzzling observaticons in the H-mode discharges is that
the core energy confinement also improves, even though the H-mode is
associated with changing plasma boundary conditions. OChyabu, et al.,
explained this puzzle in that a higher edge temperature due to lower
thermal conductivity (Kout) makes possible broader tearing mode stable
profiles, leading to a higher core temperature and hence a higher =t
£33].

The need for a divertor in obtaining the H-mode suggests that the

E

following conditions are necessary: (1) charge-exchange energy loss is
practically absent, (due to the divertor refueling process, in which
almost all of the recyceling may‘be assumed to be confined inside the
divertor chamber), and (2) the impurity concentratiocn is low (for
possibly the same reason)., Then, the electron and ion temperatures are
allowed to be higher near the edge. The fact that the H-mode can be
prevented by too large an impurity concentration supports the
consideration that a high electron temperature at the edge is negessary
for the H-mede. Similarly, the fact that the H-mode confinement is
degraded by excess gas puffing supports the hypothesis that a high ion
temperature is also necessary. In Ref.[4%], it is shown that a
hysteresis relation between the particle flux intc the divertor and the
temperature and density of the divertor plasma exists.

To fully utilize the supericr confinement properties of the H-mode ,
there are a number of problems that have to be solved. A befter
understanding, and poessibly an optimization of energy confinement in
large tokamaks, is essential for enhancing tokamak performance and to
lay the grounds for extrapolation toc a reactcor-grade tokamak of the next
generation machine.

In conclusicon, a summary of the experiments on improved plasma
confinements is presented in Table A1.2. Double solid circles denote
gocd H-mede confinement times, which are twice or more larger than those
of the L~mode. S0lid cirecles imply that the confinement times are no

better than the L-mode wvalues, although there is still a clear signal of
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an H-transition. Double dotted cirecles indicate that the confinement
time is significantly improved, but the improvement is different from H-
transition. Single dotted circles correspond to the case with slightly
improved confinement, independent from the H-mode phenomenon. There
seems Le be no severe constraints on the heating method for getting into
the H-regime. In Taet, H-mode discharges have been obtained by varios
heating methods (NBI, ICRF, ECRF, NBI+ICRF and NBI+ECRF) and heating
scenarios (co- and counter-injection; low- and high-field-side
antennae, minority heating, mode conversion; with current-drive being
dominant}. The observed differences and difficulties seem to be only
secondary effects related to differences, for example, in power
deposition (primary to electron/ion, profiles) or impurity production
associated wifth a particular heating method. The same is true for
differences in wall ccnditions (eg. with or without carbonization) and
fueling/pumping techniques (gas puffing, beam or pellet fueling, with or
without gettering). The requirements for a transition to the H-mode are
not changed fundamentally, but the power threshold, for example, might
be affected.

— 149 —



JAERI-M 88-086

References

(1]

(21l

£3]

Cu]

(5]

CHANG, C.S5. and HINTON, F.L.: "Effect of Finite Aspect Ratio on
the Neoeclassical Icn Thermal Conductivity in the Banana Regime™,
Phys. of Fluids 25 {(1982) 1493,

HAWRYLUK, R. J., ARUNASALAM, V., BELL, M.G., BITTER, M.,
BLANCHARD, W.R., et al.: "TFTR Plasma Regimes™, in Plasma Physisc
and Controlled Nuclear Fusion Research (Proc. 11 th Int, Conf.
Kyoto, 1986), Vol. 1, IAEA, Vienna (1987) 51, IAEA-CN-U47/A-I-2,
SHIMOMURA, Y., SUZUKI, N., SUGIHARA, M., TSUDA, T., ODAJIMA, K. and
TSUNEMATSU, T.: "Empirical Scaling of Energy Confinement Time of L-
Mode and Optimized Mode and Some Consideration of Reactor Core
Plasma in Tokamak", JAERI-M 87-080.

ITOH, K. and ITOH, S-I.: "Present S5Status of the Theory on Anomalous
Transport Phenomena in Tokamak", KAKUYOGO KENKYU 57 (1987) 280 and
379.

OKAMOTC, M,, AZUNI, M,, NAGAMI, M., SUZUKI, N., MATSUMOTC, H.: "On
the H-Mcde in Tokamaks', KAKUYUGO KENKYU 58 (1987) 105.

Related Experiments con Improved Confinements

The ASDEX Experiments

(6]

(7]

(8]

WAGNER, F., BECKER, G., BEHRINGER, K., CAMPBELL, D., EBERHAGEN, A.,
et al.: "Regime c¢f Improved Confinement and High Beta in Neutral-
Beam-Heated Divertor Discharges of the ASDEX Tokamak", Phys. Rev.
Letters 49 (1982) 1408,

WAGNER, F., BECKER, G., BEHRINGER, K., CAMPBELL, D., EBERHAGEN, A.,
ét al.: "Confinement and Bp—Studies in Neutral-Beam-Heated ASDEX
Plasmas™, In Plasma Physics and Controlled Neuclear Fusion Research

(Proc. 9th Int. Conf. Baltimore, 1982}, Vol. 1, TAEA, Vienna (1983)

43.
KEILHACKER, M., BECKER, G,, BERNHARDI, XK., EBERHAGEN, A., EISHAER,
M., et al.: "Confinement Studies in L and H-Type ASDEX

Discharges", Flasma Physies and Contrelled Fusion 26 (1984) 49,

— 150 —



L9l

(101

[11]

[12]

[13]

[14]

[15]

[16]

JAERI-M 88-086

WAGNER, F., KEILHACKER, M. and the ASDEX and NI Teamss:
"Importance of the Divertor Configuration for Attaining the H-
Regime in ASDEX", J. Nucl. Mater. 121 (1984) 103.

KETLHACKER, M., FUSSMANN, G., v. GIERKE, G., JANESCHITS, G.,
KORNHERE, M., et al.: "Confinement and B-Limit Studies in ASDEX H-
Mcde Discharges", in Plasma Physics and Controlled Nuclear Fusion
Research (Proc. 10th Int, Conf. London, 1984}, Vol. 1, IAEA, Vienna
(1985) 71.

LACKNER, K., DITTE, U., FUSSMANN, G., GRAVE, T., JANESCHITZ, G., et
al.: M"BExperimental and Theoretical Investigation of the ASDEX
Divertor Scrape-Off Layer™, in Plasma Physics and Controlled
Nuclear Fusion Research (Proc. 10th Int. Conf. London, 1984) Vol.
1, IAEA, Vienna (1985) 319.

WAGNER, F., FUSSMANN, G., GRAVE, T., KEILHACKER, M., KORNHERR, M.,
et al.: "Development of an FEdge Transport Barrier at the H-Mode
Transition of ASDEX", Phys. Rev. Letters 53 (198L4) 1453,

GRUBER, O., JILGE, W., BERNHARDI, K., EBERHAGFN, A., FUSSMANN, G.,
et al.: "Radial Energy Balance Analysis of ASDEX H-Mode
Discharges™, in Proc. 12th European Conference on Centrolled Fusion
and Physics, Budapest, Sept. 2-6, 1985, (Pergamon, New York, 1985)
Part I, p.18.

WAGNER, F., BARTIROMO, R., BECKER, G., BOSCH, H,S., ERERHAGEN, 4.,
et al.,: "Experimental Evidence for Neoclassical ion Transport
Effects in the H-Transition of ASDEX", Nucl Fusion 25 (19685) 1490,
NIEDERMEYER, H., WAGNER, F., BECKER, G., BUCHL, K., EBERHAGEN,
A.,et al.: '"The Achievement of Regimes with High Density, Low a,
and Good Confinement on ASDEX", in Plasma Physics and Controlled
Neuclear Fusion Researcn (Proc. 11th Int, Conf. Kyoto,1986),IAEA,
Vienna, TARA-CN-47/4-1I-5,

STEINMETZ, K., NOTERDAEME, J,-M., WAGNER, F,, WESNER, F., BAUMLER,
J., et al.: "Obsevation of a High-Confinement Regime in a Tokamak
Plasma with Ion Cyeclorton-Resonance Heating", Phys. Rev, Letters 58
(1987) 124,

—151—



JAERI-M 88-086

The JFT-2M Experiments

[17]

[18]

[19]

[20]

[21]

[22]

MATSUMQTO, H., OGAWA, T., TAMAI, H., ODAJIMA, K., HASEGAWA, M., et
al,: "Improved Confinement during ICRF Heating on JFT-2M", JAERI-
M 8o6-147, 1986,

MIURA, Y., KASAT, S., SENGOKU, S., HASEGAWA, K., SUZUKI, N., et
él.: "Characteristics of Pellet and Neutral-Beam Injected Single
Null Divertor Discharges of the JFT-2M Tokamak", JAERI-M 86-148,
1986.

ODAJIMA, K., FUNAHASHI, A., HOSHINO, K., KASAI, 3., KAWAKAMI, T.,
et ai.: "Confinement Studies of Additionally Heated Plasma in
JFT-2M Tokamak™, in Plasma Physics and Controlled Neuclear Fusion
Research (Proc. 11th Int. Conf. Kyoto,1986),IAEA, Vienna,IAEA-CN-
Yr/a-111-2.

SENGOKU, S. and the JFT-2M Team.: ™"Confinement and Fueling
Studies during Additional Heating FPhase in the JFT-2M Tokamak", J.
Nucl. Mater. 145-147 (1987) 556.

SENGOKU, S., FUNAHASHI, A., HASEGAWA, M., HOSHINO, K., KASAI, 5.,
et al.: "Regime of Improved Confinement in Neutral-Beam—Heated
Limiter Discharges of a Tokamak", Phys. Rev. Letters 59 (1987}
450.

HOSHING, X,, et al.: private ccocmmunication.

The PDX/PBX Experiments

(23]

[24]

[25]

KAYE, 3.M., BELL, M., BOL, K., BOYD, D., BRAU, K., et al.: '"High
Confinement Discharges in PDX with Neutral Beam Injection", in
Prce. 11th Eurcpean Conference on Controlled Fusion and Plasma
Physics, Aachen, Germany, Sept. 5-9, 1983 (Pergamon, New York,
1983) Part I, p.19,

FONCK, R.J., BEIRSDORFER, P., BELL, M., BOL, K., BOYD, D., et al.:
"H-Mode Studies in PDX", in Prcec, Uth Int., Symposium on Heating
in Toroidal Plasmas, Rome, March 21-28, 1984, Vol.t, p.37.

KAYE, S.M., BELL, M.G., BOL, K., BOYD, D., BRAU, K., et al.:
"Attainment of High Cenfinement in Neutral Beam Heated Divertor
Discharges in the PDX Tokamak', J. Nucl. Mater. 121 (1984) 115.

—152—



[26]

[27]

The D

[28]

[29]

[30]

[31]

£32]

[33]

JAERI-M 88-086

BUDNY, R., BELL, M.G., BOL, K., BOYD, D., BUCHENAUER, D., et al.:=
"Initial Results from the Scoop Lihiter eXperiment in PDX"™, J.
Nuel. Mater. 121 (1G84) 264, '

McGUIRE, K., BEIRSDORFER, P., BELL, M., BOL, K., BOYD, D., et al.:
"Divertor and Scoop Limiter Experiments on PDX", in Plasma Physics
and Contreclled Nuclear Fusion Research (Proc., 10th Int. Conf.

Lorndon, 1934), Vol., 1, IAEA, Vienna (1985) 117.

III/D II1-D Experiments

DOUBLET IIT PHYSICS, CPERATIONS and NEUTRAL BEAM GROUPS (Presented
by K. H. BURRELL): "A Regime of Improved Energy and Particle
Confinement in Neutral Beam Heated Divertor Discharges in DOUBLET
III", in Proc. 11th European Conference on Controlled Fusion and
Plasma Physics, Aachen, Germany, Sept. 5-9, 1983 (Pergamon, New
Yerk, 1983) Part I, p.11.

NAGAMI, M., KASAI, M., KITSUNEZAKI, A., KOBAYASHI, T., KONOSHIMA,
S.,Vet al.: "Energy Confinement of Beam-Heated Divertor and
Limiter Discharges in DOUBLET III", Nucl Fusion 24 (198%4) 183,
KITSUNEZAKI, A., ABE, M., HIRAYAMA, T., HOSHINO, K., KAMEARI, A.,
et al.: "High-Pressure Plasma with High-Power NBI Heating in
DOUBLET III"™, in Plasma Physics and Controlled Nuclear Fusion
Research (Proc. 10th Int. Conf. London, 1984) Vol. 1, IAEA, Vienna
(1985) 57.

SHIMADA, M., WASHIZU, M., KAMEARI, A., SENGOKU, ., ITOH, K., et
al.: "Divertor and Edge Plasma Characteristics ¢f Beam-Heated D-
III Discharges", in Plasma Physics and Controlled Nuclear Fusion
Research (Proc. 10th Int. Conf. Leondon, 1984} Vol. 1, IAEA, Vienna
(1985} 281.

SENGOKU, S., ABE, M., HOSHINC, K., ITOH, K., KAMEART, A., et al.:
"Improvement of Beam-Heated Limiter Discharges by Continuous
Pellet Fueling in DOUBLET ITI'", in Plasma Physics and Controlled
Nuclear Fusion Research {(Prcc. 10th Int. Conf. London, 1984)
Vol.1IAEA, Vienna (71985) 405,

OUHYABU, N., BURRELL, K.H., DeB0OO, J., EJIMA, S., GROEBNER, R., et
al.: M"A Regime of TImproved Energy Confinemént in Beam-Heated
Expanded-Boundary Discharges in DOUBLET III"™, Nucl. Fusion 25

(1985) 49, .
—153—



[34]

£35]

(361

£37]

JAERI-M 88-086

SENGOKU, S., NAGAMI, M., ABE, M., HOSHINO, K., KAMEARI, A., et
al.: "Improvement cof Energy Confinement Time by Continuous Pellet
Fueling in Beam-Heated DOUBLET II1 Limiter Discharges'", Nucl,
Fusion 25 (1985) 1475,

PeBOO, J.C., BURRELL, K,H., EJIMA, 3., KELLMAN, A.G., OHYABU, N.
et al.: "DOUBLET III Operating Regimes with Improved Energy
Confinement", Nucl. Fusien 26 (1986) 211. _

LUXON, J., ANDERSCN, P., BAITY, F., BAXI, C., BRAMSON, G., et al.:
"Initial Results from the DIII-D Tokamak",in Plasma Physics and
Contrclled Nuclear Fusion Research {(Proc. 11th Int. Conf. Kyoto,
1986), IAEA, Vienna, IAEA-CN-Y47/A-I1II-3.

LOHR, J.M., PRATER, R., SNIDER, R., STALLARD, B.W., BURRELL, K.H.,
et al.: "Observation of H-mode Confinement in the DIII-D Tokamak
with Electron Cyclotron Heating", tc be published in Phys. Rev.

Letters.

The JET Experiments

[38]

L339]

TANGA, A., KEILHACKER, M., BARTLETT, D., BEHRINGER, K., BICKERTON,
R.J., et al.: "Experimental Studies in JET with Magnetic
Separatrix Configuration™,in Plasma Physics and Controlled Nuclear
Fusion Research (PFrcc, 11th Int. Conf. Kyoto, 1986), TAEA,
Vienna, IAEA-CN-47/K-I-1,

JACQUINOT, J.: private communication,

The TFTR Experiments

Luo]

GOLDSTON, R.J., ARUNASALAM, V., BELL, M.G., BITTER, M., BLANCHARD,
W.R., et al.: "Energy Confinement and Profile Consistency in
TFTR", in Plasma Physics and Controlled Nuclear Fusicon Research
(Prce. 11th Int. Conf., Kyoto, 1986) Vol. 1, IAEA, Vienna (1987)
75, TAEA-CN-47/A-1TI-1.

— 154 —



JAERI-M 88-086

The JT-60 Experiments

[u1]

La42]

[43]

TSUJI, 8., SHIMIZU, K. and JT-60 Team.: ™ Relation between
Particle Confinement Time and Energy Confinement Time in JT-60",
Bull. Phys. Socc. Jpn. 4 (1987} 143,

KIMURA, H, and JT-60 Team,: "Heating and Beam Accelerztion during
Second Harmonic ICRF Experiment in JT-60", T4th Eurcp. Conf. on
Controlled Fusion and Plasma Physics,

JT~60 Team presented by T. Imai.: "Improvement of Current Drive
and Confinement by Combination of LHCD and NBI Heating in JT-60",
ibid., Vol. 1, IAEA, Vienna (1987) 563, IAEA-CN-47/F-1I-7.

Related theory of H-Mode

Cid]

L45]

[46]

La7]

(L8]

[ho]

[50]

OHKAWA, T., CHU, M,S., HINTON, F.L., LIU, C.3. and LEE, Y.C.:
"Thermal and Electrical Properties of the Divertor Channel of
Tokamak Plasmas', Phys, Rev. Letters 51 {(1983) 2101,

BECKER, G,, CAMPBELL, D., EBERHAGEN, A., GEHRE, C., GERNHARDT, J.,
et al.: "Transport Simulation of Neutral-Beam-Heated ASDEX Plasma
in the L and H Regimes™, Nucl. Fusion 23 (1983) 1293.

HINTON, F.L., CHU, M.S., DOMINGUEZ, R.R., HARVEY, R.W., et al.:
"Physics of the H-Mode™, In Plasma Physics and Conﬁrolled Nuclear
Fusion Research {Proc. 10th Int. Conf., London, 1984} vol. 2,
IAEA, Vienna (1985) 3.

BISHOP, C.M., KIRBY, P., CONNOR, J.W., HASTIE, R.J., TAYLOR, J.B.:
"Ideal MHD Balloconing Stability in the Viecinity of a Separatrix",
Nucl., Fusion 24 {1984) 1579.

QU, W.X. and CALLEN, J.D.: "Two-Dimensional Ballooning Mode
Equation and its Scluticn Near an X-Point", Univ. Wisconsin Plasma
Rep. UWPR 85-1, 1G85,

SATTO, S., KOBAYASHI, T., SUGIHARA, M., HIRAYAMA, T. and FUJISAWA,
N.: "Bifurcated Confinement Sclutions for‘Diverted Tokamaks',
Nucl, Fusicon 25 {(1985) 828.

OHYABU, N.: ™A Phenomenological Mocdel for H-Mode", Research
Report of Plasma Phys. Lab., Princeton Univ., PPPL-2242, August
1985, |

—155—



[57]

[52]

[53]

[54]

[55]

[56]

[57]

[58 ]

[59]

[60]

L61]

JAERI-M 8B-086

HINTON, F.L.: "Necclassical Transport Effects and ths H—Mode_
Transition', Nucl. Fusion 25 (1985) 1457,

FURTH, H.P.: "Enhancement of Confinement in Tokamaks", Plasma
Phys. Contr. Fusion 28, No.94 (1986) 1305,

OHYABU, N., LEE, J.E. and de GRASSIE, J.S.: "A Simple Model of
Energy Confinement in Tokamaks"™, Nucl, Fusion 26 (1984} 593.

OHKAWA, T.: "Combined Confinement System Applied toc Tokamaks",
KAKUYUGO KENKYU 56, Ne., 4 (1986) 274,
BISHOP, C.M,: "Stability of Localized MHD Modes in Divertor

Tokamaks - A Picture of the H-Mode'™, Nucl, Fusion 26 {(1386) 1063.
GRUBER, 0., BECKER, G., v. GIERKE, G., GRASSIE, K., KLUBER, 0. et
al.: "MHD Stabhility and Transpcrt of Beam-Heated ASDEX Discharges
in the Vicinity of the Beta Limit", in Plasma Physics and
Controlled Nuclear Fusion Research {(Proe. 11th Int. Conf. Kyoto,
1986), IAEA, Vienna, LAEA-CN-47/A-VI-2.

KRASHENINNIXOV, 5,I,, KUKUSHKIN, A.S. and POZHAROV, V.A.: '"Edge
Plasma Oscillation in H-Mode, A Feature or the Cause?", in Plasma
Physics and Controlled Nuclear Fusion Research (Prce. 11th Int.
Conf. Kyotc, 1986), IAEA, Vienna, IAEA-CN-47/F-TII-3.

CHKAWA, T.: "Effects of fthe Location of the X-Point on Edge
Confinement", in Plasma Physics and Ccntrolled Nuclear Fusiocn
Research (Proe. 11tk Int., Conf. Kyoto, 1986), IAEA, Vienna, IAEA-
CN-L7/E-1I11-24, and KAKUYUGO KENKYU 56 (1986) 427,

HAHM, T.S. and DIAMOND, P.H.: "Resistive Fluid Turbulence in
Divertor Tokamaks and the Edge Transport Barrier in H-Mode

Plasmas", Phys. Fluids 30 (1987) 133.

0ZEKI, T., SEKI, S., NINOMIYA, H. and AZUMI, M.: "Kink
Tnstability of the Divertor Configuration in JT-60", JAERI-M &7-
ook, 1987,

SEKI, 5. and AZUMI, M.: "Maximum B Limited by Ideal MHD

Ballooning Instabilities in JT-60", JAERI-M 86-025,1986,

— 156 —



JAERI-M 88-086

Table A.1.1 Confinement scaling law

:
d ? i
B /T, |
fon I Tei =Cgi 4.7 x 10° —pl-é_—a'; | Neo-classical
A"n, qf |
l
20 |
| Tey= Cep 11X 1070 02 ' Alcator
b e b
2 | Tep=Cep 115%10° n, a2 R?? | Neo-Alcator
e e e e

(1o, -78)

2
r&i) +(T;

Ike: f

104 20,4

-2t
TEAE:CEe'T-(BX]O ne 0.%% RZOR? q3-5 Goldston (L-mode)

I
I
i
I
|
I
|
|
!
I
1
I
I
|
|
|
I
[
|
i
e — T———— m— e — ]
|
I
I
!
I
r

Electron P, ‘Heating power
Toy = Cep 3.68x10° T,P° R0k ®?
4 | Tg . 2 x Goldston {L-mode) Goldston (H-mode)
T 27 cofi << 075 Oms 007 T
5 | Te=Cee 9107 I, 03 T2 RI%2 280 1 Gill (H-mode)
I A ]
- |
6 | Tee=Cep 1.45x10 a,1, | JAERI
05 ,05 E .
Global | I | Tg =Cg-0045 RaBrk A 1 Optimized

X Zor = {146,250/ (1+1,7)
f, “ratio of the impurity ion density n; to fuel ion density (=n,/n;)

— 157 —



JAERI-M 88-086

"J01ADYSG )| spowi-H * |o4ju0d Byjoud Juauny ) X
.:o:osuoa lio) Ablous ybly uor 9 ¥
‘wajqosd Bulidnoy ¢ puusjup 3PISINY G ¥
"9PO - H J9JlWi| 9pISU * DUUBUD BpISU] b ¥
"Jous auo Ajup ' puuaup apisINng ¢ ¥
Jutod X epIsing 2 ¥
dRjlwl b (Ajisusp paypad) Joys adng | ¥
Len] 194 HHT+ I8N
L ¥
[22] }3Y
® HO3+ IAN.
[zn] )8y | [9t] '}y
[2£17)0Y
) HO3
HH
[6e] 4y [z1238Y | [91]749Y
| sxO % © exQ 3491
[iv]JeY | [on]Jey | [se1°}8Y |[95-82 149Y| [zz-£z] oY |[12-81 1}0Y| [s1-91 )oY 18N
exQ [ I1x® © © O © ©
09-10| 4141 130 |0-I0/1I0| X8d/XAd| We-14 ) X3ASY
m.uﬂum:c.md...ﬁmﬁou ﬁm->OH&..E.m
3uTuieouod s331INsax TeIWSWIIIAXS Jo AJpumng g°1°'V 919ElL

— 158 —



JAERI-M 88-086

a8i1eyosTp yewexol jJo uxailzed mory 4A8asugy

[1PM

1°1°v "814

alp|d Jo}iaAlg

LW
[} A
. |
|
X2
| UoI4DXD|3.
| |DWIBY § |
uop < ~  u0J109)3 | owso|d
m £ 1opunog
/ / 8 9 |
X d ad X o
UoILDXD|8. |
DWJ3 _
UoT < | va UoJ1239|3 OEM_OLM

N

butipsy uo]

fi

buijpey u041093

—159—



JAERI-M B38-086

A, 2 Overall Efficiency of Heating and Current Drive Facilities

An engineering design guideline is provided for system capacity
estimation on auxiliary heating and current drive systems. Two methods
with neutral beam injection (NBI) and/or RF wave radiation are adopted
in the next generation tokamak machines. There may be four candidates,
that is, the negative ion-based NBI, and RF waves with a frequency range
of the electron cyclotron (ECRF), lower hybrid (LHR?) and jon cyeclotron
(ICRF).

Table A2.1 summarizes typical values studied in the FER engineering
design [1]. These systems are composed of four sections which are the
drift duct or coupler, the neutralizer or transmission line, the ion
beam or RF wave generator and individual power supplies.

The overall efficiency is described as
mo= My engtngt Ty

where nj(j=1,2,3,u) means the unit of efficiency for sach section.

Detailed descriptions of each nj will be given in the following.
1) NBI {(neutral beam Iinjection)

A negative ion-based NBI system will be used for the next
generation tokamak machines, due to the neutralization efficiency.

Deuterium ion beams with an energy of 500 keV has a neutralizétion
efficiency of 0.58 ( n, ). There are many loss terms, for example, the
re-ionization loss of neutralized beams in the drift duct, geometrical
losses on the neutralizer and drift duct wall, and ion acceleration
loss at the accelerating region. A design [2,3] shows each loss rate to
be 0.05 to 0.1. The geometrical loss rate depends on the drift duct
size, s0 it is preferable to assume it to be 0.15. The injection
efficiency n1 is assumed to be 0.95x0.85. There is a loss of a few
percent in power supplies. The overall efficiency may be sxpected to be
more than 0.4 comparable to the ICRF systen,

Positive ion beams have a poor neutralization efficiency and beamns
with the required energy of 200 keV for the next generation machines

have an efficiency of 0.18. The overall efficiency may be around 0.1.
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2} ECRF_(electron cyclotron range of frequencies) -

It is assumed that an oscillator with a unit size of 200 kW CW
operating at about 150 GHz will be available and the waves are
transferred through an coversized circular wavegulde with mode
converters, bends, windows and =0 on. The insertion loss due to these
components may be about 3 dB. In such a system, the transmission
efficiency n, 1s estimated pessimistically to be 0.5, The oscillator
may be a gyrotron and an efficiency of 0.2 to 0D.45 is reported as the

nominal value . S0 the available tube efficiency n, may be expected to

3
be C.35. The output waves have many modes. A value of 0.1 is assumed
as the mode impurity. There is a loss fraction of a few percent in the
power supplies and a comparative loss in the coupling section should be

considered. The overall efficiency may be around 0.15.
3) LHRF (lower hybrid range of frequencies)

The Lower hybrid wave launcher is designed, using a phase-
controlled griil antenna fed by a waveguide array. The reflection rate
depends cn the plasma conditions, especially on the scrape-off plasma
conditions., In the FER design, the reflection rate is in the range
from 0.4 to 0.8,

In estimating the system capacity, the coupling efficiency ny is
assumed to be 0.6, taking into account the reflection rate and the
spectrum of the refractive index in the plasma. Waves in this range of
frequencies are transferred through a rectangular waveguide. In
addition, other components are inserted. The insertion losses due Lo
these components accumulates tco about 1.7 dB and the transmission
efficiency n, may be expected to be 0.7. The RF wave conversicn
efficiency n3 in the case of the high power klystron is assumed 4o be
0.5 on the basis of a few nominal data. There still remains ancother

loss of a few percent in power supplies. The overall efficiency may be

around 0.2.
4) ICRF (icn cyclotron range of frequencies)

The frequency of the deuteron second harmonic {which from 70 to 90

MHz for the next generation tokamak machines) is chosen. The net
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deposition power into the plasma depends on plasma parameters and’
antenna properties. In the case of 2xZ loop array antenna, tLhe
transferable power fraction n, is 0.8 to 0.9, In this estimation, it is
assumed that waves with a velocity higher than that of light is
ineffective.

Waves in this fregquency range are transferred through the ccaxial
cable and such components as power combiners, tuners and so cn. The
accumulated insertion losses of these compceonents are estimated to be
about 0.6 dB and the transmission efficiency N5 may be expected to be
0.9. The RF wave conversion efficiency n3 in the case of the tetrode is
assumed to be 0.65, because the nominal data of the candidates show a
efficency range from 0.45% to 0.7. In the estimatiocn of the overall
efficiency, the input power to the preamplifiers and the loss in power
supplies should be considered. The efficiency ny may be evaluated to be
0.85. The overall efficiency may be expected to be in the range of

around 0.4.
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A. 3 Present Status of Negative Ion Source Development

Here, a brief review on negaltive ion socurce development is
provided, More detailed information is given in Ref.[1].

There are three malin methods tc produce high current negative
hydrogen {deuterium) icn beams; i.e., the charge exchange method [2-14],
surface producticn method [5-8] and veolume preducticon method [9-18]. In
the charge exchange method, the negative ion beams are produced by
double charge exchange of positive ion beams passing through an alkali-
metal vapor cell, On the other hand, in the surface production method,
plasma particles (positive ions and fast atoms) hitting a low work
function cesiated surface capture electrons and reflect as negative
ions. In the volume producticn, the negative icns are generated by a
collisional process in gas discharge. QOut of these methcds, volume
producticon i3 the most attractive for use in future neutral beam
injectors. This is because, 1) the method needs no cesium, which offers
2) stable and reliable operation of the source. In addition, 3) the
structure is simple te scale up and 4) good beam quality is produced.
Owing tc these advantages, current developmental efforts throughout the
world are mainly concentrated on velume production.

Table A3.1 summarizes the typical parameters achleved in these three
production methods. Although the beam current obtained in the volume
production method is still lower than the maximum values obtained in the
other twe methods, significant progress has been made in the velume
production method these years. Among them, high current density ( z 20
mA/cm2 } H ion beam extraction has been achieved in various types of
volume ion sources, [9, 10, 15, 16]. Recently, a more than one ampere
H ion beam has been produced at JAERI [18]. It is also found that the
produced beam has good beam quality; the beam optics is extremely gocd
and the impurity content in the beam is as low as one percent [18]. We
consider that these recent resultls demonstrate the potential of the
volume negative ion source for neutral beam application.

In the volume production method, the negative ions are formed
through two-step processes. In the first step, vibrationally excited
hydrogen mclecules are produced by collisions between the molecules and
fast electrons;

H2 + ef( ~ 60 eV ) » HZ + HZ(V) + hv
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There are several other processes for the production of excited
molecules. In the second step, negative ions are produced by the
dissoclative attachment of low energy electrons to the sxcited
molecules;
Hy(v) + e~ 1 ev) » H; > H o+ nY

Again, there are other processes for forming the nagative ions, but the
broduction rate is considered to be much smaller than the above
mentioned process.

Figure A2,1 shows the one ampere volume H ion source developed at
JAERI. The source consists of an ion generator and an accelerator
column. The H ion generator 1s divided into two regions by a magnetic
filter. 1In the first regiocn, a dense plasma of 1012 - Hfa cm—ais
produced by arc discharge between hot tungsten Filaments and a magnetic
multicusp discharge chamber. The excited molecules are formed in this
region, Although these excited molecules can diffuse to the second
regien, energetic electrons emitted from the filaments cannot go through
the magnetic filter due to the transverss magnetic filter field, As a
result, the electron temperature hecomes to be in the order of 1 eV in
the second region, where H_ ions are formed by dissociative attachment.
The produced H ions are extracted and accelerated by a multi-aperture
grid system in the accelerator column. This type of volume source,
which is called "magnetically filtered multicusp source", has been
developed at LBL [9], Culham [10], Ecole Polytechnique [11] FOM-
Institute [12], Yamaguchi Univ [13] and also at TRIUMF {1471 for
accelerator applicaticn. Other types of volume source have been
developed at ORNL [15](reflex discharge), Nagoyz Univ. [16] (plasma
sheet) and Grenoble (ECR) [17].

It is necessary to develop a 500 keV/ 100 A D ion source for the
negative-ion-grounded neutral beam injector for the FER. At JAERI, we
are going to develop such a high intensity negative ion source accerding
tc the plan shown in Fig. A3.2. In the first step, basic research on
the negative ion source was made in the ITS 2 test stand. And then,
advanced research and scaling up of the negative 1ion scurce are now
golng on in the ITS-2M test stand. An advanced test stand (AITS) will
be constructed for the development of a high energy and high current D
ion source of 500 keV/ 25 A, which is 1/4 scale of the ion source for

the FER,
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Fig. A.3.2 Long range plan for development of negative

ion source at JAERI.
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A. 4 Beam Divergence in a Volume Negative Icn Source -

Beam divergence is in general defined as the e-folding half width
divergent angle of the beam prcofile. The divergence of a beam extracted
from a plasma has a minimum value at the optimum perveance. The minimum
divergence is determined by both the aberration of the electrostatic
lens in the accelerator and the finite tempersture cof the plasma ions.,

Here, the minimum divergence Woin is expressed as follows:
(1)

where w, 1s the aberration-limited divergence and w, i3 the temperature-

0] T
limited divergence. When the ion temperature distribution function Is

Maxwellian, W, is cobtained by the feollewing equation;

T.
/T i

T 2 E

(27

where E and Ti are beam energy and lon temperature, respectively.

The minimum divergence of 3 mrad was obtained using a 200 keV, 3.54
helium ion source. Therefore, it will be possible to reduce the
aberration-limited divergence below 3 mrad. On the other hand, we
observed a beam divergence of 14 mrad for a 25 keV, 1.26A negative
hydrogen beam. If we assume the aherration-limited divergence equals
zero and the divergence 14 mrad is determined only by the ion
temperature, the temperature is estimated to be &.24 eV using Eq.(2).
When the beam energy is increased up Lo 500 keV, the temperature-limited
divergence decreases down to 3.53 mrad. Thus the minimum divergence
calculated by Eg.(71) is expected to be 4.63 mrad at 500 keV., The design
value of 5 mrad in the present design will be attalnable from the

viewpoint mentioned above.
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A, 5 Analytic Expression of Beam-Driven Ion Current

The fast ion current Ifi can be described by

[~ [

vidy
j—1

the velocity component parallel to the

n<v,» 7 ==¢lZ f(v,E)EdE (1

Tep = 08 Yy b b J,
where nb is the beam density, vﬁ
magnetic field line, v the fast ion velocity, £ = VI /v and f£(v,E} the
distribution function of fast icons in steady state. The distribution
function f has been solved by J.D. Gaffey [1].

In general, variables of [ can be separated as
flv,e) = 81 & a (vi-c (£) (23

where S is the source of the NBI and g the Spitzer slowing down time

£2]. In the velocity region v < v_>, an(v) in Eq.(2) is simply given

b
by

v

1 V3
a (V) = 7 (7
c b

where Vc is the critical velocity, at which the drag exerted by the

background electrons on the beam will equal that of the background ions,

m, ZfﬁnAi
B = Zeff/[Z]' Zopp™ L n.z¥/n_, [z] Tnt_n, ? - , m, the beam
particle mass and j denotes the jth speclies of bulk plasma ions. If

fast ions are assumed to be stationary (no orbit effect), on(g) can be

simply described by Legendre polynomial functions as
c{n) = 2P (£,)P (§) (3)
nt’ T2 n &o n
where £, is the initial pitch angle.
Three kinds of effects are taken into consideration in the new
analytical model [3].
1) Velocity diffusion

Cwing to collisions with faster moving electrons, some of the

energetic ions will have velocities greater than the injection velocity
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Vi and the energetic ion distribution will have a high energy taid

rather than being sharply cut off at v = v

b
The expression of the velocity diffusion term derived by J.D.
Gaffey {1] is employed in the velocity region v > Vi that is,
1
a (v) = VT et ] v > v (4)
where
3 3
2(1 + vc/vb)
glv) =

37,3
Te/Eb + Ti/EbVC/Vb

2) Bounce average of v

/4
The fast lon current can be calculated by integrating V# with the
welght of the distribution function over v and V# . It must be ncted

that, in most of the old analytical treatments fast ions are assumed to
be stationary at their birth point throughout the slowing down time. In
a tokamak plasma, however, every particle makes its own particular
bounce mection along a magnetic field line, Therefore, in order to
calculate the fast lon current, we must integrate the bounce averaged v#

/v}, where v% is the v defined in the

, that is, <v, > = H(v 7 y

%
y /4

nidplane outer side of the tours.
The H function is shown in Fig. A5.717 by the dotted line. The solid

line is the current weight function of an old analytical model.
3) Effect of particle trapping

Fast lons produced by a tangential co-injecticn of neutral beams
undergo pitch angle scattering, and some of them diffuse into the banana
trap region. On the way of diffusive motion crossing the banazna-transit
boundary, particles can easily get intc the transit region of a negative
pitch. This is because the transition probabilities of banana particles
into co- and counter- transit particles are approximately 0.5:0.5.
Therefore, the pitch angle scattering is effectively enhanced in the
presence of a banana trapping region. J.G. Cordey has analyzed this
effect [4],

The bounce averaged differential equation for < in Eg.(3) can be

written as
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1 d ) dcn
L - _n _
RTnyn) dn [ G=n®atmn)g= ]+ xe =0 ()
where
n 2
R(n,n.) =-% K[ ( EE ) In,
n 2
Qn,n) = 2 B[],

K : the complete elliptic integral of the first kind,
E : the complete elliptic integral of the second kind,

and ny is the pitch of a barely trapped particle. It must be noted that

limR(n,nt) =
n> n,

Assuming R ~ 1.0 and Q ~ 1.0, Cordey solved the differential equation

Eq.(5) and derived analytical eigenfuctions

Cn(n) = Pvn(n) (6)

where Pvn(n) is the Legendre function and vn i1s given by the boundary

condition

Pvn(n) = 0.

For a precise treatment of the distribution functicn of fast ions, the
effect of a barely trapped particle, whose bounce time Ty = w, is taken
into consideration. The eigenfunctions feor R and Q with exact
expressions in Eq.(5) are numerically derived by adopting a variational

method. That is, we expand cn in a serles of
2m—1
e (n) = g a.(1-n) . (7)
Then, eigenvalues An are given as soluticons of the following equation

o + AR =0 , (8)

mrn mr l
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where -

t[1-(n+nt)2]E(K)(2m—1)(Em-2)2m+2n—udn

dE(e) Tt

3
dk (n+nt)

2m+2n—3dn

. Fl-2 0 YE)-[1=(n+n, )2 ] Jtom=1)m
Jo t t

2m+2n-2

1
K(K)(n+nt)n dn

B =
mn JO
2
Ko= Tt
B s
(n+n,)
With these eigenvalues An and the boundary condiiton,

2m—1
cn(W) = % (1 nt) = 1.0 |,

54 are easily obtained,
mn
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A. 6 Toroidal Equilibrium with Non-Inductive Current Drive -

Let us consider an axisymmetric tokamak plasma with an orthogonal
co-ordinate ¥, x, and ¢ (see Fig, A6.7a). The magnetic field and

poloidal flux are given by
>
B =FVg + Vg x V¥/7m (1)

where F = RBT, VY = ; ZWRBp and Vg = E/R (" indicates a unit vector). R
is the distance from the symmetry axis, and BT and Bp are, respectively,
the toroidal (g) and poloidal (x) field components. It is easily shown
[1,2] that the equilibrium pressure and diamagnetism are function of
only the poloidal flux, and that ¥ satisfies the Grad-Shafranov
equation:

“dp dr

“{uR 5+ F

- Ry o CuRj
gt Fap) = RVCgk) = —uRip @)

The operator RZV-(R_2Vw) in a cylindrical co-ordinate is often written

¥
as A vy

* 2
A .

5]
S
A=

3RZ R

(3)

Qﬁlcp
oo
+
Q»
faN]
N

The objective of our study is to find the function F(Y¥) which is
generated by a non-inductively driven tokamak current, which, with the
aid of Eq.{2}, can be used to fully determine a two-dimensional
equilibrium.

We begin by noting that, in equilibrium, the current density

parrallel to the magnetic field is given by

9 "B W T Tea S
) . > 2 2 1/2 .
Wwhere the toroidal field B = | B [ = (BT + Bp) , and u, is the free-
space permeability. From this, we cbtain:
1 dF 1 ap B
— =t [‘—“f*'“T e = 0 (5)
Yo du <BZ> dy <BZ>

where < > denotes the flux surface average defined as
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¥ denotes the poleldal direction.
The differential equation Eq.(5) provides a straight forward
prescrption for F, once <j, 6 B> is known. Notice, if Eq.(3) is

substituted into Eq.(4), we find the following:

. d g B B .
Sy T I 355135 Sy B

The first term is the Pfirsch-Schlliiter current. The <j” B>

includes inductive (Spitzer) as well as non-inductive current [3-5].

The origin of the Pfirsch-Schluter current is simply described in

Fig. A6.1b. In a simple torus without rotational transform (or without
plasma current), ions and electrons drift in opposite directions along
the 7 axis. This drift is called torcidal drift. When the plasma
current is induced and a rotational transform is created, the charge
separation due to the toroidal drift is cancelled along the magnetic
field lines. The induced current is the Pfirsch-Schluter current. The
direction of the current is opposite to that of the plasma current at
the inside of the torus and the same at the outside of the torus, as
shown if Fig. A6.1b. The surface average value becomes zero.
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Fig. A.6.1 (a) Flux surface gecmetry. There is symmetry
about the vertical awis., (b) Pfirsh-Schliiter
current in a toroidal plasma.
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A. 7 High Heat Flux Components

Steady-state and high-heat flux beam stops will be required in the
next generation injectors to handle multi-MW and multi—secqnd particle
beams. The peak heat flux densities normal to the beam axis amount to a
few tens of kW/cm?. It cannot be reduced below 4-6 kW/em? even if the
surface of the beam stops are tilted. Various kinds of beam stops for
high heat flux and/or steady-state heat remcval have been investigated
so far, A summary of recent findings is shown in Table AT7.1. The values
with and without parentheses indicate designed and measured values
respectively.

There are two types of heat removal methods i.e., inertia cooling
and forced ccoling. The inertia type beam stops in Ref.[7] are used
under the conditions of high heat flux but for short pulse length. They
will be useful as the first wall in the tokamak vacuum vessel but cannct
be used for steady-state heat removal.

Concerning the forced cooling methed, there are two types of beam
stop structures. One is a panel structure and another is a tube
structure., The maximum heat flux on the surface of the panel structure
seems to be limited to 2 kW/cm?® because of the low heat transfer
coefficient, On the otherhand, the maximum heat flux which the tube
structure can handle seems to be higher than 4 kW/cm?®. There are
several types cf tube structures depending on the cross section of the
tube. In order to increase the equivalent heat ftransfer coefficient for
forced convection, tubes with a swirl-tape or an internal helix fin are
used. The beam stops based on the swirl tube have already achieved a
removal of heat flux higher than 5 kW/cm? with a pulse length of 30 sec
[4L]. The swirl tube and/or internally finned tube seems to be promising
for beam stops required in the FER-NBI, though it is still necessary to
investigate the reliability, manufacturing method and the life time of

the tube.
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