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Research and development activities at Naka Fusion Research Establishment, JAERI, are
reported for the period from April 1, 1991 to March 31, 1992,

JT-60 Upgrade (JT-60U) experiment was commenced in March 1991. After four months in
July, deuterium operation was started, and the heating power of perpendicular neutral beams
reached 22 MW in August. JT-60 was operated without any serious machine trouble after the
upgrading modification. Well controlled equilibrium in the diverted configuration was successfully
achieved for Ip < 5 MA by discharge optimization of elongated plasmas. In JFT-2M, major efforts
were put on experiments with intensive divertor biasing and ergodic magnetic limiter. The DIII-D
cooperative program was highlighted improved H-mode obtained in boronized-wall experiments.

Concerning theoretical and computational studies, effort was focused on the analyses of the,
ion temperature gradient mode, MHD relating to the bootstrap current and beta optimization, the
MHD mode locking phenomena, and burning plasma characteristics.

As for fusion engineering research, development activities of ceramic turbo-viscous pump
and high-resolution mass spectrometer were remarked in the vacuum technology area. High heat
flux experiments were carried out with JAERI Electron Beam Irradiation Stand (JEBIS) and
Particle Beam Engineering Facility (PBEF), in order to develop plasma facing components.
Concerning plasma heating technologies, much effort was devoted to the development of negative
ion sources especially on long pulse operation, high energy acceleration and beam optics. The first
oscillating test of a 100 GHz-band gyrotron was done using JAERI Gyrotron Test Facility. Major
achievements in the superconducting magnet technology were the attainment of high current
density of 40 A/mm? in the Demo Poloidal Coil and the successful operation of a hollow-type
conductor up to 30 kA at 3 T. Good progress in the development of Nb3Sn and Nb3Al strands
was also obtained. Concerning the tritium technology, a fuel cleanup system developed and
designed by JAERI, was successfully operated with other TSTA components under the joint work
with TSTA at LANL. Experiments at Tritium Processing Laboratory were also advanced. R and D
activities of reactor structure and blanket technology were performed on design works of ITER
and FER.

With the ITER Conceptual Design Activities completed in December 1990, the feasible
design concept and the future R and D programs on ITER were successfully developed. Before
starting the next-step of ITER, Engineering Design Activities (EDA), Japanese scientific and
technical review was finished. Design study of FER was continued in parallel with its related R
and D.

Keywords: Fusion Research, JAERI, JT-60U, JFT-ZM, DIII-D, Plasma Physics, Fusion
Engineering, ITER, FER, Fusion Reactor Design, Annual Report

Editors: A. Funahashi (in chief), T. Kanazawa, N. Koizumi, M. Matsukawa, T. Sugie



JAERI-M 92-159

AT FETER (TR 3 FE)

BAEF TR
BRETREFE

(199241081 B8%#H)

GRF - IREIRRGCRTIC B ARSI ERE (199144 A~1992434) OMERBETIIOVTH
BT 5,

WEED]T-60 (JT-60U) £8HM, 199 14E3 RSN, 204 7rBHDT7T BILIREX
FEENFAS— FL, SANEHAHOFHN TR/ T —#2 2ZMWIELL, WEBRDP] T-6 0
M, BALGEBIFSIANS 2L BRBL 7, BART S AORERHALICLE >T. L S5MADS A /S
— ST BV TERHE S /- THEM Y BIEICER L. JFT-2MTH, BRuwsy s -5 -
NATARFLNTF A v 7REE) 24— %p L LAERBTR, DIL-DBARTRERIONS 74 M,
FoALBEERCRLIRRAHE- FThol,

it T 2R Tk, A4 YIREEREE—F., 7—FA My ToAN— s EEAELICERPIZMH
D. MHD®E—F -0y 78R, RUEBRRETI AvoFEICET 2B FTh,

BEA T2l LT, EZEHOSBTEI I vy - ¥ —REHESE XY 7 BOBEEST
BOMRIER L, TIXTHMESROBRORHIL, BFE—LBEHAS Y F (JEBIS) kU
FE—-aT%2®E (PBEF) *AVABRATREBRSITN, 77 XAMBAEM Tid, /902 EE,
ELANF—NE, RUEY —ARBZLZOWTEAS F VEORBICHPEWE, £/, 100GH,;®#V ~
AR I YORAOREFA MY, BV x40 ey EBREZHVTITR, EESHARNORE
T, EFEFEDA VI VBT 240A/ mm OEFBHEEE, AU —HEHRCBITE3T -
30k ADBBRY P EGRETH o, £72. NbySn¥Nb Al BORRIIOVWITHERSY R .
FUF T AHBORECBVTER., EMTHE - ZTL2BEERV A 7458, LANLOTSTALD
BREEDS LI, TSTAOMESREXCERRSEE L. 72, PUF YA - 7OLARIBITL
FROER L. ITERPFEROBIHKELC, FEERV TS ¥4 v F TEOHERRESITR .

199041 2R CETLAZITEROESHEINEEHICL > T, I TERDERIAERFSEOMER
BEEAEREERE L, 1 TEROXRERE, THEEHGRHOME AL - T, BRORZERMHL Y
4 2—%T Lz, FERDEMMIEL, MET AFERABLMTL THR L 72,

IBIGTSERT © T3 1 1-01 ZARBIRFEFISETAT K2 EIL8 0 1-1
W MEIRE., €18 E, AREE, B, BLEX



JAERI-M 92159

FOREWORD

The past fiscal year has brought significant progress in many areas of JAERI Fusion
Program.

JT-60 Upgrade (JT-60U) experiment was commenced in March 1991. After four
months in July, deuterium operation was started. Well controlled equilibrium in the diverted
configuration was successfully achieved for Ip 5 MA by discharge optimization of elongated
plasmas. The JFT-2ZM and DUI-D programs were highlighted by the study on confinement
properties with divertor biasing and improved H-modes.

With the Conceptual Design Activities, the feasible design concept and the future
research and development programs on ITER were successfully developed. JAERI has made
many contributions to the program with a conviction that international integration of fusion
research and development is essential and ITER can serve as a central project for the next step of

fusion research and development.
Continued efforts were laid on the research and development of fusion technologies

including superconducting magnet, plasma heating, vacuum technology, tritium handling, high
heat flux technology, reactor structure, and blanket technology.

The development of thermonuclear fusion as an energy source is a central element of a
national and international energy strategy. With increasing recognition of environmental issues,

the features of a fusion power source are even more attractive.

N. Shikazono
Director General

Naka Fusion Research Establishment
JAERI
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I. JT-60 PROGRAM

1. OVERVIEW
Since November 1989, JT-60 had been shut-down for the modification to JT-60 Upgrade

named JT-60U. Construction of JT-60U to allow higher plasma current, deuterium operation and
higher heating power was completed in March 1991. JT-60U is capable of producing single-null
divertor discharges with plasma current of 6 MA, with high power heating and current drive:
neutral beam heating power of up to 40 MW, lower hybrid current drive (LHCD) power of up to
10 MW, and ion cyclotron resonance heating (ICRF) power of up to 5 MW. Features of JT-60U
are a high aspect ratio (4.0), a high toroidal field (4 T) and divertor plates with beveled edges.
From the viewpoint of divertor heat load, 40 MW of heating power in JT-60U corresponds to
alpha heating power in ITER, making ITER-relevant experiments feasible. The main objectives of
JT-60U experiments are: (1) confinement improvement, (2) impurity control and divertor studies,
(3) steady-state studies, and (4) high energy particle confinement. Through the pursuit of these
goals, we aim to contribute to the ITER Physics R&D, and provide data essential for concept
development of fusion power reactors like SSTR.

Ohmic experiments with hydrogen gas were initiated at the end of March. Optimizations of
break-down, current ramp-up and divertor configuration were performed. Multivariable non-
interacting control was adopted to allow independent control over the strong mutual coupling
between the ohmic heating coils and the vertical field coils. Well controlled divertor discharges
were successfully obtained using this method and discharges with plasma current of up to 4 MA
were achieved after only 12 days of operation. After testing and developing the scientific and
technical capabilities of the diagnostics and the NBI system, deuterium discharges started in July.
After the conditioning of NB injection port, experiments of perpendicular NB beams with power -
of up to 22 MW started in late August. In October, hydrogen discharges were made before an
annual vacuum break in November. Discharges with plasma currents of up to 5 MA have been
achieved making the perspective of 6 MA discharges. LHCD experiments with input power of 1.8
MW have also been performed emphasing the physics understanding of the LHCD. During
November and December, the following hardwares were installed: the new tangential NB beam
system with heating power of 12 MW, the ICRF with a frequency range of 110-130 MHz and a
power of 5 MW, and the pellet injector. In January 1992, ICRF experiments started. -

The main objective of experiments in 1991 was to study the basic performance of IT- 60U
and the following experiments have been performed: 1) optimization of plasma control, 2)
confinement improvement and studies of its characteristics, 3) MHD and disruption studies, 4)
impurity contro! and divertor studies, 5) studies of ripple loss, high energy particie and D-D
reaction product, and 6) LHCD and ICRF experiments.
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H-mode experiments were performed in the region of [,=1-4 MA, Br=1.7-4 T, qer=3-5 and
Pnp=6-22 MW. Most of the H-mode data published so far from H-mode tokamaks are in low
toroidal field (<3T) except for those with limiter H-mode in JT-60 (LHCD) and TFTR. In JT-
60U, clear L- to H-transitions and density/temperature profiles with steep edge gradients were
observed in divertor configuration at 4 T. The maximum enhancement factor of H-mode was 1.5
for the non-steady state case and 1.3 for the quasi-steady state case. The causes of this modest
improvement in confinement are discussed. The high-q and high-Bp regime with hot ion enhanced
confinement was investigated for concept development of steady-state reactors like SSTR. The
maximum Bp reached 2.44, the maximum T; of 20keV was achieved and ‘tE was 1mproved to
about 2.9 times as large as that of ITER89-P scaling. The maximum neutron rate of 1. 3x10'® nss
was also obtained in the hi ghest-ﬁp discharge. The corresponding Qpp and the equivalent Qpt
were 8.9 x 107 and ~0.20, respectively. Heat load localized in both toroidal and poloidal
directions was shown to be in a good agreement for the first time with calculated heat load profile
due to ripple trapped particle loss. The divertor heat flux was analyzed to establish a scaling law
on the heat flux peaking factor which is the reciprocal of the scrape-off-layer thickness. Achieved
values of the first experiment of the JT-60U LHCD in 1991 were PLp=1.5 MW, driven current
IRp=2 MA, current drive efficiency 1ep (= neRpIRp/PLE) =0.25x1020 m-2A/W and current
driven product CDP (2n.RplrF)=3x102VmZ MA.

2. OPERATION OF JT-60U

2.1 Tokamak
2.1.1 Operation results of machine components

JT-60U started its operation with Taylor discharge cleaning in late March, 1991. It was
operated with hydrogen through April to June with one month inspection stop in May. The
calibration work for neutron detectors was performed in the first half of July, then the machine
started its first deuterium operation from the middle of July to the end of September. In October it
1is operated by hydrogen and an annual vacuum open is planned at November.

To attain 6 MA plasma, mechanical performances of the tokamak inevitably comes up as
one of the major issues. Under a restricted condition for direct measurement in tokamak operation,
efforts have been made to obtain displacements of the vacuum vessel, TFC and its support
structure.

The new vessel is made of toroidally continuous double skin structure without bellows and
it is operated under the baking temperature of 300°C. Displacement measurement was performed
when the vessel was at first baked from RT to 300°C. The horizontal displacement of the vessel
was found enough homogeneous and that suggests the good sliding property in the vacuum vessel

support. Rapid response displacement detectors with laser system are attached on the lower spacer
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operated with hydrogen through April to June with one month inspection stop in May. The
calibration work for neutron detectors was performed in the first half of July, then the machine
started its first deuterium operation from the middle of July to the end of September. In October it
is operated by hydrogen and an annual vacuum open is planned at November.

To attain 6 MA plasma, mechanical performances of the tokamak inevitably comes up as
one of the major issues. Under a restricted condition for direct measurement in tokamak operation,
efforts have been made to obtain displacements of the vacuum vessel, TFC and its support
structure.

The new vessel is made of toroidally continuous double skin structure without bellows and
it is operated under the baking temperature of 300°C. Displacement measurement was performed
when the vessel was at first baked from RT to 300°C. The horizontal displacement of the vessel
was found enough homogeneous and that suggests the good sliding property in the vacuum vessel

support. Rapid response displacement detectors with laser system are attached on the lower spacer
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of TFC as to measure the displacement of the vessel against the lower support structure. The
observed vibration frequency of 82 Hz is very close to the calculated fundamental frequency of the
vessel. The amplitude increases instantly not changing the primary frequency, then decays with the
fime constant of 55 to 70 ms The obtained amplitude and the frequency are within the assumption
of design with enough margin.

As a result of the modification for higher plasma current, the estimated overturn force of
TEC increased from 440 tons to 600 tons. After one month operation, to get a betier adaptation of
TFC in April, the neighboring two TFC units were weld for reinforcement[2.1-1]. The
displacement was measured before and after welding the pairs of TFC units. To determine the
absolute displacement of the upper support structure, displacement detectors were fixed to the
neighboring devices such as NBI tanks, RF support and support structure columns. Table 1.2.1-1
gives the displacement data of the upper
support structure corresponding to 310 tons ~ Table 1.2.1-1 Displacement data of upper support structure

L. for overturn force of 310 ton
of TEC overturn force. It indicates that the

displacement of the inner radius exceeds that of Radius  Calculation Measured
the outer radius. The effect of the reinforcement  prg siere 8650 125 165
NBI Supt. Structure 5720 13 2.17

of the upper support structure is not clear,
. ) Support Column 8500 1.25 2.1
because there is no reliable measurement before  ---rrsmmmmmmrme s

reinforcement for comparison.
Figure 1.2.1-1 represents the displacement data of a TFC unit (TC-9) measured as a

function of the overturn force, comparing before and after the reinforcement welding. It indicates
that the reinforcement greatly suppressed the movement of the inboard part of the TFC unit, and
the movement of the whole unit as expected in the design calculation.

Dry operation test brought about information relating electro-magnetic properties such as
eddy current, one-turn resistance of the vacuum vessel, leak currents through the structures. The
one-turn resistance of the vacuum vessel was estimated by observing the currents of the inner and
outer Rogowski coils and the voltage responses of the toroidal one-turn coils against the current
variation of the OH or V coil. It brought about the result that the vacuum vessel has the one-turn
resistance of 0.16 m& comparable with 0.2 mQ predicted in design stage. Until coming up to this
value, the voltage responses of the one-turn coils that are laid out properly poloidally has been
precisely investigated together with the current outputs of the inner and outer RogoWski coils, and
it was found that non-negligible currents run through the neighboring structures besides the
vacuumn vessel itself.

Figure 1.2.1-2 represents differential current values at disruptions with respective operation
plasma currents obtained so far. The differential current was taken at the steepest instant during
disruption. The machine experienced a disruption of up to 800 MA/s, and it indicates particularly

the reliability of the vacuum vessel and its peripherals.
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2.1.2 Operation results of plasma facing components

The divertor plate of JT-60U is composed of 2-D felt CFC tiles placed continuously in the
toroidal direction. The alignment of the divertor tiles has been improved by the precise adjustment
of divertor-base plates and in-situ taper-shaping of CFC ales to reduce the heat concentraticn at tile
edges. The difference in surface level between adjacent tiles has measured using 3-D Laser
Sensor. As shown in Fig. 1.2.1-3, the typical level differences before and after taper-shapings are
0.3 mm and -0.15 mm, respectively. All data on the surface level differences measured before and
after taper-shapings are shown in Fig. 1.2.1-4. Since July 1991, JT-60U has been operated using
deuterium gas with NB heatng up to 22 MW for about 2 s. Carbon bursts have not been observed
so far. It was found from the post-experiment observation that the erosion of divertor tiles is
remarkably reduced and the tile surfaces are coated with glossy redeposited carbon film on the
divertor trace zone, and blackened one on the off-trace zones. Broken tiles were not observed.
Figure 1.2.1-5 shows the divertor tiles after operation from April to October, 1991.

Fig.1.2.1-5 Divertor tiles after operation from April to October, 1991

2.2 Control system
2.2.1 Plasma Control
(1) Plasma position and current controt system

We developed a VME multiprocessor system [2.2-1] for plasma position and current
control at the JT-60 upgrade (JT-60U). The configuration of the system is shown in Fig.].2.2-1.
Parallel processing with 32-bit RISC processor MC88000 (Motorola Co., USA) in the system

makes it possible to calculate the plasma state variables precisely and to execute multivariable
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plasma contro} fast. Parameters of plasma position and X-point are calculated in real-time by the
formulas derived statistically from regression analysis based on the equilibrium database. As
mutual coupling between the OH-coil and the V-coil and that between the H-coil and D-coil are
large respectively, multivariable control with matrix gain was applied for the control of plasma

current and positions.
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: CAMAC Crale - r__._[i“_ ;
[ o T T T T T T T .
: I; f :; I»Tl S Other Timing é E E
E MM GGG INIIO?UE&T . D 2 E
H | 250/500ps clock o PF-coil power supply Ethernet H
3 ettt i o S ey
- L E CAMAC YME |
VME S ¢ ¢ Cll¢|B|{B|lB i Crates BH Racks'_ s |
Rack A Y| P P PIIPlrI[RIIR H | _— Lo
S|t U |FU([U[[Cla]]#]i# i alp| jalel| J¢1 (€]
cli1 |l 2] 3]le|l1]lz]l3 : D clil Bk
; ' clol Is|2]{Py V]
— s | =T ] .
B : Alp| jalc) {C] €| ¢
VME C|D| C A A D D c|%| (3] |7 . :
Rack B R B 51 o v| ' ACB: auxiliary controller with
# AP D D I < (]) L : branch highway ports
4 P|C G c C o I | | r--®  ACD: auxiliary controller with
A Alc Cc c| -port
l | L D D cl%| |®]|®| i ABRC A}I))oconvener
clo| isl2] [P U| + BH:CAMAC branch highway
1 ‘ ) ~_& BR#1-#6: VME bus repeaters
vme | {[B] [TY[{YY 8 Y Y Y Y Y . | = c=-%  CRD: CAMAC branch driver
Rack C R Dy | DL (D] [ D{| D] Dy D} (DD ARl 1AE ¢yl 1 CCA2: type-AZ crate controller
# cllalcliciiclclici|cliC D cla| (B |F i CPG: clock pulse generator
51 | er] |uz} o3| isa] [#5] |#] |e7] s8] teo _C_? siz[[P]JY]; cpu: f&iﬁfﬁpﬁ‘ﬁmr
T T T T 1 1T T 7 — .-
oy [’J LII [IJ lIJ lIJ lIJ lU ljJ l{’ T Al =1 E77¢ T CPU#0: microprocessor
Bi | ¢ ; MVME147
wME R D||D{|Dy| D] | DD D] Dy | Dy D Cra g E i CPU#1~3: RISC processors
Rk D Nai lellcl|dlelldlclic]id]c clol B : MVMEILS]
6 W1 p11} g2 [y pd] #1s) prel g7 pas ' 1 DAC: D/A converter
= Thyrister firing angles 1 DIO: digital LO
= . DO: digial cutput
1lticagowslm coils (4ch) 7] D-coil . FIM: fan-in module
agnetic probes (S1ch) ) Monitor outputs — H-coil SH: CAMAC seral highway
Flux loops (13ch) Ratch signals o . SYSC: VME system controller
Dlamagneuc ]OOPS (2ch for UDC —  DCW-coil T: lerminator
Current/voltage of V.zoil TMG: uming generator
OH-coil UDC: up-down counter

PF-coils and TF-coil .
Interrupt signals
Emergency signals

Fig. 1.2.2-1 JT-60U Plasma Equilibrium Contro! System Based on YME Multiple Processors.

The VME system can execute the feedback control with a cycle time of 250 ps and a delay
of 500 ps for the plasma vertical position control and that with a cycle time of 500 ps and a delay
of 1 ms for the control of the other parameters. Hence, vertical stability margin was effectively
increased and stable divertor plasmas with high elongation up to 1.6 were obtained by this fast
feedback control. Oscillation of the vertical position was observed in high poloidal beta plasmas
over Sp=2.0 with small current around 1MA, where the decay index n =- 1.5. We were able to
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suppress the oscillation by applying the differential control with
time constant T4=6-10ms in addition to the proportional control
and to get stable discharges with Bp up to 2.5.

Moreover, in this new control system we have newly
introduced "algorithm preprogrammed waveforms”, according to
which we can dynamically switch the control algorithm at real
time. For example, control algorithm of the V-coil can be
switched from voltage control and current control proportional to
plasma current in the plasma initiation phase to feedback control
of the plasma horizontal position in the phases of plasma current
ramp-up, flat top and ramp-down.

The control system was fully used to get stable discharges
in the JT-60U. Divertor discharges with plasma current up to 4
MA were achieved in only a month after the first plasma of the
IT-60U at the end of March 1991 [2.2-2]. In October 1991,
discharges with plasma current up to 5 MA have been achieved.
(2) Development of a plasma shape identification method

A new method of plasma shape identification based onthe
boundary integral equations (BIE) is developed for tokamak
plasma control [2.2-3]. Figure 1.2.2-2 shows that the BIE
method identifies the plasma shape accurately even with a
finite number of magnetic sensors in application to JT-60U
(elongation factor k=1.5) and ITER (k=2.2). This method is
used to numerically compute the exact analytical solution of
the concerned partial differential equation, and if the proper
number of sensors are properly located, the shape 1s
definitely and accurately reproduced independently of the size
or shape of the tokamak. Several test calculations by the BIE
method give the following features:

(a) The differences in plasma current profile and poloidal beta.

Bp has little influence on the accuracy of the shape
identification.(b) The influence of the change in the
hypothetical plasma surface figure on the shape identification

_is very small.

Standard JT-60U plasma
Ip=6MA, Bp=0.65, i=0.76

/
- / 9.0 m—|

A AL BN LI L |

' e
\ 1.0

3

Standard ITER plasma
Ip=22MA, Pp=1.0, {i=0.93

; The equilibrium code
== The identified plasma
shape

surface
O ; Sensor locations

Fig.1.2.2-2 Application to JT-60U
and ITER Plasmas.

(c) The influence of the sensor-plasma distance on the shape identification is comparatively

strong. This is because the sensor density is sensitive to the identification accuracy.

(d) This method is robust against noise in the sensors.
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(e) This method can identify a small circular plasma by the hypothetical plasma surface enclosed
within the plasma.

(f) This method can be a useful tool to give a logical determination of sensor locations according
to the following logic: The identification errors are produced mainly in the interpolation process.
Therefore, if the flux intensity between a pair of adjacent Bt sensors is precisely reproduced using
a given interpolation function, the error is minimized. If not, one or more additional sensors are
needed between the adjacent sensors. This is in agreement with a natural conviction that many

sensors are needed in an area having strong nonlinearity.

2.2.2 Interlock system for deuterium operation

An interlock system on neutron production was prepared for deuterium operation. Two
kinds of interlock functions were installed in the discharge control. One is the function on
neutron production rate during discharges and the other is that on the amount of neutron
production.

Three sets of U233 fission chambers in the plasma diagnostic system are used as neutron
detectors. The signals of the detectors are put into the plasma monitoring system in the central
control system, where the production rate is monitored. When the production rate exceeds the
limited value, the interlock signal is transferred to the feedback control computer, which terminates
the discharge. The amount of the neutron production per shot is calculated and accurnulated in the
discharge control computer. When the total amounts of the neutron production per week, three
months and year exceed the respective limited values, the discharge control computer locks the
next shot of the discharge. The summarized information on the production of neutrons and hard

X-rays is stored in the central control computer system for the operation management.

2.2.3 Man/machine interface

A new man/machine interface system in the JT-60 central control system was developed
based on Sun-3 workstations connected with a network of Ethernet [2.2-4]. Development of the
system was completed in the beginning of April 1991 after its test run during the system
integration test of the JT-60U. Improvements on the following points have been made with the
new man/machine interface system in the JT-60U operation: (1) the function for setting discharge
condition parameters, (2) the functions for monitoring the plant status and discharge results and

(3) working environment in the central control room.
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In this fiscal year, the JT-60 poloidal field power supply (PFPS) which was modified to
achieve higher plasma currents and so on for JT-60U in the year before [2.3-1] have been operated
smoothly and functioned very well. The plasma current of SMA was performed when the F(OH)-

coil power supply delivered the
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The other power supplies, the toroidal field power supply (TFPS) and the motor-generator for

the heating system (H-MG) were also operated smoothly. The operating time of TFPS, PFPS and
H-MG were 1,496, 1,214 and 1,613 hours, and the number of troubles of each power supply
were 84, 165 and 6 times respectively. The main trouble of TFPS is exceeding oscillations of the
shaft of the motor-generator. In PFPS, troubles mainly happened relating to the control systems
such as phase controllers of the thyristor converters in the H-coil power supply occasionally
behave abnormally and overvoltages in the F-coil power supply occurred at the time when the
circuit breakers open. H-MG scarcely brought about any troubles.

The utility power distribution facility and the secondary cooling water facility which are

operated by power supply group have been operated smoothly. These facilities have been operated
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for about ten years from their installation, so not a few parts of the equipment have deteriorated
and some of them are desired to be exchanged. In FY 1991, batteries of uninterruptible AC and
DC power supplies, which consist of 165 and 102 cells and the ratings of each battery are 1,500
and 300 A-hour/h respectively, were exchanged. In secondary cooling water facility, overhauls of
the motors of the pumps were carried out and the cooling tower was painted again.
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2.4 Neutral Beam Injection System(NBI system)
A qausi-perpendicular injection beamlines composed of ten units out of fourteen NBI units is

now under operation and a rest of four units is under modification from the gausi-perpendicular
injection to a tangential one, of which two units are co-injection and the others are counter-one.
On the perpendicular NBI, ion source conditioning and beam injections into JT-60U were
given with hydrogen by the end of June for taking a hydrogen beam data, with modified
acceleration power supplies, ion sources and control systemn for a higher beam energy gperation up

to 120keV and for a deuterium beam operation.
A deuterium beam operation started in the middle of July. At first, to estimate beam
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A measured pumping speed with deuterium gas by a beamline cryopump was 900m3/s,
which is equivalent to about 70% of that with hydrogen gas.

To estimate with accuracy a neutron from a beam dump and a calorimeter in the beamline, a
calibration of neutron monitor was done by inserting a specified neutron source (Cf252) into the
beamline tank. Followed after the calibration, the neutron dose rate was measured by leading the
beam dump and the calorimeter to collide with the beam.The measured value of the neutron dose
rate by a beamline was 6x109 n/s/ampere (3x1011 n/s/beamline) at the beam energy of 100keV.
Neutron dose rate increases with the beam energy. Since a beam drift ducts were newly fabricated
with JT-60U vacuum vessel, the duct aging was done by injecting a short pulse beam under a stray
magnetic field from JT-60U prior to the deuterium beam injected plasma heating. A integrated
beam pulse length for the duct aging was in need of about 50 sec to be a reionization loss of below
10%, which was more than three times compared with a former JT-60 duct with hydrogen beam.
The reasons why the aging needs a long time in finishing are that the duct cross-section is smaller
size than the former and the deuterium gas conductance decreases compared with hydrogen. But
the second duct aging that was done in February,1992, just after two months vacuum break, the
required integrated beam pulse length decreased to less than one third, about 15 sec.

For 3He beams injection that aims at D-3He nuclear fusion experiment, a preliminary He gas
pumping test by a cryo-sorption with an argon condensed layer has been done using a present JT-
60NBI cryopump system. The pumping speed for He gas achieved 400 m3/s/beamline. After the
confirmation of the pumping capability by the test, the cryopumps of six beamline units have been

modified to be able to evacuate the He gas.

2.5 Radio-frequency system

2.5.1 LHCD system
The main objective of LHCD experiments in JT-60U is to drive plasma current and to control

plasma current profile. To carry out LHCD experiments, a small size launcher has been installed
with a injection power level of 2 ~ 3 MW and a large size launcher capable of ~7TMW is under
construction and will be operated in 1993. The small launcher is composed of 24x4 sub-
waveguides and is fabricated by a diffusion bonding method, which is a most promising method
to manufacture a LHCD grill with several hundreds number of waveguides for a next fusion
device such as ITER. The large one is composed of 48x4 sub-waveguides and is featured by a
simple structure which will be mentioned in section 4.5.1.

In 1991, we investigated the power handling capability and the coupling property of the small
launcher. A CCD camera was equipped to detect RF breakdowns at the grill mouth, and a double
probe was installed at the grill mouth to measure the edge plasma density.

On the initial stage of RF conditioning, RF breakdown was often observed at the grill mouth

when the neutral pressure rose at the differential pumping system of the launcher. This the neutral
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pressure rise seemed to be induced by a single surface multipactoring discharge because the the
neutral pressure rise accompanied with a local temperature rise at the transmission vacuum
waveguide in the resonance zone. The breakdown was gradually suppressed shot by shot and
the maximum injected power reached up to 2.2 MW atend of this operational run.

It was found that the reflection coefficient p was

less than ~15% even though the distance (8) between 2 “::, i l [ T [ i
the outer most magnetic surface and the first wall was :Q: g0 L o 8
about 0.1 m as shown in Figl2.5-1. The & 4 | 0
degradation of current drive effictency was not :§ 20 [ o o o R i
observed at this plasma position. A increment of edge 2 018: } ; } + i
plasma density was observed by injection RF power, 10 ,
and the good coupling characteristic was obtained &~ 10”;. moan !
when the edge plasma density was beyond the cut off Eg Do o, o,
density of 2GHz . A good coupling was kept at the 28 .,0"5;_ 8 1
distance & up to 0.15m by combining NBIL. This 5
result suggests that edge density control by RF waves 10" [ . . . : ]
may give a solution to couple RF with main plasmas 0.08 01 012 014 016 018
when the plasma position is kept far from the grill. o [m]

Fig. I.2.5-1 Coupling and edge plasma density as a

function of 8.

2.5.2 ICRF Heating System

ICRF heating system has been upgraded [2.5-1] accompanied with modification of JT-60
increasing a plasma current up to 6 MA. Figure 1.2.5-2 shows an RF skeleton of the upgraded
ICRF system. Two antennas had been already installed last fiscal year. Remaining renewed parts
of the ICRF system, namely transmission lines, impedance matching system, power and phase
measurement system and protection circuits, were installed this fiscal year considering the schedule
of JT-60 operation. Number of transmission lines is increased from 4 to 8 lines to be connected
with eight loop elements respectively. The impedance matching system is changed from double
stub tuners to a combination of a phase shifter and a stub tuner for each line to be able to take
impedance matching in a wider range of input antenna impedance. The power and phase
measurement system and protection circuits for the antennas and the lines are modified to
correspond to increasing antennas and lines.

After the installation the ICRFE system has been operated from January 1992. The operation is
started with measurements of input antenna impedance for vacuum loading at low power levels of
0.1 W by switching to a network analyzer at the output of the amplifier. Actual impedance matching
is taken well and quickly for vacuum loading at high power levels of 200 kW and then for plasma

loading in antenna conditioning. Consequently, 1.5 MW injection into a plasma is attained after
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three day's antenna conditioning, which is very quick procedure as antenna conditioning in first

operation, and it is therefore expected to increase injection power up to 5 MW of maximum rating.

Reference
[2.5-1] T. Fujii, N. Kobayashi, § Moriyama et al., Proc. 16th Symp. on Fusion Tech., London (1990} 1171.
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2.6 Diagnostic systems
During the period from April 1991 to March 1992, JT-60U had the first experience to

operate with deuteriurn discharge and upgraded plasma current up to SMA. The diagnostic systems
have been arranged, mainly in the previous year, to operate under the new circumstance such as
neutron radiation, by remote sensing with fiber optics and suitable shielding of sensors and
detectors. Concerning to the diagnostic system operation, in spite of the long interval of JT-60
shut-down, all the diagnostic systems have been started up in satisfactory.

As the newly installed systems in this period, the neutron yield monitor, X-ray crystal
spectrometer, hard X-ray pulse height analyzer and tangential CO?2 laser interferometer are

described in section 1.2.6.1~2.6.4. The JT-60U diagnostic systems and their status at the end of
March 1992 are summarized in Table 1.2.6-1.

2.6.1 Neutron yield monitor and its calibration

Absolutely calibrated measurements of the neutron yield are important for the evaluation of
plasma performance such as the fusion gain Q in D-D operating tokamaks. The time-resolved
neutron yield is measured with 235U and 238U fission chambers and 3He proportional counters in
the JT-60U tokamak. Three sets of 235U and 238U fission chambers and a 3He proportional
counter are placed on the torus midptane, just outside the toroidal field coils, at three different
roroidal sections. The 235U detector is used in the low and medium neutron yield discharges and
the 238U detector is used in the high neutron yield discharges such as high-power NB heating
experiments. The 3He proportional counter has high detection efficiency. This detector can obtain
sufficient statistics in the 252Cf source calibration and plays a role of "transfer detector” to cross-
calibrate less sensitive detectors using D-D tokamak discharges. We use 235U and 238U fission
chambers in both pulse counting mode and Campbell (MSV) mode. The former is suitable for low

count rates less than 100 cps and the latter is for

& A B B B ' o o o e e
high count rates more than 103 cps. The pair of " u a E;per.m;m " Resem
3He detectors are operated in pulse counting & 107 -' Caleulation § wsu-2 {P'n_;
mode only. :_3 .

The in situ calibration was performed by~ © '°° J. S
moving the 252Cf neutron source toroidally £ " -;ﬁ
through the JT-60 vacuum vessel. Detection 3 7
efficiencies of three 235U and two 3He 1010 [t
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detectors were measured for 92 locations of the Toroidal Angle {degrees)

neutron point source in toroidal scans at two
different major radii. The total detection Fig. 1.2.6-1 Absolutely calibraled result of 2351 fission
chamber, which is located at P-7 horizental

efficiency for the torus neutron source was port. The experiment data is compared with
MCNP calculation.

obtained by the averaging the point efficiencies
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Table 1.2.6-1 Status of JT-60U diagnostic systems

Diagnostic cer ot Status
System Subsystem Specification Mar.1992
CO2 Pumped CH30H Laser
FIR Interferometer Vertic aan]I:;h ords Operational
Electron Densi CO2 Laser Interf Tangential 1 chord Under
ectron Densily 2 Laser Interferometer angential 1 ¢hor construction
MMW Reflectometer 2 density points fluctuation Operational
. . . Under
Electro-magrnetic Wave Scattering | 3 points,50-1.8MHz consl?’uc{ion
. 2 Ruby Lasers, 50 poinis .
Thomson Scattering Repetition 4 sec Operational
Electron T at
ciron Lemperaiire ECE Michelson Interferometer 30 Points At~20ms Operaticnal
ECE Grating Polvchremator 20} Points At~20ms Operational
Charge Exchange Recombination | 20 points (tangental) )
Spectroscopy 8 points (perpendicular) Operational
Ton Termperatur He Beam 200keV, 3.5A .
i ¢ Active Beamn Scattering 1 ;oinf?;emer)e Operational
Charge Exchange Neutral Particle ] 2 chords (tangential) .
Energy Analvzer Array 2 chords (perpendicular) Operational
X-ray Crystal Spectromeler 1 chord {vertical) Ti,Ni,Kr-Kot X
(Doppler & Monechromator} Rotating Crystal, 0.1~0.8 nm Operational
1 chord, 0.5~130 nm (Main) .
VUV Spectrometer 1 chord, ©.5~130 nm (Div.) Operational
. Light Impurity Spectrometer . Under
Impurity Measurement (Doppler) 1 chord, 100-200 nm (Div.) construction
: : 1 cherd, 10-130 nm Under
Grazing Incidence Monochromalor | Apgolutely Calibrated VUV construction
. 1 chord, 200-700 nm .
Visible Monochromator Absolutelv Calibrated Visible Operational
. . . Under
Visible Spectrometer Periphery Mirror Scan, 200-700 nm construction
. . 38 points, Hot HB,CILOIL .
Visible Spectrometer Divertor Fibsflgptics & l?ilters Operational
.. 10 points, 523.2 nm .
Visible Bremsstrahiung (Zeff) Eiber Optics & Filters Operational
: . . Under
Motional Stark Spectrometer 1 point for Bp detection construction
Soft X-rav PHA 1 chord, 3-110keV Operational
Poloidal 30 chords Operational
Toroidal 6 chords eraliona
Hoo /Da Arravs Diverter 1 chord
Quier Region 1 chord
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over the whole toroidal angle.
Figure.1.2.6-1 shows the result of
in situ calibration of the 235U
fission chambers, compared with
the simulated result by Monte Carlo
calculation. The uncertainty of the
resulting detection efficiency for the
plasma neutrons is estimated to be &
11% [2.6-1].

This system certified the
produced fusion neutron rate of
1.3x1016 n/s, on the discharge, the
ion temperature of which was
confirmed to be 20 keV. The time
evolution of the plasma parameter 1s
shown in Fig.l.2.6-2.

2.6.2 X-ray Crystal Spectrometer
In order to measure ion
temperature from Doppler broaden-
ing of X-ray spectra and to observe
metal impurity behavior, a X-ray
crystal spectrometer has been
designed and installed. The
schematic view of the spectrometer
is shown in Fig.lI.2.6-3. The
spectrometer has three crystals
(51(220), Si02(2243) and Si(660))
and one detector (multi-wire
proportional counter, detective
area:128x128mm) to measure X-
ray spectra of He-like ions of
titaninm; T1 XXT Kou(A=0.261nm),
nickel; N1 XXVII Kot(A=0.159nm)
and krypton; Kr XXXV Ka
(A=0.095nm), respectively. The

resolutions for each line of Ti, N1
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Fig. 1.2.6-2 The time evolution of plasma discharge,
which show the maximum neutron rate of

1.3x 1016 n/s.

Crysta] Si0n{2243) 4100
for Ni mode

Si(220) e
for Ti mode

—

1 ;
ill
lo a diagnostic pert

Fig. 1.2.6-3 ~ Schematic view of X-ray Crystal Spectrometer for JT-
60 Upgrade tokamak. Three crystals are arranged 1o

the X-ray spectra of Ti (A=0.261nm), Ni (A =
0.159nm), Kr (A=0.261 nm).
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and Kr are A/AA~7600, 10000 and 9000, respectively. The neutron shield (polyethylene: 650mmt
[max.], 200mm? {min.]) and y-ray shield (lead: 250mm! [max.], 100mmt [min.]) were installed to
prevent the detector from neutron and y-ray noise, because of the high detective efficiency of the
proportional counter. X-ray emitted from these species penetrates through a beryllium window
(0.5mm!), and are diffracted by the Bragg angle on the crystal surface and focused on the detector.

In the LHRF, ICRF experiment and high plasma current (Ip=4MA) OH discharge, X-ray
spectra of Ni XXVII Ko were measured. It is estimated that the observed metal impurity was
originated presumably from LHRF antenna launcher, ICRF antenna and JT-60U wall (diagnostic
and NBI port edges).

2.6.3 Hard X-ray pulse height analysis

Distribution function and radial profile of fast electrons produced by the lower hybrid wave
are measured by hard X-ray pulse height analysis. The hard X-ray is emitted by electron coulomb
collision with ions and we can obtain distribution function of fast electrons by analyzing energy
spectrum of the hard X-ray.

Hard X-ray is detected by combination of 8-channel sodium-iodide (Nal(TI)) and
photomultiplier. Seven channels observe radial profile perpendicularly to the magnetic field and the
other observes tangentially (Fig.1.2.6-4). The Nal(T!) detector, which is 5.08cm thick and 5.08cm
in diameter with 2 mm aluminum vacuum window, is employed to measure the X-ray energy
range of 30keV to IMeV. Detectors are shiclded by 23cm of lead and 50cm of polyethylene
against the vy-rays from (n, g) '

reactions, background X-rays and

neutron from D-D reaction. The

photomultiplier tubes are shielded

against magnetic field by soft iron and
u-metal. The detected X-ray signals

window
{Al2 mm)

are pulse-height analyzed by 256

2x2™ Nal(Ti)
channels every 50 msec. To measure 51— Detector
the fast time evolution, two single- g_ gﬁgr:jeﬁc
. - ielding
channel-analyzers are used to obtain il Lead
ed
the hard X-ray count every 1 msec. _ P ; <" Shielding
T =
Radial profiles of the hard X-ray !Apeﬁwes \ | Polyethylene
during lower hybrid current drive are ™= {11 4 Shielding

obtained. Power deposition profiles of !

the lower hybrid wave are estimated Fig. 1.2.6-4 Schematic diagram of the hard X-ray detectors.
by using radial profile of the hard X-
ray {2.6-2,3].



2.6.4 CO2 Laser Interferometer

FIR laser interferometer has been
utilized for the time evolution of 2
vertical line densities. Its chords
become off-axis from the plasma
center, in case of the high 1on
temperature operation mode, which
produces a small size plasma at the
inner side of the JT-60 vacuum vessel.
This mode is very suitable for the
further growing up of ion temperature
with NB injection. To ensure to get the
density information of the plasma axis,
additional interferometer system with
CO2 laser (A=10.6m) is planned to
introduce as the tangential viewing
chord along the plasma center of the
high ion temperature operation mode.
The systerﬁ is designed as a two color
interferometer combined with a coaxial
HeNe (A=3.39um) laser interferometer
to calibrate the mechanical vibration.
The schematic diagram of CO2 inter-
ferometer is shown in Fig.1.2.6-5. The
first measurement will be performed
on Aug.1992.
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3. Experimental Results and Analysis
3.1 Plasma Control and Disruptions
3.1.1 Plasma Configuration Control

The control of the plasma configuration is indispensable to get required plasma
performances. In JT-60U, four control variables of plasma current (Ip), vertical and horizontal

plasma center positions (Rp, Zp). and height of the null point from the divertor plate (Xp) are
selected for a divertor plasma. The measurement formulas for them are derived by regression
analysis from calculated database of ~4000 cases. Using these, the start up of JT-60U was
carried out successfully[3.1-1].

The poloidal coil system of JT-60U consists of the primarly coil (F-coil), the vertical and
horizontal magnetic field coils (V-, H-coils), and the divertor coil (D-coil). The mutual

_inductance between F-coil and V-coil is very large, and is almost the same as the self inductance
of F-coil. Thus the control of Ip and Rp have a strong interaction between them. There also
exists a large interaction between the control of Z, and Xp, Then I and Rp are controlled by F-

and V- coils, and Zp and Xp are controtled by H- and D-coils. A proportional matrix gain for

them is installed in a plasma feedback control computer. R [
Noninteracting control of Ip and Rp . [ GanMazu ‘ i Gain-Matrix
was tested using a matrix gain in a swing of | Tﬁ@
Ry with £2cm and 10Hz. The large é 2t WY, . /\ /\ \ /\
interaction with Ip control, that occurs < M\j U M\/
inevitably in the case of independent control, 1-3_' bt I ST
was suppressed dramatically by a factor 20 - W |
using noninteracting control as shown in :
Fig.L.3.1-1. This method is general and can o

be applicable to an ITER-like reactor machine
[3.1-2].

8.3
TIME  (sec]

Fig. 1.3.1-1 Comparison of the noninteracting control of
Ip and Rp with that of independent control.

3.1.2 Eddy Current

The one-turn resistivity of the vacoum vessel of JT-60U was measured as 1600€2. A large
toroidal current can flow in the vacuum vessel during dynamical phases such as 1)major or minor
disruptions, 2)vertically unstable plasmas, and 3)plasma initiation phase. Thus the understanding
of eddy current is quite important for the design of an ITER-like reactor machine, because the
resistivity of that may be very small (e.g. ~20u{2 1n I'I'ER).

A magnetic fitting code including vessel eddy currents has been developed to estimate the
toroidally symmetric eddy current profile in the vacuum vessel in the plasma breakdown, current
ramp-up phase and major disruptions. The measured magnetic data arc fairly well reconstructed
with the measured current within about 10% error[3.1-3]. This difference suggests that there

are other eddy current loops outside the vessel.
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3.1.3 Vertical Stability

Vertically elongated JT-60U plasmas (x>1.6) require active control of the vertical position.
For an investigation of the PD-control of the vertical plasma position, the plasma is modelled by
a rigid assembly of axisymmetric current-carring filaments free to move only in the vertical
direction. The dominant up-down antisymmetric mode of the vacuum vessel model alone has a

decay time of ~10 ms, while that of the vessel and PF-coils together has a decay time of ~1 sec.
During the course of several neutral beam-heated shots in high Bp experiment (see section

3.3), Bp became sufficiently high that the preset control gains could not stabilize the plasma.
Experimental onset of instability and real growth rate coincide well with the predicted values.
This model is applied to the analysis of the expected vertical stability limits for JT-60U, and
indicates that A= 3.0 is an approximate upper bound to achievable A[3.1-5].

3.1.4 Plasma Current Ramp-up and Ramp-down
The plasma current ramp-up rate of 2MA/s has been obtained successfully from Ip of 0.7

to 3.5MA by using newly developed "growing plasma method" as shown in Fig.1.3.1-2. The
effective safety factor gefr is reduced below 4.0 with controlled small minor radius just after the

plasma initiation at t>0.25s. The plasma internal inductance lj can be controlled by the choice of

the plasma current ramp-up rate and the plasma minor radius. With the constant minor radius, the

disruptions. T
’ [ $$$ “
Es_« f;g?'

Locked mode disruptions, which are

/\ growing plasma method
P

2 normal curren 1amp up

aa .l PR ot N -.l‘.‘\

frequently observed in the plasma current

ramp-up with low plasma density, can be
avoided by this active control of lj. Thus the

stability of the plasma current ramp-up is
improved dramatically. Furthermore a K

systematic study on the locked mode 0

] . ] 5 Time (s P 15
disruption suggests that the error field by D-

Fig. 1.3.1-2 Fast plasma current rise
coil is an essential cause[3.1-6]. with "growing plasma method".

In order to get a stable plasma shutdown, a well developed scenario is required to avoid
disruptions during the plasma current ramp-down. In JT-60U, the plasma minor radius is
reduced during the plasma current ramp-down, in order to avoid tearing type MHD instabilities
caused by high 1; with suppressing the peaking of a current profile and to keep the power balance
in the plasma peripheral region with raising the joule heating power density. This is named
"dwindling plasma method", and has been tried with nearly 100% success. A maximum plasma
current ramp-down rate of -4MA/s was obtained from ZMA to 0.5MA.

These experimental results of stable plasma ramp-up and shutdown will supply the

technical database for an operation scenario in a fusion reactor.
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3.1.5 MARFE and Detached Plasma

Divertor phenomena prior to density limit disruptions have been studied in ohmic and
neutral beam heated discharges with power of 7.5-8.5SMW. The MARFE occurs when the outer
divertor electron temperature falls down to 10eV or less for in either ohmic or neutral beam
heated discharges. From the spectroscopic and bolometric observation, it is found that MARFE
forms at the outboard side of X-point and just at the inside of the outermost magnetic surface of
the main plasma and is accompanied by an increase in particle recycling[3.1-6]. The radiating
region changes due to the shift of MARFE, but the divertor radiation loss is saturated as a whole.

Detached plasmas are observed in JT-60U near the the density limit just after MARFE

and just before the major disruption. The time delay of the current quench in a major disruption
from the start of the detachment becomes long with the increase in geff and the decrease in Jj[3.1-

7]. Disruption-free discharges can be obtained at gegr>7 with well controlled plasma
configuration. Long stable detachment phase of ~1 s obtained during the plasma current ramp-up
or NB heating suggests the possibility to decrease rapidly the energy flux onto the divertor plate

in an emergency such as a loss of coolant for the divertor plate.

3.1.6 Current Quench and Vibration of the Vacuum Vessel in Disruptions

In the current quench of JT-60U, the fastest

current decay defined by Ip/(dlp/di) is ~5 ms, which 2.0 D_n*“pd'mm T ]
is almost the same as that in JT-60[3.1-8]. Toroidal 1.6 [ 02<z<0o2m .
eddy currents are generated carrying up to 30-50% of g 1.2 g A .
the plasma current just prior to a plasma termination. - 08 b Je® _
With typical plasma location and shape (- = s | .-: . 1
0.2<Zj<0.2m,O.72<ap<1.04m), the maximum . p
toroidal eddy current increases with the plasma e 1 ’ ; - ; E ; ; e

Ip just prior to disruption (MA}

. ) Fig. 1.3.1-3 Toroidal eddy current as a function of
electromagnetic force from the toroidal eddy current the plasma current just prior to the
current quench.

current as shown in Fig..3.1-3. It suggests the

is proportional to ITgr X Bpol ~ Ipz.
The displacement of the vacuum vessel has been measured indirectly by laser sensors,

that monitors the head of a port. The maximum displacement of the vessel vibration is 0.6mm at
4MA disruption and increases with Ip2[3.1—9]. It is consistent with electromagnetic force from

the toroidal eddy current. From this scaling the amplitude at 6MA disruption is expected to be

1.3mm, well within the design limit of Zmm.
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3.2 Energy Confinement Properties in Ohmic, L-mode and H-mode

One of major subjects of the JT-60U confinement study is to clarify feasibility of the H-
mode in higher field regime (B~4T) at relatively high aspect ratio (A=R/a=4). Confinement
studies of Ohmic and L-mode are also important for better understanding of confinement and

transport.

3.2.1 Ohmic Confinement

Energy confinement time of 700ms was obtained in deuterium plasma at fle=1x101%m-3,
I;=1MA, B=4T, qerr=12 which is close to the Neo-Alcator scaling including [p=2MA and 3MA
discharges, consistent with neq dependence. Weak isotope mass dependence te(D)/1e(H)=1.1-
1.3 was also observed. Ohmic confinement was also studied with ECE T, profile and ion
temperature consistent with measured DD neutron rate. Ion energy confinement decreases (~0.3s)

with increasing plasma density, consistent with JT-60 result.

3.2.2 L-mode Confinement at High Aspect Ratio

Two types of L-mode confinement studies was made to document D plasma energy
confinement in relatively high aspect ratio. One was Ip and power scan for elongated divertor
(A=3.7) in which we reached maximum plasma stored energy up to 4.4MJ at 4MA, 20MW
accompanied by weak H mode transition. Observed energy confinement time was consistent with
ITER power law if the current profile is close to the equilibrium for the discharges qos5>3. Nine
channel edge Thomson scattering data shows clear formation of the edge transport barrier even in
the L-mode which was thought to be a unique feature of the H-mode. Second was 2MA power

scan of small minor radius (ap=0.77m, A=4) plasma to reduce ripple loss and improve power

deposition profile. The L-mode confinement in this 0.5 1

case was 20-30% higher than that from ITER power I )

law and is close to the Goldston scaling i .

(Aachen,1984). ~ I = *; A |

These experimental results shows JT-60U L-mode o *

confinement is close or slightly better than ITER-89P T Z

scaling for which average fusion product 0.1 © JT-60(H)4

<nT>1e~(pA)2 (Fig1.3.2-1). B AR
. 0.0528 . . .t [(small ap)

3.2.3 Effect of Current Profile on L-mode Confinement 0.05 0.1 0.5

After TFTR current ramp down experiment TEITEH'P (s)

Zarnstorff,1990), effect of 1; on energy confinement
( ) . 'l ‘ "’?7 ' - Fig.].3.2-1 Comparison of measured TE and
becomes one of new highlights in this field. More ITER-89P scaling
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detailed study was done in JT-60U including the
effect of sawtooth on confinement. The confinement _ 3 .
. 4 F
enhancement factor (H-factor) increases almost ! : . .ﬁy
| J

linearly with Ij(Fig.1.3.2-2). But the confinement is t
[ ]
83 o Mrg?:;'n.
T 1MA, 4T,
2

-
)]
T

also influenced by the sawtooth activities, especially
qefl=11-12

H-factor

in low q regime. The H-factor increases with

increasing sawtooth period.
L-mede, deuterium,

Ip=1.3-3.5MA, Bt=2-4T, qell=2-6
3.2.4 Isotope Dependence of L-mode Confinement 0.4 Dot luen bt il nl,

The effect of ion mass number Aj on the .6 0.2 1 1.2 ll"'“ 1.6 1.8

(=]
w
RARJLES Rt At e S e A S Aot 40 B e

tokamak plasma confinement is still one of unsolved )
Fig.1.3.2-2 H-factor v.s. 1li (internal

issues. We have compared energy confinement inductance)
times of D°>D"and H'»H' plasmas. The ratio of

N
Wia/(1ilp0-8) for D plasma to H plasma was found to  Closed : D plasma

be 1.2-1.3 (Fig.1.3.2-3) while A;(D)/Aff(H)=1.5 2.5F Open  ; H plasma  ,_—3MA

( Aeff=(AelT(plasma) +Aj(beam))/2 ) which led to g 2 R —
1g~A;® with =0.45-0.65. Although beam stored =~  5E " \ 3
energy is two times larger for D beam for the same gé ; _ R M<—2MAE
condition, this difference was not enough to explain C 3
the confinement difference. 0. 3 oA 1MA ]
3.2.5 H-mode Threshold and Confinement P -dW/dt (MW)

JT-60U is characterized by its high field

(B=4T). And the first wall is almost covered with Fig.13.2-3 Wqja/li v.s. net heating power for

S . D and H plasmas
graphite tiles. These conditions are close to those

of experimental reactor. These requires high threshold power and better wall conditioning. Most
important subject is thus the H-mode confinement optimization in these conditons.

The threshold power (Pg) for L-H transition was studied for various conditions. The P
increases with By, consistent with other tokamak experiments. Lowest Pip coincides with
Nagami's scaling (Py~a2/k) including other tokamak results although the wall condition was not
good enough. The H-factor over ITER-89P scaling of 1.5 was obtained at Bi=2.5T, Ip=1.7MA.
The transition occurs at Te~1x1019m-3 and continuous ELM occurs at le~2x1019m-3. This narrow
density window of the ELM-free H-mode is most important issue. At high field, H-mode
transition was observed for Paps~17MW. Edge electron temperature Te(0.95ap)~1keV was
obtained at Te=5x1019m-3. The width of the edge transport barrier is ~3cm in the outside mid
plane. This thickness is ~4 times larger than poloidal gyroradius of the bulk ion. Since JT-60U is
high poloidal field tokamak, orbit squeezing effect proposed by Shaing is negligibly small. The

thickness is close to the slowing down fast ion poloidal gyroradius.

— 23_
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3.3 High Poloidal-Beta Confinement

The goal of high Bp study in JT-60U is to find a realistic view of the high Bp operation for
the demonstration of high B tokamak reactor concepts such as SSTR and ARIES [3.3-1]. As the
JT-60U is capable of operating for a high-field non-circular divertor configuration with a high
aspect ratio under high-power auxiliary heating up to 40 MW, the study can be much more reactor-
oriented than any other high Bp study attempted before. Succeeding the pioneering work on JT-60
[3.3-2], the high Bp experiment in JT-60U was first carried out in September 1991, in which a
highly enhanced regime of plasma confinement was identified.

As the initial results from L-mode and H-mode studies in 1991 did not extrapolate to the first
bench mark of the neutron rate (7x1015 n/s) in IT-60U, the energetic ion regime was explored in a
low current region for increasing it by the beam contributions. On the analogy of the JT-60 high
Bp operation, the plasma configuration was chosen to be located inward in the vacuum vessel in
order to satisfy the central beam deposition following the vertically inclined beam lines. The
resulting small-bore plasma (~47 m3) was immune from a fast ion loss due to the significant
toroidal field ripple. By scanning the plasma current (Iy=1-2 MA), a highly enhanced confinement
regime was achieved around I;~1.1 MA at a high Bp regime (deia~2.5); 3.5€q*<7.8 with B=4.4
T, where g* is the cylindrical equivalent safety factor defined as q*:n(1+K2)azB[/(uoRpIp). The
discovery of the high Bp enhanced confinement regime spurred the development of a high Bp
tokamak reactor and lead to a number of record values in the 1991 run; the neutron rate of
1.3x1016 n/s, the ion temperatare of ~20 keV, the electron temperature of ~7 keV, the fusion
product of ni(0)teTi(0)~2x1020 m-3es+keV and the fusion amplification factor of QpT~0.2.

The high Bp experiments in 1991 spent about four days (63 shots} of the September run.
During the early three days, the discharge operation was devoted to searching for optimum plasma
current and configuration to increase the neutron rate. The optimized configuration was limited by
the inboard clearance (=7 cm) and the inside leg of the separatorics placed on the most inner
divertor plate; typically, a major radius of Ry~3.1 m, a minor radius of 2~0.75 m, an ellipticity of
k~1.6 and an aspect ratio of 4.1. Helium TDC (Taylor discharge cleaning) was carried out
between shots to obtain a low density degassing discharge; the sequential increase in the target
density without shot—by-shot. TDC would result in significant deterioration of the confinement
enhancement. Under sufficient suppression of deuterium recycling, intense neutral beams up to 21
MW were injected into the low density target plasma.

The enhanced confinement in the high Bp regime strongly depends on the [3p value. As
shown in Fig.1.3.3-1, the dependence of the enhancement factor (H=1g%13/1gl-m0de) on the e
value would increase the prospects of a future high B, reactor operating with a high bootstrap
current fraction and a high enhancement factor; the L-mode scaling refres to the ITER89 power
law. The high B plasmas free from sawtooth and m=1 activities due to g>1 were characterized by
hot-ion mode features (T;~3Te) with a highly peaked profile of T;(0)/<Tj>~5. The confinement
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properties were dramatically improved as compared with the high Bp plasmas in the JT-60
hydrogen experiments. It is still an open question whether the difference is attributed to a kind of

isotope effect. e 3.0
The plasma confinement apeared to be most E | =1-2 MA .
enhanced in the case that frequent Do spikes 2 5 5L 5;4-4 I ' ] B
(FDS's) in the periphery of the plasma were :'_' ! ¢ :
completely suppressed. The FDS-free phase was E 2.0 h. ..é _
sustained for ~0.8 sec with a low recycling state E i ¢ ’ ;
during beam injection and terminated by the (—i 1_5:_ "‘ o+ :
occurrence of a Bp collapse [3.3-3], thereafter g r ’. . ]
large FDS's came out with enhanced recycling. ﬁ 1.0l I S

Just before a Pp collapse, high temperature 0. 0 0- 1 0.2 oeg 2134 0 5 0. 6 0.7

plasmas of Tj(0)~20 keV and Te(0)~7 keV (see

: . . . : ig.1.3.3-1 Enh i dis
Fig.I.3.3-2) were attained with high confinement Figl3 ancement factor as a function of &,

qualities; H~2.7 and the Troyon factor g= 25— T T T T g
B12[%1/(Ip[MA)/aB)~2.0 at Pgps=17 MW. The 3, ”0 3 + lon ]
energetic ion regime produced a substantial beam = . 1
fraction of ~38 % to the total stored energy with '5:1 15F + ﬁ -
some pressure anisotropy. The neutron rate E 102 _
increases in proportion to the square of the stored T T Electron ]
energy as shown in Fig.1.3.3-3, similar to the % 5L Paog o D‘ -
TFIR supershot regime; the contribution from W £ L .E,PIE. Dngé
thermonuclear reaction is ~34 % at the maximum 00 0.2 0.4 0.6 0.8 1

r/a

FigI.3.3-2 Jon and electron temperature profiles

neutron rate.
It is apparent that the stability of the high

pressure plasmas under a large bootstrap current

s . i . . ’u? 1 6 LI T 7 T T T T T T
fraction is crucially important to determine F 14 e 1.01.1MA ]
whether such a reactor scenario is workable. = 19 [ O 1.2-1.4MA ® -

. . . . - T & 1.5-1.7MA 7]
While no major disruption was observed, the L-u— 10 L x 2.0MA ®
suppression or avoidance of the Bp collapse E g L ]
became a central issue for the future extensionof @ o [ 2N .

. : et L 2 j
the high Bp regime. 8 al . ]
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3.4 Transport and MHD Studies

The transport properties of JT-60U plasmas have been analyzed in a wide range of plasma
parameters. In ohmic plasmas, the particle diffusion coefficient, D, has been evaluated by
conducting sinusoidaly modulated gas puff into the plasma [3.4-1]. The frequency of gas puff
was set between 1 and 7 Hz and the density perturbation level and phase relation were measured.
The obtained D is 0.2 m2s-t at the center and 0.8 m2s! at the edge for I = 2.5 MA.

In ohmic plasmas, the electron thermal diffusivity, Xe, has been evaluated in the three
different way. One is the steady state transport analyses by solving the energy balance equation.
We use measured Te profile, while solve T; assuming the spatially constant ion thermal
diffusivity, Xi, which is adjusted to reproduce the measured neutron rate and the stored energy
measured diamagnetically. Another is to utilize the sawtooth induced heat pulse propagation.
The only diagnostics available with enough spatial and time resolution to see the perturbation are
the pin diode array which measures the soft X-ray intensity. The perturbation at a specific spatial
location can be characterized by the time between the sawtooth crash and the maximum
perturbation (ttp = time-to-peak). A plot of the ttp versus spatial location gives information about
the transport in the plasma. The other is to conduct gas puff modulation method. The estimated
¥e value atr = a/2 is 0.6 ~ 1.0 m2s-! by the steady state calculation. Also steady state calculation
with Ip = 1 ~ 3 MA plasmas shows no clear Ip dependence of Xe. The Xe value by the heat pulse
shows 2 ~ 3 m2s1 for Ip = 3 MA, B, =4 T plasma, which is about three times larger than that of
steady state calculation. The gas puff modulation method shows that the ratio Xe/Dis 5 ~ 10.

In NBI plasmas, X and X;: are evaluated from the steady state transport analyses, in which
plasma parameter dependence of Xe and Xi have been studied. As I, increases Xi decrease; 8
m2s-! to 2 m2s! for I = 1~4 MA with Py = 17 MW and B, = 4 T. As Paps increase Xi
increases; 1 m2s-! to 4.5 m2s-! for Pyps = 8~20 MW with I, =3 MA and B, =4 T. On the other
hand, the Xe value is nearly insensitive to Ip nor Papg,1~1.5 m?s-l, for the above parameter
range. This indicates that the ion transport dominates the overall energy transport. The Keff
value, which is evaluated from one fluid energy balance equation, is almost insensitive to B,.
The Y. value has been also evaluated by the heat pulse propagation method which shows 0.4~
0.6 m2s-! for I; = 3 MA, Py = 17 MW, B, = 4 T, which is about one third of steady state
calculation. This discrepancy is under investigation.

The anomalous energy transport of JT-60 plasmas have been analyzed from the theoretical
point of view. Xi is evaluated by nonlinear simulation of M; mode and compared with
experimental results. In slab branch, the absolute Xi values of the mixing length formula of Mj
mode and nonlinear result are crucially different, because shear parameter of JT-60 is very small
(§ <'0.1) and the linear mode width of slab M; mode is broad A2 o< 1/S for slab branch. In this
weak shear limit, usual mixing length estimate is invalid. In the toroidal branch, the mixing

length estimate and nonlinear result are in the same order and both are fairly good in the half way



JAERI-M 92—159

region of the plasma. However, it cannot explain the anomalous Xi in the edge region. In Hong
/ Horton model [3.4-2], the energy is inverse cascading and concentrates in the long wave length
region (kyps < 0.1). In the region kyps > 0.1, the power spectrum is in the noise level.
Improvement of model equations including the trapped electron effect is now undergoing.

The purpose of MHD study in JT-60U is to obtain systematic understandings of MHD
instability and clarification of correlation between MHD activities and confinement in tokamak in
which safety factor qegf, internal inductance 1j and B are the key parameters. The results for NB
heated L-mode discharges with relatively low Toroyon factor (<1.7) are reported as follows.

Based on the ohmic and NB heating experiments, discharge regions related to current
driven instabilities are categorized well on the li-qefr plane. For a given qefr stable discharges
have medium I; values and disruptive discharges by mode locking appear both in higher 1; and
lower L;. There also exists a boundary of ; below which sawtooth-free discharges appear. In -
the sawtooth region, there is another boundary of a profile consistency corresponding to the
quasi-stationary current distribution profiles, along which the maximum value of ripv/a (sawtooth

inversion radius / minor radius) is almost proportional to 1/geff. (At a given qeff, Tinv/a Increases
with ;). The sawtooth period Tgw increases with volume averaged electron temperature <Te> as

Tow~<Te>3/2. This dependence is almost the same as that obtained in [3.4-3].

With increasing Py, behavior of central MHD changes due to increase in pressure gradient
[3.4-4] and bootstrap current. At low [Bp, sawteeth accompanied by m=1 oscillation are
observed. At medium P, continuous m=1 without sawteeth is observed. At high By, both
sawtooth and m=1 continuous oscillation disappear and central MHD is dominated by higher m/n
modes and sometimes large amount of the central energy (~20% of the total stored energy) is
released quickly (~100us) by Bp-collapse (see Sec.3.4). In many cases the Bp-collapse is not
followed by major disruption. In JT-60U, fishbone activity is observed when QeffBi>2~3%.

Locked modes with rotating precursor at low-}; have m>3/n=1 structure with m/n usually
less than qefr, indicating an internal mode. Such locked modes lead to minor disruptions.
Locked modes at high 1; (in many cases after detachment ) usually exhibit m=2 or 3 with n=1 and
the growth rate ranges from 50 to 500s-1. In case of disruptions preceded by a locked mode
with no rotational phase, m/n=qeff, indicating a surface kink mode. In JT-60U, locking occurs
when the fluctuation of the poloidal field reaches ~10G (~0.5% of the equilibrium field) and
error fields produced by feeders of divertor coil and primary OH coil seem to affect the locking.

Concerning L-mode confinement, H-factor (H= g /tgTER89P) is aimost proportional to
1,08 in the wide range of qefr: Qerr=2-14. The dégradation of confinement in the low-q region
(Qefr<4~5) in L-mode is caused by effects of 1; and sawtooth activity. The maximum value of
H/1.08 is almost constant in the whole region of qefr. In the low-q region, H/;0-8 is reduced as

sawtooth frequency 1w ! becomes high and the degradation due to Tgw | 1§ stronger at lower

(efr,
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3.5 Impurity and Divertor Characteristics

The activities of impurity and divertor study task force in JT-60U include wall conditioning
‘methods[3.5-1], generation mechanism of carbon impurity[3.5-2], divertor characteristics[3.5-
3,4], divertor/sol transport[3.5-5], impurity transport[3.5-6], particle recycling and helium
transport|[3.5-7] and divertor behaviors prior to disruption[3.5-8]. In this section, we briefly
summarize the investigation on carbon impurity generation mechanism[3.5-2], and divertor
characteristics[3.5-3].

Fluxes of deuterium ions, oxygen ions and carbon ions in divertor region were measured
with spectroscopic diagnostics for the purpose of identification of impurity generation mechanism
in ohmically heated deuterium discharges (Ip=2.0~2.5MA) and neutral beam heated discharges
(PNB=3~12MW). In order to calculate the carbon influx by sputtering on divertor plates,
clectron temperature and density profiles near the divertor plates were independently measured.
The sputtering yield values were taken from data compiled by Roth[3.5-9]. From the absence of
temperature dependence of the measured sputtering yield, the chemical sputtering with deuterium
ions has been found to have no effect on the generation of carbon in JT-60U. Fig.1.3.5-1 shows
the calculated carbon influx by self-sputtering, physical and chemical sputtering with oxygen ions
and physical sputtering (except chemical) with deuterium ions and the measured carbon influx as a
function of line averaged electron density in main plasma. The calculated and measured carbon
influxes decrease as electron density increases and both dependences on electron density are in
good agreement. The carbon influx become large in the low density regime because the energy of
jons which bombard divertor plates is high. The discrepancy of a factor of 2.5 between the
measured and calculated influxes could arise from profile effects, coarseness of divertor plates
[3.5-10], error in estimation of the carbon source by CII line intensity, since some carbon neutrals
do not ionize up to CIIL The contributions of the sputtering by carbon, oxygen and deuterium are
about 30%, 30% and 20% of total caern influx in the low density regime (ne~1.4 x 1019m-3),
respectively, In the high density regime (ne~3.4 x 1019m-3), as density of deuterium ions
increases, the physical sputtering of deuterium ions occupies the major fraction of total carbon
influx.

A dense and cold divertor plasma with an electron density of nea=7x10**m-3 and electron
temperature of T,y=9.5eV was obtained in a high density discharge with a neutral beam power of
8MW. Fully current driven plasmas by LHCD were obtained with main plasma densities of

~1x10"m-3_ With similar heat fluxes to the divertor plates, the electron temperature tend to be
higher in LHCD plasmas.
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We derived a scaling law of the peaking factor of divertor heat flux that is applicable to beam
heated discharges in JT-60U with wide range of plasma parameters. A database was assembled
from discharges with 1.2MA </p<3MA (plasma current), 1x10"m=3 <7, < 7%x101m-3

(averaged density of main plasrﬁa), IMW < Pyp <16MW (NBI heating poWer), 25<g4<13
(effective safety factor). The peaking factor Y, defined by Y = 21R fQmax / PrEaT » 18 the inverse
of the thickness of the scrape-off layer. Here 27R is the toroidal circumference, fQmaxis the
maximum heat flux density at the scrape-off layer and Pygar is the heat flux onto the divertor.
Since the peaking factor is dominated by the competing processes of transport along the magnetic
field and perpendicular diffusion of particles and heat, it depends on the parameters PyEAT, Ne
and Gefr , which determine the temperature and density in the scrape-off layer and the divertor

plasma. From a statistical anaiysis, we found the peaking factor ¥  scaled as

Py 0-49%0.1877-0.45£0.22 ¢ .-0.670.18 shown in Fig..3.5-2. The difference between this scaling

and that derived from Harrison's model[3.5-11] (Ppar ne ™™ g i#") could arise from the

difference between separatrix density and line-average density.
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3.6 Fast ion studies
3.6.1 D-D fusion reactivity

The initial D-D experiments were undertaken from July 18 to October 4 in 1991. The
fusion reactivities of the D-D plasma have been investigated with the neutron monitors employing
2351J and 238U fission chambers. In the NB heated discharges, the neutron yield was maximized
up to 1.3 x 1016 n/s at relatively low plasma current of 1.1 MA, which associated with low initial
target density. In the discharges with Ip = 1.1 MA, the neutron yield was limited to be ~ 7 X 1015
n/s in the ELMy phase but increased linearly untl the Bp collapse occured. The maximum neutron
yield during a pulse increases strongly with the heating power. The upper boundary of the neutron
yield varied as ~ P1-3 where P is the heating power in the TFIR supershots. In JT -60U, it looks
like to vary as P2.5-3, It is provably because that the neutron yield has not been maximized in the
medium and low heating power regime (Pabs < 15 MW). The variation of the neutron yield and
the stored energy are well correlated also in the NB heated discharges. When the neutron yield is
plotted against the stored energy, the linear dependence of the Sn on W2 is found for each plasma
current .

The neutron production analysis and the projection of the D-T plasma performance have
been carried out for the best neutron yield discharge by using a steady-state 1.5 D tokamak code
TOPICS. The calculation indicates that for the discharge with the highest Qpp, 27 % of the
neutron yield is due to thermal-thermal reactions, 53 % due to beam-thermal and 20 % due to
beam-beam reactions. The performance of equivalent D-T discharge was simulated by assuming
DO beam injecting and 50/50 D/T target plasma.using same temperatures and electron density
profile, Zeff, beam power, and other parameters as a comparable D-D discharge. The total neutron
emission rate is expected to be 1.4 x 1017 n/s in the equivalent D-T discharge, which corresponds

to Qpr value of ~ 0.20.

3.6.2 Fastion loss by toroidal ripple

The alpha particle loss induced toroidal field ripples is a important problem in the reactor-
grade tokamak plasma not only due to the degradation of the alpha heating efficiency but also to the
localized heat load on the first wall. The orbit-following Monte Carlo (OFMC) calculation has
predicted the ripple loss of alpha particles as well as beam injected ions. The reliability of the
calculation, however, has not been confirmed experimentally yet. The JT-60U tokamak is
favorable to the ripple loss experiments using neutral beams because JT-60U has 18 toroidal field
coils and the ripple magnitude of the full side plasma reaches up to 2.2 % which is near that of
ITER and because the neutral beam injection (NBI) lines are near-perpendicular against the
magﬁeﬁc axis. The distribution of the local heat foad on the first wall due to the ripple loss has been
measured with the toroidal and poloidal arrays of the thermocouple.

Figure 1.3.6-1 shows the distributions of the heat load in toroidal direction during NBI

heating. The plasma conditions of the shot were plasma current Ip = 1.7 MA, neutral beam power

— 80_
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PnB = 10 MW, line-averaged electron density e = 2.6 % 1019 m-3 and the grad-B ion drift
direction oriented downwards. Though the radiation loss and charge exchange loss may be a part
of the the heat load onto the first wall, those contributions are negligibly small; those losses are
estimated to be as low as 2 W/em? in the considered shot. The heat load on the first wall was
localized in both toroidal and poloidal directions; between the toroidal field coils and on the ion
drift side. In addition, parameter scan study showed that the heat load increased with the
magnitude of ripple 8 and/or the effective safety factor qefr. The reason for the increase in heat load
is that the ripple well region extends with & and/or qeff. These experimental observations, the
localization of heat load on the ion drift side and the increase in heat load with & and/or gefr,
deﬁnitely indicate that the observed heat load is due to fast ion ripple loss.

The ripple loss of the fast ions has been a0 {8} Toroidal Distribution
T 1 T I T T T I T

simulated be the orbit-following Monte Carlo

code (OFMC). The ripple loss predicted by the
OFMC calculation agrees with the experimental
results in both toroidal and poloidal distributions
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uncertainties as shown in Fig. 1.3.6-1, which

confirms experimentally the validity of the OFMC 0 S| B | e 18
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calculation in a prediction of the alpha particle
Toroidal Angle {deg)

ripple loss for D-T burning tokamaks.
Fig.l.3.6-1 Toroidal distribuiion of the heat load onio
first wall due to the toroidal ripple loss of the beam
injected fast ions

3.6.3 Triton burnup experiment
We can estimate the single particle bihavior of the alphas in the D-T plasma from the

behavior of the 1 MeV toriton produced by d(d,p)t reactions in the D-D plasma because both
Larmor radii are almost same. The 1 MeV writons slow down in the plasma and while doing may
burn by d(t,n)a reactions emitting 14 MeV neutron. The confinement and the slowing down of the
1 MeV tritons have been investigated by the time-resoived measurement of the 14 MeV neutrons
with a silicon surface-barrior diode positioned outside the vacuum vessel The time history of the
14 MeV neutron is delayed relative those of the 2.5 MeV neutron produced by the d(d,n)3He
reactions. The slowing time of the 1 MeV toriton in the NB heated plasma was measured from the
delay time of the 14 MeV neutron intensity by perturbing the NB injection power. That in the
ohmically heated plasma was measured from the decay time of the 14 MeV neutron intensity after
the turn off the NB injection. The measured slowing down times agree with the prediction by the
classical theory in both NB and ohmically heated plasmas. The triton burnup ration is in the range
0.2 - 2 % and increases with the plasma current, which indicates that the orbit loss of the 1 MeV

toriton decreases with the plasma current.
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3.7 LHRF and ICRF Experiments
3.7.1 Lower Hybrid Current Drive Experiment

Steady state operation of the Tokamak Reactor is the most desired scenario for commercial
reactor. Development of the non-inductive current drive method is necessary to achieve the steady
state operation. In JT-60, Lower Hybrid Current Drive (LHCD) demonstrated notable results of
non-inductive current drive of 2 MA, high efficiency Nep (= neRpIrRr/PLID = 0.34x1020m-2A/W
and high power LHCD up to ~5 MW[3.7-1,2], and 80% of the plasma current was driven by the
bootstrap current. In JT-60 Upgrade, plasma current is increased up to 6 MA in divertor discharge.
I.HCD program in JT-60U aims further progress to explore steady state tokamak reactor and study
the profile control. In the first campaign, the emphasis of the experiments was placed on the basic
understanding of the LHCD, since the expected power level in this period was low around 2 MW.

Maximum LHCD power of ~1.8 MW has been injected into JT-60U plasma with By = 4T,
I, =1~2 MA and hydrogen gas in divertor discharge. In spite of the carbon first wall, density
control was easy and very low density plasma far less than 1x1019 m-3 was routinely possible in
this series of experiment by keeping the wall temperature 150 °C and overnight GDC. This enabled
driven current of ~2 MA with 1.1 MW in low density plasma (~3x1018m-3), The ncp at present is
~0.25 x1020m-2A/W and is still low, compared with previous results in JT-60 with the similar
launcher. Maximum CDP(= ncRpIRF) was 0.3x1020m-2MA.

Identification of the dispersion relation of the LH wave in tokamak was precisely studied
using the NBI as a probe[3.7-3, 4]. The experimental result agrees well with theoretical one and
confirmed previous results in JT-60. Rotation of the LHCD plasma is also measured by CXRS.
Application of the LHCD drove the plasma slightly to co-direction. Behavior of the fast electrons
during LHCD was studied with power modulation. The phase shift of the perpendicular HX signal
from the sinusoidally modulated LH power are shown in Fig.1.3.7-1 with various modulation
frequencies and they agree well those calculated without the effect of the radial diffusion (solid
lines). Therefore, the confinement of the fast electrons in the core plasma is dominated by the

slowing down, which is consistent with the energy confinement of the LHCD plasma.
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Heat load to the divertor in the presence of the fast electrons produced by the LHCD power
is the one of the most interesting engineering topics concerning the ITER/FER design. The effect
of the fast electrons to the divertor plate was studied with the Xray signal from divertor plate
(SX¢2). The signal SXgp is inversely proportional to the density as shown {n Fig. 1.3.7-2. It had
been shown previously that energetic electron hitting the thick target radiate Xray and the intensity
is proportional to the loss power of the energetic electron. Using this proportionality of the Xray
signal, power loss of the fast electrons accelerated by LH wave was estimated. It was found to be

small or negligible and again consistent with the confinement of the fast electrons.[3.7-5].

3.7.2 ICRF Experiment
ICRF heating is to be utilized on JT-60U as unique central heating power for confinement
study and high energy particle study with coupled power up to SMW. Specific research items for
JT-60U ICRF experiments are as follows: (1) Higher harmonic heating with emphasis on sawtooth
stabilization in high density plasmas [3.7-6]. (2) D-*He fusion with fourth harmonic ICRF heating
of 3He or deuterium in combination with “He and deuterium beam injection in high density regimes
[3.7-7]. (3) Local current profile control by uni-directional minority ion heating or beam ion
acceleration in combination with tangential NBI. (4) More systematic study on synergetic
effects between FWEH/CD and LHCD [3.7-8]. In 10 ‘ ' s 3
the initial rexpcriments, a good antenna coupling Dasz .
capability with (r,0) phasing and a small fraction (~
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3.8 Development of Fusion Plasma Analysis Codes
3.8.1 Profile Data Handling Code System : SLICE

Data from various diagnostics are reconstructed by the profile data handling code
system SLICE to physically meaningful profile data consistent with equilibrium calculations
by the FBI/SELENE code, which are based on magnetic measurements. SLICE fits the
discreet diagnostics data, either local or chord-integrated, to a continuous functional form
under constraints which enhance reliability of the fit. The network and data-acquisition
functions of the system have been revised to create a flexible and fast interface to the
diagnostic data base and the equilibrium data base. Also, the snap-shot analysis function was
extended to allow multiple time slices in order 10 permit analysis of transient phenomena, such

as heat-pulse propagation and gas-puff modulation.

3.8.2 1 1/2 Tokamak Transport Code System : TOPICS

For the systematic transport studies in experimental data analysis and theory-based
performance analysis, both in steady state and in time evolution, several functions of 1 1/2
tokamak transport code system, TOPICS, have been improved and updated. The major
improvements in FY 1991 are the inclusions of the beam-beam contribution in DD and DT
reactions, the time-dependent 1D-1V Fokker Planck solver for alpha-particle, the electron-fast
ion thermal friction term in the bootstrap current evaluation and the numerical evaluation of
trapped particle fraction. The interface with transport and equilibrium data base has been also
updated, corresponding to the improvement of each database. The equilibrium analysis
consistent with magnetic data and plasma profile data is under way, too, in this code system.
The running load module is updated from the system by using the organizing code SPOT for the
specified objectives of analysis. Several modules are now running for the steady state and time-
evolution analysis of transport properties, verification of fusion reaction rate based on
experimental data and the theory-based time dependent analysis of the steady-state tokamak

reactor concept.

3.8.3 Orbit-Following Monte Caro Code: OFMC

The OFMC code to evaluate the particle and energy source profiles was updated for JT-
60U experiments with deuterium injection and new vaccume vessel configuration. The non-
axisymmetric version of OFMC for studying the ripple loss evaluation includes the module to
calculate the effect of radial electric field near the plasma boundary on the ripple trapped
particles. The new version has well reproduced the profiles of localized heat deposition
reshlting from the ripple trapped fast ions. The version to calculate fast ion behaviours in a
tokamak with non-cyclic error field has been also developed and the calculation of alpha particle

losses with locally rippled toroidal field is under way.
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3.8.4 Full Equilibrium Identification Code : FEI

A full equilibrium identification (FEI) code has been developed to analyze MHD
equilibrium configurations and the plasma pressure anisotropy in JT-60U. The Grad-Shafranov
equation is solved using the SELENE code combined with least-squares minimization techniques
to reproduce magnetic data measured outside the plasma. Fifteen one-turn loops have been
installed in JT-60U so that the poloidal flux data can be used as constraints for the free boundary
problem. Two of the unknown parameters for the plasma current density are determined by
specifying Ip and q0. The rest two parameters and resulting Pp®d = ( Bpll + BPJ- y/2and i are
scanned to minimize the deviations of the calculated poloidal fluxes and magnetic fields from
measurements. With this code, Bp® and 1; are well separated with K ~ 1.6 not depending on the

assumed qQ.

3.8.5 Current Drive Analysis Code: ACCOME

The effort of improvement in the numerical code ACCOME for studying the steady state
properties of inductive and noninductive current drives in a tokamak was concentrated on the
update of MHD equilibrium solver SELENE and the bootstrap current solver. The new version
of SELENE includes the various options to determine the plasma boundary, depending on the
subjéct to be solved and increases the flexibility of analysis. Also the numerical accuracy and
smoothness of the converged MHD equilibrium solution was improved such that the MHD
stability analysis by ERATO-T gives the reliable solution with good convergence character on the
radial grid number. The bootstrap current module was improved to  include the electron-fast ion
thermal friction term and the numerical evaluation of trapped particle fraction. The theoretical
efforts to improve the evaluation of fast ion driven bootstrap current are now under going. The
new version of ACCOME has been released to LLNL and MIT in U.S.A under the Japan-US

collaboration program.

3.8.6 Source Program Organization Tool : SPOT

In order to improve the tractability of NEWORG : the system to control and manage
large-size FORTRAN source program, the new version called SPOT has been developed.
SPOT was improved to handle more than one include file in addition to several FORTRAN
source files. Then SPOT selects necessary subroutines, block data and include members from
these files under the guide data, called SPOT DATA, specifying the calculation model, and
composes the source FORTRAN program, where unngcessary statements or modules for the
model are automatically discarded, and finally creates the Ioad module for running. The man-
machine interface to user is also improved in the new version, for the beginner user easily to
create his own running code from the large-size programs. The user just prepares the SPOT data

and responds to the successive questions from SPOT.
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4. RELATED DEVELOPMENTS AND MAITENANCE

4.1 Developments and evaluation tests of B4C-overlaid CFC/graphite

We have developed B4C-overlaid CFC/graphite for plasma facing materials with a low
atomic number, high thermal conductivity and high melting point. Surface modification
methods employed are three different ones: a conversion method, 2 chemical vapor deposition
(CVYD) and a low-pressure plasma-spray (LPPS) method. In the conversion method the surface
layer of the substrate graphite is converted into B4C with chemical reaction between graphite
and gaseous boron oxide. On the other hand the other two are the ways in which B4C-coating
are deposited on the substrate graphite.

High heat flux tests in the JAERI electron beam irradiation stand (JEBIS)[4.1-1] reveal
that three kinds of B4C-overlaid CFC have little difference in their surface damage and weight
loss up to 12 MW/m? with a time duration of 5 s which is expected to be a maximum heat load
for the divertor of JT-60U under normal operation. Under higher heat fluxes with the same
duration severe damage such as film exfoliation, film melt and farge weight loss are obtained
depending on the kinds of prepared materials.

Measurements of deuterium retention characteristics and erosion yields for 1 keV
deuterium ion irradiation and of oxygen gettering characteristics for oxygen irradiation have
been performed for B4C-ovelaid specimens [4.1-2 ~ 4.1-4]. It was found that the saturation
concentration of retained deuteriums is dependent on the irradiation temperature and the release
temperature, at which the number of retzined deuterium decreases to one half in isochronal
annealing, is about 250 K lower for B4C-overlaid specimens than for graphite as shown in Fig.
1.4.1-1. It was also found that the erosion yields of B4C-overlaid specimens are much lower
than that of bare CFC in both chemical sputtering (600-1100 K) and radiation-enhanced
sublimation (>1200 K) temperature regions which is shown in Fig. 1.4.1-2. Oxygen uptake in

B4C-overlaid specimens is confirmed

1.2 —o— HP-B‘C
for 5 keV oxygen ion irradiation at room o L - 4= CONVBC
=4 ] ‘
temperature. £ =" ry T Greehietoovie et all
. . © L . —e— Graphit
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exfoliation and damage of the B4C- £ 0.6 —_— A
converted divertor tiles are not observed T os | n& Q‘\ o lmmmm}]J

. . v m . N : -
except slight melting at dle edges. T i - 1
. 0.2
In summary, B4C-overlaid CFC- a ] :
graphite has superior characteristics 0 — ‘ 2
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compared to the graphite from view
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points of surface damage the conversion
Fig. 14.1-1 The relative D retention vs. sample temperalure in

method is the better way 1o make B4C- varicus B4C specimens and graphite for 1) a saturated
. sample implanted at room temperature and then
v . .
overlayer on the graphite surface isochrenally annealed and 2) a sample saturated at the

compared with the coating methods. given temperature.
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4.2 Glow Discharge Cleaning (GDC) System
The modification of GDC system was carried out in May 1991, and a new graphite

electrode was installed in JT-60U. Figure 1.4.2-2 shows schematic drawing of GDC system.
Test operations of GDC system were performed in August through September with conditions
shown in Table 1.4.2-1, and stable discharges were obtained. The optimization of GDC
operation parameters was made until October. During shutdown from November through
December, the graphite electrode was replaced by a new one with larger surface area (~4 times)
and some monitors were installed as well. From January 1992, a stabilizing resistance was
optimized to increase glow current up to ~10 A. Removal rates of gaseous impurities were
increased in proportion to glow current as shown in Fig. 1.2.2-1.
Table 1.4.2-1 Parameters of glow discharge

""""""""""""""" Pressure : N2 equivalent value.

temperature of vacuum vessel 300 °C . 10 l
=z L
gas helium % 8 &
X s P=0.04Pag
pressure ~3x10-2 Pa - 6
L & '
pre-ionizalion on E L (P-0.02Pa \
c n
glow vollage 600 V é 4 \
anode vollage ~460 V ] X ®
g 2 Y
glow current ~1 A = I i i
S i : R . :
0 0 2 4 6 8 10

Glow Current (A)

Fig. 1.4.2-1 Dependence of mass 28 intensity on glow current
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Fig. 1.4.2-2 Glow discharge cleaning system of JT-60U

4.3 Related Development in Power supply
A new DDC systemn which consists of a workstation and microcomputers under VME bus

system have been applied to controllers of the thyristor converters [2.3-2]. VME modules,
however, were applied only microcomputers, but I/O modules were left as it stands under
CAMAC system. In order to process the controllers faster and to simplify the system, we are
developing VME 1/O modules in hardware and software. We tested some new DI, ADC, DO
and VME communication modules with a VME microcomputer in this fiscal year. As test, a
measuring the processing time which include an AD converting time by new ADC; ADCO5, a
calculating time by a microcomputer; MVME 147 SA-2 and a digital output time by a new DO,
TMVME 340 was done. The result such as the processing time of 0.23 ms was satisfactory, and
this Iead us to a plan of replacing the CAMAC 1O modules to the new VME /O modules.
In order to clean first walls efficiently by the taylor-type discharge cleaning (TDf

changing the connection between power supplies and coils by controlling disconnecting
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has been investigated. The efficient methods proved are as follows. First, the power supply for
TDC deliver the power not only to F-coil, but to V-coil, and the direction of these two coils’
currents is converse to each other. This method is preferable to clean the first walls of the
outerboard of the vacuum vessel. Second, D-coil forms the short circuit at the point of the
disconnecting switches, and so the plasma current of TDC strikes the diverter plates by forces
which pull each other between plasma current and induceed current on the D-coil. This method
is effective in cleaning the diverter plates.

We are investigating on advanced power supply systems of the next step devices such as
ITER, JT-60 super upgrade and so on. In this fiscal year, electric energy storage systems were
mainly investigated.
References

[2.3-2] T.Aoyagi et al., Proc. of Inter Confer. on accelerator and Large Exp. Phys. Control System, Tsukuba, 1991

4.4 Design study of a negative-ion based NBI system for JT-60U
The negative-ion based NBI system[4.4-1] for JT-60U is required a specification as
follows;
- Beam energy:  500keV
- Injection power: 10MW
- Pulse length: 10sec
- Beamline: 1 unit/co-injection
- Beam species: D/H
- Gas influx into tokamak: less than 0.2 Pa m¥/s

An ion source accelerates the negative deuterium ion beam of 22A (current density: 13
mA/cm?2) at S00keV with a beamn divergence of below Smrad. An multi-cusp type with plasma
grid(PG) magnetic filter is adopted as a negative ion generator. An accelerator is a three stages
electrostatic acceleration system. An insulator column is made of FRP. A size of the ion source
is 2.2 min diameter and 1.8 m in height. Two sources are mounted on a beamline.

A beamline is composed of an ion source tank, a neutralizer cell tank, an ion dump tank
and a drift duct. The ion source tank houses a cryopump for evacuation of gas in the accelerator
region to minimize a stripping loss of the negative-ion beam before acceleration.

The ion dump tank houses a positive and a negative ion dumps, an ion beam bending coils, a
calorimeter, a set of cryopump and beam limiters. The beamline length from jon source to the
drift duct exit is about 24 m. A plane view of the beamline is shown in Fig.1.4.4-1.

An ion source power supply is composed of a pair of negative-ion generator and beam
extraction power supplies, and a set of acceleration power supply. The ion generator and the
extraction power supplies are mounted on a high voltage table of which potential is floating
about 500kV. The high voltage table is placed in a assembly room near the ion source, and its
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power is fed by the way of an insulation transformer and a SFg gas insulating duct. The
acceleration power supply is adopted a high frequency AC side switching using
converter/inverter system as a fast cut-off of the current. The capability of the acceleration
power supply is 500kV/64A.

The design study of the NBI system has been completed, and its construction will start in
1992.

References
[4.4-1] M.Kuriyama, et al., Design of a Neagative-Ion Based NBI System for JT-60U, IEEE 14th Symp.on Fusion
Enging..San Diega(1991)
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Fig.1.4.4-1 Negative-ion based NBI for JT-60U

4.5 RF development
4.5.1 Development of the launcher in LHCD system

Successful experiments have been carried out by using a multijunction grill on JT-60. In
these experiments, it was clearly shown that the coherent wave spectrum improves the current
drive efficiency {4.5-1]. On JT-60U, a large size launcher is newly designed to improve wave
spectrum by increasing the number of the waveguides up to 192 because a large size port is set
for LHCD system on the vacuum vessel.

We optimized the phasing and dividing number to launch a sharp spectrum with a high
directivity by using the scattering matrix method, and decided the launcher structure of 4x4

multijunction module, in which RF power is divided into 12 subwaveguides. This new launcher
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is expected to improve current drive
efficiency by 20~30% compared with the
previous launcher on IT-60 [4.5-2]. Figure
1.4.5-1 shows the wave spectra of the
conventional grill, the old multijunction grill
of JT-60 and this new multijunction grill.

POWER SPECTRUM

The main concern is to fabricate the

multijunction module with a large number of

subwavguide. The <conventional
multijunction launchers have been Fig. 1.4.5-1 Wave spectra of LHCD grills
usually employed
standard sized waveguides to avoid higher modes, however, this requirement makes the
construction of the multijunction launcher complicated. To simplify the multijunction launcher
with a large number of sub-waveguides, we have adopted oversized taper waveguides and then
divided the RF power into multi-subwaveguides at one junction point. We have investigated RF
properties of this new type launcher by using a proto-type module, and confirmed that phasing
and power dividing rate are well explained by the scattering matrix method without higher
modes when the reflection coefficient at the subwaveguides is less than ~10%. Therefore, a
high current drive efficiency is expected as far as a good coupling is kept.

This new launcher will be installed on JT-60U at the end of 1992, and be started to operate at

the beginning of 1993.

4.5.2 Analysis of cryogenic window for electron cyclotron heating system

The preliminary design of 5 MW electron cyclotron heating system was made for JT-60U.
The transmission line has closed evacuated corrugated waveguides capable of carrying 1 MW
CW RF power in the Gaussidn-like HEj

mode. In the JT-60U the RF window plaCCd Table I. 4.5-1 Specification for conceptual design
close to torus is needed to avoid spread of of window
tritium and radioactive dust from the tokamak. Material Sapphire
The evacuated waveguide transmission line Structure Single disk
adopted makes it ease t0 employ the cryogenic Cooling Edge cooling
. . . . F 10 GH
window. In this section, analysis of the eqneney : z
. . : . Transmitted Power 1 MW
cryogenically cooled window is described —
] . . . RF Mode
from the thermal-mechanical point of view ‘
Dia. of Waveguide 60.3 mm
[4.5-3]. At low temperature many pararmeters ) )
. ] . Thickness of Disk 1.33 mm
of the material used, which determine the . )
Pressure in Waveguide <0.1 Pa

window stress, are much improved.
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An edge-cooled single disk window

. . . 25 - : : :
operating at a cryogenic temperature is 5 ’°°°§-
considered. The specification for design of the ;.; 20 {100 ;
window is shown in Table 1.4.5-1. The Z 15 ] §
410

diameter of the disk is 80 mm and its thickness b 10 5
is 1.33 mm corresponding to three half- 5 1t 8

. i . ] &
wavelengths of the microwave in the sapphire. 0 0 D
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We have calculated the increased temperature Edge Temperature (K)
and resultant thermal stresses of the disk under .
Fig. . 4.5-2 Increased temperature AT at the center of

the steady state condition. Dielectric heating of the window disk and deposited RF power as

] ) a function of the edge temperature.
the sapphire appears to be the most crucial

aspect of the cryogenic window. For the HEp
mode the thermal deposited power density has a
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peak at the center of the disk and most of T ol v 1 =
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function of temperature is also used. Figure [.4. Initial Temperature, T, (K)

14.5-3 The edge temperature and thermal stress at

: : : the center as a function of initial
center of the window disk and the deposited RF temperature Tg,

5-2 shows the increased temperature AT at the gy

power on the disk as a function of the edge

temperature. It is shown that preferable operation region of the temperature is ranged up to 40K
in view of avoiding the thermal runaway. It requires the cooling capability up 30 W. The
increased temperature is less than one degree, which makes thermal stress negligible small
comparing with the allowable stress of a sapphire.

A small refrigerator obtained commercialty is employed to remove the deposited power at
the edge. We approximate the performance of the cooling capability in Tedge= Tp+0.98 Pg
where Tedge 1s the temperature at the edge of the disk , TQ the temperature of a cold head of the
refrigerator with no thermal load, and P is the deposited power on the disk in watt. The edge
temperature and the thermal stress at the center as a function of T () are plotted in Fig.14.5-3. Tt is

clear that the thermal stress is no longer the limiting mechanism at a cryogenic temperature.
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IL. JFT-2M PROGRAM
1. Toroidal Confinement Experiments

1.1 Overview

The main progress in JFT-2M program is summarized. For JFY1991, intensive divertor
biasing experiments have been performed in order to investigate observed modification of
transport properties in scrape-off layer plasmas. The other major efforts have been put on a
systematic study of plasma response to externally applied helical magnetic perturbations,
produced by the Ergodic Magnetic Limiter coils which were completed and mounted outside on
the JFT-2M vacuum vessel in JFY 1990(Qld type coils; see Fig.IL1.1-1).
In addition, New sets of coils to produce a wide range of "':2\,73’;]%;3 Aun
helical perturbations have been installed onto the inside wall Ve 3 )
of the vacuum vessel and brought into operation in this fiscal
year(Ladder type coils and saddle type coils; see Fig.IL.1.1- “
2). Experiments with these coils have been performed with Q

much emphasis on transport and MHD characteristics Fig.Il.1.i-1 Ergodic Magnetic Limiter Coils
(Old type coils)

including disruption control.

m=5/10
n =3/2/1
i g Q o 2/1
Ergodic Magnetic Limiter Coils Disrupticn Control Coils
(Ladder type coils) {Saddle type coils)

Fig.IL.1.1-2 New ergodic magnetic limiter coils installed inside the vacuurm chamber
in JFY 1991

TV Thomson scattering system(TVTS) has been completed on JET-2M in a
collaboration between JAERI and PPPL.

1.2 Experimental results

1.2.1 H-mode studies
Parameter dependence of radial structure of edge poloidal rotation is studied with

spectroscopic measurements for L- and H-mode plasmas in the JFT-2M tokamak. The poloidal
rotation velocity profiles and ion temperature profiles at ohmic (1 = 692 ms), L-mode (t = 742
ms) and H-mode (t = 792 ms) are shown in Fig.IL.1.2-1 and Fig.I1.1.2-2. The plasma always
rotates in the ion diamagnetic direction outside the separatrix and in the electron diamagnetic

direction inside the separatrix. The position, where the plasma does not rotate poloidally, moves
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outward as the plasma changes from ohmic to L- and H-mode. The radial electric field profiles
are inferred from poloidal/toroidal rotation and ion pressure profiles using the CXRS and
emission spectroscopy technique at CVI 5292 A and the ion momentum balance equation. The
electric field becomes more negative in H-mode, corresponding to an increase of poloidal
rotation in the electron diamagnetic direction. The gradient of the electric field inside the
separatrix, ds = -1.5 cm, is positive in chmic phase, slightly positive in L-mode and becomes

negative in the H-mode.

lsrl 1] J— ]
105 separalsix 5 : separalrix E
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Fig.11.1.2-1 Profiles of poloidal rotation Fig.I1.1.2-2 Profiles of ion temperature

The relative space potentials in the plasma are derived by integrating the radial electric
field. Combining the measurements of space potential with electric probes, the profiles of space
potential for ohmic, L-mode and H-mode are obtained as shown in Fig.IL.1.2-3. The space
potentials just inside the separatrix are positive in ohmic and negative in H-mode. This negative
space potential is -270 V, while the ion temperature is about 170 eV at ds = -2.1 cm. These
profile measurements indicate that the improvement of thermal transport correlates to the
negative 0E/or. In conclusion, both Er and dEr/0r become more negative in the thermal barrier,
1-2 cm inside the separatrix, after the L/H transition. Positive oE/or is observed outside of the

separatrix both for .- and H-mode plasmas.
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1.2.2 Divertor biasing experiments
Effects of divertor biasing have been investigated in relation to transport properties in
scrape-off layer plasmas. The JFT-2ZM divertor biasing system is schematically shown in
Fig.I1.1.2-4. The bottom inside and outside divertor plates are electrically insulated from the
vacuum vessel and both plates are consisted of 16 and 18 toroidally segmented pieces,
respectively.
Two types of biasing schemes have been
employed; a unipolar biasing scheme in which the
inside and outside plates are kept at the same
potential with respect to the vacuum vessel, and a
differential biasing scheme in which the inside

divertor plates are biased with respect to the

outside divertor plates. There is a spontaneous
current of about 100 A from the outer plates
(electron and low field side) to the inner plates
(ion and high field side} in case of no biasing.

In recent experiments the negative

Vacuum
Chamber

unipotar biasing has been proved to be effective in
reducing the threshold power for L-H transitions. Ins:de

The threshold power is reduced by 2 factor of two

with the negative unipolar biasing of - 80V. On the
other hand, when the positive differential biasing

A
/T

A

SCR power source
(10kA,250V)

Condenser power

source
(1.7F, 300V)

is applied, the threshold power increases with the
biasing voltage. The potential profiles in the

scrape-off layer were measured by movable
‘ Fig.II.1.2-4 JFT-2M Divertor Biasing System

34 carbon plates can be biased.
(inside divertor plate: 16, outside: 18}

Langmuir probes and shown in Fig.I.1.2-5. The
results show that a negative radial electric field is

formed just outside the separatrix, suggesting a

> Potential Formation
key role of radial electric field. All relevant = 60 prrrpeeereepeeeresTeeeTTORTITT
: " . L SLRPT 3 & Differential
physical quantities are now under investigationin -~ g, ¢
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order to clarify the phenomena. s oF
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Fig.I1.1.2-5 Potential profiles with various divertor biasing
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1.2.3 Disruption control with EML coils
‘Disruptions during the current ramp-up phase have been shown to be avoided by

applying the ergodic magnetic field. A time behavior of the plasma current and magnetic
fluctuations are shown in Fig.II.1.2-6. A plasma disruption occurred at 400 msec because of a
magnetic fluctuation which began to grow at 150 msec. This fluctuation can be suppressed by a
current exceeding 0.5 KA in the Saddle type coils(m=2/n=1), and as a result the disruptions can
be avoided. A duration of more than 50 msec of the ergodic field pulse was necessary to avoid
the reappearance of the instability. The magnetic field of Ladder coils (m=5/n=1) has also the

similar effect on the disruption during the current ramp-up phase.

Saddle Coil Current

MHD(m/n=2/1)
fluctuation without
saddle coil current:
Plasma disrupts
eventually.

MHD(m/n=2/1)
fluctuation with
saddle coil current:
Disruption is avoided.

N

Fig.I1.1.2-6 Disruption control with saddle coil coil current

1.2.4 Disruption control with ECH
The typical MHD disruption at safety factor

ga=3 has been suppressed by off-central electron  ~ — — ,
~ e
cyclotron heating with power of 70-80kW in JFT-2M (E - Y . .
tokamak. For the suppression the electron cyclotron g 0 L I —
| Ty 3 r *y 7
resonance layer has to be placed radially in a very T B .3. i
narrow region of width about 1 cm near q=2 surface. = | ®e J
The observed narrow suppression window suggests - .
that the basic mechanism responsible for the 0.0 TRERL S ! .
0.5
suppression is direct island heating. Actually time Radial Position

Fig.11.1.2-7 Relative change of MHD amplitude by

scale of the suppression is much faster than the time
the application of ECH{140kW).

scale of the change of overall current profile.
Fig.I1.1.2-7 shows the suppression of the amplitude of
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the MHD instability vs. radial positions of the ECR layer. The suppression occurs only when the
ECR layer is located at r(/a=0.7(r0 is the radial coordinate of the ECR layer and a is the plasma
minor radius). In order to suppress the mode and avoid the disruptions the radial position of the
ECR layer should be tuned within 1-2 cm. An enhancement of the mode occurs when the ECR

layer is located inside 10/2<0.60.

2. Operation and Maintenance

2.1 Introduction
JFT-2M tokamak has been operated from 1983 by two laboratories ( Experimental plasma

physics lab. , JFT-2M facility div. ). Operation and maintenance of JFT-2M facility and
development study of new equipments applicable to JFT-2M tokamak are main parts of facility
division. Experimental plan and operation schedule are arranged every week at the group leader
meeting. In this fiscal year, each apparatus has been operated smoothly according to the
experimental plan, and careful examination of machine status was also carried out daily and
periodically. As for development of equipments, new ergodic field coils were installed inside
the vacuum vessel to study plasma disruption control .
2.2 Operation and maintenance

Summaries of operation records for main apparatus are listed in Table IL.2.2.1. In this fiscal
year, two long vent works were carried out first to install two types of disruption-control coil
systems inside the vacuum vessel and secondary to repair some troubles in electrical insulators.
So two times of long conditioning operation (Baking and TDC) were necessary to start
experimental operations and total shot numbers are a little less than that of average years. Main
apparatus such as the flywheel motor-generator (MG), JFT-2M machine, neutral beam injection
system (NBI), electron cyclotron heating system (ECH) and fast wave current drive system (FW)
have been operated smoothly according to experimental plan. Necessary checks and regular

examinations of apparatus by each maker were carried out during machine stop phase.

2.3 Development of equipments and instruments

In collaboration with the experimental plasma physics laboratory, development studies have
been carried out as follows. As for JFT-2M machine, two types of disruption control coil system
were installed inside the vacuum vessel and a fast-chopper power supply was modified to be
appropriate to JFT-2M operation specifications. After the experimental operation, some
electrical insulators were suffered from plasma arcing and sputtering, then material and structure

of insulator were improved not to be injured by the plasma.
The pre-ionization beam system was improved to be usable as a diagnostic neutral beam for

the charge exchange recombination measurement. The power supply of arc plasma was
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Summary of operation records for main apparatus

FY 1991
A t Year | FY 1990 - )
pparats © Apr-Jun é‘;lp Oct-Dec | Jan-Mar | Total
MG(#1) Operation (hours) 1,004 81 278 60 297 716
MG
MG(#2) Operation (hours) 1,003 &0l 278 60 297 715
Total Operation (hours) 135 4 33 1 27 635
Discharge Numbers (shots) 6,118 171] 1,905 38 1,806 3,920
JFT-2M Discharge Cleaning (hours) 218 36 13 36 67 152
Baking (times) 2 1 0 I 0 2
Pellet Injection (days) 13 §] 0 0 0 0
Total Operation (days) &0 11 29 0 19 59
NBI Totzl Injection (times) A 37,365 Ol 6,955 0 6,576] 13,531
Total Injection (times) B 38.655 O 5,504 0 7.005| 12,509
Total Operation (days) 51 0 3 0 12 17
ECH _
Total Injection (times) 157,130 0| 6,965 0 4818 11,783
Total Operation (days) 42 15 19 1 0 35
FW
Total Injection {hours) 320 109 146 4 0 259

improved to draw SA beam current. A new ion source with good divergence was installed and
test run of total system has started.

As for the pellet injector, development study on a higher repetition and faster speed injector
(10 Hz repetition and 2 km/s ) was continued. Improvements of the fast acting electro-magnetic
valve and the Lig.He cooling capability around the gun barrel were carried out to suppress the
high heat road by propellant gas and experimental runs have started.

As for the wall cleaning study, comparison of working gas effect { H2, He, Ne ) in the glow
discharge cleaning (GDC) was carried out and it was clearly shown that a sequential procedure
of Ne GDC and He GDC is fairly effective to reduce oxygen impurity release. On the other
hand, investigation on another boron coating method without handling diboran gas showed
that the RF sputtering of boron target is a proper candidate in JFT-2M machine and now

production of target material and modifications of RF sputtering system are in preparation.
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IT1I. PLASMA THEORY AND COMPUTATION
1. Introduction

During FY1991 the theoretical and computational works were carried out extensively by
putting emphases on the following problems.

As for the confinement theory the ion temperature gradient (ITG) mode was studied
both analytically and numerically. In relation with the plasma heating several problems relating
to the FEL as a high power rf source were studied. Concerning the MHD analyses studies
relating to the bootstrap current and beta optimization were carried out for wide ranges of
parameters, and positional instability analyses were made. Nonlinear analyses of the mode
locking phenomena were also carried out. As for the burning plasma analyses fusion yieldin a
beam-heated plasma was computed and the loss process of the fast ions in a burning plasma
was investigated. Alpha particle dynamics during the internal disruption and the ripple loss of
alpha particles were also studied. In preparation for the future large scale computer simulations

development of particle codes and the plasma simulator METIS was continued.

2. Analyses of Confinement and Heating Processes
2.1 Confinement scaling for thermal energy in JT-60 L-mode plasmas [2.1-1]
The global energy confinement scaling in tokamak L-mode plasmas plays an important
role to guess the transport mechanism as well as to predict the performance of tokamak
reactors. To analyze the scaling it should be noted that the fast ion energy component accounts
for a certain amount of fraction in the total energy though the thermal energy component 1s
reflected more in the anomalous conductive loss due to plasma turbulence. We analyzed in
detail the kinetic database of JT-60 [2.1-2] and obtained an expression for the thermal energy
component, Wih = (Ip By ne)l/ 2 Ptl/ 3, where Ij is the plasma current, B the toroidal magnetic
field, ne the electon density and Py the total heating power. On the basis of this scaling, we
reached a presumption that a collisionless or weak-collisional high-§ transport dominates the

tokamak L-mode plasmas.

References
[2.1-1] T. Takizuka, Proc. 1992 ICPP, Innsbruck, 1992, Part I, 51.
[2.1-2] M. Kikuchi, et al., JAERI-M 91-057 (1991).

2.2 Neoclassical theory of fast ions with isotropic velocity distribution
function[2.2-1,2.2-2]

Coupled equations of neoclassical friction-viscosity force balance for thermal particles

and fast ions resulting from a fusion reaction or additional heatings have been derived. Fast

ions are assumed to be isotropic in the velocity space and to have the small banana size In

comparison with the plasma radius. First order solution of the drift kinetic equation of fast 1on
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ions are assumed to be isotropic in the velocity space and to have the small banana size in

comparison with the plasma radius. First order solution of the drft kinetic equation of fast ion



JAERI—M 92-159

was solved in terms of pitch-angle scattering eigenfunctions and is valid both in the slowing-
down and pitch-angle scattering dominat regimes. By inclusion of the fast ions the self-
adjointness of Coulomb collision operator is lost and friction coefficient matrix is no more
symmetric in contrast to the case of thermal particles. Also, it was found that viscouse forces

of fast ions cannot be expressed by the poloidal flows of particle and heat.

References
[2.2-1] ]P. Wang, et al., JAERI-M 92-087 ( 1992 ).
[2.2-2] ].P. Wang, et al., JAERI-M 92-107 ( 1992 ).

2.3 Ion temperature gradient modes in the neoclassical regime [2.3-1]

Four field moment equations for studying the stability of ion temperature gradient (ITG)
modes in a fusion plasma with small collision frequency have been derived. Equations consist
of temporal evolution for the ion parallel flow, the generalized potential, the ion pressure, and
the parallel heat flow. Neoclassical viscosities, the collisionless thermal flow, and the
perpendicular compressibility in ion pressure response are included in this formulation and
resultant equations are relevant to the banana-platau collisional regime. It was found that the
closure condition of neoclassical viscosities is quite important for the energy dissipation and
affects the stability of the ITG modes. Also these newly introduced terms were found to have

the destabilizing effects in the rare collisional regime.

Reference
[2.3-1] M. Yagi, et al., submitted to Phys. Fluids B.

2.4 Particle simulation of the ITG mode in a plasma of a flat density profile
Ion temperature gradient (ITG) driven mode and related turbulence in a plasma of a flat
density profile (1]j = e ) is studied by using the toroidal particle code (TPC) [2.4-1]. Below a
theoretical threshold value roughly given by LTi/R < 0.1-0.3, a few poloidally coupled global
modes with different frequencies are excited in different radial location of a torus. A
temperature relaxation accompanied by the radial movement of the dominant global I'TG modes
and complex potential vortex reorganization are observed and finally temperature profile
approaches the one given by T(r) = Toexp(-cr) {c:constant) irrespective of the initial profile,
which is similar to those found in a number of toroidal discharges [2.4-2]. The trapped ion
mode which plays an important role in a edge region, especially, in a small aspect ratio tokamak
(e = 0.64, the trapped particle fraction = 60-90 % except the magnetic axis) is also investigated
by the simulation in a collisionless regime. It is found that the wave fluctuation excited by the
ITG mode shows the poloidally localized and radially extended strong ballooning structure due
to the a deviation of k|R = [n-m(1+cos8)/q(r)] = 0 surface from the flux surface (n and m are

toroidal and poloidal mode numbers, respectively).
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* In collaboration with the Institute for Fusion Studies, The University of Texas, USA.

References
[2.4-1] MJ. LeBrun, IFSR #315 (1988).
[2.4-2] T.K. Kurki-Suonio, R.J. Groebner, and K.H. Burrell, Nucl. Fusion 32 (1992) 133.

2.5 Fast ion transport during ICRF heating

Spatial transport of fast ion produced by the wave-particle resonance with ICRF wave
has been studied theoretically and numerically. The particle resonant with ICRF wave gains
not only the perpendicular energy but also the parallel momentum when the wave has the finite
parallel wavenumber. The resultant change of canonical angular momentum causes both the
radial flow and the diffusion of the banana center. Both are in proportion to the energy gain in
the perpendicular direction. The diffusion coefficient is proportional to the square of the
parallel wavenumber, while the flow velocity is the lincar function of it. This means the
possibility to control the radial profile of fast ions, like alpha particles. This analytic study has

been confirmed by the orbit following Monte-Carlo code with wave-particle resonance.

2.6 Three dimensional FEL simulation with space-charge effects

The three dimensional free electron laser (FEL) code with a rectangular wave guide has
been developed and the effect of the space charge field is investigated in high current Raman
operation regime with beam energy Ep = 1-4 MeV. In the code the electrostatic field f(x,y,z) 1s
solved both for TE and TM wave-guide modes using an expansion technigue by the Gould-
Trivelpiece (G-T) mode{2.6-1]. Figure II1.2.6-1 shows the spatial evolution of the radiation
field of 72 GHz TEQ] wave-guide mode (Fig.I11.2.6-1a) and the expanded space charge field
for 25 modes with (m,n) = (1,1) to (5,5) (Fig.lI1.2.6-1b: only first 9 modes are depicted) in
the case of Ep = 1MeV and Ip (beam current) = 200A. The beam cross section for different
wiggler positions is shown, where the beam rotarion with an elliptic shape induced by the
focusing wiggler field and axial field is seen. The dominant mode of the electrostatic field is
fundamental (1,1) mode, showing the rapid convergence of the G-T mode expansion. The
spatial growth rate ¥ = 28db/m which is roughly 3/4 times of the simulation with ¢ =0 is
obtained. The current dependence of the linear growth rate vy is also investigated and found to
bevy= Ipl/4 a5 in the 1-dimensional model [2.6-2] even in the 3-dimensional configuration. It
is also found that TM mode with the longitudinal electric field component is much affected by

the space charge field and weakly excited.

References
2.6-1] M.A. Krall and A.W. Trivelpiece, Principle of Plasma Physics, McGraw-Hill Inc., 1973, p168.

[2.6-2] Y. Kishimoto, et al., J. Phys. Soc. Jpn., 59 (1990) 118.
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Fig.I11.2,6-1 Spatial dependence of the radiation vector field (a) and mode expanded space charge field (b) in
the case of Ep,=1MeV, [,=200A, A,=5cm, By, =1kG, Bg=1.5kG. The radiation is 72GHz

TEq; mode with 3x2cm? wave guide.

2.7 Multi-frequency simulation of cyclotron auto-resonance maser (CARM)

In order to investigate the mode coupling between linearly excited waves with different
frequencies as well as between sideband waves in a nonlinear stage of the cyclotron auto-
resonance maser (CARM), a one-dimensional multi-frequency simulation code of the CARM is
developed on the basis of the technique developed for the FEL analyses [2.7-1,2.7-2,2.7-3]
and the single frequency model [2.7-4]. Since the CARM has rather broad frequency spectrum
of the linear growth around the auto-resonance frequency wr = nQo/(y(1-B1i/Bp)), L0 =
eBo/me, Bl = vy, Bp = wy/kjjc, we also observed the mode coupling among linearly growing
dominant waves and found that the output frequency spectrum becomes broad especially in the
absence of the initial input power. The saturated power is supressed in a lower level due to the

energy partition to many frequency modes. However, the growth of the parasitic wave after
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the saturation is slow because there is no instability mechanism corresponding to the sideband

instability in the nonlinear trapping stage of FEL.

References

[2.7-11 Y. Kishimoto, H. Oda, and M, Shiho, Phys. Rev. Lett. 65 (1990} 851.

[2.7-21 Y. Kishimoto, H. Oda, and M. Shiho, Nucl. Inst. and Meth. A304 (1991) 632.
12.7-3] D. Iracane and J.L. Ferrer, Phys Rev. Lett. 66 (1991) 33.

[2.7-4] IK. Lee, et al., Phys. Fluids 31 (1988) 1824.

2.8 Non-canonical Lie perturbation analysis of electron motion in a planar
wiggler magnetic field

The motion of a relativistic electron in a planar wiggler field with no guide field has

been analyzed by non-canonical perturbation method. This method makes a systematic

perturbation analysis possible and the validity of perturbation is clear. By first order

perturbation analysis, equation of motion for two-dimen sional uncoupled oscillator has been

obtained, and it is shown that the elctron oscillates slowly around the unperturbed orbit.

3. MHD Equilibrium and Stability Analyses
3.1 Bootstrap current profiles and scaling in large aspect ratio tokamak(3.1-1}
In recent large tokamak experiments bootstrap current 1is definitely observed to
constitute a large fraction of the plasma current, which is naturally taken into account to design
a future tokamak reactor. Since this current has intrinsically a hollow profile, a bootstrap
current density frequently exceeds a total current density somewhere in a plasma with
increasing the fraction of bootstrap currents. This phenomenon is not preferable from the view
point of an external current drive. For a tokamak with a large aspect ratio, prefarable profiles
of total current density and plasma pressure were studied, and it was concluded that a peaked
pressure profile and a hollow current profile are desirable. A simple expression for a bootstrap
current of a tokamak with a large aspect ratio is proposed;
Ibsﬂp = Ve Bp (1.22 - 1.15a7/ap) Flop, ag),
where Ibs is the bootstrap current, Iy the total plasma current, € the inverse aspect ratio, Bp the

poloidal beta, T, ap, and ¢ are the profile parameters for temperature, pressure, and current

density of the radial profile (l-pz)a. A function F(ap, o) is a simple function of ap and o.

Reference
[3.1-1] N. Fujisawa and T. Takizuka, JAERI-M §2.064 (1992),

3.2 Beta limit and bootstrap current for small aspect ratio tokamak

equilibria[3.2-1]*
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Reference
[3.1-1] N. Fujisawa and T, Takizuka, JAERI-M 92-064 (1992).

3.2 Beta limit and bootstrap current for small aspect ratio tokamak

equilibria[3.2-17*
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The stability limit of a very small aspect ratio tokamak, such as TBR2 [3.2-1], with an
aspect ratio of 1.6 has been studied by using the critical pressure criterion for the ballooning
stability. The B—limit has its maximum value at elongation of 1.7. With increasing the
triangularity the B-limit values increase, while the elongation corresponding to the maximum
beta value stays at the same value. It is found that even at low temperature as 600 eV the
transport is already in banana regime and that the bootstrap current may account for a

significant part (about 30 %} of the total plasma current.

* Tn collaboration with Instituto de Fisica, UNICAMP, Brazil

Reference
[3.2-1] P.H. Sakanakaand S. Tokuda, IAEA TCM on Research Using Small Tokamaks (Hefei, Chaina 1991).

3.3 Effects of hollow current profiles on the ideal MHD stabilities in high-$,
plasmas[3.3-1]

The ideal MHD stabilities on high Bp plasmas with hollow current profile, resulting
from large bootstrap current, are studied using the MHD stability codes, ERATO-J and BETA.
For a parabolic-like pressure profile, ideal MHD modes are unstable in the wide regime of the
(EBp, q0) space: the growth rate of the kink-ballooning mode is larger in the high beta regime
(EBP > 0.5) than that in a plasma with parabolic current, and the mode is unstable even in a
higher qQ region (g0 > 2). In a low beta regime (efp < 0.5), the infernal modes are
destabilized by the week magnetic shear region. These ideal MHD modes in a plasma with the
hollow current profile were found to be stabilized by controlling the pressure profile such that
the maximum pressure gradient is located inside of the radius with pitch minimum and the
importance of profile control was stressed especially in a high plasma with large bootstrap

current.

Reference
13.3-1] T.Ozeki, et al., Proc. of 33th Annual APS/DPP Mecting (1991).

3.4 Axisymmetric tokamak simulation by using the TSC code

The growth rate of axisymmetric instability in highly elongated ITER plasma (x=1.96)
was obtained by using the tokamak simulation code (TSC). The results of the simulation show
that the growth time is less than half of L/R time (~50 msec) of conductive shell (Fig.111.3.4-
1), and the significant effect of plasma deformation during instability process should be
important to optimize control accuracy [3.4-1]. Since the computer simulation by TSC code 18
very time consuming, an attempt to improve simulation speed was made. For this purpose
FFT (fast Fourier transform) algorithm is adopted for the FACR (Fourier analysis and cyclic

reduction) solver in which DFT (discrete Fourier transform) was used.
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Reference
[3.4-1] M. Azumi, et al., JAERI-M $2-041 (1992).
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3.5 Comparison of positional instability analyses by TSC and rigid model
codes

The effect of current profiles on the positional instability in ITER has been studied by

using TSC and rigid model codes. The results of both the codes agree well for /; (internal

inductance) > 0.9 and the growth rate increases with the increase of [; . Forl; <0.8 TSC

shows that the growth rate decreases while the rigid mode! gives the opposite result.

3.6 Velocity shear stabilization of magnetic island in tokamak

Effects of shear flow on plasma stability were studied in cylindrical geometry. We
consider the plasma perturbation with a wavenumber k = (m/r)eg + (n/R)eo, where m and n are
poloidal and toroidal mode numbers and r and R are the minor and major radii, respectively. If
there exist a magnetic surface with k-B =k-V # 0 (B: equilibrium magnetic field, V:
plasma flow velocity: in normalized unit with Alfvén velocity of unity), stability of plasma is
strongly modified by the plasma flow and Kelvin-Helmholtz type MHD stability must be
considered with inclusion of plasma ineatia and viscosity terms. If k-B and k-V become 0
simultaneously at the resonant surface, stability problem is reduced to A’ stability analysis of
the marginal equation as usual tearing mode stability. When a plasma flow velocity has

sufficiently large dip at resonant surface, size of magnetic island is reduced and tearing mode

can be stabilized by the sheared plasma flow.
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3.7 Effect of external helical field on rotating magnetic island

Nonlinear MHD calculations of the m/n=2/1 tearing mode in a low B cylindrical
tokamak are carried out by taking account of the plasma rotation with the effect of magnetic
field induced by external helical current. Rotation of a magnetic island is locked to external
helical field through th) X Bhp damping torque, where Bhp is radial component of external
helical field and Jh¢ is plasma current induced by the helical field and the plasma rotation.

When rotating flow speed is high enough, this damping torque produces strong velocity shear
near the resonant surface until locking of the magnetic island occurs. After the mode locking,
width of magnetic island becomes larger than that without helical field due to phase matching
between the external helical field and the locked magnetic istand (See Fig1I1.3.7-1). The
stabilization effect can be sustained by keeping the transient state of the velocity profile by
applying an external helical field with alternating directions. This method also releases the
magnetic island from mode locking induced by other mechanisms such as interaction with a

resistive shell or an error field, which is often followed by major disruptions.

Fig.II1.3.7-1 Radial velocity profile
versus time normalized to
poloidal Alfvén transit
time. External helical field

" is turned on at 1=3000, and
mode locking of magnetic
island to external field
occurs at 1=4500. Positions
of resonant surface (solid
bold line) and magnetic
island width (broken line)
are also shown.
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4. Analyses of Burning Plasma in Tokamaks
4.1 Fusion yield in high-power D-beam injected 3He plasmas [4.1-1]

Fusion yield in *He plasmas sustained by injection of 10-MW 500-keV deuteron(D)-
beam and by injection of 120-keV D-beam up to 30-MW was studied by taking global energy

confinement into account. The global energy confinement time, T, defined by the ratio of the
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3.7 Effect of external helical field on rotating magnetic island

Nonlinear MHD calculations of the m/n=2/1 tearing mode in a low  cylindrical
tokamak are carried out by taking account of the plasma rotation with the effect of magnetic
field induced by external helical current. Rotation of a magnetic island is locked to external
helical field through Jh¢ X Bhp damping torque, where Bhp is radial component of externat
helical field and Ih¢ is plasma current induced by the helical field and the plasma rotation.

When rotating flow speed is high enough, this damping torque produces strong velocity shear
near the resonant surface until locking of the magnetic island occurs. After the mode locking,
width of magnetic island becomes larger than that without helical field due to phase matching
between the external helical field and the locked magnetic island (See Fig.IIL.3.7-1). The
stabilization effect can be sustained by keeping the transient state of the velocity profile by
applying an external helical field with alternating directions. This method also releases the
magnetic island from mode locking induced by other mechanisms such as interaction with a

resistive shell or an error field, which is often followed by major disruptions.

Fig.Il1.3.7-1 Radial velocity profile
versus time normalized to
poloidal Alfvén transit
time. External helical fieid

- is turned on at 1=3000, and
mode locking of magnetic
island 1o external field
occuars a1 1=4500. Positions  ¢.1
of resonant surface {solid
bold line) and magnetic ¢-
island width {broken line)
are also shown.
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4. Analyses of Burning Plasma in Tokamaks
4.1 Fusion yield in high-power D-beam injected 3He plasmas [4.1-1]

Fusion yield in He plasmas sustained by injection of 10-MW 500-keV deuteron(D3)-
beam and by injection of 120-keV D-beam up to 30-MW was studied by taking global energy
confinement into account. The global energy confinement time, Tg, defined by the ratio of the
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total stored energy 10 the input power was taken to be inversely proportional to the square root
of the input power. Higher fusion yield is produced in the regime of lower ne and higher Te,
unless the reduction of the “He density due to the increase of the non-thermal deuteron
population is too significant. The hot ion mode of Ti=2Te assumed for high-power 120-keV
D-beam injection was found not to be preferable to the Ti=Te mode under the same Tg. The

fusion vield is decreased significantly by accumulation of the thermal deuterons.

Reference
[4.1-1] M. Yamagiwa, Plasma Phys. Conir. Fusion 34 (1992) 715.

4.2 Effects of spatial diffusion and direct loss on burnup fractions of fast
ions [4.2-1]

Effects of spatial diffusion and of direct loss of fast ions on their burnup fractions were
studied by solving a Fokker-Planck equation including a diffusive loss or a direct loss. Almost
the same time evolution of the triton burnup fraction as obtained by introducing spatial
diffusion can be reproduced by adjusting the loss time. However, the 14-MeV neutron
emission profile in the case with spatial diffusion is broader than that with the direct loss. As to
the *He burnup fraction, the difference between the cases with spatial diffusion and direct loss
was found to be relatively large. The diffusive loss can become important even for *He
burnup. Effects of charge-exchange loss on the triton burnup fraction were also examined. It
was found that the reduction of the burnup fraction by half the value with no loss assumed can

occur for a reasonable value of the neutral density in beam injected plasmas.

Reference
[42-1] M. Yamagiwa, to be published in Plasma Phys. Contr. Fusion.

4.3 Alpha particle dynamics during the internal disruption [4.3-1]

A hybrid code of fast ion particle model and MHD model is under development and,
using the code, behavior of alpha particles during the internal disruption has been studied.
Guiding center equations with perturbed magnetic and electric fields have been solved in
cooperation with evolution of MHD activities. While E x B drift is dominant for low energy
ions and expells them with the fluid flow, alpha particles show different behabiors for passing
and trapped particles. Passing alpha particles follow the change of magnetic topology and are
expelled from the region with q less than 1, mainly along magntic field lines, while the
combination of E x B drift with toroidal presession drift randamizes trapped alpha orbits and

flattens their radial profile after the internal disruption.

Reference
[4.3-17 M. Azumi, et al,, JAERI-M 92-073 (1992), p170
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4.4 Ripple loss of alpha particles in tokamak reactor with non-circular plasma
cross-section

Geometrical effect of noncircular cross-section on the loss of alpha particles induced by
toroidal field ripple is investigated theoretically and numerically by using an orbit-following
Monte-Carlo code. The ripple-enhanced banana drift, the critical field ripple for ergodic orbit,
and the ripple well region are all very sensitive to the elongation. The effect of triangularity on
these parameters is not so important as that of elongation. The ripple-enhanced banana-dnift
loss shows a drastic decrease with plasma ellipticity. As the banana-drift loss is reduced with
ellipticity, the ripple trapping begins to dominate the total loss and shows a sharp increase with
ellipticity. The resulting beneficial effect of elongation to reduce ripple-enhanced losses is
weakened. Geometrical effect is very important not only for the basic loss mechanisms but
also for the global ripple losses of alpha particles in connection with the distribution of field
ripple. The total ripple loss in vertically elongated O-shaped TF coils shows a moderate
decrease with ellipticity. In contrast with the results in O-shaped TF coils, the total loss
increases with ellipticity in reatistic D-shaped TF coils. The total loss in D-shaped TF coils

decreases with triangularity more strongly than that in O-shaped TF coils.

5. Development of Numerical Codes and Plasma Simulator
5.1 Numerical experiment of the equilibrium code SELENE]J[5.1-1]

Numerical experiments of MHD equilibrium code SELENE] in which the profile of
surface average parallel current <J-B> is specified were carried out. Especially, the
convergence property of the iterative solution method in the semi-fixed boundary condition was
examined. The usual simple iteration method gives only an approximate solution with low
accuracy but not converged solution, where the coil currents are determined by least square
fitting and vary with the movement of the plasma vacuum boundary at each iteration. It was
found that convergence is improved excellently if the coil currents are fixed when fairly good

convergence with respect to the plasma boundary position was attained.

Reference
[5.1-1] M. Nakamura and $. Tokuda, Proceedings of 1991-Workshop on MHD Computations (1991).

5.2 Computation of the vacuum magnetic field energy with an arbitrary
boundary shape in the ideal MHD principle

A new version of ERATO-2S has been developed which can compute the vacuum

magnetic field energy for the configuration with an arbitrary boundary shape expressed by a

single-value function. The vacuum energy is expressed by radial displacements on the plasma
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Numerical experiments of MHD equilibrium code SELENE] in which the profile of
surface average parallel current <J-B> is specified were carried out. Especially, the
convergence property of the iterative solution method in the semi-fixed boundary condition was
examined. The usual simple iteration method gives only an approximate solution with low
accuracy but not converged solution, where the coil currents are determined by least square
fitting and vary with the movement of the plasma vacuum boundary at each iteration. It was
found that convergence is improved excellently if the coil currents are fixed when fairly good

convergence with respect to the plasma boundary position was attained.

Reference
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5.2 Computation of the vacuum magnetic field energy with an arbitrary

boundary shape in the ideal MHD principle
A new version of ERATO-2S has been developed which can compute the vacuum

magnetic field energy for the configuration with an arbitrary boundary shape expressed by a
single-value function. The vacuum energy is expressed by radial displacements on the plasma
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surface by solving the integral equation for the scalar magnetic potential. The growth rates
(eigenvalues) obtained by this version and those by the hybrid finite element method (ERATO-

2V) agree well.

5.3 Development of one-dimensional relativistic particle simulation code

A one-dimensional relativistic particle simulation code has been developed to study the
interaction between relativistic electrons and intense electromagnetic waves in a fusion plasma
as well as in an FEL. In the code ions are also simulated by option. The cloud in cell (CIC)

method is used to compute the charge and the current densities.

5.4 Development of toroidal particle code (TPC)

A diagnostic module has been developed in the toroidal particle code (TPC). The
module supplies color graphics and uses PLPLOT graphic library which can be installed on a
workstation. A solver which solves field equations in the nonlinear gyrokinetic simulation
code in a torus is under developing. In this solver the general metrics of the toroidal
coordinates can be chosen such as those of straight field line coordinates. Two- and three-
dimensional 8f codes have been developed and investigated the validity of them by studying the

Landau damping, the behavior of a cold plasma and beam plasma instability.

5.5 Developmentof plasma simulator METIS
Conceptual design work of a plasma simulator METIS dedicated for the calculations of

the alpha-particle loss analysis and the nonlinear MHD simulation was continued from the last
year on. In this fiscal year, a proto-type debugging system for METIS was developed. A
benchmark test of the code to analyze ripple-losses of alpha particle "SLWALF" was made on
the proto-type plasma simulator ProtoMETIS. Calculation results agree well with those from

the same code on a general use scalar machine FACOM M780/10S.
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IV. COOPERATIVE PROGRAM ON DIII-D (Doublet III}) Experiment
1. Introduction

The DIII-D tokamak program is now demonstrating advanced tokamak operating modes
transiently and plans in future experiments to sustain these improved confinement, stability, and
divertor modes with non-inductive rf current drive. To date, the DIII-D tokamak has demonstrated
understanding of:

# Tokamak operating features such as plasma control, wall conditioning, plasma heating
and disruption phenomena.

# Plasma stability through demonstration of increased first stability regime limit and
tokamak operation in the second stability regime with plasma betas which exceed those
needed for a reactor.

# High quality plasma confinement regimes (H-mode, VH-mode, high inductance H-mode)
that lead to smaller and less expensive reactors.

# Radio frequency heating and current drive techniques that can provide reactor profile
control and steady-state operation, and

# Divertor heat load reduction as well as method of impurity control which are important
steps toward steady-state reactors. _

The DIII-D long range research program focuses on divertor and advanced tokamak 1ssues.

The goal is to provide an integrated demonstration of 20

well-confined high-beta divertor plasma with non-
. . . 3 VH-MODE
inductive current drive.

151

2. Highlights of FY1991 research results

B
A new confinement regime has been discover- ¢ ° .
~ o . X w ‘;
ed in the DIII-D tokamak following boronization. g 10 5(%3’_;: ?...?.‘%;... H-MODE
Thermal energy confinement times are up to 1.8 times &£ e, &
3 ASDEX DIin-D  JET

higher than in a typical H-mode, as shown in Fig.IV.
2-1. Both plasma temperatures and densities are 0.5
higher than in H-mode discharges with similar

auxiliary heating, and these discharges have lower Terr = 0.106 P 4011 03R1 48
impurity content and radiated power. The internal 0-0001 - o
inductance is also higher indicating a more peaked TriErMaL (5}

current profile and suggesting that current profile

COﬂt_l'Ol may be a key eclement in improving Fig.IV.2-1 Thermal confinement of DIII-D VH-mode
- ] . . improve a factor of 1.8 over the DIII-DJET H-mode

confinement in these discharges. This mode has scaling result.

energy confinement time 3.5 times that predicted by

ITER89P L-mode scaling and has doubled the best



JAERI-M 92—159

IV. COOPERATIVE PROGRAM ON DIII-D (Doublet III) Experiment
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DIIH-D triple product to np{0)teTi(0) to 2x1020m-3ske V. This very high confinement mode is

referred as the VH-mode [2-1].

The normalized beta and normalized energy confinement time can be increased by plasma
current profile peaking. Normalized beta values have reached B/(I/aB)=6.5 and L-mode
confinement has been doubled by peaking the current profile (Fig.IV.2-2). In high beta discharges
with an inverted central g-profile with negative shear, the plasma interior has entered the second

stability regime with central beta values reaching 42 %, as shown in Fig.IV.2-3.
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Fig.IV.2-2 Cument profile control improves normalized beta and confinement. suggesting the importance of
localized non-inductive current drive to improve tokamak performance.
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Fig.IV.2-3 Second stability of the DIII-D central
core (42% beta) is achieved with reversed central g-
profile. The pressure profile is obtained from
measured kinetic profiles plus a calculated beam ion
contribution and is confirmed by soft x-ray and
external magnetics. The q-profile is from
magnetics, SXR(g=1) and motional Stark effect.

Divertor studies form a key element of
the DIII-D research program. In collaboration
with other laboratories and universities, an
extensive set of divertor diagnostics has
become operational on DIII-D and a divertor/
edge data base is being assembled. Now
transport diagnostics are operational and
detailed L- to H-mode physics studied are
underway. In 1992 a cryophmp will be
installed for particle pumping to obtain H-mode
density control and to operate DIII-D with
higher temperature for improved current drive
efficiency. Future plans could include the
implementation of a divertor more specific to
ITER R&D needs.
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* Fast wave electron heating and current drive experiments have been carried out with a four
element phased array antenna. Efficient electron heating was observed in plasmas with electron
temperatures above 1.5 keV. Fast wave heating efficiency was similar to neutral beam heating but
fast waves generated H-mode with Jower power than with neutral beams. Fast wave current drive
experiments, with ECH plasma electron preheating, showed a loop voltage drop indicating current
drive was independent of the antenna directional phasing relative to the ohmic current. However,

sawtooth behavior and experiments in progress are aimed at explaining these results.

3. JAERI collaboration

During JFY 1991, two full time on site JAERI scientists made substantial contributions to
the productivity and progress of the DIII-D experimental program. Their research has supported
both the DITI-D and JAERI program efforts in the areas of H-mode physics, ECH, fast wave and
tokamak diagnostics. Perturvative particle transport analysis using modified ONETWO code at
giant ELMs indicated that inward particle pinch has found to be insignificant in the edge region of
the H-mode plasma[3-1]. The result is consistent with present understanding of H-mode physics,
i.e. a decrease of diffusive transport in the edge resulting from suppression of edge turbulence.
Soviet x-ray diagnostics has been improved and an extensive measurements has been done on the
electron energy distribution during rf current drive experiments in DIII-D. In addition to the
profile evolution of high energy electrons, a difference in the energy spectrum has been observed
between co- and counter- directed fast wave phasing relative to the ohmic current[3-2]. Steady-
state condition of the H-mode on DIII-D has been summarized from a view point of the wall
conditioning and contributed to ITER physics/design options workshop.

The continuation of the DIII-D collaboration for another four years until Aug. 1996 has

been agreed with both sides and will be signed in near future.

References

{2-1] T.C. Simonen, J. of Fusion Energy, 10(1951)263.

[3-1] H. Matsumoto et al., Bull. Am. Phys. Soc. 36(1991)2476.
[3-2] H.Kawashima et al., GA-A20957(1992)
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V. TECHNOLOGY DEVELOPMENT
1. Vacuum Technolegy and Fuel Injection
1.1 Introduction

Vacuum Technology is one of the most important elements of technology for the operation
and maintenance of the current fusion devices. In addition, development of innovative vacuum
components and techniques is essential for realization of a fusion experimental reactor like ITER.
The technology area includes vacuum pumps, gauging, vacuum materials processing,

components, sealing and leak hunting.

For this fiscal year, the : "
= S W

£l

development activities of ceramic

turbo-viscous pump and high- —— ——%ﬁ@
resolution quadruple mass — :\¥
spectrometer should be remarked. U L/___L J
Development of the Al203 coatings |

for ITER in-vessel components and Fig. V.1.1-1 A novel copper gasket (left) and
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pump development MOTOR STATOR

WATER INLET

The conditions needed for the

tours pumping system of the nuclear ¥ 400 mm
fusion reactor are large pumping

speed, high throughputs, and the Fig. V.12-1  Cross-sectional view of the large-
robustness against radiation, tritium Size ceramic turbo-viscous pump.

and high magnetic fields. To establish
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such a system by using dynamic oil-free pumps, two types of ceramic pumps, ceramic
turbomolecular pump and ceramic turbo-viscous pump, were proposed and developed.

In this fiscal year, emphasis was laid on the development of a large-size turbo-viscous pump
whose rotor assembly consisted of eight rotor disks, seven for pumping and one for thrust gas
bearing, 200 mm in diameter. The main design features differing from those of the previous
medium-size pump are the adoption of a hybrid gas bearing, Consisting of static and dynamic gas
bearing, and an electric motor instead of a gas turbine (see Fig. V.1.2-1).

The performance test has shown that the pump works in a wide pressure range from
atmospheric pressure to 10-3 Pa and has a maximum pumping speed of 2.8 m3/min for nitrogen at

around 20,000 rpm.

1.3 Improvement of quadrupole mass spectrometer (QMS)
1.3.1 High resolution QMS using conditions of second stability zone in Mathieu diagram [1.3-1]
In this fiscal year, stresses were laid on a b’
detailed ion orbit analysis in a guadrupole electric fol 7 2
field using the second stability zone (zone II) in the 116
Mathieu diagram and a demonstration of 4Het-Dot
separation. -
Figure. V.1.3-1 shows the zone II where the

parameter A's or g s correspond to mass correspond
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Fig. V.1.3-1  Partial view of the Mathieu diagram in
which the dotted area shows the second stability zone,

- 2 2 = 2l (1
where a=(8eU)/mro 0° and q=(4e V)/mro” o>, (U: de Fig. V.1.3-2 Measured mass spectra. (a) fat D™

voltage; V: rf voltage, m: mass of ion, e: charge of _ ) + ]
ion, 1o: inner radius of quadrupole electredes, w: peak, (b) highly-resolution D2 peak. m/Am=320 at

angular frequency.) Aj and A7 represent some values half height, and (c} 4Het and Do ™ peaks appeared
a/2q, T1 and T2 indicate the tips of zone 1L separately, with the same resolution as in (b).
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to mass scan lines. A defined by A =a/2q is related to the dc to rf voltage ratio, U/V. The inner
diameter and the length of the quadrupole electrode tested were 4.0 mm and, 200 mm, respectively.
The minimum resolution (m/Am) needed for the separation of 44e+ and Dot is 161 at D27 peak.
When A was adjusted to Aj which crossed the center of zone I, a fat D771 peak was obtained as
shown in Fi'g.' V.1.3-2(a). Then, A was carefully increased to A3. Although the peak height
drastically decreased, a highly resolved D2t peak for which a value of m/Am=320 at the half
height is obtained as shown in Fig. V.1.3-2(b). While maintaining this condition, 4He gas was
slowly mixed to D2. A 4He+ peak separately appeared at the lower mass side of the D2* peak.

[see Fig. V.1.3-2(c)].

1.3.2 Fabrication of ceramic quadrupole structure [1.3-2]

In the course of the
{(b)

(@)

QMS improvement, a
novel QMS was developed
by using a ceramic single-
piece quadrupole. The
quadrupole structure was
made of silicon nitride.
The four hyperbolic
surfaces were coated with
metal thin films about 10
gwm thick to form
electrodes. A cCross-
sectional view of the
ceramic quadrupole and a
QMS head assembled with

the quadrupole are shown  gig v.1.3-3 (a) Cross-section view of Si3Ng4 quadrupole structure having
in Fig. V.1.3-3(a) and (b), Tp=4.3 mm andﬂl:ZOO mm (b) QMS head consisting of a SizN4 single-piece

] guadrupole, a Nier-type ion source and of secondary efectron multiplier. For
respectively. Mass spectra  the electrical wiring ceramic-insulated wires composed of Si072-coated nickel-
clad copper [1.3-3] are used.

were successfully obtained
by using the conditions of the second stability zone in the Mathieu diagram. It seems that there are
no differences in sensitivity and resolution between the two QMS's with ceramic quadrupole and

conventional metal one of the same dimensions.
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1.4 Large-area Al203 coatings for ITER in-vessel components

The in-vessel components of a fusion reactor like ITER will be placed in severe operation
conditions such as high temperatures and large electromagnetic forces induced by plasma
disruptions. To reduce the disruption-induced effects on the components, it is useful to coat the
surface of the components with ceramic materials with adequate electrical conductivity and
abrasion resistance property.

In the previous year, Al1203 was selected as an insulation coating material for the stainless

steel components because it showed a little nuclear transmutation effect on the electrical properties
and good abrasion resistance. In this fiscal year, large-area Al203 coatings, 300 x 100 mm, were

Table V.1.4-1 Experimental Results of Insulation Coating Films

Properties Al20O3 ITER
Plasma spraying Requirement
1) Tensite Strength 0.9 (590 um) >0.5
(kgf-mm2) 1.4 (590 um)
1.2 {620 |Lm)
2) Thermal shock resistance No damage (200 pm) >10 Cycles
No damage (660 pm) (RT =77 °K)
3) Tolerant bending angle 30 (260 pm) -
©) 20 (580 pm)
4) Thermal conductivity 0.0465 +2.5%10°4
(J scm-140CTogec 1)
5) Break down voltage 2.5%103 (210 pm) >103
(V) 5.0%103 (580 wm)
6) Resistivity 3.5x108 >2.0x103
(fecm)
7) Abrasion Resistance 5.0x103 (410 um) 104
(cycles; 50MPa, 350°C)
8) Coefficient of friction 0.6 ~0.7 -
(RT ~ 3500C)
(1) Environment : N2 gas atmosphere
(2) Sample Temperature @ 330 (°C}
(3) Contact pressure 1 50 (MPa)
(4) Cycle Speed : 50 (mmesec i)
{5) Cycle pattern . See below
10 cyclﬂe/event 10 cycle./l\event ----- HAX. 10° events
AY I Ay
2| WA AL
uy
/ g
0 0.2 2.0 7/ 60 52 ©
| 2 sec | 6 0 sec [ 2 sec |
' on - o f f " on !
Fig. V.1.4-1 Experimental conditions for abrasion test of Alp0Q3 coatings.
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successfully carried out by using the plasma spray method. A Ni/Cr layer was inserted in
between stainless steel and Al203 to increase the bonding strength as well as to release the thermal
stresses in the coatings.

Figure V.1.4-1 shows the experimental conditions for abrasion test, which are chosen by
- considering the operation conditions of ITER. Table V.1.4-1 shows some test results of the

Alp03 coatings with ITER requirements

1.5 Design of rail-gun system for high-speed fuel pellet injection
Considerable attention has been devoted to the efficient fueling of near-ignition tokamaks.
Achieving deep penetration of solid hydrogen-isotope pellets into the plasma is very important to
obtain the reduced transport and enhanced reaction rate resulting from highly peaked density
profiles. High speed pellets have been demonstrated by using single-stage gun, two-stage gun,
electromagnetic rail-guns and so on for deep fueling.

In this fiscal year, the rail-gun system was designed to develop the repeating pellet injection
technology with a repetition rate of 1-2 Hz and technology to change pellet velocity from 1.5t0 5
km/s during repeating injection. On this system, a pellet is accelerated initially by a single-stage
pneumatic gun. The rail-gun is used as the second accelerator. The rail length is 1-3 m, and a
diameter of rail bore is 3-4 mm. A pellet diameter is 3-4 mm without a sabot. Main results of the

rail-gun system design are as follows.

(1) A laser-produced plasma (He or fgm 0 o
— T T T T T T NVJ
H7) armature, which is used to = =
accelerate a pellet, is better than a ;g L el
spark plasma armature from the oL e 1 =
view point of reproducible L &=
production of the plasma armature. 5 st : 1ag é
(2) In order to reduce the rail damage, = 8
. . . & a{n/s?)
it is necessary that a rail current 1s —————— s )
—~ ol
low, less than several kA, and a z P 2
. . = -~ ¥m) £
voltage between rail conductors 18 3 - 3
; 1 i E 5""I——‘ I 2 ! =
very low. The designed rail current 0 55 03 5E 0 &
and voltage are 30 kA and 1 kV at Tine (usec)
maximum, respectively.
(3) A insulator with high dielectric Fig. V.1.5-1 Time variations of pellet speed (V),

constant is better to reduce the
accumulation of the electric field
near the rail edge which causes the

rail damage.

rail current (I}, acceleration {a) and pellet
position (X). On this calculation, the ciassical
rail is used. Capacity of the condenser is 3.75
mF and the charged voltage is 1 kV. The peliet

size 1s 3 mm ¢ x 3 mmL {mass=1.83 mg).



JAERI—-M §2—159

(4) Materials of W-Y203 is more excellent than Cu, W, etc., as the rail conductor from the view
point of low damage. |

(5) From the calculation of the pellet acceleration, the speed of more than 5 km/s can be
achieved by using the classical rails of 1 m length (rail current=30 kA) as shown in Fig.
V.1.5-1. However, the augmented rail is much better than the classical rail. The 1-2 Hz
repeating pellet-injection with 1-5.5 km/s will be possible by using the above-mentioned rail-
gun system.
In the present plan, the rail-gun system will be constructed in the next fiscal year.

2. Superconducting Magnet Development

2.1 Introduction _

JAERI has been systematically developing superconducting fusion magnet technologies,
composed of advanced technologies for 1) toroidal coils [DC operation, 12 T, large coil with a
height of 15 - 20 m], 2) central solenoid coils [pulsed operation, 13 T, 3-4-m ID], 3) outer ring
coils [pulsed operation, 5-7 T, 5-20-m ID], and 4) a large cryogenic system [30 kW x 4 at 4 K].

In the Demo. Poloidal Coil (DPC) Program, the third test coil (DPC-TJ) and the fourth
one (Toroidal Mode! Pancake) were tested in conjunction with the back up coils at the DPC test
facility (DPCF). In parallel, JAERI has developed advanced NbaSn strands for the Scalable
Model Coil of the central solenoid c¢oils and a NbsAl strand for the Model Coil of the toroidal
field coils. These coils will be fabricated and tested under the Engineering Design Activity (EDA)
of the ITER project. Major achievements obtained in the FY 1991 are as follows.

(a) Demonstration of new conductor concept (Preformed armor) by the DPC-TJ

(b) Achievement of high average current density [40 A/mm?] by the DPC-TJ

(c) The first charging of a hollow type conductor up to 30 kA at 3T by the Toroidal Model
Pancake.

(d) Achievement of high critical current density {800 A/mm?] at 12T by newly developed Nb3Sn
strands with low pulsed loss for a Scalable Model Coil to be developed under the ITER R&D
project.

(e) Detailed design of an 8-kW refrigerator of the ITER common test facility.

(f) The first achievement of large current Nb3Al conductor [40 kA at 12T]

(g) Confirmation of much less critical current degradation of Nb3Al compared to that of the
Nb3Sn. A typical degradations at 0.4-% strain are -5% and -30% for NbsAl and Nb3Sn

strands, respectively.

2.2 The Demo Poloidal Coil program
2.2.1 Project status
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(4) Materials of W-Y203 is more excellent than Cu, W, etc., as the rail conductor from the view
point of low damage. _

(5) From the calculation of the pellet acceleration, the speed of more than 5 km/s can be
achieved by using the classical rails of 1 m length (rail current=30 kA) as shown in Fig.
V.1.5-1. However, the augmented rail is much better than the classical rail. The 1-2 Hz
repeating pellet-injection with 1-5.5 kmy/s will be possible by using the above-mentioned rail-
gun system.

In the present plan, the rail-gun system will be constructed in the next fiscal year.

2. Superconducting Magnet Development

2.1 Introduction ‘

JAERI has been systematically developing superconducting fusion magnet technologies,
composed of advanced technologies for 1) toroidal coils [DC operation, 12 T, large coil with a
height of 15 - 20 m], 2) central solenoid coils [pulsed operation, 13 T, 3-4-m ID], 3) outer ring
coils {pulsed operation, 5-7 T, 5-20-m ID], and 4) a large cryogenic system [30 kW x 4 at 4 K].

In the Demo. Poloidal Coil (DPC) Program, the third test coil (DPC-TJ) and the fourth
one (Toroidal Model Pancake) were tested in conjunction with the back up coils at the DPC test
facility (DPCF). In parallel, JAERI has developed advanced Nb3Sn strands for the Scalable
Model Coil of the central solenoid coils and a Nb3Al strand for the Model Coil of the toroidal
field coils. These coils will be fabricated and tested under the Engineering Design Activity (EDA)
of the ITER project. Major achievements obtained in the FY'1991 are as follows.

(a) Demeonstration of new conductor concept (Preformed armor) by the DPC-TJ

(b) Achievement of high average current density {40 A/mm?] by the DPC-TJ

(¢) The first charging of a hollow type conductor up to 30 kA at 3T by the Toroidal Model
Pancake.

(d) Achievement of high critical current density [800 A/mm?] at 12T by newly developed Nb3Sn
strands with low pulsed loss for a Scalable Model Coil to be developed under the ITER R&D
project.

(e) Detailed design of an 8-kW refrigerator of the ITER common test facility.

(f) The first achievement of large current Nb3Al conductor {40 kA at 12T]

(g) Confirmation of much less critical current degradation of Nb3Al compared to that of the
NbsSn. A typical degradations at 0.4-% strain are -5% and -30% for Nb3Al and Nb3Sn
strands, respectively.

2.2 The Demo Poloidal Coil program
2.2.1 Project status
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The Demo Poloidal Coil (DPC)
program was initiated in 1985 to deveiop
forced-cooled large-current super
conducting coils and coil systems for future
thermonuclear fusion machines. In this
project, two Nb-Ti 30-kA pulsed coils
(DPC-U1 and -U2) were- fabricated and
tested first [2.2-1]. Using these coils as
background field coils, two Nb3Sn pulsed
coils (DPC-EX and US-DPC) were already
tested successfully in the previous reporting
period starting from April 1991 [2.2-2,
2.2-3]. In this period, the DPC-TJ coil was
set between the DPC-U1 and -U2 coils and
been tested as the third Nb3Sn test coil of
this program.

2.2.2 The DPC-TJ experiment
2.2.2.1 QOutline of the DPC-TJ coil

The DPC-TJ coil was fabricated
under the joint-research contract between
JAERI and Toshiba Corporation. It
demonstrated a new technology of the
large-current high-rigidity high-field super
conducting coil with high-current-density of
40 A/mm? by its fabrication and test
[2.2-4]. Figure V.2.2-1 shows the DPC-
TJ coil whose dimensions were the inner
diameter of 1.0 m, the outer diameter of 1.8
m and the axial length of 0.11 m. Its
conductor was a (NbTi)3Sn cable-in-
conduit forced-cooled type and its design
condition was 24 kA, 12 Tat4.2 K [2.2-
5). The feature of the DPC-TJ coil is the
preformed-armor method devised in this
work, where the heat-treated Nb3Sn
conductor with thin conduit was putin
the thick strong armor as shown in Fig.V.

Fig.V.2.2-1 The DPC-TJ coil, a 1.0 m ID.-1.B m 0.D. forced-

cooled 24 kA-40 A/mm? (NbTi);Sn test coil.

Fig.V.2.2-2 The preformed-armor cable-in-conduit type DPC-TJ

conductor. 486 strands are covered with a inner gastight conduit

and the outer strong armor.
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2.2.2 which was formed into the coil shape in advance. High-rigidity high-current-density coils
can be fabricated by this new method without any technical difficultes.
2.2.2.2 Main achievements from the DPC-TJ experiment

The DPC-TJ coil was installed between the DPC-U1 and -U2 coils and was tested for
about two months. In this test, the DPC-TJ coil was charged up to its rated current of 24 kA
together with the DPC-U1/U2 coils without any training quenches, and reached the maximum
magnetic flux density of 7.6T, with a stored energy of 31MJ in the coil system and the average
current density of 40 A/mm? in

N1 T 1 ]

the winding part at the coolant BT T T T

temperature of 4.2K. In a single - \\\ %ngséeE ‘\.\D E:Sgned‘
coil charging test, the DPC-TJ . — \\ / -\‘ 42K 7
was operated at 30kA stably with < - { A \ -
4.5 K-coolant and also with 10 ': 40+ \\ Estimated -
K-heated coolant. The load lines § " TJ single \\ lcat4.2 K 1
of the DPC-TJ coil are shown in S‘ - charge \ .
Fig.V.2.2-3. The critical current = s \\ O s
of the conductor at 4.2 K o 20r \ Designed y
estimated from critical currents & - N point -
measured at 11 K or higher was i r TJ+U1T/U2 .

around 41 kA at 12 T, which was - series charge -
the largest current capacity that D Lt 111

1
) 0 5 10 15
had ever been achieved by the , ,
Magnetic Flux Density [T ]

superconductors in the coils.

Moreover, the DPC-TJ coil was Fig.V.2.2-3 The load Tines of the DPC-TJ coil and its estimated
proved to be stable mechanically critical currents (I). 24 kA-7.6 T4.2 K and 30 kA-4.7T-10K
as well as electrically by its " were achieved.

extremely few wire movement

and AE signals and by its smooth radial-expansion due to electromagnetic force. Designed
performances of the DPC-TJ coil were almost confirmed and a lot of valuable

data could be obtained in this experiment [2.2-6, 2.2-7, 2.2-8, 2.2-9]. As the final investigation,
the DPC-TJ coil was cut into several pieces and its winding quality was confirmed visually.
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2.3 Proto Toroidal Coil project

2.3.1 Development of the Toroidal Model Pancake (TMP) for ITER/FER Toroidal Field Coils

The development of the Toroidal Model Pancake (TMP) has been carried out since 1988
[2.3.1-1,2.3.1-2,2.3.1-3]. TMP was designed and manufactured as one of test coils in the
DPCF at JAERL Hollow cooling, monolithic conductors are candidate conductors for toroidal
field (TF) coils in fusion reactors because of their small degradation of critical current, small
mechanical disturbance, and considerable manufacturing experience. However, the monolithic

conductor had to be optimized to decrease its large AC loss and to increase its stability.

TMP has a hollow cooling,
monolithic Nb3Sn conductor (TMC-FF),
and its inner diameter and conductor
length are lm and S0m, respectively. A
view of the TMP is shown in Fig.V.2.3-
1. TMP was designed for DC coils,
aiming at the application to TF coils. The
design specification of the TMP is 30kA
and 12T.

An optimization of the bronze
ratio and tin density in the (NbTi)3Sn
strand was carried out. The maximum
critical current density at 4.2K, 12T was
404 A/mm?.

The measured time constants of
the coupling current in parallel and
perpendicular fields were 4ms and
400ms, respectively.

The stability test of a 1/23 scale
sample was also carried out and its results
showed stability margin of full size
conductor would be 40ml/cc-metal at the
nominal operating point.

Fig.V.2.3-1 View of the Troidal model pancake.
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The critical current of full size conductor was measured at 13 T and 4.2 K. The measured
critical current of 24kA should be no degradation of the critical current when compared with the
results of the straight sample before cabling{2.3.1-4].

A 90m length conductor was manufactured in April, 1991, and TMP construction was
completed August 1991. TMP was installed between DPC-U1 and U2. Performance tests of
TMP were carried out for one month from January 1992.

The total cooling weight was 23 tons including TMP, DPC-U1, U2 and supporting
structures. And cooldown was completed within 150 hours. TMP was charged up to the design
current of 30-kA without magnet quench. Maximum charging current of the TMP reached 41kA
by the dumping of the DPC-U1,U2 coils. The rated current of a hollow cooling, monolitic Nb3Sn
conductor was scaled up to 30kA that was operating current for the next fusion machine

(ITER/FER).
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2.3.2 Nb3Al conductor development

JAERI is carrying out the development of NbiAl cable-in-conduit conductors for
fusion magnets. The NbsAl strands were made by a jerry roll process. The effect of axial strain
on the critical current density of a cable-in-conduit conductor and hysteresis losses were
investigated in 1951.
2.3.2.1 Effect of axial strain on the critical current density of a Nb3Al cable-in-conduit conductor

The effect of axial strain on the critical current of a Nb3Al cable-in-conduit conductor
was measured jointly at KfK in Germany at a magnetic field of 12 T. The conductor consisted of
36 strands which was inserted into a circular stainless steel conduit with 30 % void fraction and
then heat-treated. The diameter of the strand was 1.02 mm. The conductor exhibited a
maximum of the critical current at a:ound 0.7 % strain, but the degradation of the critical
current at O % strain and 12 T was only 20% for NbsAl This result is compared to a 50-%
degradation of NbaSn cable-in-conduit conductor at the same strain condition. Furthermore, the
critical current versus strain characteristic behaves completely reversible under both loaded and
unloaded conditions up to the measured strain of 1.7 %. Figure V.2.3-2 shows the relation
between the critical current and the axial strain for a NbszAl cable-in-conduit conductor in

comparison with a Nb3Sn cable-in-conduit conductor.
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2.3.2.2 Hysteresis losses of a NbsAl strand ,

Hysteresis losses in a multi-filamentary Nb3Al /Cu composite strand was examined by
means of measuring magnetization. The Nb3Al strand consists of 397 NbsAl filaments, whose
diameter was 21 pm, embedded in the copper matrix. The non-copper critical current density
was 510 A/mm? at 12 T which was at the same level as that of commercial Nb3Sn strands.
Magnetization measurements of the Nb3Al strand were performed in the parallel and perpendicular
fields. For the field perpendicular to strand length, it was shown that effective filament diameter
was almost equal to the actual filament diameter 20ptm. On the other hand, the hysteresis loss for
the parallel field was around one-fourth as large as that for perpendicular, corresponding to
effective filament diameter of approximately 8jum. The reason for this result is considered that the
NbsAl layer produced between Al and Nb sheets after reaction was in a whirlpool state, and it
shows that the NbsAl conductor was fully available for application to magnets in fusion
machines such as ITER. Figure V.2.3-3 shows the hysteresis losses as a function of magnetic

field for a NbsAl strand in the parallel and perpendicular fields.
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Fig.V.2.3-2 Relation between the critical current and Bm (T)

the axial strain for 2 Nb; Al cable-in-conduit conductor in

comparison with a Nb;Sn cable-in-conduit conductor. Fig.V.2.3-3 Hysteresis losses as a function of magnetic field

for a Nb3AI strand in the parallel and perpendicular fieids.
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2.4 R&D for ITER
2.4.1 Development of super conducting conductor for the central solenoid coil

The super conducting poloidal field coils consist of eight central solenoid coils, two
divertor coils and four outer ring coils[2.4.1-1]. The requirements of the central solenoid coil
were found to be the most difficult by the conceptual design activity (CDA)[2.4.1-2] as follows:

(1) Maximum magnetic field 13T
(2) Operating Current 40kA
(3) Field change 2T/s

The requirements of central solenoid coils are beyond present technology level in super
conducting magnet.

A model for the central solenoid coils (CS scalable model coil) were designed to
simulate the critical performance of ITER CS coils. The 2-m inner bore of the CS scalable model
coil corresponds to 3.4 m inner bore of the real central coils. The conductor is Nb3Sn cable-in-
conduit type to satisfy above operating condition. The strand diameter is required to be less than
1 mm in order to let heat flux density small. Also low hysteresis losses are required. The target of
super conducting wire was specified in CDA as follows:

(1) Current density at non-copperarea > 800 A/mm?
(2) Effective filament diameter < 10 pm

The development of super -conducting wires as shown in Fig.V.2.4-1 for ITER CS coil
were planed from three manufacturing processes, bronze, internal tin, tube, available in Japan.
The thickness of Tantalum barrier and Tin contents of bronze, and arrangement of Niobium
filament were modified to increase the critical current in the bronze process. The local ratio of
Copper / Niobium, location of Tin were modified to decrease effective filament diameter in the
internal tin process. The CuNi 99920 :
matrix in Niobium tube included tin Y 7

inside was selected to improve

drawing performance. /\ /C{ Plating(sum

Finally, the bronze process K/Cu Stahilizer
—Ta Barrier

was success to reach requirement of

ITER super conducting wire as
shown in Fig.V.2.4-2. The critical
current density averaged over non-

Nb3Sn Core

copper area was 765 and 841
A/mm? at compressive and tensile
condition at 4.2 K, respectively. 4 coil
o . . Fig.V.2.4-1 Super conducting wire for ITER Center Solenoid cotl
The effective filament diameter is

6um measured by inductive
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magnetization. The development of

wire was competed by satisfying the 100 | i ] .
ITER requirement, -

The trial manufacturing of E | [TER -
full scale conductor is now under §
way to make a critical current E 800+ -
sample, a stability measurement and = . S[ﬁﬂii ; '
AC loss measurement. The about % B N
600 superconducting wires - internal Tin DPC-TJ
arebundled in the pure titanium é 600~ o TP o
conduit selected to avoid thermal o
shrinkage from 1000 K to 4 K E I DPC-EX |
during heat treatment. The ::) 20 ] I 7 ‘
preformed armor developed in the ® 20 40 60
DPC-TJ coil is selected to support Effective Diameter Dgg (Um)
magneto electric forces. The trial Fig.V.2.4-2 Critical current density vs. Effective diameter of super
manufacturing of full size conductor conducting wire for the central sclenoid coils.

will be completed in end of 1992.
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2.4.2 Cryogenic system for common test facility
An 8-kW helium refrigerator is planed to be constructed within coming three years, in

order to cool and test CS scalable model coils which will be fabricated in the ITER-EDA. The
refrigerator is not only a significant model of ITER refrigerator, which is supposed tobe an unit of
around 30-kW refrigerator, but also a test facility for the cryogenic machinery such as large-scale
turbo-expander, cryogenic pump, and cold compressor of the ITER.

In this period, the design work has been completed and the system configuration and
the capacities are determined as shown in Fig.V.2.4-3 and Table.V.2.4-1, respectively. The
system consists of cryogenic pump unit, helium refrigerator unit, liquid helium tank,
compressors, helinm gas supply and purification units and other equipments. Helium refrigerator
unit is shown in Fig.V.2.4-4, where the supercritical helium turbo-expander is added to the
conventional Claude cycle with two JT valves in order to improve the efficiency of the refrigerator,
leading to high Figure Of Merit of more than 1/300 (FOM: here, defined as refrigeration rate of
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Table.V.2.4-1 Cryogenic sysiem capacilics

Refrigerator unit

RECOVERY TANK Reflrigerator capacity B.0 kW at 4.5K
' HEATER . . .
@ Liquefaction rate 1,200 litler/hr
A Cryogenic pump unit
4 PURIFIER Mass flow rate 0.8 kg/s{raled)
GAS BAG RECOVERY Supply temperature 38-45K
D_V comp. Supply pressure 0.6-1.0 MPa
—»D— Y HEATER Pump head 0.25 MPa {max.)
BUFFER TANK -
A
Y o
COMPRESSOR « 1 ces W
&\ GHa-§
LHe-§
¥ L
REFRIGERATOR i /
= snn
CET ™ e
Ra0 €840 CURRENT
LHETANK  PUMP UNIT COILUNIT  {cap

Fig.V.2.4-3 System configuration of the cryogenic system for ITER common test facility.
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Fig.V.2.4-4 Helium refrigerator unit flow diagram. Fig. V.2.4-5 Cryogenic pump unit flow diagram,



