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1. Plasma Confinement and £ Limit

1.1. Experimental status
1.1.1. Neutral beam heating experiments in the JFT-2 tokamak

5. Yamamoto, M. Maeno, S. Sengoku, N. Suzuki, S. Kasai

and JFI-2 Group

§1. Introduction

High-beta plasmas are required for the tokamak approach to an
economic fusion reactor. Therefore it is essential to obtain a high-
8 tokamak plasma and characteristics of the high-B plasma have to be
investigated. Many experimental studies on high-8 plasma have been
started in tokamak devices [1,2,3,4). To obtain high beta plasmas,
a 2 MW neutral beam injection (NBI) system and a 1 MW ioncyclotron
range of frequency (ICRF) system were installed on the JFT-2 tokamak.
A top view of the device and the diagonostic is shown in Fig. IV-1-1.
The NBI system consists of a co- and a counter-injector with the injec-
tion angle of 40° to the plasma axis. Each beam line has the maximum
ion current of 65 A at 40 kV and the maximum power of each neutral
beam measured at the injection port is 1 MW. An almost circular plasma

investigated under a wide range of plasma parameters, i.e. Rfa = 3.5

- 4.75, q, = 2.0 - 4.2, no " (2.5 - 16) x 10** cm™3, and B, = 0.95 -

0
1.4 T, NBI heating of 0.8 - 2 MW, where R/a, 9. g and BT are aspect
ratio, safety factor, central plasma density and toroidal magnetic
field, respectively. 1In this paper, properties of plasma confinement

and impurity transport in JFT-2 plasmas subject to intense heating

are described.
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§2. Beta values [3,4]

Measured B-values are compared with the critical B-values obtained
from the ballooning analysis. The critical S-value from the ballooning
analysis is very sensitive to the pressure profile. An optimized pressure
profile at the critical values [5] is compared with the experimental data.
Figure IV-1-2 shows the measured central beta value B, and the volume-
averaged beta value, <3>, versus the safety factor q,- The beam powers
lie in the range between 0.8 and 1.2 MW. Open points indicate the thermal
contribution to beta, and solid points designate the thermal and fast-ion
beam contributions., The striped bands show critical peaked beta values
and volume-averaged beta values from high-n ballooning-mode analysis [5].
The lower lines of each band indicate the critical values for 9, = 1 and
the upper lines those for dg = 0.9, respectively. The total beta values
inclﬁding the beam component are higher than the calculated critical beta
values, in many discharges. It must, however, bz noted that the maximum
thermal beta values are only slightly higher than the theoretical values.

Recently, a maximum volume averaged beta <{3> up to 3%, due to thermal
components, has been achieved with 1 MW co- and 1 MW counter-injection
at line integrated aensity ﬁe = 1,2%x10"" cmn~?, and plasma current 1,=140
kA [6]. The calculated poloidal beta Bp fr&m the volume averaged beta
is 2.6 due to the thermal components, but the Bp from magnetic measure-
ments, i.e. poloidal field and vertical field measurement, is 1.8 - 2.3.
Tf we consider uncertainties of the temperature and the density profile,
especially the ion density, the calculated Bp from the density and tem-

perature should be 2.0 - 2.7 due to the thermal components.
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§3. Transport

In order to study the influence of high power heating on plasma
confinement, we investigated the dependence of the poloidal beta wvalues
Bp on additional heating power. Both a magnetic measurement and a
diamagneitc measurement are used. The increment of BP with 1 MW counter-
injection is 0.6 - 0.7 times as small as that with 1 MW co-injection.

The large loss power in counter-injection is due to the relatively low
plasma currents (Ip==130 - 145 kA) in JFT-2 and is consistent with the
Monte-Carlo calculation. In the case of the two beams, 1 MW counter-
beam (which corresponds to 1.6 — 1.7 MW co-injection), the increment of
Bp is additive. Figure IV-1-3 shows A(A + 1) = /_\(Bp + 21/2) versus net
input power PNET’ including the cases of NBI, ICRF and also simultaneous
heating of NBI and ICRF, where %; is plasma internal inductance. Compared
with ohmic heating, NBI heating makes, in general, the electron temper-
ature profiles broader and thus reduces internal inductance %i. Typically,
the calculated change in %4 is much less than the change in Bp. Thus,

the figure reflects mainly variation in Bp. The experimental results

show that up to the power level of 2.2 MW (1.7 MW NBI and 0.5 MW LCRF),

the increment of Bp is proportional to the net input power.

Figure IV-1-4(a) shows the global energy confinement time evaluated
at ¥ = a versus line integrated density ﬁe. The global energy confinement
time in the beam heated discharges appears to be a weak function of ﬁe

compared with the ohmically heated plasma as shown in Fig. IV-1-4(b)

Figure IV-1-5(a) shows the dependence of Bp versus Ip’ at Ee = 5x10%3

cm™3 with 1 MW co-injection. The lower lines of each band indicate the

values for Qd‘=1.and the upper lines those for 1; =0.5. The result

shows that the values of Bp . Ip is nearly constant. Figure IV-1-5(b)
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shows the dependence of A + 1 versus BT at ﬁe =5 x 10'* em~® and

Ip = 80 kA with 1 MW co-injecticn and O.S-Mw counter-injection. These
experimental results suggest that global energy confinement time 1Ty is
significantly improved increasing plasma current, because T, = Bp

Ip2 = (Bp'Ip)Ip o Ip. While, the energy confinement time appears to

be only weakly dependent on BT'

Global particle confinement time Tp is measured by the electrostatic
double probe method. Global particle confinement time is defined as
Tp = Ne/F, where F is the total loss flux fo the first wall and the
limiter. Figure IV-1-6 shows the particle confinement time versus /H;

n . The relation Tp o /H'ﬁe was confirmed in DIVA tokamak [7]. par-
ticle confinement time in beam heated discharge is reduced compared

with ohmically heated plasma. But the maximum reduction of To is 20

to 30 percent. Not appreciable difference was found between co-injection
and counter-injection as for reduction of Tp, although not many cases
were taken with counter-injection.

The observed temperature and Z-value are analyzed by using a.tokamak
code including, NBI heating, neutral particle transport and the sawtooth
effect [4]. The sawtooth repetition time and the amplitude of the saw-
tooth oscillations in the NBI heating phase are greater than the cor-
fesponding values of classical sawtooth oscillations with ohmic heating.
Figure IV-1-7 shows an example of simulations for beam induced (enhanced)
sawtooth oscillations. The vesults suggest that the transport in the
high-{ plasma is about the same in a low-5 plasma within a factor of 2,

i ) -— 17 2 = = -
i.e. ¥ 3 - 4x10 /11e em?®/s, D ~ 0.3 Xe and X4 3 -4 XNG where n,

e

is plasma density in cm™> and Xxe the neoclassical value.
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§4. Density Clamp [8]

The density clamp was observed in both cases of co- and
counter-injection. This phenomenon is due to deterioration of particle
confinement and/or decreased recycling of neutrals from the wall or

limiter. A simple particle balance equation is written as follows.

dN /dt -N/T +RN/T +5
e e p e p

-(1 - R) Ne/Tp + 8

where Tp: particle confinement time, R: recycling rate,

S: total gas influx including neturals from beam lines.
Figure IV-1-8 shows the results of the typical measurements. Neutral
beam were injected at density ramping phase. Although hydrogen gas was
continuously puffed in, density was clamped by the injection (Fig.
1v-1-8(a)). The limiter flux and the wall flux increased with the
injection. Boundary electron temperature determined by the limiter
probe also increases (Fig. IV-1-8(b)). Particle confinement time'Tp
in the beam heated discharge decreases about 25 % and the trapping
efficiently (1-R) becomes almost doubled (Fig. IV-1-8(c)}. These
experimental results show that for the observed change of dNe/dt,
contribution of the enhanced trapping efficinecy is larger than the
contribution of dcreased particle confinement time. Therefore enhance-
ment of the trapping efficiency during the injection is the dominant
cause of the density clamping. This density clamping is easily sup-
pressed by intense gas puffing, and this does not set the upper limit

of the plasma density.
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§5. Plasma rotation [9]

Toroidal plasma rotation induced by the momentum input associated
with unbalanced neutral beam injection was investigated in order to
clarify the effect upon tokamak transport processes. Rotational velo-
cities of the plasma were estimated from Doppler shifts of appropriate
spectra lines (TiXIV, OVII and CV). Figure IV-1-9 shows the measured
radial profile and time evolutions of radial profiles and time evolu-
tions of toroidal plasma velocities in the relatively low density region
(ﬁe = (3 - 4) x 1013cm‘3). Before the neutral-~beam pulsz, a central
velocity of v 1.3 % 10% cm/s in the counter-direction is seen. The
maximum rotational velocity near the centre is V¢(% 5 cm) ~v 1,5x%10°
em/s, corresponding to 1 MW co-injection, for hydrogen beam into hydro-
gen plasma (HO - H+). On the other hand, relatively high density re-
gion (Ee = (6 - 7) x 103 cm™?), rotational velocity is smaller than
1 x 10° cm/s, corresponding to 1 MW co-injection, for hydrogen beam
into deuterium plasma (HO + D+). In JFT-2, high-f plasma is obtained
in relatively high density region with two simultaneous beams. In the
relatively low density region, the central ien thermal velocity is
several times as large as the plasma rotational velocity. The decrease
in the central ion temperature with increasing density is less rapid
than l/ﬁp, for the above mentioned range of plasma densities [10].
These experimental results suggest that plasma rotation does not play
an important role in transport processes of high beta plasma in high

density region.
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§6. Inpurity Transport [11]

To study the beam effects on the impurity transport, the radial
line radiation profiles of iron which is intrinsic impurity from wall
or limiter, were measured during the neutral beam injection. The'plasma
conditions are nearly the same in both cases of 1 MW co- and 1 MW counter-
injection, exhibiting ”saﬁtooth" behaviors. The radial profiles of iron
line radiati@n in co~ (solid lines) and counter—injection (dashed lines)
shown in Fig. IV-1-10 are taken 30 ms after starting the NBI heating.
Soft x-ray (PIN-Diode) signals along the central chord over the whole
duration of the discharge are also shown in the figure. These signals
show that rapid impurity accumulation does not take place during counter
injection. On the other hand, in both casés of co- and counter-injection,
the amount of metal impurities at the plasma centre increases correspond-
ing to the increase of the impurity influx due to ion sputtering, if we
do not control neutral gas influx, as shown in Fig. IV-1-11 [10]. These
experimental results show that the neoclassical, beam-induced effects are

not sc large as the anomalous diffusive effects.

Conclusions

(1) High beta plasma up to Bo = 10% and <B> = 3% are stably obtained.
These values are higher than the critical 8 values from the bal-
looning mode analysis.

(2) Up to the power level of 2.2 MW, the increment of Bp is propor-
tional to the net input power. The global energy confinement

time T, in beam heated plasma appears to be a weak function of

E

plasma density ﬁe and toroidal field BT' While, the confinement

time is significantly improved by increasing plasma current. The
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transport in the high beta plasma is nearly the same in a low
beta plasma within a factor of 2, i.e. Xg = 3= 4><1017/ne em?/s,
D> 0.3 Xa and Xj = 3 -4 Xne These experimental results suggest
that not only impurity contrel but also optimization of power
deposition profiles of additional heating is very important to
improve the global energy confinement time.

(3) Recyciing coefficient plays a dominant role in the density clamp.

(4) Plasma rotation does not play an important role in transport
processes of high beta plasma in high density region.

(5) Rapid impurity accumulation does not take place during counter-
injection. The neoclassical, beam—-induced effects are not so

large as the anomalous diffusive effects.
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High-z impurity influx during NBI heating. The NBI heating

induces a large influx because of enhanced ion sputtering

due to a higher edge temperature. The in fulx is strongly

reduced by cooling the edge plasma with an intense gas puffing.
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1.1.2 High-p injection experiments with shaped plasmas in Doublet-II
Masayuki NAGAMI

High-f and energy confinement characteristics in beam heated
(maximum 2.8 MW) plasmas are compared for D-shaped and circular cross
sections. <BT> values in excess of 3% have been obtained with no
indication of saturation against beam power in 10W—qw elongated dis-
charges. With high power heating, the energy confinement time is
proportional to Ip, independent of BT and has a weak dependence on
Ee' It appears that the magnitude of tne plasma current is the most
essential device parameter determining the energy confinement of beam
heated plasmas. For the same BT’ qaw and heating power, @) and <>

increase with elongation, largely due to the increased plasma current

allowed in D-shaped plasmas (see reference [Al]).
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1.2 Ideal MHD B limit

Takashi TUDA

Stability of Tokamak for high-n ballooning mode is studied.

Combination of a 2-D transport code and an infinite-n ballooning
code is used to optimize the beta value (the ratio of the plasma pres-
sure to the magnetic pressure). We get the functional dependence of

the maximum beta as

-0

B(z) = 7.8 q 054 (4 1)70-76,140.14(q4-1)

]
here 4 is the safety factor at the plasma surface, A the inverse
aspect ratio, ¢ the ellipticity of the plasma cross—section (see

reference [A2]).
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1.3 Conclusions

Data basis of plasma confinement and B limit has been improved
by recent neutral beam heating experiments in Doublet II and JFT-II.
Doublet Il with elongation and aspect ratio similar to the INTOR
reference operating point has achieved <B>=3.3% with no evidence
that limiting value is being approached. 1In Doublet II and JFT-H
experiments, the global energy confinement time in beam heated plasma
appears to be a weak function of plasma density and toroidal field,
while the confinement time is improved by increasing plasma current.
Despite the inadequacy of INTOR scaling to describe those parameter
dependences, the numerical values of the measured confinement time

in the case of similar heating power density to the INTOR case still

fit the data relatively well. Thus the INTOR operating plasma parameters

need not be changed at this time.

__]9_
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2. Modeling of plasma energetics

2.1 Ripple enhanced ion thermal conductivity
K. Tani

As a part of benchmark calculation, ion thermal conductivity in a
a rippled toroidal field is investigated by means of a oribit-following

Monte~Carlo code.

2.1.1 Calculation model and assumptions

To evaluate the ion thermal conductivity, plasma is assumed to
be circular in cross section and all the magnetic surfaces are
concentric circles. ©Plasma density and temperatures are given to
be uniform in space. Ion trajectories are followed by numerical
iﬁtegration of the guiding-center equations. For the convenience of
calculations, the effects of high B, electric field, or ripple induced
islands on dion orbits are not taken into consideration.

In a Tokamak with finite number of toroidal field coils, the

model B field can be described by

B = Br(r,e,cb)ér + Be(r,e)é’e + B (r,e,¢)é’¢ (1)

¢

where, r, O are polar coordinates in the minor cross section of the

torus, ¢ is the toroidal anglar coordinate aleong the magnetic axis

and gr’ 38’ g¢ are the respective unit vectors. The toroidal, poloidal
and radial components of the magnetic field are given by
RO
B¢ = Bt 7{-(1 + &(r,8)cos N¢) , : (2>
Ro
B¢ = 5 Bp (r), (3)
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and r
1 d )
= - — — dr! s
0 _
respectively, where RO is the major radius of the magnetic axis,
R = RO—+rcose, Bt the toroidal field on the magnetic axis, Bp the

poloidal field produced by plasma current, ¢ the field ripple and
N the number of toroidal field coils.

Since magnetic surfaces are assumed to be concentric circles, the
ion thermal conductivity X; can Le defined as a time differential
coefficient of the minor radius variance in the orbit-following Monte-
Carlo code, that is,

5o(r, - <r,»)?% w,
1 1 1

X, = ) (5)
i
A ) LA
where
) Ty
<ro»om o—— =
Ty T ow, ’
i

v, is the energy density weight of the ith test particle and At is the

calculation time interval.

“2,1.2. Calculation results

The ion thermal conductivity defined by eq.(5) describes the total
K,
conductivity XE. The ripple enhanced ion thermal coductivity X; is
assumed to be separated from XE by

X3 =% T Xg ,

where X?C is the ordinary neoclassical conductivity which is also cal-
culated with the same Monte-Carlo code by switching-off the ripple

terms in the guiding-center equations.
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About 5,000 test particles are set on a magnetic surface at r/a=0.5
with pitch angle and energy distributions corresponding to an isotropic
Maxwellian.

Calculations have been made for the parameters appropriate to
INTOR which are summerized in Table IV~2-1. The ion temperature
dependence of XE derived by the Monte-Carlo code is shown in Fig.

IV-2-1 by the solid curve. For comparison, thecretical ripple-

trapped ion thermal conductivity [1] is also shown by the dotted line
in the same figure. The numerical X? agrees well with the theoretical
X?T in the high collisionality regime [2] (low temperature). However,

the numerical x? gradually falls out of the theoretical lines as Ti

becomes high and takes a value much smaller than the theoretical XET-

Table IV-2-1 Plasma parameters

major radius R0 = 5.3 m

minor radius a=1.2m

toroidal field B, = 5.5 T

plasma temperature Te(r) = Ti(r) = 5,0 v 20.0 keV

(T (r) = T(x) = T (X))
plasma density ne(r) = 1.4 x 10°° m=3

(o (r) = n,(r) = n,{(r))

plasma current jp(r) = jO(l - {rfa)%)?
safety factor q, = 2.77
. +
test particles D
ripple § = éo(r/a)2 exp(~0.562), 60= 2%

number of toroidal

field coils N =12
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2.2 Suprathermal ripple losses

2.2.1 Ripple loss of fast ions produced by NBI
K. Tani

Ripple loss of fast ions produced by NBI during the final phase
of beam heating is evaluated numerically by means of orbit-following
Monte-Carlo code. Two sets of calculations have been made:

1) Calculations as a part of benchmark tests, in which a model ripple
field is wused.
2} Calculations in a self-consistent and realistic ripple field which

is divergence~free as well as curl-free.

For the convenience of calculations, plasma is assumed to be
circular in cross section and all the magnetic surfaces are concen-
tric circles. Ion trajectories are followed by numerical integration
of the standard guiding-center equations of motion.

In our orbit-following Monte-Carlo code, Coulomb collisions of
fast ions, Coulomb drag and pitch angle scattering on bulk ions and
electrons, as well as charge exchange processes with neutral particles
are described by means of Monte-Carlo techniques [3]. Since the loss
of fast ions due to the field ripple occurs in the very early stage
of slowing—down (5 0.3 Ts), it can be separated from the charge ex-
change loss which is the dominant loss process for slowed-down ions.
For this reason, the charge exchange reactions are "gwitched-off" in
the present investigations. Effects of high B, electric field, or

ripple induced islands on ion orbits are not taken inte consideration.
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§1. Loss of fast ions in a model ripple field

The magnetic field used in the present investigations is the
same as the one given in the paper entitled "Ripple Enhanced Ion
Thermal Conductivity" (see Subsection 2.1). It must be noted that
the magnetic filed is divergence-free but still noncurl-free.
| Plasma parameters and neutral beam conditions used in the cal-
culations are summarized in Table IV-2-2 and IV-2-3, respectively.
Results are shown in Fig. IV-2-2 for three cases. As the maximum
ripple size 60 is considerably large and the injection angle is very

near perpendicular, very seriocus losses are predicted.

§2. Loss of fast ioms in a realistic ripple field

From the economical point of view, the toroidal field coil system
which is small in size and consists c¢f small number of coils has an
advantage. In such a system the toroidal field ripple is formed not
only in outside but also inside.the terus, which is much different
from the model field used in the above calculations.

In the present investigation, we emplcy the same magnetic field
that is described in the paper entitled "RIPPLE LOSS OF SUPRATHERMAL
ALPHA PARTICLES IN THEIR RELAXATION PROCESS" (see subsection 2.2.2).

Calculations have been made for the case which gives the most
serious fast ion loss, i.e., the case (¢) in Table IV-2-2. The energy
of the major beam particles is 175 keV, other parameters without notice
are as those in Table IV-2-2 and IV-2-3. The contour map of fast ion
loss derived numerically under the conditions mentioned above is shown
in Fig. IV-2-3 in the space of injectien angle einj and maximum ripple
size 60 in a plasma (peak-to-average). In a high density plasms with

flat distribution, the effective beam heating in the final phase seems

W24 —
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to be very difficult. In order to control the beam power loss fraction
below 20%, the maximum ripple size 60 should be less than 0.7% and the
injection angle einj should be greater than 20°. The power loss frac-

0
fraction with that in Fig. IV-2~2, it can be seen that the ripple formed

tion at einj =16° and &_.=1.2% is about 48%. By comparing the loss

inisde the torus seems to be unimportant.
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-2-2 Plasma parameters

major radius
minor radius
toroidal field

plasma temperature

plasma density

plasma current
safety factor
effective Z
ripple

number of toroidal
field coils

R 5.3 m

a=1.2m

B, = 5.5 T

Te(r) = Ti(r) = 15.0(1-(r/a)?)+ 0.1 keV
(Tp(r) = Ti(r) = Ti(r))

n_(r) =n_(0) (1-(r/ay™+ 1.0 x 10'% m~3
(nD(r) = nT(r) = ni(r))

CASE (a): n,(0) = 2.1 x 10%° w3, m = 2

CASE (B): n_(0) = 1.3 x 102° m™3, m =6

1.8 x 102 =3, m = 6

CASE (C): ne(O)
jp(f) = jo(l'(r/a)z)z

q, = 2.04

8 = 0,012 (r/a)? exp(-0.58%)

N =12

Table IV-2-

3 Neutral beam conditions

injection angle
beam energy

species

Binj = 16° (co-injection)

120, 150, 175 keV

: P =90 : 5 :5

Pp s ® 1/3

1 1/2

,_,zsﬁ
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2.2.2 Ripple loss of suprathermal alpha particles

The slowing—down process of alpha particles in a rippled toroidal
field is investigated by means of an orbit-following Monte-Carleo code.
The ripple enhanced power loss fraction of alphas in a reactor-grade
tokamak with 1% toroidal field ripple may amount to “V10Z. The frac-—
tion of particle loss is 1.5 ™ 1.8 times as large as that of power
loss. Almost all the loss alphas escape from a plasma through ripple-
enhanced banana drift and ripple-trapped loss particles are negligibly
small (see reference [A3]).

The power deposition on the first wall due to ripple loss alphas
is roughly estimated at 50 v 70 W/cm? for the maximum ripple size

§y = 0.75% and 150 W/em? for &p = 1.5% (see reference [A4]).
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2.3 Neutral beam injection heating power and energy needed to achieve

ignition in INTOR

Neutral beam injection heating powers needed to achieve ignition
in INTOR are reexamined for the injection energy of 120 keV, 150 keV
and 175 keV by one-dimensional transport code. The main purpose of
this reexamination is to investigate the possibility to lower the in-

jection energy from the presently specified wvalue of 175 keV,

Model of calculations

We employ the circular plasma, of which miner radius is 1.2 m,
to simulate the penetration of the injected beam particles correctly.
Instead, the transport coefficients y are modified to take account of

the noncircular effects as’
. 1
X XoF

where x is the ellipticity. The heating power density is also adjusted

te the noncircular plasma. The scrape-off layer plasma is not included

and the effect of impurities is ignored for simplicity. The ionized

or charge-exchanged fast ions deliver their energy to the field parti-

cles instantaneously. The orbit loss of the fast ions and the effect

of toroidal field ripple are ignored.

The injection scenario is as follows.
1) TInjection anlge ; 16°

- 2} Beam energy component ; Pl : Pl/Z : Pl/3 =90 : 5 : 5

-1

3) 1Initial plasma parameters ; <n0> "\ <nT> Vo3 ox 100 ml,

IP = 5.4 MA

— 28_
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4) Injection time ; 6 seconds

5) Current ramp-up ; iP " 0.16 MA/s.

6) Density ramp-up ; <ﬁe> 1.5 % 101% mT3 /s with appropriate
pumping

7) Tritium supply ; gas puffing with the energy of 5 eV.

Results of calculations

Ignition approach by NBI heating with the energy of 175 keV, 150
keV and 120 keV are shown in Fig. IV-2-4 v 6 for various injection
powers. NBI 1s started at 7 second. Fach dot denotes every 0.5 second.
Reference ignition curves for various profiles of ion density and ion

temperature are also shown in the figures. These profiles are given by

n, =C, Hi f1 - (r/a)gn]mn

_ g
G, Ti [1 - (r/a) t}mt

3
]

From these calculations, it will be concluded that about 75 MW
with the energy of 175 ~ 150 keV should be needed to achieve ignition.
_ Especially, for the case of 120 keV injection energy, about 100 MW
injection power will be needed, since, in this calculation, we have
ignored various deteriorating effects (scrape-off plasma, ripple loss,
impurity effect and so on). It should be investigated further whether

these deteriorating effects can be compensated by Shafranov shift.

_ng
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Fig., Iv-2-1 Ton thermal conductivity of deuterons as a function of
ion temperature at r/a = 0.53. Calculation parameters

as in Table VI-2-1.
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Fig. IvV-2-2 Power loss fraction of fast ions produced by NBI against
the majer beam energy for various plasma density profile:

2.1%x10%°%(1-(r/a) )+ 1.0x10'°m—3,

CASE (a) ne(r)

1.3x102%(1-(x/a) ®)+ 1.0x101°m—3,

CASE (B) ne(r}

1.8x102% (1-(r/2)®)+ 1.0%10*m—3,

CASE (C) ne(r)

Other parameters as in Table VI-2-2~3,.
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and the major beam energy is 173 keV.
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Fig. IV-2-4 Ignition approach by NBI heating of 175 keV injection
energy. Injection power of about 70 MW will be required
to ignite the plasma. NBI is started at 7 seconds. Each

dot denotes every 0.5 seconds.



Fig.

IV-2-5

JAERI-M 82-171

P

Ignition approach by NBI heating of 150 keV injection
energy. Injection power of about 70 MW will be required

to ignite the plasma. NBI is started at 7 seconds. Each

0.5 seconds.
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Fig. IV-2-6 | Ignition approach by NBI heating of 120 keV injection
energy. Injection power of about 100 MW will be required
to ignite the plésma successfully since various deterio-
ration effects must be considered. NBI is started at

7 seconds. Each dot denctes every 0.5 seconds.

- 36 .



JAERI-M 82~171

3. Discharge Control Issues

3.1 Burn temperature control with compression-decompression
Masaoc OKAMOTO

The active feedback control by means of major radius
compression~decompression has been studied for the purpose of burn
control in a self-ignited tokamak. Based on a zero-dimensional
transport equations, together with a simple but realistic feedback
control system which regulates the vertical magnetic field applying
compression-decompression to the plasma, numerical calculations have
been carried out for Alcator, Coppi-Mazzucatto and Hirshman-Molvig
scalings taking an INTOR-like tokamak as an example. It is shown
that the feedback control can move the plasma automatically to the
marginal ignition point from the sub- or supper-ignited region after
the additional heating is stopped. Once the plasma has bound the
marginal ignition point, the control can maintain its operation point
suppressing the thermal instability completely without changing the
major radius. Linear stability analysis for general type of scalings
has shown that the control is achievable for suitable gain even if
the time lag of the system is longer than the thermal runaway time.
Dependences of the stability on scaling laws are also stuided. It
is demonstrated from a numerical example that varying the fusion
output power level during the operation is possible without bringing

about the thermal runaway (see reference [A5]).

— 37 _
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3.2 Equilibrium control requirement
Kojyu UEDA

Both of the shell effect due to passive shell-structures and the
characteristic of simplified feedback control systems, for the vertical
position stabilization of the elongated INTOR plasma, are studiedrand the
following matters have been obtained,

Inductive components with the systems consist of shells, shields and
control coils. Both of the shells and shields are toroidally divided into
24 sectors.

A new type of retangular shell, which has the sufficient shell effect
for the stabilization of the fast mode, is presented here on a basis of
the studies of various kinds of shell-structures described on this paper
in detail, and used as the shell structure.

It is found that the rectangular shells can be formed so as to effect
on the bleeding ratio only by a negligible small by locating them separately
on both of the front and rear surfaces of blanket.

Some properties with the modelled feedback control system are studied

under a disturbance field, B, = QD-[l-exp(—t/Td)] (B_: field strength at

d

t o=, Td:'time constant). They are studied for two kinds of decay indices,

that is, -1.0 for the pump limiter and -1.3 for the divertor.

Conclusively, the control system is found to have good characteristics.
The PID controller seems to provide the stable control of wertical posi-
tion better than the PI controller.

Due to the method in this paper, the maximum of vertical displacement,

Z?ax under the disturbance field, Bd, are in propertion to B .

Also the power requried for its stabilization, P are in proportion to

MAX., 2 MAX
Bi, and then to (Zp ), too. Therefore, some common basis for B or 2

is found to be required for its estimation.

._38._
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Moreover, P is found to be independent of whether the ?I or PID
, . . . MAX
controller is used, and to be on a curve in relation with Zp . The
difference of P between -1.0 and -1.3 in n is very large in Zp more
. . e MAX .
than -1.0 cm. For example, in the vicinity of Zp =1.0 cm, P in the case

of m = -1.0 is about one half times in the case of n = -1.3. But it seems

to decrease abruptly in ZEAX less than 0.5 cm (see reference [A6]).

. 3 g~
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3.3 Disruption characteristics and control
— Demeonstration of High Density, Low-q Discharges with D-shaped

Plasmas in Doublet II and Their Toughness for Disruptions —

Masavuki NAGAMI

For a takamak reactor, which needs a several percent in a beta
value, we intend to increase the beta value by taking advantage of
~elongating a plasma and reducing a safety factor, which is predicted
by theoretical ballooning mode studies. The INTOR conceptual design
also expects a high beta plasma Bp=5-6% with the ellipticity k=1.6,
the simple safety factor qI'=2.O without toroidal effect, and the plasma
density with its Murakami coefficient CN==14.

Needless to say, there is no precedent for demonstrating the above
plasma parameters at the same time. Such high endsity and low-q dis-
charges, furthermore, might be fragile for disruptions.

The attached paper describes the discharge properties of the D-
shaped, high density and Low-q plasmas achieved in Doublet II. The
obtained results, which is, however, for Joule heated plasmas, suggest
the possibility of realizing the INTOR discharges with high elongation,
high density, low-q. The disruption frequency data are also helpful of
making a specification of the INTOR operation scenario.

The results of the Doublet II experiments could be summarized as
follows,

1) The simple safety factor qI==1.5 is demonstrated for 1.5 elongated

D-shaped plasmas. The actual safety factor (qw) might exceed two,

because of strong toroidal effect at the plasma edge.

_.40_
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2) We also demonstrate the high density operational capability of
the Murakami's coefficient reaching 7.8 in the low-q; D-shaped
plasmas, and their average beta value réacheé one percent.

3) The stable discharges with qI> 2 could be reproducible without
disruptions with extremely high probability, once we could find
the stable operation conditions. Reducing dq less than 2, the
disruption frequency increases, and the discharges with qw = 2
can hardly escape the disruptions.

Judging from the above results, the present INTOR plasma parameters,
i.e., qI==2.O, K=1.6, CNJ=14, could be realized without suffering dis-
ruptions, taking account of the expected improvements achieved in the

future large tokamaks (see reference [A7]).

— 41 —_—
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4. Conclusions

As far as plasma confinement and beta limit are concerned, the
data base has been improved by recent neutral beam heating experiments
in Doublet III and JFT-II. As is described in section 1.3 the global
energy confinement times in beam heated plasma appears to be a weak
function of plasma density and toroilda field, while the confinement
time is improved by increasing plasma current. Despite the inadequency
of INTOR scaling to describe these parameter dependences, the numerical
values of the measured confinement time in the case of similar heating
power density to the INTOR case still fit the data relatively well,
Thus the INTOR operating parameters need not be changed at this time.

Toroidal field ripple losses of bulk plasma, fast ions produced
by neutral beam injection and alpha particles are evaluated by Monte-
Carlo code. When applied to INTCR case, thermal ripple losses are
not an important factor in the energy balance at the ripple levels
under consideration. The ripple induced fast ion losses for neutral
beam heating is estimated to be 40-50 % of the injected power in the
case of injected energy 150 keV at toroidal ripple § = 1.2 7 at the
plasma edge. Detail analysis of alpha particle losses is performed.
The power loss is predominantly in particles of energy in excess of
3 MeV and the losses are localized in the region near outboard midplane
in the plane of the taoroidal field ocils, The power loss at toroidal
ripple &§ = 1.2 % at the plasma edge amounts to 15-25 % of the alpha
power and reaches values is excess of 1 MW/m*? corresponding to a peak-—
ing factor of around 20. We conclude that ¢ = 1.2 % design specifica-
tion appears compatible with physics requirement but the further analy-
sis on a fast-ions and alpha losses is necessary.

Burn temperature control by compression and decompression is ana-
lyzed. This method may be cne of the candidates of burn temperature
control. Further analysis is necessary on such as density centrol
by changing the recycling condition and pellet injection, beta limits
or control of ripple induced losses.

The model calculations on the effectiveness of passive loop on

vertical position control is performed and it is shown that 24-tcoroidal

— 42_
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segments of passive loop can be used effectively. The characteristics
of feedback system of vertical position contrel using active coils
with the passive loop is analyzed and the feasibility of vertical posi-

tion control of these system is confirmed.
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