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Research and development activities of the Naka Fusion Research Establishment for the period of April
1989 to March 1990 are reporied. The experiment on JT-60 was continued to October 1989. In the pellet injection
experiment, plasma energy confinement was improved and the maximum fusion product n(0)tgT;(0) reached
1.2x1020 m-3 5 keV. The portion of the bootstrap current was up to 80% of the total plasma current in the high
poloidal beta discharge. The fabrication of the new vacuum vessel and poloidal field coils for the JT-60 machine
upgrade(JT-60U) have been made. The experiment to improve the confinement on JFT-2M was conducted. The
ergadic magnetic limiter coils were installed and the study of their effect on an H-mode began. Quasi-steady-state H-
mode discharge(10 sec at maximum) was achieved and a new high-beta regime with the improved Troyon coefficient
have been explored in DIII-D. As for theoretical and computational studies, thermal instabilities of an edge plasma,
plasma performance determined by the MHD instabilities and burning plasma problems were continued (o be
investigated. A new type of a vacuum pump--the ceramic turbo-viscous pump--has been developed. The pumping
speed and presure attained so far are 280 1/min and 7x10°6 Torr, respectively. In the high heat flux technology,
small-scale divertor samples are manufactured by means of brazing carbon fiber reinforced carbon composite o
copper heat sinks. The thermal cycle tests show they endure against a heat flux up to 10 MW/m2. As for the
development of plasma heating technology, the 50 keV-10A negative hydrogen beam was able to be exiracted by
means of seeding cesium in the ion plasma generator. 1.4 MW-10sec RF was generated from an improved electron
gun in the modified 2GHz-range klystron for JT-60. In the superconducting magnet development, a Nb3Sn coil with
an inner diameter of 1.0 m for the Demo Poloidal Coil Program was successfully magnetized up to 7 T in 1 sec.
For the development of tritium processing technology, the gram-level tritium experiments were performed
successfully and safely. Conceptual design of the International Thermonuclear Experimental Reactor(ITER) is now
proceeding under the auspices of the IJAEA. Significant contribution was continued by JAERI participants to
support the ITER activities. Design study of the Fusion Experimental Reactor(FER) concept has been also
conducted and the related technology R&D has been developed.

Keywords: Fusion Research, JT-60, JFT-2M, FER, ITER, Doublet I1I-D, NBI, RF, Theory, Vacuum, H-mode,
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I. PLASMA THEORY AND COMPUTATION
1. Introduction

During the period from April 1, 1989 to March 31, 1990, emphases of theoretical and
computational works were put on (1) studies of various problems relating with confinement and
heating of a tokamak plasma, (2) analyses of MHD equilibria and stabilities, especially, in relation
to design studies of next generation tokamaks, (3) analyses of the burning plasma physics in a
tokamak, and (4) development of numerical codes and a plasma simulator.

As for the confinement and heating studies thermal equilibrium and edge plasma stability
were analyzed to clarify the marfe and the experimentally obtained density limit. An empirical
scaling law of the energy confinement time was derived from experimental data of various
tokamaks. Concerning the rf heating analyses modification of the internal kink mode by ICRF
wave and ECRH processes were investigated. Parasitic wave excitation of a free electron laser
was also studied. )
| Major efforts of the MHD studies were focused on the database assessment for ITER on
the ideal and resistive MHD stabilities, and the plasma motion during the flat top operation and the
disruption process. A radiative thermal instabilities were studied taking account of the MHD
activity near the plasma center. The MHD stability of a tokamak plasma which obeys the
neoclassical Ohm's law was analyzed.

As for the burning plasma physics a general consideration on the burn control of the finite
Q reactor, analyses of passive burn control by the toroidal field ripple and the control by the ICRF
waves were carried out. Helium ash exhaust in the ITER plasma was also studied.

Physics codes developed in this period were added to the TRITON-II system.
Development and improvement of the supporting codes in the TRITON-II system were also
continued. In order to facilitate establishment of necessary database for the next generation
tokamaks conceptual design analysis and model development of a plasma simulator METIS based
on the parallel processing computer technology were carried out. Annex IX on the US-JAERI
Data Link of the US-Japan Cooperation Program was concluded and operation of the Data Link
was successfully started.

2. Analyses of Confinement and Heating Processes
2.1 Thermal equilibrium and stability of tokamak edge plasma[2.1-1]

In a plasma with parameters near the Hugill limit marfe is often observed, which is believed
as a kind of thermal instabilities. Parallel electron thermal conductivity cannot prevent poloidally
asymmetric perturbation (m#0,n=0) in a high density and low electron temperature plasma, and
consequently the marfe structure is formed. Thermal equilibrium of scrape-off layer was studied
by assuming a simple point model and stability for poloidally asymmetric perturbation was
analyzed. The condition for existence of the thermal equilibrium at the edge plasma is similar to the
Hugill limit. To examine thermal stability and its saturated states, one dimensional model with
parallel electron thermal conduction is employed. The time dependence of electron temperature
was solved under the condition with constant ngTe along a magnetic field line. Small temperature
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perturbation with poloidal asymmetry

(m=1) is given initially. In low density JT-60, OH plasma
Bt=4, R=3, a=1, NI=0.1E18

region, temperature perturbation is 0.6
smoothed out by the effect of parallel
electron thermal conductivity. Near the
equilibrium density limits, the
temperature perturbation increases and

0.5 O O O AbbadbAAXXX

0.4 4 O AAAAAXXX

oo . CAMAAXX
radiation loss is enhanced. As an 1/q ©31

example, we analyzed an OH(c;hmic Osaaxx

heating) plasma of JT-60 (R=3m, 0'2'. Oaaxx x NoEqu
=1m, Bi<4.0). In Fig12.1-1, region s+ Marie
a t<4.0). In Fig reg 014  coouax o Sym

of appearance of marfe in the Hugill

diagram is shown by closed triangles 0.0 —T T T T T
0.Ce+C  1.0e+2C 2.0e+2C 3.Ce+20 4.0e+20 5.0e+20 6.08+20

and stable symmetric equilibria are

shown by open circles. electron density

References Fig.J.2.1-1 Density limit and marfe. Closed triangles show
[2.1-1] T. Tuda, "Thermal equilibrium and points where marfe is formed. Open circles show
stability of Tokamak edge plasma,” points where symmetric equilibrium is established.

ITER-IL-PH-12- 0-J-2 (1990).

2.2 Scaling of L-mode energy confinement

Two types of scaling laws for the L-mode energy confinement time were proposed [2.2-1;
(1) Simple scaling - 1ESim = 0.008 (IpR/a) (M{V/P)’3,
(2) Offset-linear scaling Won = 0.016 Mj%5 1p1-25 B{045 R1.92 3-0.38

Tinc = 0.025 M;05 [p0.6 k RO 205 - |

The multiformity of T scaling laws is attributed to the lack of independent variation of
parameters in the ITER L-mode database where a certain combination of several parameters has
always almost the same value as fg = 0.3Ra%73k0-> = 1. Therefore, the energy confinement time

Tg is always predicted with an uncertainty of contains uncertainty of f2 as TE = TETTERS9XfE"
where Tg ITER89 is the basic scaling expression newly proposed at the ITER confinement
workshop [2.2-2]. In the JT-60 plasmas with the lower X-point, the values of fs are about 1.4.
The data from these plasmas suggest that the dependence of Tg on fs is very weak as 0 S o5 <0.2

[2.2-3].

References
[2.2-1] T. Takizuka, "Scating of L-mode energy confinement," ITER-IL-PH-4-9-J-2 (1989).
[2.2-2] Compiled by T. Takizuka, V. Mukhovatov, "Summary Report: ITER Confinement Workshop (July 31,
* August 11, 1989, Garching) ITER-TN-PH-9-2 (1990).
[2.2-3] T. Takizuka, O. Naito, and JT-60 Team, "Global confinement data from JT-60 with lower X-point
configuration,” ITER-IL-PH-4-0-J-2 (1990).
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2.3 Effect of energetic trapped particle generated by ICRF wave on internal kink
mode

Effect of energetic trapped particles on an MHD mode was investigated in a case of an
ICRF wave heating. The spatial profile of the ion distribution function during the 2nd harmonic
heating was calculated by using the bounce averaged Fokker-Planck code for a low field side
resonance (LFSR) case and a high field side resonance(HFSR) one. The linear dispersion relation
of the internal kink mode with the kinetic correction[2.3-1] of the ICRF wave was numerically
solved and a critical power for the fishbone instability was evaluated. It was also found that the
growth rate of the fishbone mode for the HFSR case was by about one-order smaller than that of
the LFSR one for the same absorption powers, although the effect on the MHD branch was small.

References
{2.3-1] L. Chen, et al., Phys. Rev. Lett. 52 (1984} 1122,

2.4 ECRH of tokamak plasma by finite band-width free electron laser

Free electron laser(FEL) with 1-10GW power level was proposed as one of efficient
heating methods of a tokamak plasma. The heating is characterized by the nonlinear electron orbit
due to the relativistic frequency detuning and the adiabatic breakdown of the electron phase[2.4-1].
Here, the effect of a multi-wave injection with different frequencies (i.e. a primary wave and side-
bands) on the plasma heating was investigated for a fixed radiation power. It was found that the
multi-wave injection randomizes the electron phase for the nonlinear orbit and pumps up some
electrons into a higher energy state through the orbit overlapping. Consequently, the heating
efficiency is increased up to 2-3 times in comparison with that of the single wave case.

References
[2.4-11 W.M. Nevins, et al., Phys. Rev. Lett. 59 (1987) 60.

2.5 Parasitic wave excitation by multi-mode coupling in Raman regime free
electron laser[2.5-1]

Analysis of a parasitic wave excitation in the free electron laser is important to determine the
quality of an output radiation signal. The mechanisms of the parasitic wave excitation in a high
current Raman regime were investigated by use of a 1-dimensional multi-mode FEL amplification
code. It was found that a multi-mode coupling among side-band waves and a primary one plays an
important role in the parasitic wave excitation in addition to a side-band instability. Such a multi-
mode coupling process is observed in both the linear amplification stage and the nonlinear trapping
one, and modulates the output signal to a level comparable with that attained only by the side-band
instability.

References
[2.5-1] Y. Kishimoto, et al., 1989 Internatl Conf. on Plasma Physics, New Delhi, Vol.Il, 465 (1989).
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3. MHD Equilibrium and Stability Analyses
3.1 MHD stability analysis of tokamak plasmas obeying neoclassical Ohm's law
The stability of equilibria with current profiles consistent with the neoclassical ohm's law
were studied for localized ideal MHD (ballooning and Mercier) modes. For the ITER reference
parameters bootstrap currents are small and reduction of the conductivity is mainly due to the
neoclassical effect. The resultant equilibria have low qq) (safety factor at the magnetic axis) less
than unity and can be sustained stably for the localized modes because of the strong magnetic shear
caused by the reduction of the conductivity. Troyon's factor of g = 2.5 was obtained for
reasonable temperature profiles. The corresponding temperature at the center is Tgy = 16keV for
Ip=22MA and Tg 2 20keV for Ip=15MA. The stability of the global modes are under

investigation.

3.2 Profile effects on ideal MHD beta limit in ITER

The ideal MHD beta limit was analyzed for the ITER-like plasma with a double null-points
divertor configuration. A magnetic surface containing more than 99% of all the poloidal magnetic
flux inside the separatrix was defined as the plasma surface and the parameters of ITER physics
phase were used for the analysis as R=5.8m, a=2.2m, Knun~2.2, Snun~0.5. The ballooning
modes have been found to be the most unstable ones for n<5 and n=ec (n:toroidal mode number)
for the peaked pressure profiles. As the squared growth rates oscillate with respect to the toroidal
mode number n, the most unstable n is sensitive to gp. In a divertor configuration of an elongated
plasma, the magnetic shear is weak near the plasma center and is very strong near the edge. This
shear profile causes an internal-mode-like structure. For qp=1.1, the beta limits are larger for
smaller internal inductance 4. This is due to weak shear near the plasma center for large /j when
the central current density (or qp) is fixed. The structure of global modes shows a strong mode
coupling between low-m and high-m components (m:poloidal mode number). The low-m
components become large for a peaked pressure profile and large /i, which indicates that the most
unstable toroidal mode number is sensitive to qg. The ballooning limit for /0.8 is considerably
reduced due to a weak shear near the plasma center. However, small reduction of the pressure
gradient may enhance the limit to some extent.

3.3 Snake and sawtooth oscillations

In a plasma, m#( radiative thermal instabilities are stabilized by parallel electron heat
conduction except for the vicinity of a rational surface. In a very high density and low temperature
(To<2KeV) case as in pellet injection experiments, the radiative thermal instabilities occur near q=1
surface and a snake phenomenon is observed. We studied this phenomenon by solving the
reduced set of the nonlinear resistive MHD equations coupled with an electron temperature
transport equation. The time evolution of electron temperature contours are shown in Fig.13.3-1.
The radially extended valley of the electron temperature distribution made by a pellet injected from
left to the plasma center at time t=0, becomes flat in a few steps along the magnetic field lines
except for those on the g=1 rational surface by the parallel heat conduction and the snake structure
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appears. This snake structure survives for a
long time even after complete magnetic field
reconnection by the sawtooth collapse, although
within the framework of the present resistive
MHD model it moves to the plasma center.

il

3.4 Axisymmetric tokamak simulation
by using the TSC code
Time-evolutional characteristics of a free
boundary axisymmetric tokamak plasma were
investigated by using the tokamak simulation
code (TSC)developed at Princeton Plasma
Physics Laboratory. In the code, a plasma is
modeled with a hybrid method composed of the
two-dimensional part governing the behavior of
the MHD quantities and one-dimensional part
governing the surface ayeraged adiabatic

TIHE = 0.0 TIHE = 40.00

invariants. Equations are solved by taking into TIKE = 120.00
account of the effects of the external circuits and Fig13.31
the cddy current in nearby conductors. In the Time evolution of temperature contour during

: . sawtooth collapse. The temperature perturba-
design study of the divertor of ITER, the TSC tion, initially given by pellet injection (t=0),
code was applied to the analysis of double to because snake structure at g=1(=40 and survives

. . i ] after complete reconnection(t=360).
single null transition and to the simulation of

displacement of highly elongated tokamak after
the thermal quench of the major disruption.

3.5 MHD modes of a resistive toroidal plasma

The magnetohydrodynamic (MHD) spectrum of a toroidal resistive plasma was analyzed
numerically using the linearized MHD equations, by assuming the classical resistivity. Two codes,
RESTOR and SPECTOR, were developed under the Australia-Japan collaboration programi.
RESTOR is designed to find the most unstable mode on the basis of a fully implicit time-stepping
procedure. SPECTOR uses inverse iteration to find the full spectrum including the stable
branches. The stable and unstable eigenfrequencies were found by solving the reduced set of the
resistive MHD equations. The numerical formulation is due to a flux coordinate system and
Fourier expansion in the poloidal and toroidal directions. From the computational results it was
concluded that RESTOR can be applicable to the study of weakly unstable modes. The stable parts
of the spectrum, obtained by using SPECTOR, show that stable eigenfrequencies lie on
characteristic lines in the complex frequency plane. These are almost independent of the resistivity
for high magnetic Reynolds number plasmas.
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4. Analyses of Burning Plasma in Tokamak
4.1 Burn control in the finite Q reactor [4.1-1]
It is necessary to establish the method 30
of burn control in a controlled thermonuclear
fusion reactor to settle the operation point at

an equilibrium state and to stabilize the
thermal instability. The thermal instability
was studied on the basis of a simple point
model. The global energy confinement time
Tg is assumed to degrade with the total L

heating power Py as Tg =< PtH and the Ly

particle density is assumed unchanged.
Figure 1.4.1-1 shows the critical temperature
T, above which a burning plasma is Fig.l.4.1-1
thermally stable without feedback control, for Critical temperature Tg (density weightcd average
. : one) as function of § (TE = P K. Burning plasma

the fusion power multiplication factor Q is thermally stable in the region T > Tg.
being high enough.

In order to reduce the current drive power, it is desirable to operate a steady-state tokamak
reactor at the reasonably high temperature, 15keV < T < 25keV, which can be higher than T¢ even

for p=0. A feedback control system of additional heating power Pwas proposed to settle the
operation point in an equilibrium state;

P(t) = P(t-AT) - G { T(t) - T(t-AT) } + G2 J tt_ At [ To() - T(¥) } d¢
where Tq is the objective operating temperature and AT is chosen to be smaller than Tg. This
system is also effective for stabilizing the thermal instability.

References
[4.1-1] T. Takizuka, et al., "Japanese Contribution on Burn Control,” ITER-IL-PH-1-0-J-2 (1990).

4.2 Passive burn control of tokamak plasma by toroidal field ripple [4.2-1]

The feasibility of a passive control, a control method to use the ripple-degraded alpha
particle confinement with a free expansion of the major radius, has been confirmed by using a
1.5D transport code. In the transport code, a scaling of ripple loss of alpha particles derived from
the results of an orbit-following Monte-Carlo code is used. For the passive burn control, more
than 5.0% of major radius margin is necessary and the resulting ripple induced power loss of alpha
particles exceeds 20%. Passive burn control in combination with a feedback control of field ripple,
a hybrid control, shows a very high performance of burn temperature control. In the hybrid burn
control, the necessary major radius margin and the controlled field ripple are only 2~3% and
8c<1%, respectively. The resulting total power loss of alpha particles is less than 15%.

References
[4.2-11 K. Tani, M. Azumi, T. Takizuka, "Passive burn control of tokamak plasma by toroidal fieid ripple,” 1o be

published in Fusion Technol..
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4.3 Burn control by ICRF waves

We have investigated the additional heating for burn control by use of higher harmonic
ICRF waves in a plasma sustained by the deuteron-beam-driven current. Parameters are as
follows. <T>~20 keV, <ng>~0.7x10?° m™, Byp=4.85 T, Png~100 MW, and Prc~20 MW. The
effect of magnetically trapped particles on the tail formation has been taken into account. The RF
power is absorbed mainly by the trapped particles. The increment of the perpendicular pressure of
ICRF heated deuterons is about 10% for both the second and the third harmonic heating. The
beam-driven current is hardly affected by the ICRF heating. Then, the additional RF heating does
not have a negative influence on NBCD. The heating power is variable without change in the
beam-driven current. In the linear analysis, Rg=Pic a/Pic~0.5 for the third harmonic wave. As
the perpendicular tail is formed by the RF wave, the wave couples further with this tail, and the RF
power absorbed by deuterons with the tail becomes larger than the linear absorption power. The
RF power partition between deuterons and alphas for the third harmonic heating becomes almost
the same as that for the second harmonic heating (Rg~0.2). Thus, the difference between the
second and the third harmonic waves in the additional heating for burn control is expected to be
slight.

¢

4.4 Helium ash exhaust in ITER [4.4-1]

Helium ash exhaust in ITER for high edge density operation (ng = 5x1019m-3) was
studied by using UEDA code, a 2-dimensional fluid code for analysis of divertor plasma. The DT
fuel is highly recycled and the cold divertor plasma is realized, nd > 1021m-3 and T4 < 5eV, while
He ash is in the Tow-recycling state because of the small ionization rate at low Tq. The efficiency
of ash exhaust was found to be comparable to or better than that of fuel exhaust, even when the ash
exhaust efficiency is reduced by the existence of the thermal force on He.

References
[4.4-1] T. Takizuka, "Helium ash exhaust on [TER," Proc. ITER Specialists’ Working Session on Validation and

Development of Edge Plasma Models, July 17-21, 1989, Garching,

5. TRITON System
5.1 Parallel algorithm of the resistive MhD code AEOLUS for model plasma
simulator ProtoMETIS

Nonlinear resistive MHD code (AEOLUS) employs the reduced set of resistive MHD
equations, which is Fourier expanded about poloidal and toroidal directions and uses finite
difference method for radial direction. The calculation schemes are divided into two main parts:
one is linear implicit calculation and the other is nonlinear convolution calculation, which can be
done at each radial grid point independently. So the parallel processing can be introduced to this

convolution calculations easily. For implicit calculation, a linear simultaneous equation must be
solved. In the axisymmetric toroidal plasma, the matrix consists of N, block diagonal submatrices

corresponding to different toroidal mode number, n. Each submatrix is a MxM block tridiagonal
matrix, where M is the number of poloidal modes. The number of the tridiagonal blocks is Ny,

which is number of radial grid points. For this implicit calculation, the matrix elements for each

_7_.
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radial grid are stored in the memory of each processor element, and the forward and backward
substitutions are calculated by transferring the result to the neighboring processor element. For
this algorithm, a synchronization with neighboring processor elements is required.

5.2 Adaptation of the TSC code to the JAERI computing system

Princeton TSC code, which is useful for the control analyses of axisymmetric tokamak
plasma, was adapted for use in JAERI computing system under the US-Japan collaboration
program. The original code was incorporated with the integrative graphic subroutine package
ARGUS-V4 to obtain a great number of sorted graphic data. The new TSC version, which has
many new capabilities involving impurity transport, RFP-dynamos, current drive, etc., was
introduced into JAERI in the late 1989.

5.3 Up-down asymmetric version of the ERATO code

A new version of ERATO code, ERATOAS, which does not assume up-down symmetry
of equilibria was developed. A mapping module (ERATO-1, ERATO-2V), matrix construction
module (ERATO-3) and eigenvalue solver(ERATO-4) were adapted for up-down asymmetric
eqﬁilibria. Three kinds of flux surface coordinates are available in the code, i.¢., straight field line,
equi-arc length and quasi-cylindrical coordinates. The matrices produced by the hybrid finite
element discretization of the ideal MHD energy principle are complex matrices, i.e., a general
Hermitian matrix for the potential energy and a complex positive definite matrix for the kinetic
energy.. The generalized eigenvalue problem is solved by inverse iteration method for sparse
matrices used in the up-down symmetric version of ERATO code (ERATOJ). The present version
of ERATOAS code supports the free boundary condition with a conducting wall as well as the
fixed boundary condition. The ERATOAS code was tested for analytic equilibria with up-down
symmetry. The eigenvalues and eigenfunctions agreed with those computed by the symmetric
version of ERATOIJ code.

5.4 Improvement of graphic module in the GAEA system

The interactive graphic module in the GAEA system was improved by adding several new
commands, LIST/BROWSE and OVERLAY. The LIST/BROWSE commands provide functions
for listing and looking at interactively mass data stored in the GAEA system. The OVERLAY
command supports displaying graphs on a same frame.

6. Others
6.1 Plasma simulator

" In order to satisfy the requirement to produce enormous theoretical data sets necessary for
the design studies of the next generation tokamaks, 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 fiscal year on. In this fiscal year a model plasma simulator
ProtoMETIS was developed on the basis of the above conceptual design. ProtoMETIS is a 1/10 to

VS_
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1/20 scaled model of METIS and is composed of 20 processor elements made of MC68020 and
floating point accelerator WTL1167, and also each with 8MB local memory. Effective processing
speed comparable with that of a large scale scalar computer FACOM M380 has been attained for
the above problems in this model plasma simulator ProtoMETIS, which encourages development
of the ptasma simulator METIS for intensive data production.

6.2 Data link

The US-JAERI data link was operated in a tentative manner as in the previous year
throughout almost all the period covered by this annual report. And in the last quarter of this fiscal
year annex IX(data link) of the implementing arrangement between the USDOE and JAERI was
concluded. In the JAERI side of the data link system a VAX 8350 computer is connected to
terminals and CAD system via ethernet LAN, and to other VAX computers via PSI(Packet
Switching Interface). The VAX 8350 computer is connected to the FACOM M780 host computer
via INTERLINK system. This system was effectively used for the information exchange for the
ITER joint work as well as the activity of the US-Japan fusion cooperation program.
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II. JFT-2M PROGRAM
1. Toroidal Confinement Experiments
1.1 Introduction

The main progress in JFT-2M program is summarized. For 1989, ergodic magnetic limiter
was introduced and initial experiments have begun to study its effects on H-modes. A system for
divertor bias experiments has also been completed and will be put into operation in 1990 to study
its effects on the plasma confinement. Several new diagnostic systems have been constructed in
order to improve the diagnostics ability of JFT -2M.

1.2 Confinement studies
1.2.1 Toroidal and poloidal rotation in an H-mode

It is well known that the confinement improvement in the H-mode is due to the formation
of the transport barrier near the plasma edge and the so-called pedestal in temperature and density
profiles contributes to enhance the plasma stored energy. However, the mechanism of a transition
from L-mode to H-mode is not yet understood well and now intensively investigated, both
experimentally and theoretically. Possible mechanisms explaining the L/H transition have been
proposed and the radial electric field takes an important role near the plasma edge [1.2-1]. This
electric field can be evaluated from the momentum balance equation, E; =(1/en;)(dPj/dr) - (BpV -
B\Vy) , here P; and n; are ion pressure and density, B; and By, are toroidal and poloidal magnetic
field , and V, and V, are toroidal and poloidal rotation velocity.

Temporal evolution 80 \ A — 60 — T Thame
of the toroidal and poloidal L-mode| Homoge  * r=24em " —— ;gg ms
rotation of plasmas has % i ] 792ms
been deduced from charge- 30 i
exchange recombination 5 =
spectroscopy (CXRS) of £ 15 £ 1
carbon and the radial > >

electric field has been
estimated [1.2-2]. Results ;5
are shown in FigII.1.2-
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transition at 750 ms, ion TIME (ms) R (em)

temperature near the edge . . _ . .
. . Fig.1[.1.2-1 Time evolution of the toroidal rotation profile in
increases quickly (<16 the L-mode and the H-mode.

ms), on the other hand the

central ion temperature increases slowly with about 50 ms. In a steady state the ion temperature
profile has a pedestal with 200 eV, which is similar to the electron temperature profile. The
toroidal rotation velocity has also a pedestal shape with about 20 km/sec at the edge, but its time '
evolution is very slow in comparison with the temperature change. The change of toroidal rotation

direction depends on the direction of the momentum input (co-injection or counter-injection ).
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These changes of toroidal

rotation may come from 10 =TT 200 T T T
reduced neutral particles - 2 ;:Tﬂijee ] i 2 :__”:::e
which bring away momen- N KL B 0o - 7
tum in the edge region. The : i % |
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poloidal rotation has a clear
. Fig.11.1.2-2 Poloidal rotation profiles and the estimated
negative dI'Op at the edgc radial electric field profiles in the L-mode and

(electron diamagnetic direc- the H-mode.
tion), and the direction of the,
change does not depend on the direction of momentum input and plasma current. These features
suggest the poloidal rotation has close correlation with the L/H transition. The radial electric field
estimated from measurements shows more negative values near the edge than that in the L-mode,
and reaches about 200 V/cm. It is to be noted that the grad E, is negative in the inside region where
the temperature gradient is sustained, but it is positive just at the separatrix and it seems to
correspond to the sharp density gradient.

In order to determine the more accurate profile of the radial electric field, we are preparing a
diagnostic neutral beam for the poloidal rotation measurement, a visible bremsstrahlung radiation
detector array for Z.g measurement and TV Thomson scattering system with 81 channels. They

will be available in 1950.

1.2.2 Steady state H-mode with ergodic magnetic layer (EML)

The effects of the ergodic magnetic limiter (generated by a localized EML coil system) on
the H-mode plasma in single-null open divertor configurations have been investigated. It is
observed that the steady state H-mode of NB-heated divertor plasmas is realized by application of
EML fields.[1.2-3]

The resonant helical fields are produced by two local coil sets installed outside the vacuum
vessel (Fig. [1.1.2-3(a)). Selection of high m/low m and even nfodd n modes can be done by the
change of coil current directions. The magnetic field structures were studied by the Fourier
analysis and the field line tracing. The poloidal mode spectrum is broad due to the locality of EML
coils and has its peak at m=5 and 11 near the plasma surface (r=30 cm) for low m and high m
cases, respectively (Fig.I1.1.2-3(b)). From the island width calculations, it is found that many
high-m small islands are involved in the ergodized region in “high m” operation mode, while a
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few, low-m large islands are dominant in
“low m” operation mode, in which the
overlapping of islands reaches q=2 surface at
relatively small current (2 kA). The maximum
current of the EML coil is 5 kA (40 kAT).
The transport coefficient Xo (= DpVih elec.s
= < 8r2/2( > ~ 9x10-7 m is the
stochastic magnetic diffusivity, v, efec. 18 the
electron thermal velocity and 8t is the radial

where D,

displacement after traveling a distance falong
a magnetic field line) is about 3 ~ 5 m2/s for
high m/odd n case.

For the divertor H-mode cases (I =
225 kA, By = 1.27 T (counter clockwise
(CCW))) with NB-heating, the increases of
plasma densities, impurity contents and
radiation losses are suppressed by EML (high
m/odd n, 3.9 kA) and the steady state H-
mode can be realized with Dy burst
(Fig.I1.1.2-4). The edge electron density is
suppressed at the lower level and goes to the
steady state point without the transition to L-
mode. And also the relaxation of the edge
electron temperature gradient (from 90 eV/cm
to 68 eV/cm), measured by the electron

M 90-160
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cyclotron emission, is observed. The dependence of stored energy on electron densities for EML-
on case is almost the same with EML-off case (for the higher NB-power case, the improvement of
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the stored energy is observed). The profile of the main plasma density and temperature are also
almost the same for both cases with the same mean density. However, the profile of the toroidal
rotation measured by the charge exchange recombination spectroscopy is shifted by an amount of
about 10 ~ 15 km/s to the electron drift direction, which corresponds to the direction of L-mode
case, holding the edge pedestals of ion temperature and toroidal rotation. The asymmetry of the
particle flux (deduced from the Langmuir probe measurements) to inner (ion side) and outer

(electron side) divertor plates during the H-mode [1.2-4] is decreased at higher electron densities

due to the application of EML fields, but is not changed at lower electron densities.

1.2.3 Improved L-mode

An improved L-mode, IL-
mode, is observed in JFT-2M.[1.2-
5] It is characterized by the peaked
profiles of the electron temperature,
electron density and radiation loss
power. Further investigations have
been continued. ,

The profiles of the tempera-
ture and the toroidal rotation velocity
in the IL-mode have been obtained
by the CXRS. These profiles in the
IL-mode are also more peaked in the
core region than those in the H-mode
as shown in Fig.IL.1.2-5. This
observation seems to indicate that
core confinements of the ion energy
and the toroidal momentum are
improved in the IL.-mode compared
with those in the H-mode, in which
the confinement is improved at the
periphery. Further investigations are
continued. Impurity
(Titanium) is also investigated as
described in sub-section 1.5.1, and
impurity transport is also improved

transport

in the core region inthe IL-mode.
Sawtooth activity is always reduced
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in the IL-mode, however, it is not well understood so far that a critical radius in which the
confinement is improved corresponds to q=1 surface in the H-phase or another magnetic surface,

and it is now under investigations.
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1.3 Current drive experiments
1.3.1 Current drive by fast wave

The coupling and absorption characteris- 450
tics of the fast wave excited by a phased four-

loop antenna array have been investigated in JFT-
2M [1.3-1,2]. The frequency of the fast waves is

200 MHz, which corresponds to approximately ':;; 300

the tenth harmonic of the ion cyclotron frequency =z

of hydrogen. :i
The loading resistance depends strongly o°

on the antenna phasing. It decreases with Nz
since the width of the evanescent layer increases
with N,. The loading resistance increases with

the density up to 2x101%m-3, but beyond that it 0
starts to decrease with density, because of the
steeping of the density gradient.

' The absorption efficiency of the excited

0 0.4 0.2 0.3
Minor Radius [(m)

Fig.I1.1.3-1 Power deposition profiles at Ppyy=600 kW
fast wave 1% 1mproved with mncreasing the plasma with the electron thermal diffusion coefficient, D, and

density and temperature, and with decreasing fhe  Loopomes ion Y05, V. ar puameiers The
phase velocity of the fast wave. The resultsare ~ Pass absorption is shown by the dashed line,
consistent with the theoretical predictions ob- nem2A107m p=230 KA, By=l3 T and Af=p.

tained from ray-tracing calculations. The power

deposition profile is obtained through synchronous detection of the electron cyclotron emission
modulated by a periodic heat source. In this modulation experiment with a limiter plasma on JFT-
2M, the electron thermal diffusivity is 2-3 m2/s and the convection velocity is 20-40 m/s at ne =
2X1019m-3 and I,=230 kA. The resultant power deposition profile has a peak at the plasma center
and agrees well with that calculated with the ray-tracing code (Fig.11.1.3-1). The absorption
efficiency calculated from the power deposition profile is 0.3-0.4 at n, = 2x101% m"3 and Ty=0.7
keV, which agrees roughly with that estimated from the initial rise of the plasma stored energy.
The electron heating efficiency estimated from the absorption efficiency is (4-5)x101 eVm-3/kW
and the incremental confinement time is 8-10 ms in the H-mode phases, which is slightly longer
than that in L-mode plasmas heated by NB and/or ICRH in JFT-2M.
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1.3.2 Current drive by electron cyclotron wave

Current drive by electron cyclotron wave heating with frequency of 60 GHz has been
examined on the JFT-2M tokamak in the automatic voltage regulation (AVR) mode operation in
which OH primary voltage is set at constant. The wave for the second harmonic X-mode is
injected at the angle of ~ 12 degrees with respect to the toroidal magnetic field. When electron
cyclotron wave heating (ECH) power of 180 kW was applied on the way of the decay of the
plasma current, appreciable sustainment of the plasma current of ~ 30 kA was observed, even
accompanying large negative loop voltage. This result suggested that the current drive by ECH
occurs. The averaged electron density is ~ 2x1018m-3 and the toroidal magnetic field is B=1.07 T.

The electron cyclotron emission and soft X-ray S —

energy analysis indicated the generation of the . o
energetic electrons by ECH. Therefore, the 3 sor . *
effect of the decrease of the symmetric resistivity = 200 |- o :
may not be ruled out. §'~100 i Lt ’ |

The dependence of the time derivative of % 4
the plasma current, dIp/dt, and the loop voltage, 03 i o— 1‘0 —
Vi, on the toroidal magnetic field is shown in - .
Fig.I1.1.3-2. This does not seem to be explained > 02 [ Y |
by the decrease of the plasma resistivity dueto = o . .
the bulk electron heating. To make it clear that i M T )
the ECH drives the plasma current directly, the e
detailed analysis on the experiments is required. 08 09 :3»0 {‘+ ’) 12 1.3

t

ﬁ??}ffllien‘?éesugi, et al., Nucl. Fusion 30 (1990) 207, [ 1&1.1.3-2 Bt dependence of the dI/dt and V1. Ppeyy =
[1.3-2] Y.Uesugi, et al., Nucl. Fusion 30 (1990) 831. 180 KW and ng ~ 2x108m3,

1.4 Particle control (for confinement improvement and long pulse operation)
1.4.1 Plasma fueling by pellet injection
The improvement of the confinement by cloud resolution

pellets is observed when the particles are fueled rodius

effectively around the center. In this case, the
pellet ablation cloud radius is estimated by the
H,/D,, detector array. Figure I1.1.4-1 shows a
schematic picture of the evaluation procedure.
The two things are assumed in this estimation.
One is that a pellet moves on the mid plane and

the poloidal cross-section of an ablation cloud is L +2r,
circular (radius; r.). The other is that the

intensity of the emissions from the pellet ablation
cloud does not change during its passage through
the width of the spatial resolution of the Hy/Dy

Fig.11.1.4-1 Schematic picture of the evolution procedure.
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detector array (about 19mm). The detecting 20 r
time(t) of a diode is given as t=(2r.+L)/Vp, -
where L is the resolution at the mid plane and Vp é o ;
is the speed of a pellet. Figure I1.1.4-2 shows . 1ob
the evaluated ablation cloud radius. The cloud g Z
radius is about 12 mm. It is about 10 times of  ~ 5|
the frozen pellet size. The cloud radius does not o : !
change much in the plasma, and Hy/Dy-line -30 -20 -10 0 10
intensity abruptly decreases and the pellet Position {cm)
; . Fig.IL.1.4-2 The ablation cloud radius. R=1.31 shows
completely sublimates near the plasma center in the plasma center and -30 means outside

this case from the center.

1.4.2 Particle balance study with a pump limiter

Particle balance in JFT-2M is studied with a pump limiter by analyzing density decay time
after the termination of gas-puffing of a D-shaped limiter discharge.[1.4-1] The particle balances
with and without the pump limiter are compared. The plasma is shifted toward inboard limiter in
order to create enough clearance between the outer limiter and the plasma edge, because such a
geometry is compatible to enhanced confinement discharges. The pump limiter is located on the
top of torus. The clearance between the pump limiter head and the plasma edge is 1 cm. The
particle recycling is, therefore, dominant at the inboard limiter. The line-averaged plasma density
is adjusted to the same value (4.6x1013 cm-3) in both cases, with and without the pump Iimiter, at
=800 ms at where, without the pump limiter, the strong neutral buildup in the plasma periphery

takes place.
For the particle balance analysis, the following model is adopted (details are in ref.[1.4-1]).
dN _ Noqopor N 1
dt T1quff Tp ( P) er (1)
=NQputt - I y
Tp
where
1_L-Rp Ri_1, @
B % o T
and
«__Tp f_ '
B=ToR Tp R 3)

Here N is the total particle number inside the confined region, ) is the fueling efficiency for
gas-puff feed rate Quuir, Tp is the particle confinement time, p is a usual exhaust efficiency defined
as T'py /T where I'py_ is the particle flux removed by the pump kimiter (I'pp =pN/t};) and I is the
total outflux from the confined region (F=N/Tp), R, is the overall recycling coefficient.
Experimentally obtained values are N (1.2x1020), Qpysr (3.9x1020/s for the case without the pump
limiter and 3.5x1020/s with the pump limiter), 7,3 (the density decay time with pump limiter:
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0.85 s) and t," (without the pump limiter: 0.97 s). The total loss flux, Tpy, + I'", becomes N/1,C
in Eq.(1)' where I'* is the remainder which is not pumped and not recycled back to the confined
region [I"“*=(1-p)N/tp*]. Then Eq.(1) can be rewritten in a simple form as:

N -ry-T"- o )

where T'g = MQpyfs:

A figure of merit for the pump limiter is defined here as M = Ipp /(Tp +I™") unlikely to p,
since I'*, comparable to (1-1)Qputt: can contribute to increase peripheral gas pressure. By using
the density decay times T, and T,", the values I'p, I'* and M become insensitive to the estimation
of 1,if 1p<< Ip* and p << 1, and it is possible to estimate these values experimentally without
knowing exact value of 1,

From above equations, Ry, p, M, T'™ and I'py are derived as 0.98, 2.9x10-3, 0.12,
1.2x1020/5 and 1.8x1019/s respectively assuming that T, is 20 ms and the changes in N/t, and 1
are negligibly small at the time just before and after the change in Qpysr. The fueling efficiency is
obtained as 1=0.66 with the pump limiter or N=0.51 without the pump limiter. Resultant particle
balance is illustrated in Fig.I1.1.4-3 with the unit of particle flux in Torr{/s.

In conclusion, particle
?al:flnce .IS clarified on IFT—?M //// E“ Ui@wrrJl

imiter discharges and following {1.8 Torr 1/s)

results are obtained. Experiments plosma_{p=20ms)

I
i
!
f
I
I

.
. Qputs
show that the pump limiter 5.3 Torrl/s)] -
. puft

prevents the formation of strong s — L 35 Torr s )]
I

neutral buildup at the plasma (f=p i
|

edge. With shorter density decay - N pump limiter (~8001/5)

. RrTp |

time and lower gas feed rate for [10.27 Tory L/s) /7

the same density at around t=800 r : { r=4i }
.. . _ N ] P

ms, the pump limiter improves =(pII-Re )7 ! {93.2 Torr L/5)

N
=[1-p) =
p T;

193 Tcrrl/s]/

the fueling efficiency by about
30% compared with the other

_ , - -
case which is in the neutral %% Ll}' ;lTpm:TP]
0 Yorr L/s)

7

buildup regime. The pump ///7/7 Z

limiter removes 12% of the
effective loss flux (N/1,0) with
Fig.II.1.4-3 The chart of overall particle balance of the
JFT-2M limiter discharge with a pump limiter.

the effective pumping speed S.g¢
of 8x102 /s and the pressure of
5x10-4 Torr in the expansion
chamber. The value of ['p] agrees
well with the product of Seg; and the pressure in the expansion chamber (2.6x1019/s). Without
using the pump kLimiter, effective pumping speed of 4.5x105 /s would be necessary to pump out
this amount with the measured peripheral pressure of 5x10-7 Torr. Higher edge temperature (or
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less edge cooling) with the pump limiter results in the improvements in the fueling efficiency and
the limits of both the confinement and density.
References
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1.5 Diagnostics
1.5.1 Impurity transport in the improved confinement mode in JFT-2M

Impurity behaviors during the H- and the improved L-mode (IL-mode) [1.5-1] were
studied by using the grazing-incident monochromator (3-60nm) and the MIST impurity transport
code[1.5-2]. Time evolutions of TiXX line emissions indicated clear sawtooth activity during the
H-mode and no activity during the IL-mode. The titanium ion density profile was relatively flat
during the H-mode, while it became more centrally peaked during the [L-mode. By using MIST
code, the titanium ion transport was analyzed. Measured electron temperature and density profiles
were used and the corona equilibrium was assumed to calculate line emissions. Transport
coefficients (the diffusion coefficient (D) and the convective velocity (viy)) near the plasma center
were determined to fit the measured Til%+ ion density profile on the time evolution of the TiXX
line emission. The obtained transport coefficients were that D/Dyc <3 and vi/vne<3 in the IL-
mode and D/Dyc>10 and viy/vNe<3 in the H-mode. Here, Dyc and vy are the transport
coefficients calculated from the neoclassical theory [1.5-3]. By using these transport coefficients,
the titanium ion concentration (nTi/n.) near the plasma center and the radiation power loss of the
titanium ion (Pg,41%) near the plasma center (r<a/5, a: minor radius) were estimated during the H-
and the IL-mode. Obtained results were that nyy/n.~0.3% and Pr,q!'=20% of the total input power
in the IL-mode and nyyn~0.1% and PgaqT'=2% in the H-mode. These results were qualitatively
agreed with the radiation loss profiles measured by the bolometer array.
References
1.5-11 M.Mori, et al.; Nucl. Fusion 28 (1588} 433,

[1.5-2] R.A.Hulse; Nucl. Technology/Fusion 3 (1983) 259.
[1.5-3] P.H.Rutherford, et al.; “Impurity Transport in Tokamaks”, Princeton Plasma Physics Laboratory Report

PPPL-1297 (1976).

-

1.5.2 Change of low energy neutral spectra at L/H and H/L transition

The low energy neutral particle flux emitted from the JFT-2M tokamak is measured by
Time-Of-Flight (TOF) method. The particle energy is deduced from the difference of the flight
time, such that the particle mass (hydrogen or deuterium) is not discriminated. This complicates
the evaluation of the particle energy in the case of a hydrogen neutral beam heated deuterium
plasma. Therefore, a pure hydrogen or a pure deuterium plasma is the best target to discuss about a
change of an energy spectrum at L/H and H/L transition. Figure I1.1.5-1(a) shows the energy
spectra during the L-phase and just after the H-transition. Comparing these two spectra, the
number of neutra] particles whose energy is less than 400eV is decreased by the H-transition but
those greater than 500eV does not change. The flux at 200eV in the H-phase is 2 times smaller
than that in the L-phase. As aresulta flat partof the energy spectrum can be seen in the energy
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Figll.1.5-1  (a) Energy spectrum at the L-phase and just after the L/H transition,
(b) Energy spectrum at the H-phase and after the H/L transition,

range from 300eV to 500eV. The slopes of the low energy (E<200eV) and the high energy
(600eV<E<1000eV) part do not change much, but the reduction of the low energy flux and the
invariance of the high energy flux lead to the fast change of the average energy. The fast change of
the average energy is comparable to that of the edge electron temperature obtained from the electron
cyclotron emission (ECE) measurements. The change of the neutral flux is also fast and there is a
good correlation with the Hg/Dy, signal at the divertor. Figure 11.1.5-1 (b) shows the energy
spectra during the H-phase and after the H/L-transition. Comparing the spectra of the H-phase in
Fig. 11.1.5-1 (a) and 1L.1.5-1 (b), the total flux increases but the shape of the spectra does not
change much. The same remark is also applicable the spectra of the L-phase. The change of the
energy spectrum at the H/L transition is the reverse change at the L/H transition.

1.5.3 TV Thomson scattering system

A cooperative program of Thomson scattering system for the JFT-2M tokamak has started
between Princeton University Plasma Physics Laboratory (PPPL) and Japan Atomic Energy
Research Institute (JAERI). This program is planned for two years from Dec. 1989 to Dec. 1991.
The purpose of this program is the development of a TV Thomson scattering system for the JFT-
2M tokamak and its installation as shown in Fig.II.1.5-2. The image obtained from the CCD gives
a high spatial resolution.

This system is composed of six subsystems. PPPL will develop the optical subsystem and a
part of the detector subsystem and JAERI will develop the remainder of the detector subsystem, the
controller and data acquisition subsystem, the software subsystem and will construct the vacuum
component subsystem and the laser oscillator subsystem.

The laser beam is incident horizontally on the beam dump which is composed of a carbon
block. The effective length of measurement through plasma is 70 cm and measurements will be
made at 81 points along the laser beam. It gives a 8.6 mm spatial resolution. The range of electron
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temperature and density measurements will be 50 eV - 8 keV and (0.1 - 0.3)x1013 - 4x1014 cm3,
respectively. The characteristics of this system are as follows; The horizontal plasma shift is
measured with high spatial resolution, in contrast to the present 13 points vertical measuring
system. The spatial resolution is better than any other Thomson scattering system.

The schedule of installation will be in January 1991 and the first data will become in April-
May 1991 after some tests and the calibration.
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Fig.I1.1.5-2 Sketch of TV Thomson scattering system in the JFT-2M tokamak under co-operative program.

1.5.4 Charge exchange recombination spectroscopy (CXRS) system
A space- and wavelength-resolving visible spectrometer has been installed in the JFT-2M

tokamak to measure the profiles of ion temperatures poloidal/toroidal rotation velocities with CVI
5292A (n=8-7) charge-exchange recombination line as shown in Fig.IL.1.5-3.

(a) JFT-2M (b} Spectrometer To Encoder
Optical Fiber 1 To Wavelength
Neutral Controiler
Beam e To Optical Fi
Effective s L /AL Optical Fiber
> Beam Width [ To Position
™. (1/6) _ : Cantroller
@) N E Optical_Fiber Arrdy =
N Gy {Toroida] ) To 1.1./TV Controiler
7% 11/CCD
A0/ Optical
] Fiber

Fig.I1.1.5-3 (a) Arrangement of the optical fiber arrays of the CXRS system and the neutral-beam lines,
(b) spectrometer, optical fiber arrays and detectors of the CXRS system.
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Two sets of 34-=channel toroidal optical fiber arrays, one viewing a fast neutral beam and the other
viewing off the neutral-beam line toroidally in the opposite direction to subtract background and to
determine a zero-velocity wavelength, are arranged on the entrance slit of the spectrometer.
Another two sets of 22-channel poloidal arrays are also arranged on the same entrance slit. The
optical fiber (100-m-core and 125-m-diam) viewing the cold plasma near the periphery are
arranged with two lines (effective slit width is 200m), while the optical fibers viewing the hot
plasma core are arranged with four lines (effective slit width is 400m) to collect more light from
the plasma center where the beam attenuation is sever.

These optical fibers are led into the entrance slit of 1m Czerny-Turner spectrometer with
2160-grooves/mm. At the exit focal plane the light from each fiber gives the spectrum from one
spatial position. The light from all fibers is focused, in both direction parallel and perpendicular to
the slit, onto a gated image intensifier coupled with a CCD TV camera with 1:1 image fiber. The
output of the CCD is a standard TV composite video signal and it is digitized with 6810 digitizer
(12-bit accuracy 5-MHz sampling and 1024-kword memory). The data is transferred to the
workstation VAX 3200. This workstation has 8MB of memory, 157MB magnetic disk and two
drive of 57 optical disk (300 MB for each side).

This CXRS system has the spatial resolution of lcm for the toroidal arrays and 4mm for
the poloidal arrays, this resolution is precise enough to study the thermal barrier and poloidal
rotation shear near the plasma periphery in H-mode plasma. The time resolution is limited to only

60Hz.

1.5.5 Diagnostic beam. :
A new diagnostic beam system for a Optical System

CXRS measurement is now under construction / \
in.order to improve a signal to noise ratio (S/N). JFT-2M

Designed performances of the diagnostic beam -~ Vocsum Vessel

are shown in Table I1.1.5-1. The value of the
beam energy, 40keV, is determined in order that -
a sufficient intensity of a carbon line emission
can be obtained. The perpendicular injection is | ] Neutral Beam
also more suitable than the tangential injection for
reduction of beam attenuation because of its
shorter path length. Further improvement of S/N
ratio can be achieved with chopping the beam.

Plasma

Since the charge-exchange recombination line
emission is detected through a top port as shown
in Fig.11.1.5-4, the beam has vertically elongated  Fig.l1.1.5-4 Cross-sectional view of a2 CXRS system

. . . . . with a new diagnostic beam.
cross-section in order to get higher intensity.
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Table II.1.5-1 Expected performance of Diagnostic Beam

Beum Energy 40 xe¥

Beam Current 2.5 Alneutrai beam)
/5 A {ion beom current}

Beam Species Hydrogen Atom

Pulse Width 0.5 sec

Copability of Power Supply 2 stc

Beam Cross—Section 41 cm {verticol} ¥ ~5 ¢m [ herizontal )

Injection Angle Horizental and near Perpendiculor
injection

Begm Chopping Possible

2. Operation and Maintenance
2.1 Introduction

Facility Operation and Engineering Division has been engaged in operation and
maintenance of JFT-2M, neutral beam injection (NBI) system, RF heating devices [fast wave
current drive system (FW) and electron cyclotron heating (ECH) system] and flywheel motor-
generator (MG), and also in development of auxiliary equipments and instruments. In this fiscal
year, all devices have been operated smoothly on schedule, and the careful maintenance has been
performed daily and periodically.
2.2 Operation and maintenance

In this fiscal year, regular inspection of a bearing of the motor-generator (MG) has been
performed. The old space-heater of MG was replaced by a new one. In the JFT-2M machine, a
power supply for divertor coils (Q-coils) was up-graded from 10 kA to 14 kA. Two local coil sets,

EML coils, which produce the Table IL2.2-1 Operation of MG, JFT-2M, NBL ECH and FW
ergodic magnetic layer near the
. 1989 1990
plasma surface, were installed (Fiscal Year ) 1988 |APR-IUN JUL-SEP OCT-DEC JAN-MAR| Total
outside the vacuum vessel, and MG | MG{#1] {hours) 1206 165 175 189 139 868
_ o _ MG(%2) [ hours ) 1204 | 84 374 (89 138 866
also a divertor biasing equipment  [-"[700 Tars of
for a particle control and the -2M | operction (days] 147 19 48 26 19 112
Number of times of
neutral beam system for plasma discharge [shots! 8919 | 1072 2668 1311 851 5902
production and diagnostics were Boking (times) | 4 | o o o | 2]
Discharge Cieaning
set up. The copper filaments of an (ot ) 87 | 24 40 11 100 175
ion source on the neutral beam Pelier injection
. {days! 28 5 12 5 0 22
heating system were replaced to
L NBI |Tetal doys of
molybdenum ones to stabilize operetion [days) 85 | 13 42 22 8 | 85
: . Floshing injection | A 43817 | 8192 18652 12533 4393 | A143770
beam collimation. The ECH conditioning [shots) |B. 37564 40B0 23162 10243 4036 |B 41527
system was improved from 0.1 |rw |[Totsl doys of
. . opergtion (days) 94 14 19 4 20 57
sec operation at 0.4 MW to 0.5 T Mt et AN
Power injection
sec . New antennae for a current {haurs ) 652 g4 17l 34 1m 480
. ECH |Tetal days of
drive by fast wave were mounted operation (days) 37 5 " : 8 25
inside the vacuum vessel, Times of power
injection (times} 31262 lBOGZS 62684 2T T8¥ 94775

coupling and turning tests will be
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Table I1.1.5-1 Expected performance of Diagnostic Beam

Beam Energy 40 xeV¥

Beam Current 2.5 A (peutrai beam)
/5A{ion beom current}

Beam Species Hydrogen Afom

Pulse Width 0.5 sec

Copability of Power Supply 2 sec

Beom Cross-—Section 11 cmiverticol} x ~5 ¢m [ herizontal )

Injection Angle Horizental and near Perpendicular
injection

Beam Chopping Possible

2. Operation and Maintenance
2.1 Introduction

Facility Operation and Engineering Division has been engaged in operation and
maintenance of JFT-2M, neutral beam injection (NBI) system, RF heating devices [fast wave
current drive system (FW) and electron cyclotron heating (ECH) system] and flywheel motor-
generator (MG), and also in development of auxiliary equipments and instruments. In this fiscal
year, all devices have been operated smoothly on schedule, and the careful maintenance has been
performed daily and periodically.
2.2 Operation and maintenance

In this fiscal year, regular inspection of a bearing of the motor-generator (MG) has been
performed. The old space-heater of MG was replaced by a new one. In the JFT-2M machine, a
power supply for divertor coils (Q-coils) was up-graded from 10 kA to 14 kA. Two local coil sets,

EML coils, which produce the Table 1.2.2-1 Operation of MG, JFT-2M, NBI, ECH and FW
ergodic magnetic layer near the
. 1989 1990
plasma surface, were installed [Fiscal Year) 1986 |APR-JUN JUL-SEP OCT-DEC JAN-MAR| Total
outside the vacuum vessel, and MG [ MG{#1] {hours) 1206 165 175 189 139 868
. L. . MG(#2) [hours ) 1204 164 374 189 139 866
also a divertor biasing equipment  [5er T sars of
for a particlc control and the -2M | operction (doys] i47 19 48 26 19 112
Number of times of
neutral beam system for plasma discharge (shots] gelg | 1072 2668 1311 851 5902
production and diagnostics were (Boking [times) | 4 | o o o | 2
Discharge Cleoning
set up. The copper filaments of an o N 40 100 175
ion source on the neutral beam Peliet injection
. {gays! 28 5 12 5 0 22
heating system were replaced to
. NBI |Tetal doys of
molybdenum ones to stabilize operotion [days) 85 | 13 42 22 8 | 8
: : Floshing injection | A:43817 | 8192 18652 12533 4393 | AI43770
beam collimation. The ECH conditioning (shots) |B:37564| 40B0 23162 10249 4036 |B:41527
system was improved from 0.1 |rw |[Totol doys of
. . opergtion (daoys) 94 14 19 4 20 57
sec operation at 0.4 MW to 0.5 T M et AN
Power injection
sec . New antennae for a current {haurs ) 652 | &4 17 % n 460
. ECH | Total doys of
drive by fast wave were mounted aperation (doys) 37 5 0 i 8 25
inside the vacuum vessel, Times of power
injection (ftimes} 31262 JBOGZS 6284 27 T8y 94775

coupling and turning tests will be
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completed in the next fiscal year.

A summary of the operation of the MG, JFT-2M, NBI, ECH and FW are shown in Table

11.2.2-1.

2.3 Development of equipments and instruments

2.3.1 Pellet injection system

A multi-pellet injector, extruder type, has been
developed since 1988, which is based on the design
developed at ORNL as shown in Fig.I1.2.3-1. The
apparatus serves both to solidify hydrogen-isotope gas
and to force-feed it to a gun section, the punch-type
chambering mechanism/gun-barrel combination unit.
The frozen hydrogen inventory in the extruder is about
1.96 cm3 as determined the inside diameter of the brass
sleeve (0.5 cm in diameter) and the useful piston travel
(10 cm). An extrusion nozzle dimension at an entrance
to the gun section is 1.6 mm x 3.2 mm (rectangular-
type cross-section). A pellet size is 1.5 mm in diameter
and 1.6 mm in length. The chambering mechanism and
a fast-opening magnetic valve can be operated at a
repetition rate of 10 Hz or more without a solid
hydrogen-isotope. A cooling-down time of the
cryogenic extruder is within 90 min. with a liquid
helium consumption rate of 15 {/h. The three
coolers are cooled down to about 5 °K, enough to
. freeze hydrogen-isotope gas. Extruding performance
tests have done to study the formation of solid
hydrogen-isotope. Good quality of solid-hydrogen
filaments is formed and extruded under condition in
Table I1.2.3-1. The hydrogen filament is extruded at a
speed of about 24-32 mm/s, 4 times of the piston
speed. In delivering tests of pellets, repetition rate
obtained is 5 Hz to date.

Fig.[1.2.3-1 Multi pellet injector (extruder type).

Hz P2 Gas

-———Pisien Shalt

Propellsnt Gas

Gun Barrel

-3rd Covler

Table I1.2.3-1 Conditions of freezing
temperatures of the hydrogen gas and of
the extruding of the solid hydrogen.

Parameter I Cendition

Temperatures
151 Cooler
2nd Cooler
3rd Cooler

14~18°K
10~ 11"K
10~11°K

Condensation

Pressure 750~900 Torr

Condensation

Time | ~2 min.

§~8 mn/s

Piston Speed

2.3.2 Time-of-flight (TOF) neutral particle diagnostic apparatus
The TOF diagnostic apparatus is installed on the top of the JFT-2M vacuum vessel as

shown in Fig.J1.2.3-2. The system consists of the chopper, the flight tube, the detector and a
turbo molecular pump. The chopper consists of a rotating cylinder with slits driven by a TMP
(Ohsaka Vacuum TG360M) and a fixed stator slit. The cylinder does not intersect TMP blades,
such that the TMP works as a pump as well as a chopper. The cylinder is made of aluminum alloy
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and there are 9 pairs of slit on it. One slit of
gach pair is narrow (0.15mmW x 6.0mmH)
and the other is wide (3.0mmW x 6.0mmH).

Pressure

Just After Discharges

Detector

) .. ) . R <7
The wide slit is required such that no particles ~12x10" Torr —1 (~1 P?&:S]lﬁ'e Torr)
~1.3x167 Tore between discharges

coming through the chopper slit are cut off

during flight through the cylinder {2.3-1].
The size of stator slit is 0.15mmW x
6.0mmH. The vacuum condition is well as
shown in Fig.II.2.3-2. There are two ' .
windows 40 degrees away from the neutral
path to monitor the particle gating. A He-Ne
laser and an avalanche photo diode (APD)
detector on an X, y, z and rotation stage are
set in front of the window. Then the wrigger
timing of this monitor can be changed by
changing the position of a slit between He-Ne
laser and APD. The calculated energy
resolution depends on the particle energy and
is less than 20% at 1000eV/amu for 1.5m
flight length. Since the cylinder, which has 9
pairs of slit, rotates at a speed of 36000rpm, the neutrals are chopped in bunches every 185usec.
This 185sec is the minimum time resolution of this system.

The detector (Hamamatsu R943EMT) is a secondary electron multiplier with Be-Cu plate.
The detector is magnetically shielded by a 1cm iron and magnetic shield case (Hamamatsu E989-
26). The Be-Cu plate has an efficiency to detect electrons, ions, photons and neutrals. In the
tokamak environment, the unwanted charged particles are automatically deflected by the stray
magnetic fields. But the unwanted intense photons cannot be rejected from the neutral outflux.
We use a switch-off technique of R943EMT to distinguish intense photons from the neutral
outflux. The gate assembly (Hamamatsu C1392-03MOD) controls the switching of R943EMT by
applying an inverse voltage at 2nd and 4th dynodes. The duration of this switch-off depends on the
TTL pulse width. The negative emission coefficient of Be-Cu plate by neutral atoms (M) is a very
important parameter to evaluate the energy spectrum. The value of 1 was carefully calibrated by
Verbeek[2.3-2]. We use the value of 1} reported by Verbeek by a fitting curve. The gain of the
The gain calibration

= [.5m

Pressure
between discharges

Vacuum Vessel

Toroida! Coil

Fig.11.2,3:2 The installation of TOF system on JFT-2M.
The vacuum condition at chopper and at the
detector is also shown.

electron multiplier is also important to evaluate an absolute neutral flux.
depending on a negative HV is performed by Hamamatsu K.K. using an electron beam. The
electron multiplier output (current) is converted to a voltage by a preamplifier (2.05x103 V/A) and
is digitized by a CAMAC transient recorder controlled by a personal computer system.

References

[2.3-1] Y.Miura, F.Okano and Y Matsuzaki, “Low energy Neutral Particle Energy Analyzer by Timz of Flight

Method”, JAERI-M 89-018 (1989) (in Japanese).
[2.3-2] H.Verbeck and W.Eckstein, [PP Report IPP9/45 December 1983.
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III. COOPERATIVE PROGRAM ON TOKAMAK EXPERIMENT

1. DIII-D (Doublet IIT) Experiment

Recent new device capabilities have enabled new tokamak operation regimes to be entered.
Completion of a neutron radiation shield around the DIII-D tokamak allowed deuterium neutral
beam operations with improved confinement and increased injection power of 20 MW. A number
of diagnostics improvements have occurred this past year including a UCLA microwave scattering
system for turbulence studies, a new dual channel UV spectrometer and an X-ray spectrometer
from the Soviet Union. The accomplishments of the DIII-D program over the last year have been

substantial and are summarized as follows.

A record plasma beta of 9.3 % was
achieved with a double-null divertor operation and
values of 8 % beta were sustained for 0.9 sec.
These values are well beyond that needed for IT-
ER and now high beta H-mode plasmas with 5.2%
(total stored energies of 3.6 MJ) have been realized
at full 2.1 T toroidal field. A new discharge regime
with normalized beta ( pt/(I/aB)) as high as 5 has
been explored(Fig.II1.1-1). These discharges are
calculated to be near the theoretical stability limit.
Further increased understanding of the dependence
of the beta limit on profiles offers the possibility
that with direct control of current and pressure
profiles steady-state operation at even larger values
of normalized beta may be possible.

Helium-glow conditioning of
the vacuum vessel walls, field error

12

t Leser .
.

By (%)

0O 05 1 15 2 25 3 35
I/aB  (MA/m/T)

Fig.Ill.1-1 Volume average toroidal beta of DII-D
discharges vs. normalized current. The
open circles highlight the highest beta
discharges at each I/aB. The squares are
the calculated theoretical beta limnit [1-1].

Deuterlum Plasmas

compensation and deuterium operation
have produced tripled ion temperature
to 17 keV reaching levels required for
ignition. In this hot-ion H-mode, local
transport analysis indicated that the ion
thermal diffusivity is close to the neo-
classical value and the heat loss is "
dominated by electrons. In addition,

lon Temperatura
Ti (2 (ke¥)

JET 88
DD g0 gt T 8

ol-D 9 @

DIil-D 39 @
DIHD 83 @

Dlsw%) e
TRHYT @ gy AMCCE OFAB
1 1

the energy confinement times of 0
deuterium H-mode plasmas as high as
0.34 sec have been achieved. These
significant values in DIII-D are
indicated as an increased fusion

1"

Fig.II1.1-2

n 0 10 an

10 a
n, [QYTe{m " sec)

High temperature and high confinement DIII-D plasmas
are shown in the Lawson diagram indicating ntT of
1020m3sec keV.
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ignition parameter n7T to 102%m- sec keV in Fig.IIL.1-2. A coordinated H-mode size scaling
study was carried out with DIII-D and JET. By adjusting the frequency and amplitude of ELMs, a
10-second-long pulse of H-mode discharge free from deuteron density dilution: and radiation
collapse (slowly decaying Zeff) was demonstrated to be possible.

An array of ten inside launch waveguide magnetic probe -
systems for ECH heating were successfully magnetic fluctuation
operated with power levels up to 1.8 MW at 60
GHz, resulting in important physics data such as
efficient heating for electrons, H-mode, ELM
suppression, sawtooth suppression, preioni-
zation (breakdown with electric field as low as
0.15 V/m) and also rf driven current of 50-100 =
kA level. One MW ion Bernstein wave ICH Fr:ﬁuensgy(lflqiz)m

experiments were carried out and indicated reflectometer signal -
density fluctuation p,

coupling limited to the edge without central
heating.

As to the H-mode physics study, a
sudden increase in the edge poloidal flow (or
equivalently inward directed radial electric field
of about 30kV/m) has been observed based on
spectroscopic determination of plasma rotation
and correlated with the L to H-mode transition.
A decrease in associated plasma fluctuations wWas  gjg111.1-3 Bdge magnetic and density fluctuations drop
measured with microwave reflectometry and FIR f;gse‘if:ﬂiti‘r I};?ﬁigﬁ;";; hg;c“’wave
scattering. These new measurements are being - UCLA[1-2].
compared to H-mode theories. A drastic drop of
fluctuation level associated with L to H transition is shown in Fig.ITL.1-3.

During the Japanese fiscal year 1989 a total of six individual scientists from JAERI
contributed to the productivity and progress of the joint research program in the fields of
coordinating the fluctuation studies and to an active participation in the U.S. Transport Task Force,
ECH experiments and TORAY code calculations, the poloidal field measurement by motional Stark
effect, the density fluctuation studies with the diagnostics improvement for the evaluation of the
suppression depth of edge fluctuations, and the high beta study. Papers concerning the plasma
shaping control for divertor equilibria [1-3], ELM activities with the ballooning stability analysis in
highly shaped H-mode discharges[1-4] and edge magnetic fluctuations in L-mode plasmas[1-5]
have been prepared for publication in journals.

In 1989 construction work on an Advanced Divertor Program(a combination of divertor
baffle/biasable divertor plate structure), 2 MW 110 GHz system utilizing 0.5 MW gyrotrons, an
antenna for fast wave current drive, and new diagnostics were initiated. During the next year the D
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1II-D program will emphasize transport studies at high beta both with detailed experiments as well
as with fluctuation diagnostics. Beta studies will investigate higher elongation and triangularity in
double-null divertor operation. Heating and current drive will be explored with 2 MW ECH, 2
MW ICRF and 20 MW neutral beams. |

Continued discussions between the US and JAERI resulted in a plan for a joint multi-
megawatt high power ECH program at the 16th Steering Committee meeting at Naka site. The
basic idea is as follows: Through the vigorous support of the USDOE, 0.5 MW level gyrotrons are
now available and MW-level gyrotrons operating at 110 GHz with CW capability will soon be
available. A US-Japan ECH collaboration has been proposed to capitalize on the availability of
this new higher power ECH source. Subject to the availability of funds, a system with five MW-
level gyrotrons will be fabricated and then used for approximately one year of commissioning and
experiments on DIII-D, for the first time in the world with this power level. Following its use on
DIII-D, the equipment will be transferred to Japan for installation and conduct of high power ECH
experiments on the JT-60U tokamak. Two working groups to investigate the implementation of
this program were established.
References
[1.-11 JR.Ferron,et al.,Phys. of Fluids B2(1990)1230
[1.-2] K.H.Burrellet al.,ibid. 1405
[1.-3]  S.Kinoshita.ct al., GA-A19584(1989)

[1.-4] T.Ozekietal . GA-A19495(1989)
[1.-5] Y.Neyatani.et al.,GA-A19698(1989).

2. Microwave Tokamak Experiment
2.1 Present status of MTX experiment

The Microwave Tokamak eXperiment (MTX) is a project to heat a plasma using extremely
intense microwave pulse from a Free Electron Laser (FEL) at Laurence Livermore National
Laboratory (LLNL) in U.S.A. Collaboration between JAERI and LLNL under Annex VI to the
Japan-US Implementing Arrangement began in May 1988.

MTX tokamak started operation and a target plasma for FEL microwave injection had been
gstablished in the last year. The first FEL microwave pulse was injected into the plasma for this
year. During the run period ending the 10th of November, microwave pulses up to 150 MW at 140
GHz were generated and transmitted on the quasi-optical system to the tokamak. Transmission
measurements were carried out showing no evidence of nonlinear effect at this power level.

2.2 Contribution of JAERI

2.2.1 Diagnostics in JFY88

1) Soft X-ray system has been installed on MTX and after a process debugging and
characterization of the electronics, data has been taken with 100 ns time response, which is the
expected design value. Examples of data are shown in Fig.I11.2.2-1.

2) Neutron Diagnostic System has been installed on MTX and finished a debugged and
characterization of the electronics. preliminary data have been obtained during this year because
of a few deuterium discharges.
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and associated equipment are Xl?;izg chan | SHOT 3163  JAERL Soft X ray (Te)
installed in the microwave ;’gf
transmission line at the 2%: [ v T
entrance to the tokamak and S 4 1s 1B 20
have been used extensively in X‘O'é chan 2 SHOT 3163  JAERL Soft X ray (Te)
the FEL experiments. Many 1355’ -
140GHz microwave diagnos- zj'g’ C S el
tics mainly made by LLNL are . o 2z &8 Hsme L‘:o_z (;2) '+ 18 18 20
installed in this box. ﬂq: than3 SHOT 3163  JAERL Soft X ray (Te)
Neutral diagnostic system 'jé’ -
has been calibrated by neutron s | R ——
source installed inside tokamak "o 2z & & 8 10 12 14 1§ 18 2

time 2102 (s}

vacuum chamber and has also

been checked with electron
temperature of high density MTX

Fig.II1.2.2-1 Soft X-ray signals from MTX tokamak. Currently 3
energy channels are testing time response of
detectors {photon flux).

tokamak discharge. The system has been operated routinely. Soft X-ray system installed on MTX

in JFY88 has also been operated routinely.

2.2.2 Diagnostics in JFY89

1)

2)

3)

4)

The following diagnostics were sent to LLNL in March 1990:
Soft X-ray Camera, which is an upgrade of the soft X-ray system, consists of 2x10 sensor
channel (with one backup sensor) and additional 6 channel digitizer system. The 2x10 sensor
channels were made with the largest sensitive area possible for the MTX port size.
Second Harmonic Electron Cyclotron Emission Monitor (ECE) looks from the inside wall of
the tokamak to observe a heated electron. LLNL made and installed the antenna and interface to
the tokamak. This system has 2 frequency band for observation at near the center where
microwaves are absorbed and near the edge where some nonlinear parasitic absorption may
occur. Bach band is separated into 2 channels at intermediate frequency to extend a spatial

resolution.

Three microwave mirrors are used at the quasi optical transmission line to change focusing of
the microwave beam.

Microwave dummy load system for intermediate power was made to measure a calorie of
energy from the FEL microwave pulse. The sensitivity is several tens of joule minimum and up
to several hundred watt with continuous input. This will be used for gyrotron testing at first.

2.2.3 Diagnostics in JFY90

In JEY90, JAERI will provide : (1) Microwave Electric Field Diagnostic System and (2)

Reflectometer for density fluctuation measurement.
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The former, so-called Laser Assisted Particle Probe Spectroscopy (LAPPS), will be made
with collaboration of several participants: JAERI, Hiroshima University, University of California
at Davis, and LLNL. We have had many work shops on this item this year. Although the
measurement appears difficult for a variety of technical and physical reasons, calculations indicate
that it should be possible. A part of neutral beam injector was already made in JFY 9.
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IV. JT-60 PROGRAM
1. Overview

During the past year, the JT-60 tokamak research program has made significant advances
and contributions in many areas. An important feature of this work has been the combination of
achievement in advancing the operation parameters of tokamaks toward the reactor regime and
development of a better understanding of the physics mechanisms underlying tokamak behavior,
especially in the areas of confinement, divertor function and current drive. There were two major
additions to the operation area during 1989 that have had a significant impact on expanding the
performance capability of the tokamak: 1) a four-barrel pneumatic pellet injector with speed of 2.3
km/s and sizes of 3 mm and 4 mm, and i) a new multijunction-type lower hybrid launcher with
sharp power spectra of ANyt ~0.5 and high directivity. These additions have allowed us extensive
capabilities in plasma density and current profile control and it has allowed the confinement
program to be extended into more relevant regimes of higher center peaked plasma pressure, and
more clear profile control in the production of high energy electron current. Associated with these
additional equipments, research effort has been the work on 1) improvements in plasma
confinement with profile control and 2) steady state operation study. Experiments have been
carried out in the wide range of parameters: 0.5x1019 m-3 <fi.< 1.8x1020 m™3, 0.3 MA <Ip < 3.1
MA, Br< 4.8 T, PNB < 23 MW, PLg <7 MW and Pic < 2.5MW. Both limiter and lower X-point
divertor configurations were employed. The operating gas was hydrogen and, in some cases,
helium.

Improvements in confinement were demonstrated with pellet injection, LH current drive,
high-Ti mode operation or ICRF. Peaked density profiles of ne(0)/<ne> < 4.5 were produced with
successive three or four pellets injection. The sawtooth period was prolonged up to 1 sec by the
pellet injection. Both density and pressure profiles were peaked inside the q=1 surface. The
electron density and the total pressure at the plasma center reached 3x1020 m-3 and 2 atms,
respectively. The energy confinement time was improved by 30-40 % relative to gas fuelled
dischargcs for NB heating of 5-15 MW. The achieved ne(0)TgTi(0) is 1.2x1020 m-3skeV at
Ip=3.1MA, which is twice that of gas fuelled discharges. A clear correlation was found between
the improved stored energy inside the g=1 surface and the peakedness of density profile. The
maximum value of the local pressure gradient inside q=1 surface and the onset condition of the fast
crash are consistent with ideal MHD ballooning and low-n kink stability analysis.

The control and understanding of sawtooth stabilization with LH current drive has been
extensively investigated with the new LH launcher. A broad high energy electron current profile
was obtained with high Ny injection. On the other hand, low Nj injection was effective for
suppression of sawtooth activities. Low-Nj;LH current driven discharges with high power NB
heating showed centrally peaked high energy electron current and ion temperature profiles during
the sawtooth free periods of up to 1.8 sec. The appearance of sawtooth at a finite minor radius at
the switch-off of LH , and the existence of m=1 oscillation in some marginally stabilized discharge
suggest that q(0) may be less than or equal to unity during sawtooth suppression period. From
the correlation between the sawtooth stabilization period and the intensity of high energy electrons
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near the plasma center, it is expected that the existence of high energy electrons or local current
profile modification may be possible keys to the sawtooth suppression mechanism.

The extension of the operation regime of LH current drive has greatly benefited the
confinement program. The H-mode was achieved in limiter discharges with LH current drive for
the first time. Simultaneous application of RF powers at two different frequencies such as 1.74 +
2.23 GHz or 1.74 + 2.0 GHz appeared to be effective in the attainment of the H-mode. The
threshold lower hybrid power was as low as ohmic heating power with hydrogen plasmas. Nearly
steady-state ELM-free H-mode with durations up to 3.3 sec was established without significant
impurity accumulation. ‘

The extension of JT-60's NB perpendicular injection into high field (B1=4.5T) and low
plasma current has successfully yielded high-Ti and high-Bp discharge regime . The discharge
was realized with ~20MW NB injection into low density(~0.5x1019m-3) lower X-point discharges.
For the Ip regime of 0.5-0.7 MA (qefr=8-13), the discharge showed no sawtooth activity. This
resulted in an improved confinement, a peaked density profile of ne(0)~6x101%m-3 and high Ti(0)
of 12keV. In these discharge a clear correlation was found between the peakedness of ion
temperature and electron density profiles.

Effective acceleration of high energy ions was observed in the H-minority He plasma by
the combined heating of NB and ICRF with second tc fourth harmonics of hydrogen cyclotron
frequency. Giant sawteeth with a maximum period of 410 ms were observed. The energy
confinement time was improved by a factor of 1.2 during the giant sawtooth period.

The main experimental issues for the steady-state operation research were non-inductive
current drive and particle and heat control with divertor . LH current drive experiments were
carried out for a wide range of Ni(1.0-3.4). The current drive efficiency T\cp was proportional to
the product of 1/Ny2 and accessible power fraction, i.e. spectrum dependence of T)cp showed a
good agreement with Fisch's theory. The maximum Tcp of 3.4x1019m-2A/W has been achieved
with LH injection of 2-4.5MW for lower X-point discharges with 0 up to 3.0x1019m-3 and Ip=1-
1.75 MA. The achieved value is well approaching 5x101%m-2A/W, which is the efficiency

necessary for the ITER steady-state operation.
The neoclassical bootstrap current was confirmed in the wide range of Bp. The ratio of

bootstrap current to the total current increased in proportion to Bp and reached 80 % at Sp~3.2.
The existence of the bootstrap current was also demonstrated by keeping the primary OH current
constant and measuring the decay time of the total current. The result is encouraging for the design

of high-Q(20-30) steady-state tokamak reactor.
One of the major problems in the next-step device is the exhaust of fusion produced a-

particles. To simulate the a-particle production in D-T plasmas, 30keV helium NB was injected
into NB heated lower X-point discharges, which produced centrally peaked birth profile of -

particles. Both the Hp and helium pressure in the divertor region increased in proportion to 3.
The helium pressure reached 0.02 Pa (10% of Hj pressure) at T,=5x1019m-3, in which a-particle

density is 10% of the main proton density. A simple extension of the present result is promising
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for the helium exhaust in future device; pump speed of several tens m3/s will be sufficient for
1000MW fusion power reactor operating at fe=1x1020m-3.

Another major problem of present and next-step device is the divertor plate heat flux, in
which a solution is expected to produce strong remote radiative cooling in the divertor region. The
capability of remote radiative cooling has been extensively investigated with high power NB
injection of ~20MW in lower X-point discharge. Over a threshold main plasma density and safety
factor, strong remote radiative cooling of up to 50 % of the total input power was observed in JT-
60. Under this situation, discharges with 23MW NB injection showed no carbon burst during
whole injection period of 4 sec. " Measurement of Ho and carbon lines and heat flux density
revealed that the divertor plasmas are dense and cold (negiv~2.4x1020m-3, Tegiv~26€V), and the
remote radiative cooling is a mixture of carbon and hydrogen radiation.

2. Operation
2.1 Summary
The operation schedule of JT-60 e
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for the helium exhaust in future device; pump speed of several tens m3/s will be sufficient for
1000MW fusion power reactor operating at Fe=1x102%m-3,

Another major problem of present and next-step device is the divertor plate heat flux, in
which a solution is expected to produce strong remote radiative cooling in the divertor region. The
capability of remote radiative cooling has been extensively investigated with high power NB
injection of ~20MW in lower X-point discharge. Over a threshold main plasma density and safety
factor, strong remote radiative cooling of up to 50 % of the total input power was observed in JT-
60. Under this situation, discharges with 22MW NB injection showed no carbon burst during
whole injection period of 4 sec. Measurement of Ho and carbon lines and heat flux density
revealed that the divertor plasmas are dense and cold (nediy~2.4x1020m-3, Tegiy~26eV), and the
remote radiative cooling is a mixture of carbon and hydrogen radiation.

2. Operation
2.1 Summary
The operation schedule of JT-60 ——
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as follows. First, the operation time —_
increased by one hour to 8:00-22:45 in
FY 1986. Secondly, daily checking time
~ required for startup and shutdown
decreased according to operational
experience. Thirdly, troubles and time for
its repair are greatly reduced by
improvement of the electrical insulation
check system, development of the leak
test system. As shown in Fig.IV.2.1-3,

Number of Shots

e Fy '8 g:5] ‘87 ‘88 89

FigIV.2.1-2 Average number of shots per day by -

the average number of troubles per day fiscal year

decreased from 5.1 in FY 1986 to 2.0 in 6. -
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fe L 158 E
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FY 1989, we carried out 2,299 shots of Z, 1% %
experimental discharge. The total number ..5‘5 ™ %
-4 d v
of shots for the past five years amounts to 3 {se £
E Number of Troble per Day e
8,990. 2 1T _ 1 £
= = = Down Time by Troubles per Day 8

5}

a L . . . s
FY '86 '8 BT g 88

Fig.IV.2.1-3 A summary of trouble analysis
2.2 Tokamak :

2.2.1 Operation and maintenance

After the operation period(Jan.-Apr. 1989), we replaced the damaged first wall tiles
including those of the divertor armors, went through the official inspection on the high pressure
gas devices such as the liquid nitrogen supplier of the pumping system and the solid fuel supplier
of the pellet injector, replaced several number of the all-metal gate valves which suffered with
vacuum leak at their respective membrane, and installed the in-situ coating devices with running
tests for titanium evaporation to the carbon wall that was to be performed in the following
operation period starting in June.

The pellet injector, after modification, was operated successfully recording the pellet
speed of 2.3 km/s, which contributed greatly to attain a recording value of the fusion
integration ntT.

Titanium coating to the carbon wall was performed with two in situ coating devices
applying a filament assembly respectively containing 40 g titanium in the cases that the vacuum
vesse! was in baking and not in baking. It contributed to develop the experimental space. The
operation period ended on 27th October 1989. Putting safety measures on the devices and
instruments for their long time stop, the construction work for modifying JT-60 for higher
plasma current operation started.
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During the concerning operation period, we came across several events which required
days of machine stop for countermeasures. The major events can be stated as follows.
(1) Drop out of sliding supporter for anti-quake rod

In July 1989, the grounding circuit for the vacuum vessel was found in disorder. It
was found that a sliding support for one of the ten antiquake supports of the vacuum vessel
dropped out causing short circuit between the vacuum vessel and the support structure for the
poloidal coils. It came from the fact that a key restricting move of the slidirig support rose up
from its standard position due to repeated vibration of the vacuum vessel. The dropped out
sliding support was partly machined, and installed in its own position modifying the stop key
not to rise up again. '
(2) Vacuum leak at the bellows of a large diameter port

In October 1989, during experimental operation with baking, a vacuum leak (12
Pam3/s) took place at the bellows of a large diameter port for pumping system. Lowering the
temperature of the vacuum vessel and filling it up with nitrogen gas, the bellows was taken up.
A metal blind plate was welded to the rest of the port. Inspecting the inner surface of the
bellows, a piece of carbon wit}3 evaporated titanium (Smm x Smm x 2 mm) was found, and
beside that was a pin hole of 1 mm diameter likely melted by the hot piece.

2.2.2 Outgassing mechanism after current decaying phase in disruptive and normal
discharges[2.2-1]

The outgassing from the first wall made of graphite has been investigated with a newly
developed pressure gauge. This gauge can measure the pressure near hydrogen plasmas in a
fast response time (<10 ms). Large amounts of gases are abruptly released in two stages
during a distuption of the plasma. The first gas-release occurs at the same time as the soft x-
ray crash. This is ascribed to the heat flux due to the loss of the plasma thermal energy
(thermal quench). The second appears during the current decay phase. This is caused by the
heat flux due to the loss of the plasma magnetic energy. The disruption of a 1 MA plasma
outgases a surface area of ~10 m?2, The typical disruption releases 30-80 Pam3 of gases in .30
ms. Then three quarters of them return to the wall. Nevertheless, the evacuated gas quantity
after a typical disruption is almost equal to or greater than the input. On the other hand, the
evacuated quantity after a normal discharge is less than the input. The outgassing occurs after
the end of the plasma with quiet current decay. It holds for ~30 s with rates decreasing
gradually from 1-2 to 0.1-0.2 Pam3/s. The hydrogen atoms probably diffuse from the bulk of
the graphite after ions and charge-exchange fast neutrals from the plasma impinge into the wall
during the decay of the plasma current. The activation energy of the bulk diffusion is estimated
to be less than 1.5€V.

References
[2.2-1] N.Qgiwara and M. Maeno, to be published in J. Vac. Sci. Technol Sep/Oct (1990).
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2.3 Control system

 In this operation period from April to October in 1989, no big modifications were
performed in the JT-60 central control system ZENKEI [2.3-1], and then it functioned very stably.
The number of the troubles occurred in ZENKEI amazingly decreased to only 16, which
corresponds to about 9 % of the total number of the troubles in JT-60. Most of the troubles were
due to hardware troubles in the interfaces of CAMAC and GPIB. Software trouble was extremely
decreased in the quality control activities performed in the software development. The total time to
restore was about 8 hrs., which corresponds to about one third of that occurred in the previous
year.

References
{2.3-11 I Kondo, et al., Fusion Engineering and Design 5 (1987) 69.

2.4 Power supply system

The JT-60 power supply system[2.4-1] consists of the toroidal field power supply system
(TEPS), the poloidal field power supply system (PFPS) and the motor generator for the plasma
heating system (H-MG). Each system has one motor generator (MG) as an energy storage device.
In FY 1989 the TFPS’s MG, the PFPS’s MG and the H-MG were operated for 1158.4, 1164.4
and 1275.8 hours, respectively. These MGs have been operated for about five years since their
completion, so they were overhauled in turn from November 1989. The overhauls of the PFPS’s
MG and the H-MG were finished in FY 1989.

In the operation of this fiscal year, 23 troubles occurred in the TFPS. Most of the troubles
were caused by mismovement of the devices to detect the system malfunction. The troubles
occurred in the PFPS amounts to 92, most of which were due to overcurrent or overvoltage which
were induced by plasma disruptions. The H-MG had no troubles in this period.

The auxiliary system, which consists of the secondary cooling system, the power
distribution system and the emergency power supply system, has been operated smoothly in FY
1989.

References
[24-1] R. Shimada, et al., Fusion Enginecering and Design 5 (1987) 47,

2.5 Neutral beam injection system

JT-60 neutral beam injection system ( JT-60 NBI ) is originally designed to inject 20 MW
neutral hydrogen beams at energy of 75 - 100 keV with 14 units. From the requirement of
increasing the injection power at the moderate beam energy of around 70 keV, the ion sources were
modified to increase the extraction current by adjusting the gap lengths of the acceleration grids
[2.5-1]. The JT-60 NBI was operated with modified ion sources in 1989, Fig.IV.2.5-1 shows the
troubles in 1989. Half of them were the troubles of the control system.The number of the troubles
decreased compared to that of the initial operations, which was 259 in 1986. However, there are
not big difference for the past three years.
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In order to simulate
. - . . The Items of Trouble
the behavior of helium ash in ('89/1/9 ~ 10729)
D-T fusion reactor, the
a . § 0. . . . t Ion Source (1.9%)
helium beam injection into a ‘ ===, Beam Line Components (19.4 %)
hydrogen plasma heated by !
the hydrogen beam injection Control System (48.1%}{
was required. One unit out of
the 14 units was modified for
the helium beam injection.

ower Supply (30.6%}

Since the mass Wﬁight The Nems cf NB! trouble The number of troubles
R . . . Control syslem 52
of the helium ion is four times Cooling (Waer] System 0
Power Supply 33
1 1 Cryegenic Sysl 0
heavier than the hydrogen ion, rpogenic SYEm s !

. . RAuxiliory ¥ stem

two times larger reflecting o Somrce S 0
Tota? J 108

magnetic field is required to
maintain the same orbits of Fig.IV.2.5-1 Troubles of JT-60 NBI operation in 1989

helium ions as those of

hydrogen ions. ,

The maximum acceleration voltage with helium beam is limited to around 35 kV due to the
current capacity of the reflecting magnet power supply. To increase the injection power, a single
stage acceleration system was used. It can be achieved easily by changing the connections of the
power supply and the ion sources. After the beam extraction test on a proto type unit, the helium
beam injection into JT-60 was performed using a unit. The other 13 units injected hydrogen beams
to generate a reactor-grade plasma.The helium beams of around 31.5 kV, 40 A were extracted from
the two ion sources. The maximum pulse length was 3 sec {2.5-1].

Since a cryopump system of JT-60 NBI cannot pump out helium gas, a special gas
pumping system is necessary in the long pulse injection of helium beam. The cryopump was
modified to a cryo-sorption pump [2.5-2] by adding SFsé gas feeder tubes. SFs gas was condensed
on the surface of the cryopanels at 4K ahead of pumping the helium gas. The condensed surface
layer of SFs gas has capability of helium gas pumping at a liquid helium temperature. Prior to
helium gas pumping operation, the SFs gas of about 40000 Pa.m3 was fed onto the large size
pump ( 1 m in width x 4m in height, roughly ) and about 6000 Pa.m3 onto the small size pump (
0.6 m x 1m, roughly ). The total pumping speed with six panels ( total pumping area : 15 m?2 Yof
the cryo-sorption pump is about 800 m3/s for helium gas at the pressure of the order of 10-3 Pa.
The cryo-soption pump was operated well with long pulse helium beam injection up to 3 sec, and
any problem was not found {2.5-3].

References
[2.5-1] Kuriyama M., et al., Proc. of 13th Symp. on Fusion Enginecring, Knoxville (1989) p.996.

{2.5-2] Shibanuma K., et al., J. of Vacuum Soc. of Japan, 31-5 (1988) p.311 (in Japanese).
[2.5-3] Kikucht K, et al., JAERI-M 90-056.
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2.6 Radio frequency heating system
The radio frequency heating system in the JT-60 is composed of three units of Lower
Hybrid Range of Frequencies (LHRF) heating system with 2 GHz band 24 MW output power and
one unit of Ton Cyclotron Ranges of Frequencies (ICRF) heating system with 120 MHz band 6
MW output power [2.6-1]. In this period, multi-MW rf power was injected and basic rf
experiments were successfully performed, such an improvement of confinement by using two-
frequency LHRF waves injection [2.6-2], and an efficient minority heating in ICRF. [2.63]

The operation of klystron in the LHRF have reached about 3300 hours in NEC LD4444
and 5000 hours in Toshiba E-3778 since the initiation of operation. Though the klystron can
operate for one or two weeks, we must perform spot knocking after the operation to recover the
deterioration of withstand voltage. However, there have been several klystrons that could not
recover the withstand voltage. We performed to repair the electron guns of the klystron in that
case. The improvement points are in the followings.

1) Cathode material is changed from oxide coating into metal coating, which reduces barium
detachment from a cathode.

2) Gap between a body and an anode and that between an anode and a cathode are enlarged, which
reduces electric field intensity.

3) The configuration of a corona ring is Improved design Previovs. design

changed so as to reduce electric field Body j \ Body

concentration. _ Cotona- fing > £ Corena - ring

4) The cathode ceramic makes a taper type ‘DL. e

with difference in level, which reduces the Cerotmic

electric field intensity and increases distance Anode [;_4 ™ Rnade

along the surface, and can reduce the effect of Wehnell ™ Wehaell

the discharge due to detached impurity. etol Cooie mpregaled
These configuration is shown in 1P ]\Mnojm ﬁ Cothode

Fig.IV.2.6-1 compared with the former ' l:"r““'*““q

electron gun. The improvement of the Ceropic Ceramic

electron gun brought the successful recovery

of withstand voltage to reduce the crowbar |

operation to continue satisfactory klystron L. |

operation, which were shown in Fig.IV.2.6- .
2. The smallness of the number of crowbar &7V %1 fﬁ,‘;’é’:ﬁﬁfﬁpﬁgﬁﬂnﬁ?ﬂ;ﬂdf:ign
operation means the stable operation in
klystrons.

" In this period, the DC break in LHRF system made arcing at a certain frequency. The
design change of choke structure in the DC break was made to avoid arcing.

Operation of the ICRF heating system was performed in this period without serious

problem. The test of the phase-shifter is performed. The contacting part in an inner conductor

was changed from a finger type into a multi-lam band type. This improvement brought reliable



JAERI-M 90-162

operation of 10000 cycles and the driving length
of 1000 m at 120 MHz with 2 kg/cm?2
pressurized condition. Since guard limiters made .
of molybdenum with thin carbon coating was . nE
damaged during operation, the material of the :

120

guard limiter was replaced by carbon tiles.
Some of troubles of stub-tuner and some
discharge in an inner conductor of coaxial cable
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occurred during operation, however, the quick
restoration was made for continuous 1f operation.
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FigIV.2.6-2 Reduction of crowbar circuit operation
i i after the improvement of electron gun.
2.7 Diagnostic system

In the phase of JT-60 shut-down (May 1989), some diagnostic systems were improved. In
the Hg monitor systems, the Hg line could be monitored in all discharges by inserting filter in
order to reject the carbon lines, and the long pulses(75msx3) in the active beam system could be
injected. In the phase, the millimeter wave plasma radar, the grating polychromator and the
Zeeman polarimeter were newly installed. These three new systems are described in section
Iv.3.7.3. The JT-60 diagnostic system and status at the end of October 1989 are summarized in
Table IV.2.7-1.

Table IV.2.7-1 Status of the JT-60 diagnostics systems

Diagnostic Subsvysten ificati Status
System i Specification etc. Oct, 1989
A-1 a., Sub-mm Wave €0, pumped CH., OH LASER, 2 chords
Electren Pensity |Interferometer Ane = 1x10%7 2 Operational
Measuring System
b, 2-mm Wave 1 cord, o ct 1
Interferometer Ao, = 1x;0% - perationa
Millimeter Wave Ges Ne (T)
Plasma Radar System | 6%101P < ng < 3x10%% m~? Operational
A2 a. Fourjer Transfcrm Fourier Spectrometer real time FFT, Operational
Electron Spectrometer At = 10-30ms pet a
Temperature
Measuring System |Grating Polychremater| 20 channels. At 2 20 us Operational
Diagnostic System Afx ~130 pe ona
¢. Mulripulse Laser Multipulse, 2 lLasers (At 32 ms) o R 1
Scactering Apparatus 8 points for minor radius perationa
A-3 a. Neutral Particle 45° Deflection Electro-Static Energy Ana-
Ion Temperature Energy Analyser Array| lyser, E=0.1-110keV, ] viewing chord a 5 1
Measuring System E#E Type Mas: Energy Analyser (H,D,He) perationa
E=1-300keV, 1 viewing chord
b. Neutral Particle E/B Type Mass Energy Analyzer (H,D,He} o i 1
Mass Energy Analyser | E=0,1-110keV, 1 viewing chorxd pezationa
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Table IV.2.7-1 Status of the JT-60 diagnostics systems (continued)

Diagnostic . . Status
bsystem .
System Subsy Specification etc Ocr. 1989
a3 c. Active Beam Hg Beanm (200keV, 3.3A, Multi-Pulse), Operational
- #B T , B=5.3°
Ton Temperature S¢cattering Apparatus £#B Type Mass Energy Analyzer 5.3
Heasuring SYSTem |4 yoyrron Detector KE 213 Liquid Scintillation Neutrom Spect- t'oﬁal
rometer, E=l,5-4MeV Operati
Tangential CX Neutral E/E Type Mass Energy Analyser (H,D,He) .
Particle Analyzer E=1-500keV, 1 viewing chord Operational
A=d a. Light Impurity Flat-Field Grazing Intidence Spectrometer
Impurity Spectrometet 3=5-1300&, 4 viewing chords Operational
Measuting System
b. Light Impurity Normal Incidence Vacuum Spectrometer
Spectrometer (Doppler)}| A=600-S000A, Operational
c. Heavy Impurity 2.5m Johann Type Crystal Spectrometer,
Spectromecter (Doppler)| Ti-Ka, Ni-Ko, Kr-Ka Operational
d. Spectrometer for Flat-Field Grazing Incidence Spectrometer Operstional
Divertor A=5-1300A, 1 viewing chord 3
e, Visible 0.5m Visible Monochromator
Monochromator k—2000-7000;, Operational
f. Grazing Incidence 3m Grazing Incidence Monochromator Operari 1
Moniochromater h=10-13004, perationa
Charge Exchange Recow—;Fiber Optics and 0.5m Visible Spectrometer Operational
bination Spectroscopy (8 viewing chords fer Heating Beam P a
Visible Spectrometer Fiber Opties and 0.5m Visible Spectrometer Operaci 1
for Divertor A=400C-70004, P ona
Visible Monochromator |{Fiber Optics and 0.23m Visible rational
for Zgfrs Spectrometer, A=5232A4 Ope :
Zeeman Polarimeter Polarizer and 1.7m Visible Monochromater, Operational
: (Plasma Current Distribution Measurement) P
A-5 a. High Speed Ge(l) X-ray Spectrometer
Radiation Flux Counting PHA E=3-110keV, 1 viewing chord Operacional
Measuring System
b. HQ Moniteor Filcer and Photo Diode, 7 viewing cherds o ational
for Main Plasma and 1 for Divertor per
b'. Pellet Ablation Ho Filter and Multi-channel Photo Dicde Omerational
Moniter 7 for Position and I for Total P
c. PIN Dicde Arrays PIN, 62 viewing cherds for Main Plasma Operational
d. Belometer Arrays Au Bolometer, 31 v%ewing chords for Main Operaticnal
Plasma and 1 for Divertor
e. BX Monitor Nal(Tl), 4 viewing chords Operational

A-6
Peripheral
Plasma

&
Wall Surface
Measuring System

2. Infrared TV

CdHgTe Detector, Temperature Distributien
of Divertor Plates, T=400-1200°C

Operational

b. Visible TV

CCD Camera with Ha Filter

Operational

c. Electre Mapgnetic

15 Channel ;e Probes and a By Probe with

Probes 25kHz Sampling Rate and a Fast @ Probe Operational
with 200kHz Sampling Rate
d. Spectrometer for 2 Visible Spectromerers and Rotary Mirror tional
Periphery A=2000-70004, Operation
A7 CAMAC, Inter-Shot Processor, Real Time Processor, Timing System,
Data Processing | Console Desk, Transient Mega Data Strage Operational
System
a-8 Vacuum System, Vacuum Control System, Power Supply Compressed Air
i Operaticnal
Diagnostic Supply, Water Supply, Support Structure

Support System
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3. Experimental Result
3.1 Pellet injection experiments
3.1.1 Experimental set-up and pellet ablation

Pellet injector is the pneumatic gan type with each two hydrogen cylindrical ice pellets of
3.0mm diameter x 3.0mm length and 4.0mm diameter x 4.0mm length. Pellets are injected with an

angle of 47 degree from the midplane as shown in
Fig.IV.3.1-1. The flight line of pellet is off-axis

with ~10cm separation from the magnetic axisina

limiter plasma configuration. Sciup of diagnostics
are presented in Fig.IV.3.1-1. Ablation profile of
the pellet is monitored by 10ch detector array of
Ha emission. Line integrated density is measured
by 2 chords of FIR submilimeter interferometer,
the nearest point of that line to the plasma center is
~0.5m. Soft X-ray emission profile is measured
by 30 channel pin diode array.

The ablation profiles of a pellet injected OH
and low power NB heated(<~5MW) plasma are
investigated by using Milora's neutral gas shield
model[3.1-1} with self-limiting ablation model
proposed by Houlberg et al{3.1-2]. Good
agreement is obtained between the measured
profiles and the predictions of the neutral gas
shield model in the case of shallow pellet injection
outside the q=1 radius. However, ablation profile
of a pellet with deep penetration inside the q=1
radius at low q plasma (q(a)=~2.2) is hard to be
explained by neutral gas shielding model. Low
magnetic shear inside the g=1 radius of ~0.4 m
seems to be the possible reason of deeper
penetration than the model prediction.

To increase supply of particles in the
plasma core directly, 4 pellets injection in a short
time period of ~50 ms is optimized with low power
NB heating of ~5SMW. Then high density peaking
factor of ne(0)/<ne>y=~3.0 is obtained in 3.1MA
limter plasmas as presented in Fig.IV.3.1-2(
ne(0);central electron density, <ne>y; the volume
averaged electron density). The total radiation loss
is low level ((20% of absorbed power) and no

Pellet

chambey
plasma
surface

Ablation Manitor
FIR (ne)

center
s

FigIV.3.1-1  Diagnostics.

E10814, E10B15
3 T T T
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. [ 800ms

0 1300ms

20 -
ne {x10 w3

1 1 L —_—
o] 0.25 0.5 0.75 1.0
r [em}

FigIV.3.1-2 Density profile after the pellet injection.
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peaked profile of radiation is observed, that

suggests the accumulation of impurity is not severe 3.0 —
in spite of peaked density profile. 2.5 |2 —— 1
Density peaking factor defined at 400~500 5‘ 20 YRR
ms after the pellet injection increases with deeper §° 1:0 )
penetration depth (pd) of the last injected pellet = 4.4
measured by the Ha emission profile as presented 0.0
-0.80 -0.40 0.00  0.40  0.80

in Fig.IV.3.1-3(a). Pd>0.0 means that a pellet

. Penetratlion Depth (cm
penetrates beyond the nearest point to the plasma pth (om)

center. The density peaking factor of ~3.0 is

£
obtained with pd of ~0.5m. Penetration depth of ;_8:1_2 (':)“c ) )
last pellet is almost proportional to the particle s f;'z {
number supplied in the plasma core. Because the = é 0.6 . .
last small pellet penetrates deeper with lower §§0_4 —e
electron temperature, that suggests former two ;0-2 T -
large pellets and one small pellet ablated near the % g e T o.80
plasma center and decreases the electron Penetration Depth (cm)

temperature. The start time of the full reconnected

sawtooth after the last pellet injection is presented  FiglV.3.1-3 ggrr?;%mfg pfea’é‘:;aﬁé‘ ;:ﬁd:i:e of
in Fig.IV.3.1-3(b). A long time period of the the full reconnected sawtooth.
sawtooth-free phase is obtained only at
pd=0.3~0.6m. This suggests that the large supply
of particles inside the q=1 rational surface has the
strong relation with the suppression of the fully
reconnected sawtooth.

3.1.2 Improvement in energy confinement 3.0 ”
The stored energy(WDIA) of pellet injected .
limiter plasmas measured by a diamagnetic loop is :
presented in Fig.IV.3.1-4 by closed points versus 520
the absorbed heating power(Pabs), and that of gas |
fuelled plasmas is presented by open points. The E . 1
plasma current is scanned from 1.5MA to 3.1MA 1o Q/‘2
with NB heating power of <23MW, ICRF power d ?{D gf} EE E §
of €3MW. The maximum increase in the stored 0 S e a4
energy compared with the gas fuelled plasma rises ° ° ;:)bs i:jﬁ, 0w

with the plasma current almost linearly. At Ip=2.8
and 3.IMA, the largest improvement in cnergy FigIV.3.1-4 Stored energy versus absorbed heating
confinement of ~30% with the increased stored power.
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energy of ~0.6MJ from the gas fuelled plasmas is 0.25 ]
obtained at Pabs=10~15MW and the improvement ( Pellet
in the energy confinement degrades with the 2 ozo 1
increase in heating power at >15MW. put o T .
The energy confinement time is improved & 15 S VA
with the density peaking factor as presented in \ 10MW <Pabs<12ZMW
Fig.IV.3.1-5 at Ip=2.8MA and 10MW <Pabs <12 0.10, ; 3
MW. The stored energy is clearly improved with ne(0)/<ne>,
the peaked density pI'Oﬁ]C. For the sake of the FigIV.3.1-5 Energy confinement time versus density
improvement in the energy confinement and the peaking factor,
peaked density profile, the fusion product defined 6
by n,(0)tgTi(0) reaches 12x101%m-3seckeV with 3 .
Ti(0)=3.4keV in 3.1MA limiter hydrogen CR I ERAN
discharges as shown in Fig.IV.3.1-6. Where Ti(0) T SEEE
is measured by Doppler broadening of TiXXI Ko "o kY o ‘}f‘ | |
line. On the other hand the maximum value :w ? JA SN,
obtained by the gas fuelled plasmas is 6.6x10%m- S olse = B fen, ke
3seckeV in 3.15MA limiter discharge. S VL g e,
| He o, T [ % “ﬁo“ﬁja_i'”
o 2rzoem
3.1.3 MHD effect on energy confinement % . T I Ty s s 7
Suppression of sawtooth activity is observed Ti 10 (keV]
during the rise of the stored energy, that suggests the FigV.3.1-6 Lawson diagram.

stabilization of the sawtooth activity is essential for

getting a peaked density profile and improved confinement[3.1-3] . Transport study suggests
suppression of the sawtooth activities with improved particle diffusivity inside q=1 rational surface
and inward pinch with linear function of minor radius are essential to explain the enhancement in
the energy confinement[3.1-4].

BI ( p poloidal defined inside the =1 rational surface ) saturates at high power NB. On the
other hand peaked pressure profile inside g=1 rational surface is observed. So the effect of high-n
Ballooning instability and low-n internal kink instability is investigated. The current profile is
essential in these investigation. Then current profile modification by pellet injection is studied by
solving diffusion equation of the poloidal magnetic field with getting consistent loop voltage and
plasma internal inductance with experimental results, that suggests q(0) is kept lower than 1.0
owing to the fast recovery of electron temperature after the peliet injection[3.1-5}. Furthermore
peaking of soft X-ray emission profile is observed just inside g=1 radius, that is observed before
pellet injection. These results suggests g=1 radius exists during the sawtooth suppression.

Analysis of MHD instability with scanning g(0) from 0.9 to 0.98 suggests that ideal
ballooning instability limit the maximum pressure gradient and n=1 internal kink instability limits
the increase in Py[3.1-6].



JAERI-M 90-160

References

[3.1-1]1S.L.Milora, ORNL/TM-8616 (1983)

[3.1-2]W.A Houlberg, et.,al., ORNL/TM-6549 (1979)
[3.1-3]K.Shimizu, et.al. JAERI-M 90-066 (1990) 20
[3.1-4]Y Kamada, et.al., Nuciear Fusion 29 (1989) 1785
(3.1-5]R.Yoshino, Nuclear Fusion 29 (1990) 2231
[3.1-6]T.Ozeki, et al., JAERI-M 90-066 (1990) 16

3.2 LHRF experiments
3.2.1 Lower hybrid current drive experiments with multi-junction launcher
Key issues for the development of steady

state tokamak reactor are to get high current drive 4 T T T
efficiency above 5x1019m-2A/W and large | [0aP0V TV yri-suscrion
r 0.7 — | & —
current drive product up to 500 x1019m-2 MA. 3 R & i ]
. N . o~ o . g | — o &
Previous experiment of the LHCD in the outer o5 [LBl—=l20 (
and lower X-point and limiter discharge in JT-60 = | - i
and other small tokamaks clarified the scaling of er e, L
. . ’/ o D/; .
the current drive efficiency (Ncp=neRpIRF/PLH) e

PETULA ASDEX
JFT-2U —0—
—0—i

Neo® NeRalge/ Pry

on plasma parameters as Ncpo<Te>/(5+Zeff)

T
!

ALEATOR-C

JIPPT~1 oL

[3.2-1]. Improvement of directivity and

WESA
- Fr- -1
I Ll JA b
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I yessatoR-o

sharpness of N spectrum predicts higher current o
drive efficiency by a factor of 1.3~1.5[3.2-2]. 0 1( st 2
The results of the experiment in JT-60 are shown

in Fig.IV.3.2-1, where current drive efficiency FigIV.3.2-1 Dependence of ncp on <T> and its

: : comparison between the conventional
Nep VS <Te> is shown with results of other and multi-junction launchers. Results in

other tokamaks are also shown.

previous experiments. Progress of the current
drive efficiency due to the higher performance of
plasma parameters based on the scaling and
further development of the efficiency by the introduction of the multi-junction launcher are clearly
seen in the figure. The maximum value of 3.4x1019m-2A/W is achieved and is almost 2 times
higher than the results of other machines.

Large current drive is another key for the steady state tokamak reactor. The index to
measure the quantity of the non-inductive current drive is identified by CDP =ne¢ Ry IRg  which
we call " current dive product "( CDP ). The next generation tokamaks of FER and ITER require
the value of ~500x10!9m-2MA, while the values were ~1x1019m-2MA in the maximum in the
previous non-inductive current drive experiments in JT-60. The maximum LHCD power of
4.5MW with improved Nj; spectrum was injected into JT-60 plasma and produced the maximum
value of 12.5x1019m-2MA. The enlargement of the CDP by a factor of ~10 compared with those
in other LHCD experiments have been achieved.

3.2.2 Suppression of sawtooth and current profile control by LHCD
The effect of LH on sawtooth activity is shown in Fig.IV.3.2-2, where 4.6 MW of NB
power is injected into a divertor discharge with geff=3.2.  In a discharge without LH (E8860),
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sawtooth already exists before the NB injection. Whereas
in a discharge with LH (E8879), sawtooth is suppressed
for 1.7 seconds by 2 MW of LH injection. The sawtooth
starts at around 20 % of the minor radius. This result
implies that the central safety factor q(0) may be less than

EB866 Div LSMA 437
T T T T

" NE only

)

St X-cey Sigral leu)

e

RN D T T T
T

[=]

v T
£8866 Div 1.5MA fer = 3.2

or equal to unity during sawtooth suppression by LHCD. oal
During the sawtooth free period, soft X-ray signal and ion fsfr e
temperature have peaked profiles. Therefore it is expected | g '
that a confinement in the central p(;rtion is improved during OSL i : ;

sawtooth free phase. If the sawtooth is suppressed by a R IRETRE

T
- LHCD+HB

global current flattening, it is expected that a wave with

higher Nypeak is more effective in sawtooth suppression.

as
r Py +4.5 MW
%J—P}"‘ZMW 77
tendency; the sawtooth suppression time AtsT has a 78 Div 1WA Geez32
: - 0.4+
maximum around NPeak ~ 1.3 which corresponds to the

Soft X-ray Signal (ond

Whereas the experimental results exhibit an opposite

=]

rgfa

maximum current drive efficiency [3.2-3]. To summarize, 0at
the appearance of sawtooth at a finite minor radius and the , . l ]
existence of m = 1 oscillation suggest that g(0) may be less ’ e

than or equal to unity during sawtooth suppression period.
A better suppression efficiency for lower Nj also supports Fig.IV.3.2-2 Typical waveform for sawiooth
that sawtooth suppression mechanism is not likely to be uppression:
by a global current flattening. _

One of applications of a non-inductive current drive is a profile control which modifies the
MHD activities in tokamak plasmas. This scheme is very attractive to improve plasma
performance, since the profile is actively controlled by it. In a series of LHCD experiments, the
injected power spectrum of LH wave was scanned using the newly installed multi-junction
launcher [3.2-2] (N) scan experiment ). In the Ny scan experiment, increasing Njj of the injected
RF spectrum the central HX intensity decreased and its spatial profile became broader. This
indicates that the RF power was absorbed in the more peripheral region with increasing Njjand that
the current profile became broader with Njj, which was confirmed by the decreasing of plasma
internal inductance 1; with Ny . The good correlation between the broadening of HX profile and the
decreasing of Ij against the Ny was observed [3.2-3].

3.2.3 Volt-second saving by LHCD

The volt-second consumption of the Ohmic primary circuit is reduced by lower hybrid
(LH) current drive (CD) during the current rise phase. Most of the LH power is consumed in
compensating the resistive voltage typically 0.8 V. The resistive voltage is evaluated as the
difference between the surface voltage and the inductive voltage. With LH injection, the resistive
voltage drops to ~ 0 V while the inductive portion being almost unchanged. Which means that the
LH power is consumed mainly for compensating the resistive voltage. Up to 2.5 V-s of flux is
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saved by 2 MW x 2.5 s of LH injection which could be projected to several tens of volt-seconds in
ITER class reactors [3.2-4].

3.2.4 Lower hybrid electron heating in high plasma current
The efficient electron heating was obtained in relatively low density plasma of ne=
1.7x1019m-3 with low power heating, where the electron temperature of 6 keV was measured by
Thomson scattering. Electron heating efficiency nelH= 2~3 eV 1019m-3/kW of the LHEH is
notably higher than those of NBI heating and close to the ohmic heating. The high performance of
the LHEH was not maintained in the higher
density and higher power experiments. Stored
energy became to saturate. Instead parametric
instabilities and fast ions of short life time
appeared [3.2-3,5]. The fast hydrogen ion flux

and intensity of the parametric instabilities g ’ g A

increased at the same time. Dependence of the %‘ gl & lPeRAMA © Acﬁ 4{6

relative intensity of parametric instabilities on the 3

density with various plasma currents is shown % -40r M

in Fig.IV.3.2-3(a).It is clear that high plasma & o - ; ‘ ,

current reduces the parametric instabilities [3.2- 0 20 8 e & 19
6]. The improvement of the heating performance Rl (1107
corresponding to the reduction of parametric

instabilities were obtained as seen in Fig.IV.3.2- r—— T T
3(b). It is found that the Tg™C decreases with 100 |- Py ~ 2 MW 3. P B
density in the same plasma current but it is £ e /: 7; |
recovered by the increase in the plasma current. ,  50[ T . e 110°02) =6 i
Higher density and higher power cause the = [ - |
parametﬁc instabilities but higher plasma current 0 1" : — é R 3') l
reduces them. High plasma current reduced b (MA)

parametric instabilities and recovered the heating

performance up to Paps~ 10MW and ) o
. FigIV.3.2-3 (a) Intensity of Parametric instabilities in
ne=7x1019m‘3 with the same 2GHz frcqucncy. terms of density in cases of various plasma

: . INC
High plasma current as well as high frequency of currents. (b) Improvement of the tE=T as
. . a function of plasma current.
lower hybrid wave extend the electron heating

region, which is favorable for future tokamak.
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3.3 ICRF experiments
3.3.1 Hydrogen minority second harmonic heating in helium discharges

Effective plasma heating is obtained for the ohmically heated target helium plasmas, 71, =
1.3-6.6x 10" m3, Ip =1-2.4 MA and Qer = 6.4-2.6 in limiter configuration with H-minority 2
wcH heating, especially with (p, 0) phasing. The giant sawtooth oscillations with a period of ~250
ms in the central electron temperature are observed. The incremental energy confinement time -
defined as r‘g“"’:(DWDIA -DW,(Dh,))/(Pic+IpDVL) can be regarded as the total heating efficiency,
where DW,(D,) is increment in the ohmic stored energy due to the increase in fl, and DVy the
change in one turn loop voltage during the ICRF heating. Figure IV.3.3-1 shows the o,

inc

dependence of T¢'© in various heating regimes at oL ' ' ' T
e 160+ o i0.00m = 1L.5MA A
Ip = 1.5 MA. Excellent values of g~ = 90 - & 10,01 He (H}

o [T, CH
120 o {m0lHe(H] o %

120 ms are achieved by H-minority 2a.y heating -,
£

with (p,0) phasing, which are approximately .

constant at fie = 2.5 - 5.6 x 101 m3.  The (p, 0) oeor I } e I ]

phasing heating shows larger g © than the (0,0) 40 8

phasing one in both H-minority and H-majority

heating schemes. ’ 0, . > ; ? ; .

Figure IV.3.3 - 2 shows the Ip fie (10" )

T
rod)
o
o ¢
FOH
]

dependence of T¢'° for various heating regimes at ‘
P E . inc
Fig.IV.3.3-1 Dependence of 1f° on i for different

Ip=1-2.4MA which corresponds 10 Qes~6.4-2.6. heating regimes at Ip = 1.5 MA.

The (p,0) phasing data for H-minority 2 oy

heating increase from IMA to 1.5MA and are 150 . . .
approximately constant at 1" ~90-120 ms from & yrerh 28-84 |

1.5 MA up to 2.4MA at low and high densities. Sl 1622 A __ s | &
The degradation of T is not clearly observed at g oor I,""” - /';B-I’ B
geft<3 (Ip > 2.IMA). Non-Maxwellian ion tails ; - S - /B' [

are observed at Ip=1.5, 1.9 MA, indicating that G sol 8 /a/ ‘ I .
the maximum ion energy reaches 80-130 keV _ /g/' 8 | -
but not observed at Ip=1 MA.  Accordingly, ' |

the ion tail is one of the causes that bring 0 ofs 1“0 sis zfol 2’_5
improvement of g at Ip 2 1.5 MA because the I, {MA)

ion tail enhances the power absorption. These _
: Fig. IV.3.3-2 1p dependence of Tg" for different heating
= 1nc
weak Ip and T, dependences of 15~ for H- regimes ir the range of Ip = 1- 2.4 MA.

minority 2 gy heating support Shimomura-

Odajima scaling of T given by Ti'°(ms)= 85 k a3 M.{?[3.3-1], where k is the ellipticity and Mg
the effective ion mass in AMU and a, the minor radius in m. But the data are larger by a factor of
about 1.5 than Shimomura-Odajima scaling if Mes=1. Consequently, helium mass effect is one of
the possibilities that improve i, which is clearly observed for combined ICRF and NBI heating

as described in the next section.
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3.3.2 Higher harmonic ICRF heating in combination with NBI heating

Third harmonic ICRF heating in combination with NBI (H beam) heating has been carried
out with Br=3T, Ip=0.7-1.4 MA, qefr=7-3.2, Be=1.7-4x1019m-3, P;c=1.7-2.3MW, Pnp1=2-18
MW in both helium and hydrogen discharges. A typical result for third harmonic heating at Ip=1
MA is shown in Fig.IV.3.3-3. The stored energy increases step by step according to heating
power. The central electron temperature TECE increases significantly and giant sawtooth oscillations
are observed at the phase of the combination of high power NBI ( ~10 MW). The sawtooth period

reaches 410 ms, which is abqut 6 times longer NB + 3w IC (1.0) He (H)
than the energy confinement time (~ 70 ms). . b= IMA R =28x10% M e
Figure IV.3.3-4 shows the plasma stored o E o ] e
energy as function of the absorbed power for ™ T el N (r =0.5a)
M(r=05a) 1018 m-3

various third harmonic heating regimes. There is

0‘1 Add L. PRI It PR
. . . 45 TEeE(r-01a)
no significant difference between the heating " M 1
. TECE | ] 5%
regimes up to ~ 8 MW of the absorbed power. (ev) M . ,,r..ﬂ,-"?f‘*% (AU)
an ¥ sx M,

Above that power level, combined third harmonic 18 RS e AN T PP ’*r"“\—h o

and NBI heating indicates better energy o _ (__.PL‘ o

confinement, especially with helium discharges. ™) [ ~———— Fe e (MW

The energy confinement time for the combined 03:- J R ] - Jg“

third harmonic and NBI heating is about 20 % t(s)

higher than that of NBI heating alone. The giant ) )

sawtooth seems to improve the energy Fig.1v.333 E;’ﬁ,ﬂfféﬁ?;n?ﬁ]‘;}“ﬁﬂﬁnf

confinement since it is observed in this power

range as mentioned above. T 1 ;
Combined second harmonic and NBI " e petma Breat T

heating is examined in helium discharges at high u R

electron densities (e~ 6 x 1019 m3 ) inorderto 2, //l/ S

keep low proton-to-electron concentration ratio E o & : (-.‘"/

even in application of NBL. The stored energy é " /"/ =T

increases with the similar 72 of ~90 ms up to § o H«"-"?-’/ :

10MW of the absorbed power for both combined 3 o —+1"

second harmonic and NBI heating and NBI ° )

heating alone in these helium discharges. On the N

a0
2 3 10 ¥ 2

other hand, *cié‘c is ~55ms for the hydrogen
discharges with NBI heating alone [3.3-2].

Therefore, it is concluded that the enhancement ~ FigV.3.3-4  Plasma stored encrgy a5 a function of
. absorbed power for various third

of the incremental energy confinement time in harmonic heating regimes.

ADSORBED POWER {M¥Y)

helium-dominant discharge is due to mass effect.
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3.4 H-mode and IDC experiments
3.4.1 Divertor H-mode with NBI

The H-mode has been investigated with JT-60 hydrogen and helium discharges with
hydrogen beams. In the previous experiments with a null at the outer midplane or bottom side of
the discharge, H-mode period was short, the threshold power was higher than 14.5 MW, and
improvement in confinement was modest ( < 10%) [3.4-1]. We conducted an H-mode
investigation with walls and graphite divertor plates gettered with titanium. The amount of titanium
flashed each day was 5-10 g, which corresponds to 50-100 monolayers. Titanium gettering
reduced the amount of oxygen b); a factor of 3 in both ohmic and neutral-beam heated discharges.
Particle recycling coefficient, as inferred by the global particle confinement time ‘cp*, was also
reduced by a factor of two. However, litile change was observed in carbon impurity content.  Zeff
values were about 2 at relatively low density discharges(line-average density of 2 x 1019 m-3) at
modest power levels (1I0MW). After titanium gettering each day, we did parameter scans of wide
ranges to search for the best condition to obtain H-mode transition. A clear L to H transition was
observed with 9.5 MW beam power, which is a significant reduction from the previous results
without titanium. The toroidal field was 3.3 T, the plasma current was 1 MA, qefr was 3.8, and
the line-average density prior tg the transition was 2.1 x 1019 m-3. Taking into account the increase
in absorbed power due to density increase, we estimate the improvement in energy confinement to
be about 30%. However, this transition was also associated with a significant increase in carbon
impurity, Zeff increase from 2.0 to 2.6, and radiation power increase up to 70% of input power,
which terminated the H-mode phase.

Reproducibility of this kind of a clear LH transition was very poor. The major cause of the
difficulty to access H-mode seemsto be the working gas. The configuration remains 10 be a
possible candidate. Neutral particles may affect E112s8
the accessibility to the H-mode if the divertor =~ ™
configuration is too much open to allow the 1, . PulW =] T,
neutral particles to flow back to the main plasma.

3.4.2 Limiter H-mode with LHCD et
The H-mode has been observed in limiter 4 l h .

discharges at Iy = 1.5 MA and By = 4.5 T with el T Sx(zeonm /SX2Sam) e - 0.2 3
lower hybrid current drive (LHCD) on JT-60 meoa

Reflectance —
PRI SR WY

— W (MJ)

* [T . NPT T SR S W A PRRET
[3.4-2]. The discharges exhibited the characteris- o oviedae Ww&w " CV,cenJ:ec_
tics of the H mode such as sudden improvements Eau) A 4 e
b " i e
. . . : A A EEU POV S o}
in parpcle and energy confinements, increase in 0F < - : 5 .
edge electron temperature, rise in reflection 1 (sec)
coefficient of RF power, and edge localized o 1y 3,1 Time evolution of an Hemode shot with
modes (ELMs) as shown in Fig.IV.3.4-1. A LHCD. The reflection coefficient is from
.. - the conventional launcher. The edge CVI
preliminary measurement by a millimeter-wave- signal is along a chord with a tangential

ion i - ius of 1/a~0.9.
reflectometer revealed reduction in edge density radius of 1/a~0.9
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fluctuations as well. The lower limit for the H-mode in terms the line averaged electron density was
about 2x1019 m-3. The threshold LH power for the H-mode transition was about 1.2 MW with
hydrogen plasmas. Although simultaneous application of RF powers at two different frequencies
such as 1.74 + 2.23 GHz or 1.74 + 2.0 GHz appeared to be effective in the attainment of the H-
mode, it is not the critical factor in obtaining the H-mode with LHCD since the total LH power at
2.0 GHz of higher than 2.0 MW produced the H-mode.

By feedback controlling the line averaged electron density to be above a threshold of about
2 x 1019 m-3, we could lengthen the H-mode phase up to 4.6 sec. Nearly steady-state ELM-free
H-mode with durations up to 3.3 sec was established. The Zegr value estimated from visible
bremsstrahlung emission and the ne and T, profiles from Thomson scattering measurements
increased slightly from about four during the L phase to around five at the later phase of the H-
mode. Spectroscopic measurements indicate that the dominant impurity was carbon and hence the
protons were diluted to less than 40 % of electrons. The soft x-ray emission profile became slightly
peaked with time, which suggested impurity accumulation at the center. Nevertheless the radiation
power measured by bolometer arrays remained about 40 % of the total input power. The carbon
contents during the ELM-free phase are not at acceptable levels partly because shielding effects in
the limiter configuration are weaker than in divertor configurations. The H-mode with LHCD,
however, has not been achieved in the lower X-point configuration contrary to expectation.

The properties of energy confinementare  (a) 0.8 - : -
summarized in Fig. IV.3.4-2. The plasma stored ~ 06} H m°deoeb.°§o¢28
energy increases almost linearly with the total ;73 odl Lot -;{?%f'
input power as shown in Fig. IV.3.4-2 (a). Here = _
we assumed that the injected LH power was o.2r E‘: o ]
completely absorbed by the plasma. The scatter 0.9, 1 5 3 4
of the data points is mainly due to he variation of Prot (MW)
the electron density. The energy confinement is ©) o8 2.7 < Pro $ 2.9 MW ' g0 -
enhanced by up to 30 % by the H-mode. The 3 08 0;',..5’"" ]
increment in the plasma stored energy, however, § 047 B e
is primarily gained by the increase in the electron oof - D02
density as plotted in Fig. IV.3.4-2(b). The L- 0 g ; : : 4

mode plasmas with LHCD have almost the same

electron density dependence as the ohmic stored
0.62 mabl h Fig.IV.3.4-2 (a)Plasma stored energy as a function of
energy of Wopg o ne presumably because the b = POH » L. (bjElectron density
total input power does not greatly exceed the dependence of plasma stored energy with
.. . . tricted total power.
ohmic input. Although the difference is small, restnete power
the H-mode data points appear to have a little stronger ne dependence than ohmic. NBI heating

was combined to examine the effect of wave-particle interactions. The beam pulse at 1.2 MW

ﬁe( 10" m-J)

broke the H phase as observed in the concurrent rise in the He, emission and fall in the electron
density. Note that the trace of the electron cyclotron emission at 1.50)e dropped at the same time.
Hard x-ray emission behaved similarly to IgCE(1.50¢e) X ne. During the L phase with NBI, beam
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acceleration by the LH waves was observed in the neutral flux. These facts suggest that the H-
mode could not be sustained when the LH power was absorbed by beam ions. Such ion tails were
not observed in the H phase with LH alone. No parametric decay instabilities were observed
neither. Non-thermal ECE spectra suggest a favorable effect of fast electrons on the H transition.

3.4.3 IDC regime
The improved divertor confinement(IDC) S Wt i —
regime observed in the lower X-point configura- o F vy 1“‘3:—-«\, 20
tion of JT-60 is suitable for steady-state operation [ o (10 mi, R _#:h__m °
with remote radiative cooling in the divertor ° s
region up to 10 MW [3.4-3].
We operated JT-60 in four combinations
of I and By polarities to examine the effects of
ion gradB drift direction on IDC and to check the
symmetry of the device. We found that IDC

developed only when the ion gradB drift was st ovnll MAN (A_I:_j;) T ‘_ﬂ_,n
toward the X-point. Reversal of By direction . (o T
changed particie confinement and light impurity T R
behavior significantly as shown in Fig. IV.3.4-3. sf T WY e

Reduction in neutral pressure around the main 0=
plasma and oxygen impurities was observed
when the ion gradB drift was toward the X-point
and when the heating power exceeded a threshold 2
power of about 9 MW. The carbon impurities

buildup near the X-point which enhance divertor FiglIV.3.4-3 Comparison of two discharges with nearly

o identical operational parameters except
radiation and hence reduce heat load on the By and I, polarities.

divertor plates.

The energy confinement improvement by up to 20 % is correlated with the improvement in
particle confinement. The reduction of oxygen appears to be caused by the improved particle
confinement through reduced charge exchange ion flux which hit the first falls. The particle
confinement was found not to improve when the ion gradB drift was away from the X-point.
References
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3.5 High-poloidal-beta experiments

In tokamak research, improvement of energy confinement and its sustainment in steady
state for auxiliary heated plasmas remain the critical issues for a forthcoming tokamak reactor.
After changing the divertor geometry to the lower X-point configuration in JT-60, the hot-ion
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enhanced confinement regime has been found in 1989 by means of centrally-oriented near-
perpendicular neutral beam injection. High-poloidal-beta experiments have been carried out in this
regime with high-power long-pulse neutral beam heating with ~21 MW for 3-5 s into divertor
hydrogen plasmas with a rather small volume (R~2.9 m, a~0.70 m)[3.5-1]. Results from I scan
experiments in 0.3<Ip(MA)<1.2 are summarized in Fig.IV.3.5-1. Confinement properties were
most improved in the low-Ip regime around 0.5-0.7 '
MA at B;=4.5 T, in which high temperatures of

Ti~12 keV and Te~6 keV were obtained and the L- 2§ [ 1jnoo™ l ]
mode enhancement factor reached 1/tpl~1.6 to the f; PR - f 7]
Goldston L-mode scaling. High-Bp values around 3 gé T I ,, ', ‘ ' -
(eBp~0.8) have been achieved with low collisionality gg af s ,og o ° f L S
(Ve*~0.2) in the range of Zeg ~2-4. These discharges wE L e
are also close to the stability boundary for high-n g L 0 T P 2 ]
ideal ballooning modes. | 5o T o Nty
This regime with high qcy) (=4-13) was free ;g f :olams L . i
from sawtooth oscillations probably because of q(0) Y i o VR E SR I
above unity increased by large bootstrap currents. T T e Yo g
Highly peaked Tj(r) and ne(r) profiles were obtained R Pl oL
up to Tjo/<Ti>~4.2 and nep/<ne>~2.7. Peaking § ::_ .. . . ]
parameters of Te(r) are found to be mostly L'} LI s ]
independent of qcy, indicating a large divergence a: u:: GLM R :mm"imn.a'“’tm:::
from prediction of the g-dependent profile ol L oeeRians® ]
consistency assuming Spitzer resistivity and q(0)=1. ozf rhere Ast T n:"_d:fmm"“:m/ ':o::::m h
As T;~2T. at center, the energy balances are T YRy Y Ry Y
I, (MA)

characterized by their decoupling for electrons and
ions, where the convection losses exceed the FigIV3.5-1 Results from ip scan in high B
conduction losses. The local transport analysis experiments

shows that the enhanced confinement results from

improvement of ion heat transporf in the central region. Profiles of the toroidal rotation velocity,
V (1), measured by charge-exchange-recombination-spectroscopy were also observed to be highly
peaked up to ~1x105 m/s in the center with high rotational shear in spite of nearly balanced
injection. The tendency of peaking commonly observed for the profiles of Tj, ne and V¢ appears to
be correlated together with a degree of enhanced confinement.

The discharges are similar to the supershots with tangential beam injection into a deuterium
plasma in TFTR[3.5-2]. However, no disruptive By, limit has been observed up to Bpdia~5 in IT-60
in contrast with the clear limit at $pdia~2 (or €Bp~0.7) in TFTR. In high-Bp discharges (Bp=2),
continuous m=2/n=1 and m=3/n=1 modes tend to degrade the confinement properties. In lower Ip
than ~0.5 MA, the energy confinement is significantly deteriorated with increasing MHD activities,
where the plasma pressure anisotropy is strongly enhanced up to deia/ﬁpequ ~1.6. A new MHD
phenomenon limiting increase of Pp values named as "Bp collapse” has been found to be a large
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partial collapse localized possibly at q=3 surface without precursor oscillations just before the crash
falling within ~100 us, as the deia value approaches or exceeds ~3. Improvement of the energy
confinement occurring before the By collapse is initiated by the transition of dominant MHD
instability from m=2 modes to m=3 modes related to the expansion of an enhanced confinement
boundary from q=2 to g=3 surface. Also, the V¢ increases with a peaked profile up to ~1x10% m/s
at center in the co-direction accompanied with large negative radial electric fields. The stored
energy continues to increase with the ion temperature until the B collapse occurs.

In these experiments, a steady-state bootstrap-current discharge 'up to 80 % of the total
plasma current has been demonstrated under the condition of negligibly small beam currents[3].
Considerable efforts have been also devoted to the confirmation of bootstrap currents through
comparison between experiment and theory. Comparison of the ratios of resistive loop voltages as
a function of deia is shown in Fig.IV.3.5-2, where the only case with neoclassical bootstrap
currents agrees with experiments over an extensive range of poloidal beta values, 0.1<Bpd1a<3.2,
The characteristic decay time of the plasma current during Ir (field coil currents)-constant
experiments also indicates reasonable agreement with the L/R decay time predicted from
neoclassical theory. Thus, the bootstrap currents are concluded to be substantial, implying that
electrons along the field lines behave classically in spite of these anomalous behavior in the
perpendicular direction.

In conclusion, while the fp collapses 1.2
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3.6 Transport analysis

Local heat transport properties have been analyzed in L-mode phase of divertor (single null
X-point), and limiter discharges with hydrogen neutral beam heating into hydrogen plasmas, based
on sets of consistent experimental data including ion temperature profiles from CXR
measurements. We have made parameter scans of the variation of transport characteristics with

total input power (Paxs<18 MW) at current (Ip<2.0 MA),
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In a data set for relative lower density
.<3.0x10®m3 and up to moderate heating

power, P,x<12.0 MW, energy loss channels of
electron and ion are separately determined.
FigureIV.3.6-1 shows the power loss fraction at
r=2/3a for various loss channels, electron and ion
conduction losses, convection and radiation
losses. The ion conduction loss increases with
the total input power and plays a major role of
energy loss mechanisms for limiter, L-mode
discharges with 1 MA. Such a property is also
observed in diverted, low plasma current
discharges (Ip<1.5 MA). On the other hands,
the conduction loss of the electron is found to be
larger than that of the ion for high current, limiter
discharges at relatively low power (Ip=2.0 MA,

P.<10 MW) as is shown in Fig. IV.3.6-2.

The electron and ion thermal conductivi-
ties (Ke and X;j, respectively) are evaluated at
r=a/2 of the plasma minor radius for above cases.
Figure IV.3.6-3 shows K. and Ki as a function of
total input power, Pats, for discharges with
Ip=1.0 MA and 2.0 MA. For both 1.0 MA
discharges of limiter and divertor, the ion heat
conductivity significantly increases in proportion
to Pats and is about three times «, at Pype~9 MW,
whiles x, gradually enlarges with input power.
On the other hands, the transport process in high
current limiter discharges (Ip=2.0 MA) is fairly
different from the low current (Ip=1.0 MA) case.
X, is larger than x; at low power level of 4 MW.
The enhancement of Ke corresponds to the
increasing electron conduction loss which ‘is
caused by an increase in ohmic heating power
and a decrease of energy equipartition channel
between electrons and ions. However, K;jtends
to increase with total input power and becomes
comparable to K. at P,p~6 MW, as is neutral
beam heating power dominant in total heating

power. Therefore, the power degradation of
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global confinement observed in L-mode plasmas is mainly due to degradation in ion transport.

Ion temperature gradient instability, ni-mode, is proposed as one of highly probable
candidates which are responsible for such degradation in ion transport. The study concentrates on
the n;-mode induced transport. The ion energy balance equation is solved by using ion
thermal diffusivity based on the -mode and ion temperature profiles are compared with measured
ones, while other plasma parameters such as ne,ni,Te,Jz,Zeff,Pﬁ'B,PquB and Pyq are fixed. Three
different formula of Xi model driven by M;-mode turbulence are employed, i.e., Domingues &
Waltz, Lee & Diamond, and Romanelli. (Three different models of ;i result in little difference in
calculated ion temperature profiles.)

The calculated ion temperature profiles show considerably good agreement with
experimental data in the wide range of plasma parameters with L-mode characteristics;

Ip=1.0~1.8 MA, Pgps=1.3~16.TMW, h’e=1.2~5.0x1019m'3 for divertor plasmas and

Ip=2.0~2.7 MA, Pys=3.0~17.4MW, 0,=1.5~6.5x1017m"3 for limiter plasmas.
It seems possible to conclude that the ion transport can be satisfactorily modeled by theories based
on electrostatic micro-instabilities destabilized by ion temperature gradients. The question is still
open, because there are some cases which are difficult to reconcile with this proposed model,
especially for limiter discharges of low plasma current and low electron density.

3.7 Topics
3.7.1 Helium ash experiments

To realize quasi-steady state or steady state burning plasma, helium (He) ash produced by
DT reaction must be controlled within 5 to 10% of DT density. Moreover,to measure ratio of He to
DT in divertor is important for tritium inventory study.Therefore, in JT-60 lower divertor
experiments, He ash exhaust characteristics has been studied with ohmic heating and neutral beam
(NB)heating of Pnp<18MW and Ip<1.5MA.In addition to He gas puffing,He fuelling by helium
NB was done to simulate central generation of He ash in DT reaction. Helium enrichment factor
defined by (Pae/2P2)MAIN/(Ane/2n)DIV.where P is divertor neutral pressures of He and
H2,An, is increment of electron density and ne is electron density. Divertor neutral pressures of
hydrogen(H2) and He were measured by a residual gas mass analyzer. In both cases of He gas and
He NB fuelling, divertor neutral pressures of He and Hy increase in proportion to ne3. Enrichment
factor is 0.3 to 0.6 and increases with ne. Non-linear dependence for the He neutral pressure on
ne in NB discharges shows that required pumping speed of He can be reduced by high electron
density discharge.He ion density was measured by CXRS methods. He ion density and energy
distribution measurements using the two-electron transfer reaction by He probe beam were
performed.The deduced He ion density and energy distribution were reasonable.This indicates that
the two-electron transfer technique is promising for thermal and epithermal helium detection. Using
spatial distribution and temporal behavior of the He ion density, transport analysis is ncw under

investigation.
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3.7.2 Disruptions[3.7-1]

From statistical investigation, disruption frequency in JT-60 was found to be less than
20~30% for total discharges in every experimental period. The ratio of disruptions during NB
heating with constant power, which is a good criterion of disruption frequency used for designing
next step tokamaks, is 7.2% for total NB heating discharges, 1872. The cause of the disruptions
was classified. Unavoidable disruptions due to sudden impurity influx (0.6%) and unidentified
causes (0.8%) are only 1.4% for total NB heating discharges, and other disruptions are caused due
to the miss-operations or dirty plasmas with NB conditioning, which are avoidable.

The characteristics of éncrgy loss channels in disruptions, heat flow, induction of the
vessel current and radiation loss, were investigated. The heat loss to divertor plates in the thermal
quench phase was measured with an IRTV camera with scanning speed of 51cm/0.4 msec. The
followings were found from the measurement for a disruption of 1.7 MA lower X-point ohmic

discharge. 1) Sudden temperature rise up to more than 1100°C (saturated) was observed at the
inner divertor plates within 0.8 msec. 2) The heat flux caused by disruptions appeared at the
different place by about 5 cm outside of the peak of the steady heat flux before disruptions. 3) The
in-out asymmetry of the heat flux is considered to be closely related with the magnetic structure of
m=2 mode growing before.disruptions. The radiation loss measured with bolometer arrays
reached about 70-100% of the magnetic energy, which indicates that the radiation is a dominant
loss channel of the magnetic energy in the current quench phase. The induced vessel current is 0.3-
0.4 MA for 3.1 MA disruption. The energy loss is less than 10 % of the magnetic energy. The
generation of runaway electrons is an important phenomenon, but has not been measured yet.

3.7.3 Diagnostic topics [bote_Processing System |
(1) 20-channel grating polychro- ils
A/Q Converier

mator diagnostic system i
A twenty-channel grating Control System Filter
. . 5
polychromator diagnostic system SN T
i 20 Channel
has been built to measure 20 Chanrel
H 1
clectron temperature profiles and l] Ao o

electron temperature fluctuations ﬂ‘ “““““ |Gt Apertures
in JT-60. The details of the Sratinge -7

system are described in Ref.
[3.7-2]. The schematic diagram
of the system is shown in
Fig.JV.3.7-1. Figure IV.3.7-2
shows the electron temperature
fluctuations at R~3.10m and R~
3.16m in pellet experiments with

M{

ECE from the plasma

M2
Entrance

Aperture | Flal Mirrors Spherical Mirrors

injection of neutral beams and 6 20 aoem
lower hybrid frequency waves. FigIV.3.7-1 Schematic of the grating polychromator
In this figure, a rapid decrease of diagnostic system.
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electron temperatures followed by pellet
injection is observed along with sawtooth
oscillations.
(2) Millimeter-wave plasma radar system

A broadband reflectometric
system in O-mode system has been built
to measure electron density profiles and
electron density fluctuations in JT-
60[3.7-3]. The Schematic diagra:fl of the
JT-60 reflectometer is shown in
Fig.1V.3.7-3. The details of the system
are described in ref.[3.7-3]. For the
density profiles determination, full Ka-Q
band frequencies of BWOs have been
swept for the continuous measurement of
the group delay of reflected waves. The
system also comprises a fixed frequency
reflectometer with 24 and 34 GHz Gunn
oscillators for the density fluctuation
measurements.
(3) Zeeman polarimeter

A current profile measurement
system using a He beam has been
constructed for the diagnosis in the
discharges with the lower hybrid current
drive (LHCD) on JT-60. The spectral
line of the He beam atoms is split into
three components by the normal Zeeman
effect. The line with AM=0 transition (7t-
component) is polarized parallel to the
magnetic field. The local pitch angle
(6=tan-! (B/BT)) of the magnetic ficld
lines can be determined by measuring the
polarization angle of the x-component.

Figure 1V.3.7-4 shows the outline
of the current distribution measurement
system. In order to recover the difficulty
of the low intensity, we have developed.
The beam intensity is equivalent to0 0.6 A
and the maximum energy is 200 keV. A
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Wollaston prism splits the incident light
(He 1 5015 A) into two beams whose
polarization directions are perpendicular
each other. The two beams are
monochromatized by a Littrow type
spectrometer whose wavelength band is
0.1 A, and detected by a high efficiency
avalanche photo diode detector whose
detection efficiency is 30-32% at the
wavelength. The details of the system are
described in ref.[3.7-4]
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FigIV.3.7-4

Qutline of the current distribution
measurement sysiem using neutral He
beam.

4. JT-60 Upgrade Developments

4.1 Tokamak

4.1.1 Summary of status

In light of recent results which indicate that both

VERTICAL PORT

energy confinement and beta improve by
increasing plasma current, the upgrade of JT-60
device (JT-60U) has been decided in order to
double the plasma current [4.1-1,2]. The
objectives of this upgrade are to improve plasma
performance with minimum modification and to
obtain physical and engineering database for the
design of next-step tokamak. In the medification,
the original poloidal field (PF) coil system and
vacuum vessel are exchanged for new ones with
large D-shaped cross scctions,- which allow

plasma current of up to 6 MA, plasma volume of
up to 100 m3 and plasma elongation of 1.4 to 1.8 FigIV.4.1-1 Arrangement of the poloidal field coils
with single null divertor configuration as shown and the vacuum vessel.

in Fig.1V.4.1-1. The existing toroidal field (TF)

coils and their support fixtures will be used after reinforcement. The existing high power heating
system and the power supply system will be also used after minor modification. Neutron shields
for deuterium operation are being prepared. Table IV.4.11 gives main parameters of JT-60U.
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The design of JT-60U was initiated in 1987 and
the fabrications of new PF coil system and
vacuum vessel started at the end of 1988. These
fabrications were completed from December
1989 to March 1990. Each equipments was
transported to the Naka Site according to its
completion.First walls and divertor armors are
under fabrication in factories. The experiments
of JT-60 was finished at the end of October
1989, followed by the disassembly in three
months. JT-60U starts operating in 1991.

4.1.2 Vacuum vessel

The thickness of the vessel including armor tiles
must be reduced so that a plasma can be as large
as possible within the limited bore of the existing
TF coil. On the other hand, the integrated forces
in the vertical and horizontal directions due to
disruption are about 10 MN and 20 MN,
respectively. Therefore, the new vacuum vessel
must have sufficient strength against these
electromagnetic forces. A thick wall vessel with
bellows structure used in the original JT-60 and
JET does not satisfy the above requirement. A

continuous chamber with so called double-skin

structure is adopted to obtain a large vacuum
vessel with sufficient strength.

A schematic picture of the vessel structure
is shown in Fig.IV.4.1-2. This structure is
determined after stress analyses of a multi-arc
and a polygonal shape [4.1-3]. Inconel 625 is
the material used for the vessel because of its
high strength and high electrical resistivity. The
double-skin structure consists of 6.1 mm thick
inner and outer skins and poloidally-oriented
'square pipes with 3 mm in thickness. The wall
of the outboard midplane ring is a thick plate to

Table IV.4.1-1 Main parameters of JT-60U.

Parameters Divertor Limiter
Plasma current & MA 6.5 MA
Major radius 32-.34m(32-34m
Minor radius (horizontal} | 0.8-1.1m | 0.8-1.1m
Minor radius {vertical) 1.5m ~tem
Elongation 1.4-1.8 1.4-18
Plasma volume <f0om® | <110m®
Toroidal field 42T {144 T-m)
Discharge duration 15s
Discharge interval 10 ~ 15 min.
Fiux swing 61V's
Neutral beam
Torus input power 40 MW
Beam energy 120 kV
ICRF
Torus input power <5 MW
Frequency 110 - 130 MHz
LHCD
Torus input power <10 MW
Freguency 1.7-23GHz
Pellet injection <28 km/s, 4 mm?%
CONNECTING RING

OUTER SKIN

INBOARD SUPPORT ROD

QUTBOARD SUPPORT RCD

MIDPLANE PLATE

SQUARE PIPE

FigIV.4.1-2 Schematic diagram of the vacuum vessel.

maintain its structural strength in spite of its many large port openings. The inboard midplane has
a ring flame and the port bases are also made of thick plates. The vacuum vessel is supported by
36 support rods at the inner and outer midplane from the PF coil support structure as
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shown in Fig.IV.4.1-2. This type of support structure was determined after stress analyses of a
vessel supported at the midplane and a vessel supported at the bottom. The vacuum vessel is
cooled and baked with nitrogen gas circulating through channels between the skins and pipes. The
vessel can be baked out up to 300 °C. |

It is one of the most important issues to maintain a plasma in an enhanced confinement
regime under intense heating. Suppression of impurity influx from divertor plates is important for
this purpose. NB input power of JT-60U is 40 MW, which is the largest in the present tokamaks.
Thus, a carbon-fiber composite (C/C) with thermal conductivity of up to 300 W/m’C is used for
the divertor plates in JT -60U. Water cooling pipes are introduced into the vacuum vessel for the
heat removal of the divertor plates so as to suppress thermal stress due to low thermal conduction
between the inner and outer skins. The surface of the vacuum vessel except divertor plates are
covered with graphite tiles. The inboard tiles are designed to withstand the heat flux of up to 3
MW/m?2 while the heat flux onto the outboard tiles is much smaller. These graphite tiles are
inertially cooled and the heat is removed through the cooling channel of the vacuum vessel after
each shot.

4.1.3 Poloidal fieldcoil

The PF coil system consists of an ohmic heating coil (F), a vertical field coil (V), a
horizontal field coil (H), a divertor coil (D) and a sector coil (DCW) as shown in Fig. 1. The
maximum values of coil current are close to those of JT-60 so as to minimize the modification of
the power supply. These coils are designed to produce 3 types of divertor configurations to study
the dependence of diverted plasma confinement on the aspect ratio, major radius, minor radius and
elongation. The V-coil is divided into 4 blocks and the plasma configuration can be selected by the
tap change in the coil feeder. In the standard mode, the divertor plasma with elongation of 1.5 and
an aspect ratio of 3.4 can be produced. In the elongated mode, the divertor plasma with elongation
of 1.76 and an aspect ratio of 3.8 can be produced. Continuous mode permits continuous control

of the elongation and the triangularity, but this option requires an additional power supply.
To increase the passive index ng and to obtain stable discharges with high elongation,

conductors of the H-coil are distributed around the vacuum vessel and conductors of V,, V3 and
Vg are designed to serve as passive stabilizers in the elongated mode. ’

Return conductors of the V-coil can be eliminated and the V-coil is designed to have a flux
swing capacity of 19 V-s. On the other hand, the capacity of the F-coil is increased up to 42 V's
by increasing its current from 92 kA to 120 kA. The total capacity of 61 V-s is 2.4 times as large
as that of the original JT-60 while the total ampere turn increases by 15%.

Conductors of the F-coil are arranged to minimize an axisymmetric stray field inside the
vacuum vessel. The design criterion of this axisymmetric stray field in the tokamak at breakdown
phase is that the region with [B,/<5x 103 T should be wider than 1 m®, To satisfy this condition,
slight excitation of the D-coil is necessary because of lack of the F-coil blocks in the bottom region.

Disruption control, together with particle and impurity control, is crucial to obtain steady-
state discharges. Four sets of sector coils named DCW are provided both at the inboard side and at
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the outboard side of the vacuum vessel. This DCW coil can produce m = 3/n =2 small magnetic
islands at q=1.5 surface, which may induce "mini-disruption” as shown in JIPP T-IIU. Because
of the ergodization of m = 2/n = 1 magnetic islands by this mini-disruption, the temperature profile
will be changed and studies of disruption control will be possible as demonstrated in JIPP T-1IU.
An attempt will be also made to control particle and impurity concentration during H-mode and to
contro! edge plasma phenomenon such as ELMs. :

4.1.4 Miscellaneous remarks
The poloidal field produced ‘by.thc PF coils and the plasma cause a significant overturning
moment on the TF coils. The TF coils are originally designed to withstand this overturning force
of 450 tons for 50,000 shots acting on the upper or lower half of the TF coil. With the new PF
coil system and the new plasma configuration, a overturning force of up to 600 tons is estimated.
Since the primary stress of up
to 833 MPa is generated at the
- coil case in the new operation
conditions (Fig.IV.4.1-3(A)),
reinforcement is necessary for ,
the TF coils and their support
fixtures. To increase the

BNy —

strength, two coils adjacent to
each other are welded together
at the inboard side of the coil
case. The upper support

N Wwamd

structure is also reinforced to (A) WITHOUT REINFORCEMENT - {B} WITH REINFORCEMENT

increase the stiffness and to

FigIV.4.1-3 Primary stress contour on the coil case of

e ispl f
decrease the displacement o e e oLt ool

the coils. The reinforcement

reduces the stress to 470 MPa

as shown in Fig.IV.4.1-3(B).
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4.2 Control system
4.2.1 Plasma control
(1) VME multiprocessor system

We have been developing a VME multi-processor system [4.2-1] for plasma position and
current control at the JT-60 upgrade. System design of the hardware and software was completed.
Parallel processing with three 32-bit RISC microprocessors MC88000 (Motorola Co., USA)



JAERI-M 90160

makes it possible to calculate plasma state

Regl-Time Discharge Contrel
Consrol  Computer Compuier

variables precisely and to execute the

Hosl
sophisticated plasma control fast. As shown in O Ernemmer
Fig.IV.4.2-1, the VME system is connected to é T 5 loamac sysen) T
its supervisory minicomputer and the direct - VI Ll H-o0¢

I 1 -
digital controllers (DDC’s) in the poloidal field B TE T g (250 ks Loe) B3 ik I
. 203 Bt _ <500 g3 Ciock ) {812 % on-
coil power supply through CAMAC branch ’ [ b e one
T, T AlD| [AjC c C
highways. Development of the hardware was R g° Ei‘é i I -
. - b1 L L :
also completed. In particular, I/O modules of I I
o Bl b b|d| |¢|¢ Fy |8
up-down counters (UDC), analog-to-digital Lt °z 4 Plo-ooc
J——1 e
converters (ADC) and a clock pulse generator I 8 el 5[ &
4 2 U L -
(CPG) were newly developed. We performed i — [ —— oo
. I ]
some tests for evaluating the speed of the : < : 8 SS [vmzﬁ System ]
VME System
data transfer among the VME-bus system, the Fﬁynsm Firing Angles

¥
L ’ _ Mognetic Poloidol / Toroidal Voitage Anplied
mlnlcomPUte’r and thC DDC 5 [42 2} The gensor F?e%l c{i‘,tsi| o(l::l:‘r.rent to m% ?l?ll;idul Field Coils
ignals

VME multiprocessor system, then, promises

CPU : Microcomputer, CBD : Branch Driver
1 BR  :VME Bus Repeater, T  :Transciever
to execute the feedback contr ol with a CyCIB CCAZ2 :Type A2 Crate Controller withd?rsnch Higgway Port
: . ACB : Auxiliary Controfl ith Bran igh ort
time of 250 psec for the plasma vertical ACD . Al Conrolierwith D-Port
.. . DPMD : Dual Port Memory with D-Port
position and with that of 500 psec for the SH  :Serial Highway BH :Branch Highway

. ADC :Analog-to Digital Convertor  UD  : Up-Down Counter
control of the other parameters. Noise tests of

the VME components were also pcrformcd. Fig.Iv.4.2-1 Configuration of the VME multiprocessor
In particular, VME bus extensions with bus Zﬁ:;gi ‘;‘;‘g,ﬁ“ﬁ%ﬁﬁ;‘;‘;j“ d curent
repeater / expanders were examined. No bus
error was found at the test where impulse noise with peak voltage up to 7 kV was applied to the
front panel of the system controller module.

The software installed in the processors are now under development. The system
integration test is scheduled July through September, 1990.
(2) Development of a plasma shape identification method

One of the methods to calculate plasma position and shape in real time is that using the
expressions derived beforehand by regression analysis using the equilibrium database. We intend
to use this method for plasma control at an initial stage of the JT-60U operation, and the actual
expressions are now under development.

Besides the above method, we have also developed a new method (the TOLFEX method)
[4.2-3] to identify a plasma shape with a Legendre-Fourier expansion of the vacuum poloidal
flux function in the toroidal coordinates. The method is based on the analytical solution of the
Grad-Shafranov equation in a vacuum region. The center of the toroidal coordinates (Rg,Zp) and
the coefficients of the flux eigenfunctions are determined by “the 2-step least square method” with
the observed flux and plasma current values. The shape of the plasma is given by the contour of
the constant flux value, which is the minimum value among the flux values at the fixed limiters and
an X-point. This method has the following features: (a) Magnetic probes are not used in the
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method. (b) It can takc. eddy currents into

flux loops and the existence of noise. (d)

Application of the method may be limited to
plasmas with ellipticity x<1.7. Figure IV.4.2-2

shows an example of the shape identified by
the TOLFEX method for a divertor plasma with

a current of 6 MA. The method can be executed
in real time where a table—look—ui) procedure 15 -+
applied for calculation. In JT-60U the execution e
time is estimated to be about 2 msec by parallel ™
processing with three MC88000 processors and a =
main memory of about 15 Mbytes. Then, at ..
present it is not applicable to the vertical plasma
position feedback control where the cycle time of -
250 psec is required, but it is possible to apply

s LJTBALL GINVEETOR OFFERTION
consideration. (c) It is robust to the loss of the '

90-160

the method to real-time visualization of the FigIv.4.2-2 An example of the identificd JT-60U plasma

plasma shape.

4.2.2 Man/machine interface

A new man/machine interface in ZENKEI
is now under development on the basis of the
five-year operational experience. The development
is focused on the following improvements: (1) the
function for setting discharge condition
parameters, (2) the functions for monitoring the
plant status and discharge results and (3) work
environments in the JT-60 central control room.

As shown in Fig.IV.4.2-3, the
man/machine interface is installed on a network
system with 9 workstations. A minicomputer of
HIDIC-V90/45 (Hitachi, Ltd.) is also provided
as a supervisor of the workstations. This
minicomputer is also connected with the present
central control computer system through a shared
memory and a dedicated computer linkage. One
of the workstations is dedicated for a file server
of discharge condition parameters. The type of
the workstation is Sun-3/470GX-32-P14 (CPU:
MC68030, 33 MHz) with a main memory of 32

shape by the TOLFEX method(dashed line)
in comparison with the output of the
equilibrium code(solid line).

(A 6MA standard divertor plasma)

CONSOLES
Sun 3 . Sun3
BOGX [f-~———————19 WORK - STATIONS —————1 BOGX

50
200MB =1 M 200MB f=a ]

E thernet L
[TM 3 - gl
[FILE SERYVER
M3 F—
— —HIDIC - ¥30/45 =
" (SZMB memory) =]
” H 1868 dist . 1308
F=Sy fi]

l'm -
[ SHARED MEMORY  (4M8) | gc?]

IT} HIDIC|- BOE % &
tPUS
(N 1y 1y

384 XB TEBKD 768 KB

CAMAC CAMAC m

VME

JT - 60U PLANT

FigIV.4.2-3 Configuration of the new man/machine
interface system in the JT-60 central
control system, ZENKEL
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Mbytes, a floating processor of MC68882 (33 MHz) and a 1.4-Gbyte disk unit. The other
workstations are for operation. Their type is Sun-3/80FGX-8 (CPU: MC68030 20 MHz) with a
main memory of 8 Mbytes, a floating processor of MC68882 (20 MHz) and a 200-Mbyte disk
unit. _ .

The hardware of the system has already been prepared and its software is now under
development, We will start a test run of the new man/machine interface system in December,
1990.
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4.3 Power supply system
4.3.1 Remodeling of equipment

Some remodelings have been done in the PFPS. Main modifications are as follows.
(1) Reinforcement of the quadrupole field power supply

The quadrupole field power supply which is used for controlling plasma vertical position in
JT-60U has been reinforced.: The rated direct current increased from 25 kA to £30 kA, and then
the convertors are tolerated for 10 ms at the plus current of 90 kA and for 30 ms at the minus
current of 70 kA. Moreover, in order to suppress quickly the vertical instabilities of the vertically
elongated plasma, the number of firing pulses of thyristors was increased from 12 pulses to 24
pulses and their controllers made from digital computers have been modified to execute the coil
current control with very short processing time of 300 ps.
(2) Development of ceramic resistors for snubber circuits

The duration time of the plasma current will be extended to 15 seconds in JT-60U. Then,
in the ohmic heating power supply and the vertical field power supply, a new type of resistor for
the snubber circuits has been developed and its efficiency was confirmed. The resistor is made of
ceramic and has large thermal capacity. As a result of this development, all snubber resistors in the
both power supplies will be exchanged for the new ones in FY 1990.
(3) Modification of the ohmic heating power supply

The VCB system is not necessary for plasma breakdown in JT-60U because the minimum
breakdown voltage of plasma in JT-60 was only 13 V and the time constant of the new vacuum
vessel in JT-60U is longer than that in JT-60. Then, the DC circuit breaker system which had been
used for plasma current initiation have been removed from the main circuit in the ohmic heating
power supply. Moreover, the power supply was modified to be a bipolar power supply with the
rated current of £120 kA.

In FY 1990, the control system in the PFPS will be reorganized according to these
remodelings.
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4.3.2 New DDC system

In order to improve handling j:::':':-:~:-:‘:':v:-:-:;:—:':':':f:-:r:f:::-:':-:-:r:-:o:-:o:-:-:f:':':::':-:-:':':‘:‘:f:-:f:':»:':e':r:-:r:':f:-:f:-:v:':r:f:-:»:':;
and efficiency of the PFPS’s control [ UNIX WS: AS3260 (Sun3/260)
system, a new DDC (Direct Digital Work Station ' —
Control) system is now under 1 Ethernet
development by using a VME system O = ? VMEbUS 0o
which has a 20 MHz MC68030 32-bit [ oru: seoaosesese | G| C '
processor. The configuration of the | 20MHz ulD
new DDC system s shown in [l o |
FigIV.43-1. A VME system is - CAMAC T Branch Highway
connected with I/O modules housed 10 /é A
in a CAMAC crate through a CAMAC Moduie |g |2
branch highway. The system is
developed with a workstation “AS Fig.IV.4.3-1 Configuration of the New DDC system

3260 (Toshiba Corp.) on a network

system of Ethernet. Softwares in the new system are programmed by the C Language. Its control
cycle is 250 ps at minimum. Installation of the hardware had been finished in FY 1988, and
R&D’s were started in April 1989 with a test system. A prototype of the software was developed.
Then, the run speed was examined and it was evaluated that the new system was applicable to the
real DDC system. Manufacture of the software for the horizontal field power supply was started in
September and its test operation with the dummy coil was done at the end of December. From
January 1990, the softwares for the other power supplies are manufacturing on the basis of the
results of the test operation. |

4.4 Neutral beam injection system

In the JT-60U heating experiments, a higher beam energy is required due to a large plasma
minor radius and a deuterium plasma. Design stdy of the acceleration power supply showed that
the acceleration voltage could be increased up to 120 kV with a minor modification. The
modification is mainly adding the GTO thyristors for a GTO switch and capacitors for a DC filter.
A bending magnet power supply is required to increase the output current. To confirm the
performance of the acceleration power supply up to 120 kV, an acceleration power supply among
those of the 14 units was modified and tested combined with a ion source for 120 kV. In the ion
source, the first acceleration gap and the second one were adjusted from 4 mm to 4.5 mm and from
5 mm to 10 mm, respectively. The outer surfaces of the ceramic insulators were re-shaped to
reduce the concentration of electric field. After some tests of the power supply alone up to 120 kV,
the beam extraction test was performed. With three-week operation, the beam of 110kV, 72 A was
extracted from two ion sources, while the acceleration voltage reached 117 kV without beam
extraction [4.4-1]. The modification of the power supply system of the other 13 units started on
November 1989.
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In order to operate a deuterium beam up to 120 kV in JT-60 NBI, the magnetic field of the
ion bending magnet must be strengthened up to 2.3 kG at the center of the magnet. However, the
bending magnet had been designed to produce the magnetic field of 1.5 kG at the center of the
magnet for hydrogen beam of 100 keV. In using a higher magnetic field than 1.5 kG, a non-linear
relation between the coil current and the magnetic field have to be confirmed, because the ion core
begins to be saturated magnetically over 1.5 kG. In addition, an effect of magnetic hysteresis with
the periodical beam operation have to be investigated. These magnetic properties were investigated
with a one-fourth model of the bending magnet for JT-60 NBI The non-linearity between the coil
current and the magnetic field due to the magnetic saturation was less than around 8 % with the
magnetic field of 2.3 kG for the deuterium beam of 120 keV. The magnetic hysteresis was not
observed below the magnetic field of 2.3 kG.

The stray magnetic field of the JT-60U is estimated to increase up to 330 G at the center of.
the NBI tarnk in a divertor discharge of 6 MA plasma current. Against the stray magnetic field, the
magnetic shielding system will not work well due to the magnetic saturation of the magnetic shield
material. After the investigation of the various shielding structures, an addition of the third
cancelling coil to the present two cancelling coil system was determined. The optimization of the
position and the ampere-turn of the coil was carried out with the one-fourth model of the magnetic
shielding system for JT-60 NBIL The coil is
positioned at the boundary of the neutralizer

Beam fimiter
Gate valve | Calorimeter

cell shielding and the ion source one, and the Fast shutter Bending magnet

Ceramic spacer

required ampere-turn is about 16.8 KAT. 10
To reduce the ripple loss and expand ~ ™*"7° 522

ton dump Beamline box

Cancelling coil

High voltage table

the plasma experimental region, tangential

injection system was investigated [4.4-2].
Beamline components of the present two

units are re-installed in a newly designed
beamline box. Fig.IV.4.4-1 shows a cross-
sectional view of the tangential injection et
system. The beamline box is made of cai
stainless steel and the stray magnetic field is  Bellows @

T

shielded actively by the cancelling coil system
to reduce the error field at the plasma surface. J_-
By the magnetic field analysis, the cancelling 4?
coil system was designed to use two large d_|

coils and two small coils. The large coils

{

=

are set around the beamline box, and the Fig.IV.4.4-1 A cross-sectional view of the tangential
small coils are at the intermediate of the injection system for JT-60U.

upper and lower bending magnets in the

beamline box. The required ampere-turns are 82 KAT and 4 kAT, respectively. Four beamling units
out of the 14 units are planned to be modified for the tangential injection system.
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A negative-ion-

based neutral beam

injection system is T:50 FABRICATION ROOM T:60 TORUS H
proposed as a current ‘
driver in higher density
plasmas in JT-60U
[4.4.-3]. Fig.IV.4.4-2
shows a ground plane
of the negative-ion-

based neutral beam

POSITIVE-ION-BASED
TANGENTIAL NBI

#1-6,11-14:
POSTIVE-ION-BASED QUASH-

injection system. The

system will tangentially % PERPENDICULAR NBI |
. L I

inject 0.5MeV,10 MW B

deuterium beams with FigIv.4.4-2 A ground plane of the negative-jon-based neutral beam

two beamlines. This injection system for JT-60U.

program aims at clarifying physics problems related to high energy NBI as follows; (1)To confirm
the validity of neutral beam current drive in fusion reactors by demonstrating 2 MA level beam
driven current in medium and/or high density plasmas. (2)To clarify the phenomena related to
neutral beam current drive such as multi-step ionization processes, plasma rotation and beam
driven Alfven instability. (3)To examine heating efficiency for a reactor-grade high density and
high temperature plasma by a higher (>> 15 Te) energy NBIL The detailed investigation of the
system is being carried out, and it will be completed by the end of 1993.

References

[4.4-1] M.Kuriyama, et al., Proc. of 13th Symp. on Fusion Engineering, Knoxville, {1989) p.996.

[4.4-2] M.Matsuoka, et al., JAERI-M 50-086.
[4.4-3]1 M.Matsuoka, et al., JAERI-M 89-117.

4.5 Radio-frequency system
4.5.1 LHRF system

According to upgrade plan of JT-60, LHRF heating system was modified to-study
steady state operation by non-inductive current drive. The energy confinement time is also
expected to be improved by increasing a plasma current, which can be supplied by an rf power
due to the rf current drive [4.5-1]. Since the multi-junction type launcher had been
successfully introduced in the JT-60 LHCD experiments with the high current drive efficiency,
we decided to adopt again the multi-junction type launcher on the JT-60U. The JT -60U has
two ports for LHRF launch. One is oblique type injection and the other is horizontal type
injection. In this period we constructed one of the multi-junction LHRF launchers with
oblique type. The feature in JT-60U launcher is mainly that the rf wave spectrum can be
controlled by changing frequencies and phase differences between main waveguides. A
manufacturing without deformation of waveguides and thin septum are essential to launch a
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designed wave spectrum. A diffusion bonding method to produce the waveguides was applied
to assure the low cost and to minimize the time required for manufacturing the launcher since
whole launcher modules must be bonded at the same time. After 250 C baking, the
preconditioning of launcher was performed in a vacuum tank at the JT-60 rf building.

The pierce hole for passing waveguide (W/G) transmission line from the RF amplifier
room into the torus hall was reconstructed to prepare experiments using deuterium. In this
period, the reconstruction of one unit among three units was performed. The cross section of
the pierce hole is reduced from 2500 wide x 200 height to 1050 wide x 850 height to decrease
dose of radio activity at the rf amplifier room II.

4.5.2 ICRF system

ICRF heating system for JT-60U provides the power of 9.5 MW with a double
launcher. Two antenna were manufactured for JT-60. The cross section of the antenna is
changed from 52 ¢cm x 37 cm to 74 cm x 86 cm and the power density is reduced to 1/2 of that
of the former JT-60 ICRF antenna. In addition, the antenna is also designed so as to couple
with an H-mode plasma, which has a steep density gradient in front of the launcher. The outer
radius of feed through is enlarged from
152 to 203/230 and the inner conductor 850

% 190 250 190

was coated with carbon. The antenna

system equips with the ark senser to

2

monitor the rf discharge. The matching

unit is composed of a line stretcher and a
sub-tuner with wide band to assure

theupgrade of withstand voltage.

7490
640
360

Improvements of the control system such

as monitor points, the improvement of the

software, the check of rf power and

phased monitor and the rearrangement of

the protection unit were performed so as

to be applicable to two antenna injection.

The high power amplifier (HPA ) will be Fig.IV.4.5-1 ICRF antenna for JT-60U, viewing from
changed from Varian 8973 tetrode to plasma side.

Varian X-2274 new tetrode with the

output power of 1.5 MW and the total

output power will be increased from 6

MW to about 9.5 MW. The antenna of the ICRF launcher for JT-60U is shown in Fig.1V.4.5-1
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4.6 Diagnostic system

On JT-60 upgrade, diagnostic systems will be improved to measure detailed spatial
distributions of plasma parameters (electron temperature, electron density, ion temperature,
poloidal field, hard X-ray and so on) and to measure velocity distributions of high energy particles.
The diagnostic systems for planning are shown in Table IV.4.6-1.

Table IV.4.6-1 Planning of JT-60U diagnostics

Measured parameter Diagnostics Specificatien Status

(Planning} I; improvement

R: rearrangement

N: new establishment

Electron density FIR Interferometer Spatial 2 chords 1
CO, Interfercometer Spatial 3 chords N

Reflectometer Ar 1 ~2 cm, Atgl ms R
! 8 fixed frequency X/0 mode
110-170GHz Broadband X mode

Electron remperature Thomson Scattering 2 Lasers At >2ms I

profile and Electron spatial >30 points

density profile Ar 28 mm

Electron temperature ECE (Polychromator) spatial 20 points, At=20 us R
ECE (Fourier transform spatial 30 points, At ~20 ms R
spectrometer) :

Electron velocity Hard X-ray (vertical) spatial 8 chords, E=30%600 keV 1

distribution function -
Hard X-rayv (horizontal) spatial 2 chords, E=30~600 keV N
ECE {(Fourier transform spatial 30 points, At ~20 ms K
spectrometer)

Ion temperature charge Exchange 3 X gpatial 20 points I

Recombination Spectrometer|Ti >100 eV

Active Beam Scattering spatial 1 point, Ti >1 keV R
Heavy Impurity spatial 1 peint, Ti >1 keV I
Spectrometer (Doppler)

Light Impurity spatial ] point R
Spectrometer (Doppler) Ti=50- 1000 keV
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Table IV.4.6-1 Planning of JT-60U diagnostics (continued)

Measured parameter Diagnostic Specification (Planning) Status
Ton veleocity CX (perpendicular) spatial 1 chords,E=i~110keV R
distribution function '
spatial 2 chords, E=1~110keV R
E=1~300keV
CX {tangential) ¢spatial 2 chords, E=1~110,500keV R
Impurity X-ray Spectrometer ispatial 1 chord, A=1~10 A R
Grazing Incidence spatial 1 chord, A=5~1300 A K
Spectrometer
Grazing Incidence . . ¢
Spectrometer for Divertor spatial 1 chord, k=5 1309 A R
Grazing Incidence , _ N
Monochromator spatial 1l chord, *A=10~1300 A R
Spectrometer for Periphery|spatial 18 chords, A=2000~70004 R
Visible Monochromator spatial 1 chords, A=2000~7000R R
Jisibie Spectrometer spatial 38 chords, A=4000~70004| N
or Divertor
Fiber Optics and Filters, spatial 11 chords, A=5230 A N
for 2 .
eff
Soft X-ray Pulse Right spatial 1 chord, E=3~110keV R
Analyzer
Current density Zeeman Pclarimeter spatial 6 points R
profile
Faraday Rotation spatial 2 chords, Atx1Oms s
Alp 20,2 deg.
Charged fusion product|Escaping Particle Monitor |spatial 1 point, E=3~10MeV R
Neutron Fission chamber spatial 3 ‘points N
2.45/14MeV Neutron detector spatial 1 chord R
Radiation loss Bolometer Array (Main) 2 Arrays x16 chords I
profile
Bolometer Array{Divertor) |spatial 1 chords I
MHD PIN Diode Arrays 2 Arrays x 32 chords I
Elactro Magnetic Probes 56 probes I
Peripheral Plasma Ho monitor(Poleoidal) spatial 10 chords I
Ho monitor(Divertor) spatial 1 chord I
Ha monitor .
(Outer peripheral) spatial 2 chords I
Ha monitor(Torcidal) spatial 6 points N
Electrostatic probe 2 Arrvays *15 probes N
Others IRTV/(He TV) T=400-1200°C I
Tangential TV horizontally 3 cameras I
Fellet Monitor spatial 10 points I
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V. TECHNOLOGY DEVELOPMENT
1. Surface Physics and Vacuum Technology
1.1 Introduction

The primary objective of the surface physics studies is to investigate the interaction between
plasma and wall or limiter materials by using low energy ion accelerators. These studies will help
us to find out optimum conditions for minimizing impurity production and controlling hydrogen
recycling.

One the other hand, vacuum technology is one of the key technologies for the operation and
maintenance of current fusion devices. It has also been more and more recognized that not only
application of conventional techniques but also development of innovative techniques is required
for realization of the next step fusion reactors. The technology area includes wall preparation,
pumping system, gauging, leak hunting and in-vessel manipulators.

1.2 Hydrocarbon formation due to interaction of graphite with hydrogen ions

In 1989 fiscal year we carried out the
experiment of isotope exchange between
hydrogen and deuterium through the
formation of mixed hydro- and deutero-
methane[1.2-1]. We have continued the
measurements to study whether heavier
mixed hydrocarbon of CxHyD; molecules is
formed when carbon materials are exposed to
the simultaneous or successive
bombardments of H* and D* ions. Figure
V.1.2-1 shows typical results of the
successive bombardments of 6 keV H3z* and
6kV D3* ions at 500 ©C[1.2-2]. It can be
seen that the signal intensities of mass
29(CsH3D, CpHD7) and mass 31(C2HD3)
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Fig.V.1.2-1 D fluence dependence of measured QMS

had a maximum, and that those of masses signal intensities from mass 24 to mass
. 32 divided by incident ion current after
32(C2Dy4) and 26 (C2H32) increased and subtracting background intensities from
r res i ith increasi D the raw signal intensities. The target of
decreased, respectively, w t ‘1 creasing oyrolytic graphite was bombarded with
fluence. These results indicate that the 6 keV Hs* up to saturation and

i b fly with 6 keV Ds* at 500 °C.
isotope exchange between hydrogen and subsequently with 6 keV 13" a

deuterium occurs through a channel of Cg
hydrocarbon formation as well as of methane
formation in graphite target. -
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1.3 Permeation of deuterium implanted into thin copper plate

The permeation rate of deuterium implanted
into copper foil was measured as a function of
temperature (80-500°C) and implantation flux ((0.2
-1.0)x1010 D-atoms/cm2s). When the backsurface
of the sample was argon-bombarded prior to the
deuterium implantation, the permeation rate
exhibited simple temperature dependence; it
increased with increasing température above 2000C
while it was nearly independent of temperature
below 2009C as shown in Fig.V.1.3-1. The
dependence of the permeation rate on the implan-
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tation flux also changed around 200°C (Fig.V.1.3- "
1). This transition can be attributed to the change
in the transport regime. The recombination
coefficient of deuterium on copper surface was
evaluated from the permeation flux. The value was
several orders of magnitude smaller than the one
calculated with the model proposed by Pick and
Richards.

1.0 1.4 1.8 2.2 2.6 3.0
1w KsT

Fig.V.1.3-1

Temperature dependence of the permeation
flux U, and the index n, which indicates

that the Up, is proportional to the n-th
power of the implantation flux.

1.4 Development of ceramic turbo-viscous pump

In order to establish a torus pumping system for fusion reactors involving ITER, a new
type of roughing vacuum pump named turbo-viscous pump has been developed. A feature of the
pump is that a ceramic rotor assembly and an oil-free driving unit are adopting to prevent the
influence of strong magnetic fields or tritium radiation. The rotor assembly, which is made of
silicon nitride (SizNg), has eleven parallel disks, between which project stator disks from ihe outer
casing with roter-stator clearances less than 100um, and a shaft with two gas turbine blades.
Spiral grooves are cut on either side of the rotor or stator disk of each stage, each of them starting
near the center (or at the periphery) and ending at the periphery (or near the center). The pump
shaft is supported by gas bearings and is driven by impulse gas turbines at approximately
25,000rpm. This pump is completely oil-free.

The major specifications of the pump are
listed in Table V.1.4-1.

Tabie V.1.4-1 Major specifications of the
ceramic turbo-viscous pump.

This pump and the

previously-developed ceramic turbomolecular Diameter of rotor disks 150mm
‘ - . Number of rotor disks 11
pump[1.4-1] [1.4-2] can be utilized for a pumping Rotation speed 25,000rprm
i fom i 10-3 - 760Torr
system of the fusion reactors. Figure V.1.4-1 Operation pressure range It
. . .. Pumping speed 280 I'min
shows the ceramic turbo-viscous pump (this side) Ultimale pressure 7 x 10-8Torr

connecting to the ceramic turbomolecular pump in
series.



Fig.V.1.4-1

Ceramic turbo-visccous pump (this
side) connecting to the ceramic

turbomolecular pump in series.
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1.5 Fabrication and test of 3-phase induction motor and dc servomotor for in-

vessel manipulators

It is necessary to develop various types of remote manipulators which can be used inside
the vacuum vessel of fusion devices since the majority of maintenance operations are to occur due

to plasma-wail interactions. In order to provide the driving units for the in-vessel manipulators,
we carried out the fabrication and test of two types of electric motors, namely a 3-phase induction
motor and a dc servomotor, in 1989 fiscal year. Major technical problems are how to prevent the
deterioration of insulators and lubri-cating materials and to mitigate the out-gassing rate of ail

structural materials at high
temperatures and in high
vacuumn.

The major specifi-
cations of the coil
insulators and bearings of
the prototype motors are
listed in Table V.1.5-1.
These materials of the
motor alse  have
robustness against radia-
tion. The test of these
motors have Dbeen
successfully performed.

Table V.1.5-1 Major specifications of the prototype motors.

dc servomotor

Type of moters 3-phase induction motor
Usage Carrying motor
Working up to 350°C,
environment 10-8Torr
Materials
Coil insulators $i09 composite
Ball bearing (Retainer)
Self-lubricating
sintered alloy
(Ball)
Pb ion-plated

Positioning
up to 150°C,

10-8Torr

5i07 electrolytically coated
Special greased

1.6 Development of new $MS head movable in vacuum vessel

A quadrupole mass spectrometer (QMS) with a specially-designed analyzing head was
fabricated and tested[1.6-1]. The main features of the new QMS are that the head can be moved
inside a large vacuum vessel and that it can be operated at elevated temperatures up to 150°C.



JAERI-M 90160

Figure V.1.6-1 shows the drawing of the head. The elecwonic circuit which consists of an
rf tuning and a detection sub-circuits is packed in an airtight stainless steel casing which is directly
connected to the head. The circuit is tuned by supplying variable frequency of tf voltage since the
resonance frequency depends weak- 8-Pin Current Feed Torougn Terminal
ly on environmental temperature. . S
With this QMS, normal mass / Reafler Tube cronpeiven °"°"‘{'}"’°'° L
spectra could be obtained for the @" é C &_\; ] [:%:_%1"0
mass range 1-50 a.m.u. even when e 3
the environmental temperature was
1500C. F a15mm {

443

References Fig.V.1.6-1 Schematic drawing of the new QMS analyzing head.
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1.7 Development of fast pressure monitoring system

In order to measure fast pressure changes in the JT-60 torus vacuum vessel, a modified
Penning-type vacuum gauge was developed[1.7-1]. The discharge in the Penning cell is sustained
by using the magnetic field which confines the fusion plasma. The response time of the
monitoring system invelving the gauge is very fast (S10ms) since the gauge is placed near the
vacuum vessel. In 1989 fiscal year the new gauge was installed in JT-60 to measure pressures
during and after plasma shots. The abrupt gas release from the wall due to plasma disruption and

subsequent adsorption of the gas on the wall were successfully analyzed with the monitoring

system.

References
[1.7-1] N. Qgiwara, M. Maeno and M. Matsukawa, to be published in Proc. 13th Symp. on Fusion Technol.,

Knozxville, (1990).

2. Superconducting Magnet Development
2.1 Introduction
The superconducting magnet development work is being carried out for the purpose of

engineering establishment on the magnet system in the Fusion Experimental Reactor (FER). The
objectives of the four major developments are as follows:

1) Toroidal Coil DC Coil Max. Field 12T Height 12m

2) Outer Poloidal Coil Pulsed Coil Max. Field 7T Diameter 5-20m
3) Central Solenoid Coil  Pulsed Coil Max. Field 13T Diameter 3- 4m
4) Refrigerator System Refrigeration Power 30 x 4 kW at 4K

For toroidal coils, a large coil technology up to the coil height of Sm (Maximum field 8-9T)
has been achieved by the IEA Large Coil Task and a high field coil technology up to the maximum
field of 12 T (Coil height 1.6m) has been achieved by the Cluster Test Program. Based on these
experiences, Prototype Toroidal Coil Program is now under way and three kinds of 12-T, 30-kA
prototype toroidal conductors were fabricated in 1989.
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Figure V.1.6-1 shows the drawing of the head. The electronic circuit which consists of an
rf tuning and a detection sub-circuits is packed in an airtight stainless steel casing which is directly
connected to the head. The circuit is tuned by supplying variable frequency of rf voltage since the
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1.7 Development of fast pressure monitoring system

In order to measure fast pressure changes in the JT-60 torus vacuum vessel, a modified
Penning-type vacuum gauge was developed[1.7-1]. The discharge in the Penning cell is sustained
by using the magnetic field which confines the fusion plasma. The response time of the
monitoring system involving the gauge is very fast (£10ms) since the gauge is placed near the
vacuum vessel. In 1989 fiscal year the new gauge was installed in JT-60 to measure pressures
during and after plasma shots. The abrupt gas release from the wall due to plasma disruption and
subsequent adsorption of the gas on the wall were successfully analyzed with the monitoring

system.
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2. Superconducting Magnet Development

2.1 Introduction
The superconducting magnet development work is being carried out for the purpose of

engineering establishment on the magnet system in the Fusion Experimental Reactor (FER). The
objectives of the four major developments are as follows:

1) Toroidal Coil DC Coil Max. Field 12T Height 12m

2) Outer Poloidal Coil Pulsed Coil Max. Field 7T Diameter 5-20m
3) Central Solenoid Coil  Pulsed Coil Max. Field 13T Diameter 3- 4m
4) Refrigerator System Refrigeration Power 30 x 4 kW at 4K

For toroidal coils, a large coil technology up to the coil height of Sm (Maximum field 8-9T)
has been achieved by the IEA Large Coil Task and a high field coil technology up to the maximum
field of 12 T (Coil height 1.6m) has been achieved by the Cluster Test Program. Based on these
experiences, Prototype Toroidal Coil Program is now under way and three kinds of 12-T, 30-kA
prototype toroidal conductors were fabricated in 1989.
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For poloidal coils, Demo. Poloidal Coil Program has been carried out to develop a large
pulsed coil technology firstly at the level of 7T. In 1989, fabrication of a Nb3Sn pulsed coil (DPC-
EX) was completed and it was charged successfully up to 17kA, 7T in 1s and has demonstrated a
significant advance towards poloidal coils of FER.

The cryogenic system technology has proved its reliable capability in the operation for
testing of DPC-EX for more than 800 hours and some advanced cryogenic components has been
developed in 1989.

2.2 The Demo Poloidal Coil program
2.2.1 Program status

To develop superconducting poloidal coils required in a future tokamak reactor, the Demo
Poloidal Coil (DPC) program has been initiated at JAERT in 1985. The goals of DPC are 10 obtain
experimental data, to demonstrate reliable operation, and to prove design principles and fabrication
techniques for poloidal coils. The DPC program includes the fabrication and testing of two 30-kA
Nb-Ti pulsed coils (DPC-U1 and -U2), and one 10-kA Nb3Sn pulsed coil (DPC-EX). The coils
have circular shape and are cooled by forced-flow helium. Their winding inner diameters are 1 m,
which is about one-half size of center solenoid coils to be used in a fusion reactor. The fabrication
of DPC-U1 and U2 have been compieted in 1988 and their experiment was performed early in
1989 [2.2-1]. Following this, the fabrication of DPC-EX has been completed in September, 1989,
and the experiment of DPC-EX being instailed between DPC-Ui and U2 was conducted through
November to December [2.2-2]. In this experiment DPC-EX achieved the designed pulsed field of
7 T/s and demonstrated the applicability of Nb3Sn conductor to a pulsed coil. As an international
collaboration, the United States Department of Energy (US-DOE) participates in the DPC program,
and MIT provide a test coil which has 30-kA Nb3Sn conductor [2.2-3]. The testing of US-DPC s
expected to be taken place in this autumn.

2.2.2 Experiment of the DPC-U1 and U2

DPC-U1, U2, and EX were |
stacked in a co-axial configuration and
were tightened together by stainless
steel rods. The entire setup was
installed in a vacuum tank (Fig.V.2.2-
1). It took 131 hours to cool the three
coils and structures to cryogenic
temperature. No leak was encountered
during the cooldown and subsequent

experiment.
(1DC and pulsed operation
In a DC operation, DPC-U1 and

_ Fig.V.2.2-1 Demo Poloidal Coils instailed in vacuum tank.
U2 reached the design current of 30 kA (from top, DPC-U1, EX, and U2)
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and generated a magnetic field of 6.4 T. The stored energy at this point was 30 MJ. For DPC-EX
experiment, DPC-U1 and U2 provided the background field and also obtained the maximum field
of 6.8 T. Pulsed operations were performed in ‘

_ Pesk Pulsed Field (T/s)
series connection of DPC-U1 and U2 using the o 1 @ 3 4 5
JT-60 power supply. Designed pulsed field of .
6.4 T/s was obtained by charging both the coils 6 ﬂ
to 30 kA in one second with a flattop of half
second. Unfortunately the flattop was shortened
to half second from planned 3 second due to an
instability observed in the coils.

(2)AC loss and mechanical performances
In order to reduce AC losses of the coils,
many improvements were performed on the

2.0

Total

Poncake O E

Total Loss Energy (kJ)
Loss Energy in Poncakes (kJ)

conductors and coil structures [2.2-4]. To verify 193

these, AC loss measurements were performed - Fancoke A

during the pulsed operations. The measured AC o L .
0 10 20 30

losses of DPC-U2 are shown in Fig.V.2.2-2. Coil Carrent (kA1
As we had expected from their design, ac losses
were quite small, and in the 30-kA pulsed FigV.222
operation the total losses was 6.8 kJ, which

Ac losses of DPC-U2 during the pulsed
operation.

corresponds to only 0.06% of the stored energy 0 T T T
(11 MJ). To eliminate AC losses in the coil g ozof- 2‘:‘::;“"‘”"“ i
structures, we adopted an aggressive design = _

concept that the coils had no cases to support % "l |
windings. Therefore, it was of another interest § 0.10r et ]
to us how the winding behave during a charge. = o5 Cyzlma
From this point of view, 12 extensometers were o 5 .B:: u?%#?? 1o

1 0
attached on DPC-U2 and radial displacements at 0 100 200 300 400 500 €00 700 80O S00 10CC
- . CURRENT SQUARED  {kA%)
the outer circumference were measured (Fig.

V.2.2-3). Measured displacements are in
B & 86 / 8

proportion to coil current squared in every case. | : [ [ | ] l:'
This indicates that the winding behaves elastically re-] r
and is mechanically stable. In addition, winding m% N J& 203
rigidity, which can be estimated from this figure, m;}; Fasos s j!so’
is much higher than that expected in pool-cooled g °f
coils. Thus the coil structure we had adopted W ' ﬁ

was demonstrated to be successful.
Fig.V.2.2-3 Measured displacements of DPC-UZ2 and

the location of extension-meters
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2.2.3 Experiment of the DPC-EX

In order to demonstrate the applicability :
of Nb3Sn conductor to pulse poloidal coils for
tokamak fusion machihes, Nb3Sn Demo Poloidal '
Coil (DPC-EX) has been fabricated and tested.
An inner and an outer diameter of the DPC-EX
are 1 m and 1.6-m, respectively. The nominal
current is 10 kA, The DPC-EX consists of two-
double pancakes, fabricated by a react-and-wind
technique. The conductor is a flat cable-in-
conduit conductor with 153 Nb3Sn strands
around a stainless steel sheet and separated Fig.V.2.2-4 DPC-EC being installed between Ul and U2.
cooling channels. The strands are formed with a
single island which inciudes 5754 filaments in

Table ¥.2.2-1 DPC-EX characteristics

. s g Superconductor Nb3(InSn)
the copper matrix. Tantalum material is used as Rated current 10,000 A
i i i in i & Number of turns 120
diffusion barrier of the tl.n in the copper matrix in Winding method React and wind.
order to reduce hysteresis loss and coupling loss Two double pancakes
b he fil A ch 1 f Conductor length 508 m
etween the filaments. chrome layer o Winding current density 20.6 Ajmm3
thickness 5 pm is plated on the surface of strand Self inductance 23.7 mH
. . Self store energy 1.2 MJ
in order to reduce the coupling loss between the Magnetomative force 1.2 MA
: : Weight 1,360 kg
strands. As the conduit material, JK-1 was used, Cooling method Forced cooling
which has excellent mechanical properties for (perating temperature 41K
] ) Operating pressure 0.55 MPa
heat treatment in temperature of 700 C. Figure Number of cooling paths 4
. . O ooli ath length 127 m
V.2.2-4 shows the DPC-EX being installed Operating roess flow rate 8.9 x 4 gfs
between Ul and U2. The characteristics of the - Design dump voltage 6.6 KV
Test voltage 19.8 KV

DPC-EX is listed in Table V.2.2-1. Experiment

of the DPC-EX have been carried out, installing
between DPC-Ut and U2. For the operation

mode connected with DPC-U1, U2 in series, the
DPC-EX has been ramped up to 17 kA in 1 s and Gurrent
ramped down to zero in 1 s after a flat top time
for 1 s, without normal transition. The
maximum magnetic field is 6.7 T and the
changing magnetic field is 6.7 T/s, respectively.
For the single operation mode with DPC-EX
only, 8.3 T/s has been achieved by ramping up to
17 kA in 0.5 s and then by ramping down to zero
in 0.5 s after a flat top time of 5 s. Figure V.2.2- Fig.V.2.2-5 The trace of the current and terminal voltage
5 shows the trace of the current and the terminal of the DPC-EXon the cyclic operation.
voltage of the DPC-EX on the cyclic operation.

17k A

goov

Voltage
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The ac losses could be evaluated by a difference s
in enthalpy of the helium between at the inlet and o

the outlet. Figure V.2.2-6 shows the measured A y
ac losses of the DPC-EX during the pulse ’ S~
operation whose rising time was 1 s. the , -
coupling time constant of the conductor could be otal | [/
estimated to be about 4 ms by the experimental
results. The coupling time constant was eight
times that of the strand. The ratio of AC loss to
stored energy is about 0.24 %. In these tests, the / Pl
inlet temperature of the coolant helium gas is 4.1 / -

K, the inlet pressure is 5.5 bar and the flow rate / T S
is 8.9 g/s. The DPC-EX was operated to 10 kA """ bancake A
near 100 times without any trouble. In additicn, =
the margin of the DPC-EX was defined as 1.7 o . ” "
times of the nominal current by the extended test Peak Current Ip (kA)

7
// Pancake B-C

Loss Energy (kJ)
N

and the pOSSibili[y of the ,high current density Fig.V.2.2-6 Ac losses of the DPC-EX during the pulse

pulse coil has been realized operstion whose rising time was 1 s.
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2.3 The Proto Toroidal Coil project
The Proto Toroidal Coil (PROTQ) is planned for development of the TF coil for the FER.
Therefore its candidate conductors were designed in 1988. Their trial manufacturings were carried
out in 1989. PROTO conductors have three types which are TMC-FF type, Preformed armor type
and Advanced disk type. The verification tests of their PROTO conductors were carried out as
following items.
(1) Critical current: The strand of 2 mm
diameter without copper stabilizer was
manufactured. The critical current and the
stability margin test samples of the straight
real size conductor and the winding were
manufactured.
(2) Stability margin: The small model sample
which consists of one strand and a copper
tube was manufactured for the TMC-FF type
conducter.

Fig.V.2.3-1 Mechanical test sample of the advanced disk
conductor.
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(3) AC loss: The copper stabilizer with
insulation barrier for the TMC-FF type
conductor was manufactured and measured.
(4) Mechanical properties: The mechanical
test samples of the straight conductor and the
winding were manufactured. The sample for
the advanced disk type conductor are shown
in Fig. VL. 2.3-1.

The verification test stand for the
critical current and stability margin of the real
size conductors was designed and
manufactured. This test stand consists of the

Fig.V.2.3-2 Verification test stand for Ic and the

stability margin of the real size conductor.

superconducting transformer and the backup coils, and can supply 12T and 100kA. This test stand

is shown in Fig, V1.2.3-2.

The mechanical and electrical property of the PROTO coil and its test stand were analyzed
by the finite element method (NASTRAN) and so on. The experimental condition of the PROTO
coil shall be similar to that of the TF coil of the FER. Especially, magnetic field and stress level of
each material will be equal between the PROTO and the TF coil of the FER.

2.4 High field coil development

A Nb3Al coil and two high-performance
(NbTi)3Sn coils were developed in this
period.Practical Nb3Al superconductor is
expected to be developed for its better latent
capacity than Nb3Sn. A coil wound with
practical-type, that is, copper-stabilized multi-
filamentary Nb3Al superconductor was
developed (Fig.V.2.4-1) and the magnetic field
of 13.1-T was obtained in the background-field
of 12.8-T as was designed. This result shows
that the Nb3jAl superconductor used in this coil is
homogeneous along its whole length of 200-m,
which is very important for practical-use. The
transverese-stress-effect of the Nb3Al super-
conductor on the critical current was investigated
and was confirmed to be much better than that of
Nb3Sn. The critical current density of the
practical-type Nb3Al superconductor has been
improved and it reached 300-A/mm? in 12-T at
the end of this period.

Fig.V.2.4-1 The coil wound with 200-m-long copper-

stabilized multi-filamentary NbsAl super-
conductor which generate the magnetic field
of 13.1T in the background-field of 12.8T.
Dimensions of the winding part are 40-mm
inner diameter, 84-mm outer diameter and
100-mm axial length.

s
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A 13-T 140-mm-bore (NbTi)3Sn coil was developed. A 82-mm-bore (NbTi)35n coil,
developed last period, became 1o generate 15-T by this 13-T coil. These coils are used for high-
field superconductor development. A 32-mm-bore (NbTi)3Sn high-field test coil, which was
designed to generate 18-T in the 13-T coil, was completed and is waiting for being tested.

2.5 Cryogenic system development

A large helium cryogenic system, required capacity is around 100 kW at 4 K regime, is
indispensable for the Fusion Experimental Reactor (FER). JAERI is performing R&D work for
the cryogenic system to realize such a large cryogenic system.

2.5.1 DPC cryogenic system

Through the DPC coil experiment, the DPC cryogenic system had operated to maintain the
DPC coil system at 4 K regime for around 800 hours without any troubles. It was demonstrated
that the DPC cryogenic system functioned as it was designed and was a world largest, proven
forced-flow cooled superconducting magnet test facility. The verified performance results are
follows;
(1) Supercritical helium of 350g/s, 4.0K and 6bar(design point) could be supplied 1o the coil

system.

(2) The cryogenic systern has demonstrated the wide operation range:
Pressure : 2 - 10 bar (Subcooled liquid helium was available)
Temperature : 39-45K
Mass flowrate  : 100-350g/s
(3) Adiabatic efficiency for the circulation pump and the cold compressor were measured to be
around 60 %.

2.5.2 Cryogenic component development
A double acting bellow pump was
adopted as a supercritical helium
circulation pump in the DPC cryogenic
system. However, a larger pump should . :
be required for FER, required capacity is
a mass flow rate of 2000 - 4000 g/s and a
pump head of around 2.5 bar. A
centrifugal pump will be used for such
pump due to an advantage of large flow
capacity. A cenirifugal pump, show in
Fig. V1.2.5-1, was developed at JAERI,
which has the same design point as the
DPC pump. Using the DPC cryogenic

Fig.V.2.5-1 Th trifugal itical heli i i
system, the pump was teste d and the g pu;l ISen ifugal supercritical helium circulation

performance was measured as follows;
1) Mass flow rate : 100 - 630 gfs
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2) Pump head : 0.6 -2.0 bar
3) Adiabatic efficiency : 60 - 80 %

The performance as a function of mass
flow rate are shown in Fig.V1.2.5-2 the pump
has demonstrated very high efficiency of 80 % at
the design point, corresponding to the world
highest values. And this development has
achieved an advance for the cryogenic system
development of FER. )

2.6 Development of cryogenic structural
materials

The new alloys named "Japanese Cryo-
genic Steels” (JSC) for the superconducting
magnets of the Fusion Experimental Reactor
(FER) were successfully developed in collabo-
ration with four steel companies[2.6-1]. These
alloys supplied from industrial heats (5 - 50 tons)
were passed the requirement(cy>1,200 MPa,
K1c>200MPavm, called JAERI box) that was
beyond the capabilities of the existing austenitic
stainless steels for cryogenic use. In addition,
favorable mechanical properties on the
weldments of the JCS were obtained as shown in
Fig.V1.2.6-1. The collaboration work of the
development was finished on the end of March,
1990 because the purpose of them was almost
achieved.

On the other hand, the second round
robin tests under US-Japan collaboration were
conducted in order to establish the standard
methods of cryogenic material testing{2.6-2].
The standard of tension test at liquid helium
temperature is established as JIS Z2277 "Tensile
Testing Method for Metallic Materials in Liquid
Helium" on June, 1990.
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3. Beam Technology
3.1 Negative ion beam technology
3.1.1 A multi-ampere negative ion source {3.1-1,2,3,4]

To realize an efficient Neutral Beam Injection (NBI) system such as the ITER and FER, we
have developed the negative ion sources since 1984. In 1988, a 3.4 A, 75 keV H~ ion beam have
already been produced using the JAERI Multi-Ampere Negative Ion Source which is a pure
volume source. To produce negative ions more efficiently, the ion source was operated with
cesium. The plasma generator of the source is a magnetically filtered multicusp source, whose
dimensions are 24 cm wide, 48 cm long, and 15 cm deep as shown in Fig.V.3.1-1. A small

amount of cesium vapor == 4 e =
— el
- Las

(100mg) was injected

from the cesium oven : NS
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into the generator before o i+ otasn 01
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the source operation.
Once the cesium was
injected, the source could
be operated for more than
one week (3000 shots of
0.2 sec). The H™ ions -
produced in the generator
are extracted by four oo
grids. Each of them has
434 apertures of 9 mm
diameter within the area of 15 cm x 40 cm.

Dependence of the H™ ion current on the arc R

[
INSULATOR

PLASMA GARID

b
EXTRACTION (.\';HID
vl
@ ELECTRON SUPP, G

J .y
w1 ICN SUPP. GRID
@ GACUNDED GRID

Fig.¥.3.1-1 A cross-sectional view of the JAERI negative ion source
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. - . 3 8/25
vapor is shown in Fig.V.3.1-2. By seeding the _ 7 " =27V 300°C,10's 4
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cesium, the H- ion current increases remarkably
and reaches 10 A at the arc discharge current of
800 A. The ion current density defined as the ion
current divided by the total aperture area is 36
mA/em2, which already satisfies the design value
of the ITER/FER NBI system.

Besides the enhancement of the H- ion
production efficiency, the electrons extracted with o
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3.1.2 Beam optics of negative ion [3.1-3]

Since the ion source will be placed at about 40 meters from the injecting port in the
ITER/FER, the beam divergence angle as low as 5 mrad is required beam. Using a small negative
ion source, the beam divergence angle up to the beam energy of 50 keV, which is the pre-
acceleration voltage of 1MeV class accelerator for the ITER/FER, was measured. By optimizing
the configuration of the accelerator, we have successfully produced a convergent beam of 4.7
mrad (e-folding half-width divergence) from a single aperture of 5 mm diameter.

3.1.3 Isotope effect on negative ion production [3.1-6]

In order to investigate the isotope effect on the negative ion production of deuterium and
hydrogen, experimental studies were conducted using the JAERI One-Ampere Negative Ion
Source at Lawrence Berkeley Laboratory as a US-Japan cooperative program on negative ion
source. _

After optimizing a filter strength and arc discharge conditions such as the operating
pressure,we obtained experimental results as listed below;

(1) The negative ion current density obtained in deuterium operation was 8.4 mA/cm2, while the
value in hydrogen operation was 10.4 mA/cm?2 at the same arc discharge power of 40 kW.

This result indicates that the D- density in the plasma is same or higher than the H- density.

(2) The optimum filter strength in deuterium operation is stronger than that required in the
hydrogen operation

(3) It was demonstrated that electron extraction , which was a serious problem in deuterium
operation, can be suppressed by biasing a plasma grid at higher potential

These results offer an important data base for the design of the future NBI systems.

3.1.4 RF ion source for the negative ion production and plasma neutralizer [3.1-7] -

The RF ion source has attractive features that (1) the operating gas pressure is low, (2)a
hot cathode, whose life time is short, is not '
required for the discharge. Making use of Longmuir - Probe
these features, we have tried to apply the ECR
and a plasma neutralizer. The ion SOUrce wove Guide! g o Wave Window ' Lz

plasma generator to the negative ion source
consists of a pair of magnetic coils and a 2-45'3“21 (Quortz}

cylindrical vacuum chamber as shown in Fig | - Plosma_Chamber T
V.3.1-3. A microwave of 2.45 GHz, 5 kW
generated by a magnetron is introduced Vocuum
through a quartz window to the chamber. i -limip :

Hydrogen plasma and xenon plasma Hoion Probe yognetic Gails
were produced by 5 kW RE power. The Fig.V.3.1-3 Schematic diagram of the high
plasma densities were higher than 1012 cm-3, density ECR plasma generator

In the xenon plasma, it was confirmed that the
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ionization rate was higher than 30 %.

The Langmuire probe measurement showed the existence of the region in which the
negative ions is rich. Further, the measurement by a probe with a low energy extractor showed
that the H- ion current was quantitatively measured to be 7mA/cm? at the injection power of 1 kW.

3.1.5 Construction of 350 keV test stand

In order to investigate beam optics, beam acceleration and voltage holding in the
accelerator, the test stand which can produce 350 keV ,100mA negative ion beams has been
constructed. The test stand consists of a motor-generator, source plasma power supplies, a beam
acceleration power supply ,a high voltage feed through into a X-ray shield room and their control
system. A negative ion source is mounted on a beamline in the X-ray shield room. The beam
acceleration test will be started in April 1990.

3.1.6 Li~ ion source for plasma diagnostics

For plasma diagnostics, a high current negative lithium ion source are being investigated.
The Li- source is basically same as the volume source. However, the inner wall of the source is
covered with liners made of molybdenum and tungsten to prevent Li condensation Li vapor,
which was supplied from molybdenum boat installing Li metal.

In a preliminary experiment, the maximum Li- beam current density of 1.1 vA/cm? has

been obtained, which is still 3 orders of magnitude smaller than that required for the diagnostic
system
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3.2 Design study of negative-ion-based NBI[3.2-1,2]

To clarify the goal of the R&D works for

the next NBI system, two NBI systems have Table V.3.2-1 Specifications of the ITER NBI

been designed. One is a 500 keV system for JT- Injection power 50-75MW
) Beam energy 0.5-1.3MeV
60U and the other is an IMeV system for the Pulse length steady
. . B i deuteri
ITER/FER. These designs adopt the cesium  qort i NBI ports 3 o
Number of beam lines per a port 3

mixing n ive ion source which can efficientl
g negative ethcienty Number of ion sources per a beam line 3

produce the negative ion beam at the low EFFICIENCIES

. . ; Acceleration efficiency 82%
operating pressure described in Table V.3.2-1. Neutralization efficiency 60%
_ ST Re-ionization efficiency 95%

The JT-60U NBI system will inject 0.5 Total efficiency 0%

MeV, 10 MW deuterium beams tangentially with
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two beamlines. The system is |
composed of two negative ion

sources. It is shown in Fig.IV.4.4-1

and 2. The ITER system designed by A T é
Japan is shown in Fig. V.3.2-1. The = Ce e é
specifications of the system are e g
shown in Table V.3.2-1. The system = C
injects 1.3MeV, 75MW deuterium :;mm g
beams with nine beamlines each of " O eeies ﬁ
:IU[ RECTIFIER
which has one ion source. | Lssea| oom

i - i iew of the ITER NBI
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3.3 Positive ion beam technology
3.3.1 Production of large helium beam

To simulate the behavior of helium ashes produced by D-T reaction in the future reactors,
the helium gas beam has been injected into JT-60. Before the experiment at JT-60NBI, a high
current helium has been produced to confirm the beam properties using the ion source developed
for JT-60 NBI at the proto-type unit. By accelerating at single stage to increase the beam power,
the high current helium beam of 35 keV, 20A was produced. It offered a date base for the helium
beam test at JT-60.

3.3.2 Energy recovery system [3.3-1] : _

As a collaborative study between Japan and EC, the experiment on the energy recovery
system which can improve the power efficiency of the NBI system has been conducted using the
JAERI High Proton Ion Source at Cadarache Laboratory in France. An experiment using a 100
keV, 14 A D beam results showed that more than 90 % of the full energy ions of 100 keV were
recovered and the power efficiency was improved by 25 %. This indicates that the energy recovery
system is useful for the future NBI system.

3.3.3 Large scale cryo-sorption pump [3.3-2]

In long pulse helium beam injection, a high speed helium pumping system is required. For
this purpose, we have developed a cryo-sorption pump which uses SF6 layer condensed on the
cryopanel. The performance of the cryo-sorption pump was investigated at the proto-type JT-60
NBI unit. It was confirmed that the helium gas can be evacuated stably up to 2000 Pa m3 keeping
the pumping speed of 800 m3/s, This result was reflected on the helium beam injection at the JT-60
NBI.-
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4. RF Technology
4.1 Development of high power RF components for LHRF
A 1MW, 2GHz klystron was developed in cooperation with Toshiba and NEC. This
klystron was applied to the LHRF system of JT-60 and contributed to the current drive and the
heating experiments in JT-60. However, the operation time of these klystrons already exceeds
3000 hours, so that the operations at the output power of more than 0.7 MW of each klystron are
sometimes limited by the breakdown at electron guns. To attain the more reliable operation of the
klystron, the withstanding voltage of the electron gun must be increased. On the other hand, the
high power klystron of more than IMW is needed for JT-60U, and of higher frequency of 5 GHz
for FER and ITER projects. Therefore, the improvement of the klystron which aims the increase
in the output power and reliability was carried out.
, The main items of the improvement are: (1) the suppression of the evaporation of Ba from
the cathode surface using the Ir coated cathode, (2) the improvement of the shape of electron gun
to decrease the electric field at the non-cathode surface and to elongate the dimension of ceramic
insulators. After these improvements, the withstanding voltage of the electron gun is increased
from about 84 kV (previous voltage) to more than 94 kV, which can produce the output power of
more than 1.4MW. The output power of 1.4AMW (=217 GHz, 2s6c , CW
was obtained for 10 seconds at 2.17 GHz. Y - Kiystron Outpuy Power

. s | RF Efficien
Furthermore, the maximum power of 1.47MW h B Y0,

T T 75

]
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<

for 2 seconds was obtained. Any breakdown do
not occurred around output windows, and
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temperature rise of coolant water at a cavity is
less than 10 degrees, which well satisfied the
design value. Relations of the efficiency and the
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output power as a function of the beam voltage 05 - ” "

are shown in Fig.V.4.1-1. These result will vy [ky]
Beam VYoliage

present the perspective of the LHRF system for

the next tokamak FER/ITER. Fig.V.4.1-1 Beam voltage dependences of the output
power and RF efficiency.

4.2 Investigation of high power

gyrotron and ECH components Table V.4.2-1 The design parameters of 120 GHz,
The development of 500kW gyrotron at a 500 kW gyrotron.
frequency of 120GHz was started in 1987. The Mode TE 12.2(-)
. . . Power 500kwW
gyrotron was designed for the oscillation of Frequency 120.4 GHz
: : External 579
whlspcnng gallery mode (TEj22, TEg3). The E;ﬁ?:encg 367
design parameters are listed in Table V.4.2-1. llzpm}:lf\’oltagﬂclmem ?Uslel?‘AA
. itc actor .
Figure V.4.2-1 shows the dependence of the Cavity radius 7.45mm
: Beam radiusfthickness 4.70mm/0.375mm
output power and the efficiency on the collector Beam divergence 5%
current for TE12 2 mode. The open and closed Cavity field 4.74T )
' Cavity wall loss 2.3 kW/em'

circles denote the output power and the efficiency,
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respectively. In the case of TE)2 2 mode, the output
power (Poy() of 517kW was obtained. The efficiency
increases gradually as the collector current increases
and the maximum efficiency of 27.2% is obtained.
On the other hand, TEg 3 mode is obtained with a high
power and a high efficiency. The maximum power is
610kW at Vp=75 kV, [;=29.5A. The maximum
efficiency is 36.1% at Vp=73 kV, Ic=20.5 A, then the
output power is 540kW. _

The study of a modified Vlasov converter from
a whispering gallery mode to a Gaussian beam mode
was developed in cooperation with Kyoto University
because the oscillation mode of gyrotron has a high
attenuation constant. The radiated beam profile of the
modified Vlasov converter with a visor is shown in
Fig.V.4.2-2. The main robe can be recognized as an
almost Gaussian profile. The gyrotron which has a
modified Vlasov converter in itself will be developed
in the next stage.

4.3 FEL research

For a FEL research, an induction linac was
constructed in 1989. The operating parameters are a
beam energy of IMeV, a beam current of 3kA, a pulse
width of 100 ns and a pulse repetition rate of 1Hz.
Using the linac, a millimeter wave FEL was
constructed. The wiggler parameters are a wiggler
pitch of 4~5cm, a number of pitch of 30 and a total
length of 1.5m. The surface of each wiggler magnet
piece is curved so that it satisfies so called the focusing
wiggler condition[4.3-1]. Figure V.4.3-1 shows the
schematic view of the focusing wiggler.

At present, super radiant mode experiments are
being done. Figure V.4.3-2 shows the typical
waveform of the super radiation from the FEL The
wavelength of the super radiation varies by changing
the magnetic field strength of the wiggler.

The amplification mode ekperimem at 60
GHz will start in the mid-summer of this year.

Ts0W,
TS0V
s00| v o
1505.\}{0/
P £
TABW, &
400 a8
[
g 74,5w0/0
: Y |
= 300 s/ - 30
o Taskva et e,
200 -—20
Jelol & -110
0 1

20 30
le  (A)

Fig.V.4.2-1 Experimental results of Pyt and the

efficiency Tlv.s. I (collector current)
in the case of TE12 2 mode.
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Fig.V.4.2-2 The contour of radiation power from
the modified Vlasov convertor.
(linear scale).
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Focusing wiggler.



DI

JAERI-M 90-160

Fig.V.4.3-2 Waveform of the super radiation
from the FEL. Bean energy -———————— b

v=850 eV :li
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5. Tritium Technology
5.1 Development of tritium processing technology in TPL

5.1.1 Fuel cleanup
The gram-level tritium experiments of the fuel cleanup system (FCU) were carried out. One was
performed in July to examine the improvement of the system stability after the modification of cold
traps and flow/pressure controller. As shown in Fig.V.5.1-1, the system stability improved so
that good performance in the palladium diffuser was observed in spite of the large fluctuation of the
inlet hydrogen isotopes concentration. More than 99 % of hydrogen isotopes in the inlet flow
permeated through the palladium membrane tubes in this diffuser. Thus, the hydrogen isotopes
was separated successfully from the simulated plasma exhaust inciuding nitrogen and methane as
the impurity.
The other was also performed success-

fully in December. In this run, the conversion 15 . . I i . 100
performance of tritiated water vapor in the
electrolysis cell was investigated changing the

—1 80

_.
e
|

oXxygen concentration in its inlet flow that was
the cold trap regeneration carrier gas. The

use of oxygen-free nitrogen from outside
cylinder much improved in the above
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performance in comparison with the use of

!
DT CONCENTRATION IN BLEED

system exhaust that included 1-2 % of

oxygen, though total tritium-free exhaust from oo

the system increased. In this run, a few

percent of moisture as the plasma exhaust

Fig.V.5.1-1 Flow rates of pure DT permeated through
the membrane, bleed and the DT

system but the total performance of this concentration in the bleed stream
system did not change comparing to that of the
iast run,

impurity was continuously supplied to the
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5. Tritium Technology

5.1 Development of tritium processing technology in TPL
5.1.1 Fuel cleanup
The gram-level tritium experiments of the fuel cleanup system (FCU) were carried out. One was
performed in July to examine the improvement of the system stability after the modification of ¢cold
traps and flow/pressure controller. As shown in Fig.V.5.1-1, the system stability improved so
that good performance in the palladium diffuser was observed in spite of the large fluctuation of the
inlet hydrogen isotopes concentration. More than 99 % of hydrogen isotopes in the inlet flow
permeated through the palladium membrane tubes in this diffuser. Thus, the hydrogen isotopes
was separated successfully from the simulated plasma exhaust including nitrogen and methane as
the impurity.

The other was also performed success-
fully in December. In this run, the conversion = 1s S S S R 100

performance of tritiated water vapor in the
electrolysis cell was investigated changing the
oxygen concentration in its inlet flow that was
the cold trap regeneration carrier gas. The
use of oxygen-free nitrogen from outside
cylinder much improved in the above
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performance in comparison with the use of
system exhaust that included 1-2 % of
oxygen, though total trittum-free exhaust from
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percent of moisture as the plasma exhaust

i i i i Fig.V.5.1-1 Flow rates of pure DT permeated through
impurity was continuously supplied to t}fe e o blecd and the DT
system but the total performance of this concentration in the bleed stream
system did not change comparing to that of the

last run.
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5.1.2 Hydrogen isotope separation

The first experiment using tritium for hydrogen isotope separation by cryogenic distillation
was successfully performed after a series of H-D experiments. For the cryogenic distillation
columns which are used in the fusion fuel cycle system, the HETP (Height Equivalent to a
Theoretical Plate) is one of the significant design parameters. Factors which are expected to have
influence on the HETP are as follows; vapor and liquid velocities within the columns, feed flow
rates, packing materials, sizes of packings, and dimensions of the columns. In the present study,
the HETP values were measured with H-D-T system (15¢g of tritium) as function of the vapor
velocities, reflux ratios, and feed rates.

Figure V.5.1-2 shows a flow diagram of the experimental apparatus. The apparatus
consists of two distillation columns differing in dimensions, adsorption beds removing impurities,
equilibrators, circulation pumps, tritium supply and recovery metal beds, a helium refrigerator, and
an analysis system composed of gas chromatographes. For both the columns, packed height are
50 cm. The inner diameter and the packing material for one of the columns are 2 cm and 3 mm
Dixon Ring, respectively. The other column with 1 cm diameter is packed with 1.5 mm Dixon
Ring. The distillation experiments were performed under total reflux and total recycle modes. The
HETP was evaluated by comparing compositions of products streams experimentally observed
with those for calculated results. An example of the above-mentioned comparison is shown in
Table V.5.1-1. The experimental observations were in close agreement with calculation results for
trace components(HT,DT and T7) as well as dominant components(H2, HD, D3): The HETP was
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Fig.V.5.1-2 Flow diagram of experimental apparatus
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Table V.5.1-1 Comparison between calculated and experimentally observed value

Experiment  Calculation Experiment  Calculation

e Flow rate of top stream = 22.5 molh
Top composition Bottom composition Flow rate of bottom stream = 3.45 mol/h
{ mel fraction } : { mol fraction } Vapor flow rate within column = 70.6 mol/h
Hy 7.43E-1 7.43E-1 5.80E-3 6.01E-3 Number of total theoretical stages = 15
HD 2.56E-1 2.55E-1 6.45E-1 6.52E-1 Feed stage number = 7
HT 9.00E-4 8.08E-4 2.58E-2 2.64E-2 Pressure = 5§77 torr
Dy e 1.23E-3 3.15E-1 3.07E-1 Inner diameter of column = 2 cm
DT —eeeeeees 5.47E-6 7.80E-3 7.77E-3 Packed height = 50 cm
Ty e 5.97E-8 5.00E-4 5.00E-4 Packing species = Dixon Ring (3 mm)

--------------------- eeeremteee e ammemeeeneeeae HETP = 3.8 cm

constant regardless of molecular species or their concentrations. The effect of the vapor velocity
on the HETP was examined under the total reflux mode. The measured values were 4-5 cm for
both the columns, and no apparent dependence on the vapor velocity was observed. Figure V.5.1-
3 shows the HETP values measured under a

variety of reflux ratios. As common results for 120 | Vapor Velogity Column
the two columns, the HETP values, which were 10.01 g ?g 2:;: : -
3-5 cm, decreased with increasing the reflux Z 1; E’,;‘fi §

ratios. The feed flow rate also had influence on 80r N
the HETP. Especially fotr the smaller column, € 6ol A )
the HETP defined for the upper half of the A

column appreciably differed from that for lower E 40L s 7 0‘“ 4: ‘e ’3% i
half because of existence of the feed stream. o 4 o
Thus, the major factors affecting the HETP were 2.0 .
the phase flow rates (the vapor and liquid 00 } Do | |
velocities within the columns) and the feed flow o 10 100
rates. Consequently, we could correlate the Reffux ratio

HETP with the feed flow rates and phase flow Fig.V.5.1-3 Effect of reflux ratio on HETP

rates.

5.1.3 Tritium analysis and measurement

To study capability of ionization chambers for in-line tritium gas measurements in fusion
fuel gas processing systems, three ionization chambers with small volumes (0.16, 21.6, and 100
cm>3) were tested using high concentration tritium gas. Optimum electric fields for various back-
filled gases in each ionization chamber such as H), D2, He, N2, and Ne were determined fo be in
ranging from 100 to 200 V/cm from a plateau region in the curve of applied voltage vs jonization
current. The detection efficiencies were observed to be dependent on the ionization abilities of the
back-filled gases, and moreover on their stopping powers which are closely correlated with the Z-
values. Because, when the range of beta-ray was shortened by its collision with higher Z-value
atom,possibility of energy loss decreased. Although loss of ions by recombination is expected (o
increase in extremely high tritium concentration, it was prevented using a smail ionization chamber.
For example, linearity between ionization current and concentration of tritium up to 40% was
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observed in the ionization chamber with 0.16 198 e +rrr——r T —— T
cm3. As shown in Fig.V.5.1-4, memory JE  Chomber Volume  Filled Gos : H, 2
—~ 10 —0— 100 em® === Correcied
effect was observed after measurements of & —o—: 216
high concentrated tritium gases. Less ;‘04 —a— 0.16
memory effect was observed in smaller & 1o?
ionization chamber, but the 100 cm3 chamber 3 o2
could not be used anymore due to the S
memory effect. ) E to'
Development of in-line analysis by S 10°
Raman spectroscopy for fusion fuel vt Dol el il e
processing systems has been continued. To 1072 10" 10° 10' 10° 10°
accumulate basic data for analysis of various T CONCENTRATION (MBa/cm’)

gases expected in plasma exhaust gas, Raman  Fig.V.5.1-4 Relation of witium concentration vs
£ . d «ded than ionization current. Dashed lines express
spectra of various deuteri methanes were those of subtracting the memory current from

measured. the actually measured current.

5.1.4 Tritium-material interaction

Implantation-driven permeation of tritium into first wall coolants could be a serious
problem from a viewpoint of tritium safety in D-T fusion reactors. To estimate tritium permeation
fluxes through candidates of constructional materials of first walls, we have accumulated
experimental data using an apparatus to produce hydrogen isotope ion beams in the energy range
from 100 eV to about 2 keV. In this fiscal year, we paid our attention to investigation of
permeation behavior of deuterium implanted with low energy into 3045S. We measured dependen-

cies of incident ion energy, incident ion fluxes, and 52

T T Il|TlI| T

sample temperatures on the permeation fluxes of
deuterium implanted into 304 SS (diameter: 25 mm,
thickness: 0.1 mm). Figure V.5.1-5 shows the
incident energy dependency of the deuterium
permeation fluxes. It can be seen from the figure that
the permeation fluxes depended significantly on the
D% ion energy in the range from 100 through 1000
eV, While those above 1000 eV little depended on the
energy. The permeation rates decreased with

ot — 304 53
at 790K

IlIIlE

PERMEAYION FLUX / ION FLUX
S

increasing the ion energy up to 1000 eV. In the
conditions of the sample temperature of 780 K and the
incident ion flux on 2.5 x 1014 D+/cm2s, the |
permeation rate at 100 eV (1.4 x 1013 D/cmzs) was 10 02 e ;03
about 30 times bigger than that at 1000 eV (5 x 1011 ION ENERGY (eV!
D/cm2s). The temperature dependency of the Fig.v.5.1-5 Energy dependency of permestion flux
permeation fluxes were also measured in the tempera- of deuterium implanted into 30455




JAERI-M 90-160

ture range from 600 to 870 K. The activation energy for permeation process seemed to have
tendency to decrease with increasing the incident ion energy. Those experimental results suggest
that energy distribution of tritium implanted in the first wall should be considered as one of
important factors in estimation of the tritium permeation into the first wall coolants.

5.2 Development of fuel processing technology under JAERI-LANL(DOE)
collaboration

The research program under "Annex III to the Implementing Arrangement between JAERI
and United States Department of Energy on Cooperation in Fusion Research and Development for
the DOE-JAERI Collaborative Program in Development of Improved Components for the Fuel
Cleanup System of the Tritium Systems Test Assembly (TSTA)" that had been extended for one
year was concluded in November 1989. The experimental program on the "process ready
components” under this program was completed and all of the objectives were achieved experi-
mentally in the tests performed for these three years.

It is concluded that the palladium diffuser is applicable to the processing of plasma exhaust
to produce pure hydrogen isotopes for as long as 3 years without any maintenance. The ceramic
electrolysis cell was verified as an attractive component for the decomposition of tritiated water in
various process. Carbon dioxide affected it little. Both components were proved to be suitable for
fusion fuel processing application for years of services.

Based on the results, an integrated process loop, "JAERI Fuel Cleanup System (JFCU)"
that utilizes both components was developed and designed by JAERI for full scale demonstration
of the plasma exhaust reprocessing. _

Joint operation of TSTA at Los Alamos National Laboratory (LANL) under Annex IV has
been continued in the third year of the collaboration. The operation of the integrated loop including
the Fuel Cleanup, Impurity Simulation and Isotope Separation for a continuous period of 19 days
was performed in April-May 1989. This is a major accomplishment of the demonstration of the
operation of DT fuel process. Approximately 120 g of tritium was used. Impurities, 0.9%
nitrogen and 0.09% methane plus varying concentration of hydrogen and helium were
continuously added to the loop and removed. The ISS experiment was performed to verify the
separation of helium ash from the plasma exhaust using the cryogenic distillation columns.

Intensive investigation of the tritium accountability and inventory control in the loop has
been performed in order to understand the deviation on the measured amount of tritium ir the loop
uncovered in this fiscal year and identified as important in fusion fuel technology. Considerable
progress has been made towards resolving this problem.

The JAERI Fuel Cleanup System (JFCU) is a full-scale plasma exhaust processing device
developed and designed by JAERI. Major components such as palladium diffuser, ceramic
electrolysis cell and Zirconium-cobalt beds have been tested with tritium at TSTA under previous
coopefative programs. The fabrication and check-out finished in September 1989 in Japan and the
apparatus was shipped to Los Alamos. Installation was conducted from January to March 1990
and an initial test for acceptance followed. Mixture of D2, He, CH4 and NH3 was continuously
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supplied to the system and the function to produce pure deuterium stream and recover hydrogen
isotopes from the impurity was tested successfully. This is a major accomplishment of this year.
Some off-loop experiments were carried out with tritium in this period. Studies of the
LaNi3Mn2-H,D and T systems, test of the hydrogenating-dehydrogenating cycles and measure-
ment of ZrCo-T equilibrium pressure were performed. Experimental apparatus for the Raman
spectroscopy for fusion fuel application was installed. '

5.3 Development of tritium safe
handling technology

5.3.1 Backing vacuum pump and compressor 100F Discharg; Pressure : 760 torr )

A large oil-free reciprocating vacuum pump g AN
have been developed for high level tritium service. ~ 100f E
The pump is composed of 4-stage tandem type g 1 o, . ]
pistons with piston rings made of carbon- é— 10k uu-}o . ::
polyimide composite and vertical cylinders. 7 % + g . E:
Metallic dynamic bellows are used for shaft seal. 2 | g tg
In process gas side, no oil and elastomer are used E T g EE 3
so that possible problem by radiation damage and * =¥ ]
contamination is minimized. Performance tests ,11 -1'- A ”1do ——

have been conducted with Hp, D2, He, and N7 at
discharge pressure ranging from 500 to 873 Torr.
Figure V.5.3-1 shows pumping characteristics for
these gases. Asshown in this figure, pumping
speeds for these gases were almost constant at the suction pressures higher than 10 torr, while
they drop drastically in lower pressure region. The compressor which has a similar structure to
the large oil-free reciprocating vacuum pump was installed in the Effluent tritium Removal

Suction Pressure ( torr )

Fig.V.5.3-1 Pumping speed of oil-free recipro-
caling vacuum pump

System. Performance and tritium test have been conducted.

] .. Table V.5.3-1 Operation of main safety systems (in FY1989)
5.3.2 Operation of tritium safety systems

The safety system which composed of 7" GPs ERS ~ AGS
CE : O tion  Tritiu Pressure Tritivm Tritum
GlOVBbOX gas PllI'lflC&[lOIl SyStem(GPS)’ Mif:? Rcmon\tai Cr:mrol Removal Removal
als . 3 3 3
Effluent tritium Removal System(ERS), Air (=) /() @ (m") m7
3 89. 4  3.6x10%/ 456 712 140 2,300
Cleanup System(ACS), Dryer Regeneration !° ; 5.4;04; weom e e
System(DRS) etc., for sake of tritium safe 6  62x10% 701 720 180 1,200
.. T .. 7 7axiod 735 744 320 1,660
handling in TPL were fully in tritium service In s 6.5x10%7 682 716 330 5.500
: P . 9 6.4x10%/ 664 670 150 11,000
this period. Table V.5.3-1 shows operational 10 bselo dod 712 170 1298
. 4
results of main safety systems. The safety 1L 6.8x10° 7690 720 160 1,800
. . 12 6.8x10%f 735 743 120 540
system has treated about 400 Ci of tritium and the 1950, 1 7.6x10% 738 744 100 170
.. . 2 7.8x10%/ 668 672 90 610
tritium release to environment through the stack T e.sxi0dr 73 741 51 150
was controlled less than 0.26 Ci in this period. total  8.2x105/8.255 8,637 2,091 26.530
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5.4 Development of blanket technology

5.4.1 Design works :
For the purpose of the development of the blanket technology, conceptual design works

were carried out on both of Blanket In-pile Testing facility and Blanket Out-pile Testing facility.

The in-pile facility is intended to be constructed in the Japan Material Testing Reactor
(JMTR). The main purpose of the facility is the in-situ test of tritium recovery and heat transfer in
kilogram scale solid breeder blanket. Thus, the conceptual design work has been performed under
the collaboration with the Department of Japan Material Testing Reactor Project.

The out-pile facility is intended to include the mock-up testing apparatus, the beryllium
(which is the indispensable neutron multiplier) safe handling system and the basic engineering unit
testing apparatus. The conceptual design work for the out-pile facility has been performed with the
aids of the Department of Fuels and Materials Research, the Department of Reactor Engineering
and the Department of Chemistry.

5.4.2 Experimental works

Experimental works for the
development of the blanket technology
included the compatibility among breeder
materials, neutron multiplier and structural
materials. Also, research and development
were initiated to confirm the mass-producing
technology of spherical particles of lithium
ceramics and beryllium.

As for the first step of the R & D for
the alternative blanket technology, reference
review was carried out about the aqueous
lithium solution blanket and the liquid
lithium-lead blanket. According to the
discussion on the R & D item of the Electro-Magnetic Pump
alternative blanket technology, a LiPb Test
Loop was designed, constructed and installed
for the purpose of the experimental study on
the recovery of hydrogen isotopes from the
liquid metal breeder (LiPb) and the
compatibility of the structural materials. The
overview of the loop is shown in Fig.V.5.4-
1. The basic operation characteristics will be

Expansion

Electro-Magnetic
Flow Meter

Filter

Drain Tank

Fig.V.5.4-1 [Illustrated overview of LiPb test loop
at TPL (JAERI)

tested next year.
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5.5 System analysis
5.5.1 Design works for fusion experimental reactors

Conceptual design works of trittum handling facilities for the Fusion Experimental Reactor
(FER) and the International Thermonuclear Experimental Reactor(ITER) were carried out
incorporated in the Fusion Experimental Reactor Design Team. The tritium handling facilities
included the main vacuum system, the fuel circulation system, the plasma heating system, the
building and safety system and the solid and liquid waste treatment systems, as well as the tritium
recovery system for the driver blanket and the test module of the breeding blanket for ITER. The
conceptual design works concerned the specification, the operation manuals, the maintenance and
the accident scenario of each facility. Also, Japanese proposal and the status of the R&D
of the fuel supply system and the exhaust gas pumping system for the ITER were presented in the
specialist meetings of the ITER in Garching, West Germany. The Japanese proposal of the fuel
circulation system included a new ISS scheme which was designed to produce 60% T2 + 40% D2,
70% Tq + 30% D2, 80% T2 + 20% D3 and 90% T2 + 10% D2.

5.5.2 Development of components for the FER

The research and discussion on the waste treatment method was carried out for graphite of
the first wall armour material. And the SFg condensation panel cryo-compound pump and the
large scale (25000 I/s) magnetic bearing type turbo molecular pump were picked up to be
developed for the use of the main vacuum system.

The SFg condensation panel cryo compound pump was installed at the Plasma Heating
Laboratory I in Naka site under the collaboration and has been operated to perform preliminary
helium pumping experiments which will be followed by the pumping experiments with helium and
hydrogen isotopes (H2 and D2). Also, SFg is expected to be used as the gaseous isolation
material in the FER, however, its decomposability under irradiation condition was unknown
characteristics. Thus, we carried out the decomposition experiments of SFg with gamma ray of
60Co and certified the stability and decomposition products under 107 - 108 R of gamma ray
irradiation.

As for the development of the turbo-molecular pump, the test rotor with the magnetic
bearing and the touch-down bearing was manufactured and tested to demonstrate its mechanical

performance.

6. High Heat Flux Technology
6.1 Introduction

The development of the plasma facing components is essential to realize the FER and
ITER. Therefore, we have been performing the experimental and analytical studies on plasma
facing components. Two test facilities are available for high heat flux experiments at JAERL. One
is a hydrogen ion beam irradiation test stand called PBEF (Particle Beam Engineering Facility) and
the other is an electron beam irradiation test stand called JEBIS (JAERI Electron Beam Irradiation
Stand). The JEBIS has enabled us to carry out experiments that simulate disruption conditions for
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the first time in the world. Figure V.6.1-1
shows schematic views of JEBIS and PBEF.
The major performances of JEBIS and PBEF
are shown in Table V.6.1-1.

6.2 The electron beam characteristics
of JEBIS

The JEBIS was constructed as a high
heat flux test facility to promote R&D's on
plasma facing components and materials. The
JEBIS has a plasma electron gun as a heat
source, and can deliver high heat fluxes of
more than 2500 MW/m?2 with a duration
ranging from 1 ms to CW. Therefore, the
JEBIS can be used not only for steady - state
heat load experiments but also for thermal
shock experiments simulating plasma
disruption conditions. To determine the
electron beam characteristics of the JEBIS,
electron beam profiles were measured using a
calorimeter made of copper. Figure V.6.2-1
shows an example of the beam profiles at a
beam current of 2 A with an acceleration
voltage of 50 kV. The peak heat flux of the
stationary beam reaches 360 MW/m?2 with a
full width at half maximum (FWHM) of about
12 mm. A flat distribution of the heat flux is
obtained by beam sweeping at a frequency of 1
kHz. The beam shape can be easily altered
from a pencil beam to a sheet beam by

changing the acceleration grid.

6.3 R&D's on plasma facing materials
and components

(OPTION) JEBIS
ELECTRON
GUN VIEW PORT
BENDING & SWEEPING
cotl. } TEST SECTION 2
o
71N
(OPTION) fi
: i i
REMOTELY HANDLED L
SAMPLE HOLDER / - TEST SAMPLE HOLDER FOR
L 4 STEADY STATE BEAM STOPS
TEST SECTION 1
1000mm T BEAN DUMP 1
l—- 1800 num —]
! |  PBEF
. 10N SOURCE
X-RAY SHIELD ==
f N
HIGH SPEED
oM BEAM | INFRARED
£ \ 1 I¥HERMOMETER
£ o
b=
b=
w
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NN/
\_\h\\{ig/asm TARGET
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Fig.V.6.1-1 Scematic views of the JEBIS and PBEF

Table V.6.1-1 Major performances of the JEBIS and PBEF

JEBIS PBEF
- Acceleralion Voltage 20 - 100 kV 30 - 100 kV
Acceteration Currenl uptad A up 1o S0 A
Fulse Duration 0.0C1 - CW aqt1 - 10 s
Working Gas Hp Hz
Beam Species Electron Hydrogen

Type of lan/Electron Source

Sweeping Coil 0.0%- 1 kHz None
m one dim.

> 2000 > 260

30cm x 60 cm

40m3/nr with 4 MPa
_ 0ps Pa

Magnetic Mufti-pole lon Source

Maximum Heat Flux {MW/m2)
Maximum Heating Ares 109¢m x 20em
80m3/mr with 2 MPa

< 0.053 Pa

Water Cooling System
Pressure in the Test Bed

6.3.1 Thermal shock tests of CFC composites and graphite materials

Carbon fiber reinforced carbon (CEC) composites and graphite materials have been selected
as primary candidates for the armor material of plasma facing components in FER/ITER because of
their low atomic number, high evaporation temperature and high thermal conductivity. To evaluate
their characteristics under intense thermal shocks during a plasma disruption, we have performed
tests under disruption-simulation conditions on various CFC composites and graphite materials in



JAERI-M 90-160

the JEBIS and PBEF. Specimens made of CX-
2002U (felt type CFC), MCI-1 (felt type CFC),
pyrolytic graphite (anisotropic graphite) and 1G-
430U(ultra fine grain graphite) are used in this
experiment.

Major dimensions of the specimens are 30
mm x 30 mm x 30 mm and the heated area is about
60 mm2. A maximum heat flux of 1800 MW/m?2
is imposed on the test surface in the JEBIS.
Figure V.6.3-1 shows the weight loss of 1G-430U
as a function of absorbed energy. The weight loss
reaches 25 mg at a heat flux of 1800 MW/m?2 with
a duration of 5 ms. As results of this experiment,
the weight loss strongly depends on the absorbed
energy. Furthermore, at a constant energy
density, the higher the heat flux, the more the
weight loss. The comparison of the erosion depth
for IG-430U and CX-2002U (CFC) is shown in
Fig.V.6.3-2. After the test, the heated surface of
CX-2002U became rough because carbon fibers
were selectively eroded from the surface.

6.3.2 Thermal cycling tests of a simulated divertor
plate

The plasma facing materials and compo-
nents are exposed to high heat load from the
plasma. Tungsten is one of the most promising
materials for plasma facing components, since it
has a high melting temperature and low sputtering
yield. Therefore, we have performed thermal
cycling tests on simulated divertor plates composed
of tungsten-copper bonds (W/Cu bonds), and have
evaluated the durability against thermal cycling.
The specimen is composed of a tungsten plates of
25 mm(1) x 25 mm(w) x 5.5 mm(t) that are brazed

HEAT FLUX (MW/m2)

EROSION DEPTH (mm)

400 . S — T
I VYace=50 kV A nosweeping 1
Iace=2 A .] sweeping ]
300 1 “ (freq. kHz) ]
200 ¢
100 |
0

80 60 -40 -20 6- 20 40 60 80
POSITION (wum)
Fig.V.6.2-1 Beam profiles of the JEBIS
30 e ]
[ IG-430U (graphite) ]
25¢ 3
" * 48]
£ ok ]
" 201 .
S ] A, ]
e 15T .
z 3
S L.F © PEAK HEAT J
2 10f o 4 FLUX (MW/mZj]
[ A A 300
st A 350 ]
! A X 0 1200
[ ® 1800
0' tal ‘-él; L P IPETIPIPE IPET
0 s 10 15 20 25 30

ABSORBED ENERGY (MJ/m2)

Fig.V.6.3-1 Absorbed energy dependence of weight

ioss of 1G-430U

0.4 ¢ T T T
| HEAT FLUX 300MW/m?
0.2 | HEATING DURATION 50ms
NUMBER of SHOTS 5 times
0 & 490 35—l
| ‘k.o K
02 ‘% . 0..
b
6.4} & <
o&, d?
-0.6F S
\E% Y o cx2002V |
e :
0.8} ® 1G.430U
-1 0 1 1

-6 2 0

POSITION (mm)

2

4

Fig.V.6.3-2 Comparison of erosion depth of CX-

2002U and IG-430U

on a copper heat sink with a cooling tube. The copper heat sink is cooled by water with a total

flow rate of 35 1/min at an inlet pressure around 1 MPa. The array of specimens was repeatedly
irradiated by hydrogen ion beam in the PBEF. A test condition with a peak heat flux of 30 MW/m2
and duration of 1 s was selected so that the temperature of the bonding interface was heated to
about 250 C atthe end of the beam pulse. This temperature is equivalent to the value thatis



expected at the steady state operation
with a heat flux of 10 MW/m2,
Figure V.6.3-3 shows a typical
bonding interface after 360 thermal
cycles. Several cracks are observed
in a tungsten side of the interface.
The maximum temperature in the
copper close to the interface gradually
decreased with thermal cycles. This
indicates that the thermal conductance
at the interface decreased by crack
initiation and propagation. Further-
more, some of the tungsten armor
pieces were detached from the copper
and melted. The result clearly shows
that further improvement of bonding
technology is required. .

JAERI-M 90-160

Fig.V.6.3-3 SEM photographs of W/Cu bonds near the interface
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VI, NEXT STEP FOR JAERI TOKAMAK PROGRAM
1. Fusion Experimental Reactor (FER)
1.1 FER design

The Fusion Council of Japan recommended in the National Research and Development
Program that the next step fusion device should have a mission of achieving a long ignited and
controlled DT burn. In 1987, the design study of FER (Fusion Experimental Reactor) with the
above mission was conducted. Since the joint work of the ITER began on May 1988, a new
organization (Fusion Experimental Reactor Team) was established to support the ITER activities
and also to design the FER. The IE'ER, which is more compact than the ITER, had been defined as
the engineering-oriented machine for demonstrating the engineering feasibility of a fusion reactor.
The design guideline of the FER has been established in 1988. The next step tokamaks. will
provide sufficient physics information and technological experience to proceed to a DEMO fusion
reactor which will demonstrate electric power generaton by the fusion reactions:
1) The FER is to be the minimum-sized domestic machine which includes the highest technical
reliability in its construction.
2) The ITER is to be the maximum-sized international tokamak machine with the maximurn jump in
the technology from the present level of achievement.

Particular efforts in selecting the plasma Table VL.1.1-1 FER major parameters
parameters have been made to realize the above

Plasma current MA) 15 - 20
mentioned mission with minimum device size. The Major radius (my 4.5 - 4.7
) . Manor radius (m) 1.6 - 1.8
plasma parameters listed in Table VI.1.1-1 enable Elongation 1.6 - 2.0
. . 3

to obtain the following plasma performances. Plasma volume (m”) 400 - 600
us to _ta .fo. OWIng p pertormance: Field on axis M 52 - 5.4
The fusion multiplication factor Q=35-10 is a basic OH coil flux (Vs) 160 - 170
. Fusion power MWy 200 - 500

plasma performance with the enhancement factor of Burn time (s) 100 - 1000

1.5-2.0 for both Shimomura-Odajima(SO) and  Heating/CDpower  (MW) 80 - 1000
Goldston(G) L-mode energy confinement scaling
laws. The burn time more than 1000 sec is to be achieved by introducing a hybrid operation mode
in which some fraction of the plasma current is driven inductively with significant assistance of
non-inductive and bootstrap current. Demonstration of a steady state operation is one of the key
issues for the DEMO reactor. A 0.5-1.0 MeV negative-ion-based injection system is used for both
heating and current drive.
Through the conceptual design activity of the reactor structure, two major critical issues

were identified as follows and some feasible solutions have been found.
1) Process & procedure of initial assembling
2) Supporting structure of in-vessel components

" Two kinds of in-vessel maintenance systems for the replacement of the divertor plate have
been designed. One is an articulated "boom" type and the other is a rail-mounted vehicle type. The
boom type has fifteen joints with the total length of 28 m. When the divertor plate of 1000 kg is
suspended at the tip of the boom, The maximum deflection is up to 58 mm. On the other hand, the
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"vehicle" type consists of six rail modules of a circular arc, a rail deploying device, a vehicle with a
manipulator and a rail supporting device.

Conceming the TF coil design, it was made clear that the stresses in the structural material
satisfy the design criteria. As for the center solenoid coil design, the structural grading is required
in order to satisfy the volt-seconds requirements. In order to verify the appropriateness of the
design, it is indispensable to accumulate the fatigue test data of the stainless steel in conduits.

In the neutronics field, a new nuclear group constant set "FUSION-J3" has been developed
on the basis of an evaluated nuclear data file "JENDL-3".

Preliminary design study for the plant system was conducied. The required capacities for
electric power, cryogenic and heat
removal were evaluated. Based on
those evaluations, the outlines of
the cooling system, cryogenic

Transformer substitution

system, power plant, baking
system and fueling system have
been presented. The concept of the
reactor building was constructed in
consideration of each system
designs. A heat ventilation system

and an air conditioning system
were also designed. Those works Fig VL.1.1-1 FER plant layout
brought us to draw the plant layout

shown in Fig.VL1.1-1.

1.2 Technology R&D

A wide range of Research and Development(R&D) is inevitably required to bridge from the
present technolegy to the realization of FER construction. Up to now, necessary items to be
developed in various technology area and the R&D program have been discussed and well
established to focus on the technological feasibility of the FER prior to the DEMO reactor. This
program involves key technology development such as reactor structure, remote maintenance,
superconducting magnet, plasma facing component, heating and current drive, fuel cycle, breeding
blanket, diagnostics and plant systems. Based on this program, key component technelogies are
being developed by accumulating activities of hardware developing laboratories in JAERI under a
good collaboration with industries. The recent progress obtained in the reactor structure and remote
maintenance is described below.

In the reactor structure area, locking structure of in-vessel components is one of critical
issues, since the locking structure has to be designed to have sufficient mechanical rigidity for
supporting the large electromagnetic forces due to plasma disruption under high nuclear heating
condition. In addition, easy assembling/reassembling feature is required from the remote
maintenance point of view. In order to meet these requirements, a special locking structure with
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movable part such as thin flexible wmbes or beliows driven by hydraulic pressure is proposed. The
trial fabrication of key elements and the basic performance tests are being conducted.

In the remote maintenance area, there are two basic scheme which are in-vessel
maintenance and ex-vessel maintenance. The in-vessel maintenance provides quick repair or
replacement of plasma facing components such as armor tiles and divertor plates by using remote
handling equipment from inside the plasma vacuum vessel. On the other hand, the ex-vessel
maintenance is remotely performed from the outside of cryostat as a backup of the in-vessel
maintenance. Two kinds of in-vessel maintenance systems, which are articulated boom type and
rail-mounted vehicle type, are bci‘ng,considcrcd. As the first step, a 1/5-scaled vehicle system was
fabricated and the basic tests of rail mounting and divertor plate replacement are being conducted.

2. International Thermonuclear Experimental Reactor (ITER)

The primary purpose of the International Thermonuclear Experimental Reactor(ITER) is to
develop an experimental fusion reactor through the united efforts of many technologically advanced
countries. With its origins in the "summit" level discussions, the ITER is now proceeding under
the auspices of the International Atomic Energy Agency according to the terms of a quadripartite
agreement reached among the European Community, Japan, the United States and the Soviet
Union. The ITER will demonstrate plasma ignition and extended burn, with steady-state operation
as an ultimate goal. In so doing, it will provide the physics data base needed for a demonstration
tokamak power reactor, demonstrate many of the reactor technologies needed for fusion power,
and act as a test bed for high heat flux and nuclear components.

The present "Conceptual Design Phase” of the ITER extends until the end of 1990. The
global expenditure on the ITER at present is estimated to be equivalent to about 200 million dollars
for the design and ITER-related R&D.

2.1 ITER conceptual design :

The basic concept of the ITER is "robust” in the sense that it is based upon a reasonably
conservative assessment of our present knowledge of plasma physics and because it allows for
appreciable operational and experimental flexibility.

Although the final design is the result of many complex technical compromises and
adjustments, many of the main machine characteristics and parameters are rather easily traced to the
technical objectives of the program. The goal of achieving extended burn (ultimately steady-state)
dictates the use of superconducting coil systems. The requirement for ignition sets the plasma
current. The design targets for both the first wall flux and fluence dictate approximately the same
minimum shield thickness in the device. When these are combined with considerations of plasma
stability, impurity control and current drive, the general features and approximate size of the reactor
are determined. Nevertheless, within the freedom allowed by the objectives, the design philosophy
has been to control size and minimize cost.

The overall layout of the ITER and its parameters are given in Fig. V1.2.1-1 and Table
VI.2.1-1. The nominal fusion power generated in the reactor is approximately one giga watt. The

— 100 —
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movable part such as thin flexible tubes or bellows driven by hydraulic pressure is proposed. The
trial fabrication of key elements and the basic performance tests are being conducted.

In the remote maintenance area, there are two basic scheme which are in-vessel
maintenance and ex-vessel maintenance. The in-vessel maintenance provides quick repair or
replacement of plasma facing components such as armor tiles and divertor plates by using remote
handling equipment from inside the plasma vacuum vessel. On the other hand, the ex-vessel
maintenance is remotely performed from the outside of cryostat as a backup of the in-vessel
maintenance. Two kinds of in-vessel maintenance systems, which are articulated boom type and
rail-mounted vehicle type, are being considered. As the first step, a 1/5-scaled vehicle system was
fabricated and the basic tests of rail mounting and divertor plate replacement are being conducted.

2. International Thermonuclear Experimental Reactor (ITER)

The primary purpose of the International Thermonuclear Experimental Reactor(ITER) is to
develop an experimental fusion reactor through the united efforts of many technologically advanced
countries. With its origins in the "summit” level discussions, the ITER is now proceeding under
the auspices of the International Atomic Energy Agency according to the terms of a quadripartite
agreement reached among the, European Community, Japan, the United States and the Soviet
Union. The ITER will demonstrate plasma ignition and extended burn, with steady-state operation
as an ultimate goal. In so doing, it will provide the physics data base needed for a demonstration
tokamak power reactor, demonstrate many of the reactor technologies needed for fusion power,
and act as a test bed for high heat flux and nuclear components.

The present "Conceptual Design Phase” of the ITER extends until the end of 1990. The
global expenditure on the ITER at present is estimated to be equivalent to about 200 million dollars
for the design and ITER-related R&D.

2.1 ITER conceptual design :

The basic concept of the ITER is "robust" in the sense that it is based upon a reasonably
conservative assessment of our present knowledge of plasma physics and because it allows for
appreciable operational and experimental flexibility.

Although the final design is the result of many complex technical compromises and
adjustments, many of the main machine characteristics and parameters are rather easily traced to the
technical objectives of the program. The goal of achieving extended burn (ultimately steady-state)
dictates the use of superconducting coil systems. The requirement for ignition sets the plasma
current. The design targets for both the first wall flux and fluence dictate approximately the same
minimum shield thickness in the device. When these are combined with considerations of plasma
stability, impurity control and current drive, the general features and approximate size of the reactor
are determined. Nevertheless, within the freedom allowed by the objectives, the design philosophy
has been to control size and minimize cost.

The overall layout of the ITER and its parameters are given in Fig. V1.2.1-1 and Table
VI1.2.1-1. The nominal fusion power generated in the reactor is approximately one giga watt. The
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exact amount of fusion power produced will
depend on the particular mode of operation, as
described later in this summary. A non-circular
cross-section plasma with an elongation of
approximately two is employed. Helium ash
exhaust and impurity control are accomplished
through the use of a "double-null" divertor.
The required super-conducting poloidal field
coil system is located outside of the toroidal
coils in order to facilitate assembly and
maintenance.

Breeding blankets, located just inside
the vacuum vessel, are expected to supply most
of the required tritium fuel. In addition, access
is provided to insert and remove large modules
intended to test advanced schemes for tritium
breeding and power conversion. The arrange-
ment and ordering of components and
maintenance access ports have been chosen to
allow the replacement or repair of plasma-
facing components and of the tritium breeding
and shielding system without the need to
disassemble the tokamak.

The nominal plasma current of the
ITER is 22 MA. The machine is capable of
sustaining this current for at least 200 seconds
utilizing inductive drive alone. This is
accomplished with a poloidal field coil system
capable of delivering about 325 V-sec. The

Table VI.2.1-1 ITER parameters and performances
1

Nominal fusion power ({GW)

Pulse length (s} >200 to continuous
Energy multiplication {Q) »>5 to infinity
Plasma major radius {m) 6.0

Plasma haif-width at mid-plane (m) 2.15
Nominal maximum plasma

current MaA)y 22
Toroidal field on-axis (M 4.85
Toroidal coil outer radius (m) 11.5
11500 !
11100 .
50 ‘
— s
| e
1725
1400

o

1004

8550

SO

BERMIATWIR

6000
BE50

S

L

1.

S
[]
=]

=

Fig.VL.2.1-1 Cross Secticnal view of ITER

toroidal field on axis is 4.85 T and the safety factor, gy, on the 95% flux surface is 3.0. The major
radius of the plasma is 6.0 meters and the minor radius is 2.15 meters. This is slightly larger major
radius and smaller minor radius (slightly higher aspect ratio) than was considered in the first year
of the design. Slight size and shape changes were made to accommodate more volt-seconds,
provide more room for a divertor, and provide thicker shielding. The outer dimensions of the

reactor did not change.

Heating of the plasma and non-inductive current drive of the plasma current are achieved
with a multi-function heating and current drive system. The first option for this system is based on
1.3 MeV negative-ion neutral beams working in conjunction with lower hybrid and electron
cyclotron wave sources. This system will be used to study very long pulses and steady-state

discharges.
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2.2 System analyses

In safety and environment area, normal effluent evaluation, accident scenario analysis
based on EMEA, analyses of major accidents and estimation of radioactive waste amount were
done. As major accidents, thos¢ which could release tritium and volatile radioactive materials
(especially oxidized tungsten) are identified. Possible hydrogen production during LOCA and/or
LOVA accidents are pointed out and implementation of inert gas atmosphere around torus was
proposed to limit the hydrogen production and eliminate possible consequent hydrogen explosion.
Japanese contributions are made mainly on the evaluation of-normal effluent, radioactive waste
estimation and some of accident ahalyses ( tritiumn system accident and LOCA/LOVA in the torus).

In the plant design area, each party except US conducted reactor building design. Japan
also contributed by conducting extensive reactor building design and engineered safety systems
(detritiation system, etc.) based on the developed building design. As an agreement , for reactor

hall which is located on the upper part of the building, linear configuration concepts proposed by -

EC and USSR will be employed but for lower part which requires complex consistency with torus
and its auxiliary equipment configuration and their maintenance scheme, Japanese concept will be
employed as a reference approach. Basic idea for engineered safety system was established based
on Japanese proposal which require further adjustment to the future revised building design.

ITER construction and opefational costs are estimated to be B$4.9 and B34.9, respectively.
Construction cost includes those of tokamak and its auxiliary, buildings, plant auxiliaries,
contingency and assembly and does not include those of test blankets,ultimate radioactive disposal,
central project team, taxes and insurance. Main items for operation cost are manpower for
operation, energy and spares.

In the area of parametric analysis, design point analysis in Ip-A space is readdressed using
unified scaling law for ITER and other revised physics guideline. Technology phase operation
scenario is also investigated looking at non-inductive current drive options and hybrid operation.
Based on the ITER physics guideline, implications for commercial fusion reactor are studied.

2.3 Long-term R&D program
2.3.1 Physics R&D

The approach to the preparation of an ITER-related Physics R&D program for the period of
the ITER Engineering Design Activity, assumed from 1991 to 1995, and the framework program
for the ITER-related Physics R&D were developed and they were discussed at the Specialist
Meeting, held on 15-16 February 1990, in which representatives of the fusion programs of the
ITER partners participated. The overall objectives of the ITER-related Physics R&D program are to
provide support to the design optimization and eventually to complete the data base necessary for
taking the decision to start construction. To reach these objectives dedicated aim-oriented R&D
work is necessary, and at the same time the program has to maintain the sufficient breadth to
include basic research and innovative approach for the concept improvement. It is of greatest
importance to arrive at an overall optimization of tokamak discharge conditions which can be
extrapolated to the ITER. The main specific areas to be covered: 1) power and particle exhaust
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physics (i.e. the combined fields of the physics of the plasma edge and plasma wall interaction as
well as impurity control), 2) disruption control and operational limits, 3) enhanced confinement, 4)
heating and fuelling physics, 5) long-pulse operation and of discharge start-up and shutdown
(including non-inductive current drive), 6) physics of burning plasma. From the framework
program the draft of the detailed R&D tasks was developed. The resulting program is binding for
the years 1991 and 1992, it also contains actions providing results in the period 1993-1995. The
most crucial areas, from the point of view of the research needs to complete the physics data base
required for starting the ITER construction, in practical terms, are: 1) the demonstration in
experiments proto-typical to the ITER, that opcfation with a cold divertor plasma is possible,
keeping the divertor heat load below 10 MW/m2, 2) the characterization of disruptions, 3) the
demonstration that steady-state operation in a regime with enhanced confinement and satisfactory
plasma purity is possible, 4) ensure that the presence of an appreciable population of fast ions does
not jeopardize plasma performance in the ITER.

2.3.2 Technology R&D

The ITER is an international experimental reactor with the maximum jump from the present
technology achievement, but the requirements in technology R&D area are basically same as that in
the FER. In the conceptual design phase, basic R&D items and procedure including technical
specifications and rough cost estimation have been discussed by specialists from the four parties.
It was agreed that the R&D should be shared by four parties in plural approach and categorized into
a scalable model test (SMT) requesting a large test facility and a component development.
Furthermore, it was recommended that the resources of around 750M$ should be at least prepared
by four parties for 5 years beyond 1991. Detailed specifications of each items proposed will be
decided in further discussion before the task sharing commitment.

3. Fusion Reactor Design

3.1 Steady State Tokamak Reactor(SSTR) design

The Steady State Tokamak Reactor (SSTR) concept has been proposed [3.1-1] as a fusion power
reactor to be built after the ITER or FER. The SSTR design is based on the extension of the
present day physics and technologies. An observation of a high bootstrap fraction up to 80% of the
total plasma current by the recent JT-60 experiments  Table VI.3.1-1 Main parameters of SSTR

allows us to adopt high bootstrap fraction for the reactor Plasma major radius 7.0 m
. . ; Plasma minor radius 1.75 m
design. The major feature of the SSTR is focussed on the Aspect ratio 4
. tizati £ the b . d Plasma current 12MA
maximum utilization of the bootstrap current in order to Plasma elongation 1.8
i - i Magnetic field on axis 9T
rt?duFe the powel-' required for the steady-state operation. A Macimm on cofl 16T
significant fraction (70 %) of the total plasma current is Plasma volume 780 m3
. o NBCD 80 MW
sustained by the bootstrap current resulting in the Q-value Fusion power 3000 MW
- : : : Net electric power 900 MW
of ~35. This requirement lca(.ls to the choice of low Max, neutron wall load s pw/m2
current, and high Bp for the device, which were achieved Q-value ~35
. . . . . . Tritium breeding ratio 1.0
by selecting high aspect ratio and high torcidal magnetic Divertor Single null
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physics (i.e. the combined fields of the physics of the plasma edge and plasma wall interaction as
well as impurity control), 2) disruption control and operational limits, 3) enhanced confinement, 4)
heating and fuelling physics, 5) long-pulse operation and of discharge start-up and shutdown
(including non-inductive current drive), 6) physics of burning plasma. From the framework
program the draft of the detailed R&D tasks was developed. The resulting program is binding for
the years 1991 and 1992, it also contains actions providing results in the period 1993-1995. The
most crucial areas, from the point of view of the research needs to complete the physics data base
required for starting the ITER construction, in practical terms, are: 1) the demonstration in
experiments proto-typical to the ITER, that operation with a cold divertor plasma is possible,
keeping the divertor heat load below 10 MW/m2, 2) the characterization of disruptions, 3) the
demonstration that steady-state operation in a regime with enhanced confinement and sarisfactory
plasma purity is possible, 4) ensure that the presence of an appreciable population of fast ions does
not jeopardize plasma performance in the ITER.

2.3.2 Technology R&D

The ITER is an international experimental reactor with the maximum jump from the present
technology achievement, but the requirements in technology R&D area are basically same as that in
the FER. In the conceptual design phase, basic R&D items and procedure including technical
specifications and rough cost estimation have been discussed by specialists from the four parties.
It was agreed that the R&D should be shared by four parties in plural approach and categorized into
a scalable model test (SMT) requesting a large test facility and a compenent development.
Furthermore, it was recommended that the resources of around 750M$ should be at least prepared
by four parties for 5 years beyond 1991. Detailed specifications of each items proposed will be
decided in further discussion before the task sharing commitment.

3. Fusion Reactor Design

3.1 Steady State Tokamak Reactor(SSTR) design _

The Steady State Tokamak Reactor (SSTR) concept has been proposed [3.1-1] as a fusion power
reactor to be built after the ITER or FER. The SSTR design is based on the extension of the
present day physics and technologies. An observation of a high bootstrap fraction up to 80% of the
total plasma current by the recent JT-60 experimentS  Taple V1.3.1-1 Main parameters of SSTR

allows us to adopt high bootstrap fraction for the reactor Plasma major radius 7.0 m
. . . Plasma minor radius 1.75 m
design. The major feature of the SSTR is focussed on the Aspect ratio 4
. ey s . P1 1 12 MA
maximum utilization of the bootstrap current in order to Plasma slongation 1.8
i . i Magnetic field on axis 9T
rcdu?c the power required for the steady-state operation. A Mo o coil 16T
significant fraction (70 %) of the total plasma current is Plasma volume 780 m3
) I NBCD 80 MW
sustained by the bootstrap current resulting in the Q-value Fusion power 3000 MW
- : : : Net electric power 900 MW
of ~35. This requirement leads to the choice of: low Max. neutron wall load g pwimZ
current, and high Bp for the device, which were achieved Q-value ~35
- . . . . ; Tritium breeding ratio >1.0
by selecting high aspect ratio and high toroidal magnetic Divertor Single null
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field. Negative-ion-based neutral beam
injection (NNBI) is adopted for both heating
and current drive. This NNBI system also
enables to control current profile and heating
profile.

Main parameters of the SSTR are
given in Table V1.3.1-1. The schematic cross
section view of the SSTR is shown in Fig.
V1.3.1-1 together with the ITER, FER and
IT-60 Upgrade for comparison. It can be
seen that although the major radius of the

[ T

S A

Rp = 3.4m
Vp = 100m?2

Rp = 4.7m
¥p = 500m3

Rp = 6.0m
Vp = 1000m3

Rp = 7.Um
Vp = 760m3

Fig.V1.3.1-1 Cross section of JT-60, FER, ITER and SSTR

SSTR is only slightly larger than that of the ITER, the plasma volume is actually smaller than the
ITER because of the smaller plasma radius. This figure shows that a tokamak machine comparable
to the ITER in size can become a steady-state power reactor which is capable of generating about
1GW of electricity with a plant efficiency of ~30%.

3.2 Safety analyses

¢

The development of a methodology for a comprehensive safety evaluation of a fusion

reactor has been continued. The model of a fusion reactor system to be used in the evaluation is

shown in Fig.V1.3.2-1. Using the model, the radioactive inventory and the radioactive release
pathway under normal and accidental conditions have been evaluated.
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The evaluation methodology has been development for the radioactive inventory in the
reactor system and its release probability The final objective is in the evaluation of the public and
worker risk as the product of equivalent dose and the probability.
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A.2.2 Number of the Staffs during FY 1989

Department Regular staffl) Staff on loan 2)
Thermonuclear fusion research 103 13
Large tokamak research 69 ' 10
JT-60 facility ' 83 26
Administrative service 47 0
Fusion experimental reactor team 11 ' 10
Total 313 59

1) Including scientists, technicians and secretaries.  2) From industries.

:1 General Atomics, USA *40 Nissei Sangyo Co., Ltd.
2 Hitachi Ltd. ) *41  JET Joint Undertaking, UK
*7 Lawrence Livermore National Laboratory, USA %42  Hodaka Seiki Lid
*4  Toshiba Corpl * i i
*5 Max-Planck Institut fiir Plasmaphysik, FRG tii ;ﬁ;ﬁgﬁwm Industry Co.
*6 Massachusetts Institute of Technology, USA *45 National Laboratory for High Energy Physics
*7  Mitsubishi Atomic Power Industry Inc. *46 Tsukuba University
:8 The Um\flt]ar§lty qf Tokyo *47 Los Alamos National Laboratory, USA
9  Nagoya University *48  Japan Radiation Engineering Co.
*10 Okayama University *49 MEITEC Co., Ltd.
*11 Kyoto University : *50 Osaka University
*12  Hiroshima University *5]1 Imperial College, UK
*13  Institut fiir Reaktorbauclements, KiK, FRG *52  Institute of Research Hydro-Quebec, Varenns, Canada
*14  Ishikawajima-Harima Heavy Industries *53 KFA-IPP, FRG ‘ '
*15  Mitsubishi Electric Co., Ltd. 54 Ewic Engineering Co., Lid.
*16  Kawasaki Heavy Industry Lid. *+55 ORC Manufacturing Co., Lid.
:17 Euma—g\ilrlrlj;.atd- *56 Koike Sanso Kogyo Co., Ltd.
: 18 obe Steel Ltd. *57 Hitachi Oxygen Co., Lid.
19 Oak Ridge National Laboratory, USA *58  Fuji Electric Co., Lid.
*20  Century Research Center Corp. © %59 Nissin Electric Co., Lid.
21 Northwestern Laboratory .. *§0  Sandia Nationa! Laboratories, USA
*22 Institute of Plasma Physics, Nagoya University *61 JGC Corporation
: 23 Mitsubishi Heavy Industry Ltd. *62 Tokyo Institate of Technology
*24 NAIG Nuclrtar Resea.rf:h Laboratory *63  Nuclear Research Center Karlsruhe, FRG
25  Japan Atomic Industr!a] Forum ) *64  Argonne National Laboratory, USA
*26 Central Research Institute for Electric Power *65 ITER Team
:27 Nll?pon Elecmc': Co., Lud. *656 Yokohama National University
*28 Kaihatsu Denki CtI)i.1 c *67  Nihon Software Kaihatsu, Inc.
*29 Sumitomo H.eavy- dustry Co. *68  Kanazawa Computer Service Corp.
*30 Nuclear Engm_eenng Co., Lud. *69  University of California at Los Angeles
*31 Tomoe ?{hokm *70  University of Texas
*32 Ibaraki Kohsan L *71  Varian Company Co.Lid.
*33 Tokyo Nuclear Service Co., Lid. *72  Nagaoka University of Technology
34 ULVAC Co._ ) *73  Denki Kogyo Co. Lid.
*35 Kyushu University *74  The NET Team
*36 antract Researcher ) *75  National Institute for Fusion Science
*37  Princeton Plasma Physics Laboratory, USA *76 1V. Kurchatov Institute of Atomic Energy
*38 1B.S. Data Center Co., L1d. *77  Keio University

*39  Japan Expert Clone Corp.

A.3 Budget of the Establishment

Iiem FY1987 FY1988 FY198%
JT60 Construction : 22,630 17,078 16,429
Research & Development 3,827 3,885 3,628
Japan-US Cooperation 837 1,107 1,440
Site Construction 829 73 78

{Unit; Million yen)
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