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1. INTRODUCTION

Operating the INTOR plasma properly during start-up, burn and shutdown
phases requires the establishment of reactor relevant physics and tech-
nologies in both software and hardware fields. The scenario for these
phases largely affects a reactor design. Complete solutions for all the
igssues related to the three phases, however, would not necessarily be
obtainable before INTOR operation, since the time schedule for decision
. is tight and some of them are really tested in INTOR for the first time,
As a result, it is inevitable that some part of the scenario is at present
highly speculative,

Among the three phases there exists a rich data base for start-up and
shutdown on present-day devices and the experiences of design and tech-
nology for the larger devices under comstruction (TFTR, JT-60, JET), which
would enable us to reasonably extrapolate most of them to the next step,
INTOR. The B8 valve required for INTOR is considerably high (5 ~6%) when
compared with the present-day value. A start-up scenario for obtaining
such a high, stable B value with the control of current profile, fueling,
heating and impurities is one of the most important issues. The required
8 value 1is at present relatively speculative, but the value of this
degree is thought to be a reasonable physies target of INTOR in viewr
of the present-day experimental results and theoretical analyses.

On the other hand, requirements for the long burn phase in INTOR
provide an entirely new situation in physics and technolegy. The burn
control of self-ignition plasma and the ash exhaust are the most critical
issues in the burn phase. Information on alpha heating will be available
from TFTR and JET. However, no complete solution for burn control and
ash exhaust would be established before INTOR. The real test of the two
issues should be thought to be carried out in INTOR itself. Tn order to
make the uncertainty and risk involved in the present speculation as
small as possible, extensive research and development should be done to
obtain the confirmative information with the devices available before INTOR.

For the shutdown phase, the techniques to terminate the discharge
and recover the poloidal magnetic field energy without inducing plasma
current disruptions must be developed. Confirmative information on this
issue is expected to be available before INTOR operation, since the

experiments on the large tokamaks (TFTR, JT-60, JET) will provide
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a useful data base.

The following are among the R and D requirements related to start-up,
burn and shutdown.
* Startup techniques of attaining a desirable current profile and low
q, for a large plasma.
- The plasma confinement mechanism at current initiation for a large
plasma should be elucidated and the maximum rate of current rise should
be reduced as low as possible, at least less than 1 MA/s, in view of SCM
design. _
. Controllability of ion energy loss by a variable field ripple and
engineering feasibility of ripple coils.
- Fueling technique of attaining a desirable plasma profile by gas
puffing and plasma expansion technique during startup phase for a large
plasma.
. Pellet injection technique being capable of the deep penetration of
fuel particles to a plasma center for a large plasma.

Main problem areas related to start-up, burn and shutdown are treated
also in the other group reports, i.e., energy and particle confinement
(Group l)l), impurity control, fueling and exhaust (Group 3)2), heating
{(Group 4)3), stability control (Group 11)4) and power supply and transfer
{(Group 8)5), respectively. This report attempts to cover the items given
in the INTOR Workshop, but the items directly corresponding to the
other group reports are briefly described, when the details are given

in the respective group reports.

Refefences

1) JAERI-M 8621, (Jan., 1980)
2) JAERI-M 8622, (Jan., 1980)
3) JAERI-M 8623, (Jan., 1980)
4) JAERI-M 8624, (Jan.; 1980)
5) JAERI-M 8511, (Oct., 1979).
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2. START-UP

Tﬁe start-up of the INTOR is treated by dividing it into three
typical time phases:
(i) Gas breakdown and current initiaticn
(ii) Ohmic heating with continuous plasma minor radius expansion and
current increase |
{(iii) Additional heating with energetic neutral beam injection and
fueling to the self-ignition state.

The start-up scenario is shown schematically in Fig.l.

2.1 Gas Breakdown and Current Initiation at Low Voltage

" Computer simulations on INTOR current initiation at low voltage
(¢ 50 V) have been carried out more precisely than those reported in Session 2
(Appendix A). The one~turn voltage of 50 V corresponds to E ¥ 0.015 V/cm,
and E/P is about 150 V/cm.torr assuming initial filling pressure of 10_4
torr. Runaway electrons do not play an important role in.these
conditions. Due to stfong toroidal electric field, electrons gain
high energy (up to "ulO7 cm/sec) and move along toroidal magnetic field
- with negligible thermal speed. Both axial (BZ) and radial (Bg) poloidal
magnetic field can cause electron to escape to wall because these error
fields deform toroidal magnetic field and the field lines intersect the

chamber wall. Electric drift due to E and curvature

toroidal Bpoloidal
drift can also cause electron loss, but the effect of these drifts is
an order of magnitude smaller than orbit loss.
1) Effect of non-axisymmetric magnetic field

Non-axisymmetric magnetic field is produced by miss—alignment of
toroidal and/or poloidal field coils and is generally uni-directional
(n=1), i.e. electrons drift in the oppesite direction when they pass
the opposite side of the torus. Therefore electrons drift very little
when averaged in the toroidal direction if electrons can rotate many
times around the torus. If non-axisymmetric field has a high mode number
(n > 2), averaging process can be done more effectively. Therefore non-

axisymmetric magnetic field hardly causes electrons to escape by orbit

loss or electric drift.
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2) Results of simulations

Figure 2 shows the time evolution of the plasma current with
corresponding voltage forms. The electron density is shown in Fig. 3.
These figures show that one-turn voltage lower than 20 V cannot produce
the initial plasma. Figure 4 shows the applied voltage which cause the
breakdown. in the same_time'lag as a function of filling pressure.
Breakdown time lag is defined as an interval between the time of current
interruption of the transformer coils and that at which the poloidal
magnetic field produced by plasma current overcomes the error field.
Figure 5 shows overall time evolution of various quantities in the case
of applied voltage of 50 V and error field of 60 G. Initial electron
current density ié an important factor to breakdown the filling gas
successfully. In the case of INTOR, fortunately almost all structures
inside the shield are activated, so the gas can be pre-ionized by the
radiation. ' :

It is concluded -that -INTOR current initiation can be performed
successfully .at low voltage (< .50 V) in the wide range of filling
pressure (2 x 107> = 107
below 60 G.

torr) if an error field can be suppressed
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2.2 Plasma Current Rise
1) Minor radius expansion

1):2) (pig.1)

Empirical scaling laws of achievable mean desities f
show that 71 is a function of joule input power density. From the
technological restrictions, INTOR should have a current rise time longer
than several seconds. Therefore it may be hard to obtain a suitable

3 ;g ‘ . . .
for avoiding runaway discharges, since joule

density higher than lOlg/m
input power density is very small in such a slow current rise phase,
Minor radius expansion is one of the potential methods to keep high
joule input density during the current rise phase.

A strong skin effect in the current density distribution occurs in
a computer simulation of a reactor plasma because of its large plasma
radius. The joule heating is not so effective as in the cases without
skin effect, since the most of joule heating power is deposited in the
skin region where the energy losses of the electrons are very large, and
consequently the electron temperature becomes nearly equal to the ion
temperature. The joule input power per unit volume in a large tokamak
becomes small on a scaling of 1/rZ, Furthermore, a strong skin effect
of the plasma current tends to make the plasma MHD-unstable.

The current.density distribution dose not change so much in a keV
plasma because of its leong skin time, even in the case that the tempera-
ture increases from a keV to multi-keV by additional heating.
Therefore, it is important to attain a desirable distribution of
current density in a joule heating phase by using, for example, minor
radius expansion. However, it is necessary to control the plasma
density by a method such as gas puffing in the minor radius expansion
phase. It is because high filling pressure (e.g. 10_4Torr) will cause
excessive density and blow off the plasma in the very initial phase,
since most of the neutral gases will flow into the plasma within several
milli-seconds. Therefore. filling pressure should be low (e.g. 10_5Torr).
Consequently, we should feed fuels with volume expansion to avoid the
decrease of the density.

‘ Full understanding and the necessary information on an adequate
current rise scenario will be obtained through the experiment of JT-60,

since JT-60 is designed to be able to test the plasma expansion during

current rise.
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2} Scheme for current rise

The plasma current rise of INTOR is performed in the following
ways. FEvolution of a plasma minor radius is made by continuous expansion
of the separatrix defining a plasma surface by appropriate control of the
poloidal field ceil currents. Rate of plasma current rise must be so
small that both electric power required for the poloidal field coils
and heat dissipation due to fast change of the poloidal magnetic field
in the super-conducting toroidal fileld coils can be lowered to an
adequate value which is technologically tolerable., This raises reality

of a fusion reactor.

3) Effective use of input power

' To heat the plasma effectively, attention must hbe paid to the energy
balance. During breakdown and current initiation, energy is supplied
from induced electric field and is lost by escapes of charged particles
due to magnetic field irregularities. Mapnetic field leakage from the
poloidal field coils intc the plasma region can be reduced to about 10
gauss in the design of INTOR. 1In the succeeding ohmic heating, sufficient
power input into the plasma is expected at low 9, discharges, so plasma
current and minor radius must be increased in such a way that q, remains

almost constant to the f£inal value.

4) Ohmic heating phase

In a large scale tokamak, ratio of energy less to ohmic power input
decreases, therefore the rate of plasﬁa current rise is reduced to about
1 MA/sec in the INTOR size except for preceding breakdown and current
initiation phase.

Figure 2 shows the rate of plasma current build-up obtained through

3)

the various experiments in typical tokamak devices The results can be
easily extrapolatéd to a INTOR size plasma, and it seems to be reasonable
to set 1 MA/s current rise. From the point of view of SCM design it is
desirable to raise the plasma current slowly in order to decrease heat
load to superconducting magnets. The value of 1 MA/s would be a trade-
of f for physics and technology. In the fast rise phase up to 0.6 MA in
0.1 sec including breagkdown of filling gas, the plasma current is

increased more rapidly to pass through the poor energy balance region

in a short time.
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Detailed evolutions of plasma current is shown in the report of

Group 84)

(a) Minor radius expansion
Safety factor of a tokamak plasma is expressed as

2
a*Bt ZTTBt a2 14k

q - -
a R B U R i 2
P 0 p

Safety factor 4, should remain almost constant during ohmic heating as
the value in the stationary burnm phase, i.e. plasma current must increase
with its density unchanged, because 9, is inversely proportional to the
plasma current density Ip/az.
if the plasma current increases with constant rate, plasma minor

radius, a, should increase in proportion to the square root of time.
Plasma can be expanded by defining its-boundary with fast movable limiter
or separatrix formed by magnetic field interaction of plasma current with
poloidal divertor current,
Fast movable limiter is abandoned because of the following reasons.

{a) Intolerable heat load.

{b) Impurity efflux.

(c) Mechanical complexity.
Bundle divertor does not seem to be attractive for the start-up, because

surface defining effect is not expected so much.
(b} Power input during ohmic heating
Plasma resistance during ohmic heating has a proportionality given
by
-3/2

R = K_l a—2 T .
P

Resistive drop of a ohmic~heated plasma 1s

v =R I «xla?r 3
P P P p
When we raise the plasma current with keeping almost constant
= 2y 2
q, (=(+")—5

heating is

), the electric power input into plasma during ohmic

2.2
{(1+x7) a2 T—3/2 q =2
e PP K a
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Hence the smaller the safety factor is, the more the input power is.

(c) Start time of neutral beam injection
Neutral beam inhjection 1s started after the plasma current has fully
developed to aim at the followings.
(a) Effective use of injection power at the current flat-top at which
energy is confined more effectively.
(b) To avoid over-dense plasma due to fuel injection effect of NBI.
(c) To lower heat load into the first wall along scrape-off layer of
the plasma during plasma expansion.
(d) To lower the fraction of the injected beam power which is lost
by passing through the plasma. '

(e) To avoid current peaking at the plasma center.

(d) Control of the plasma shape during start-up
Final shape of the INTOR plasma is shown in Fig. 3 for both cases
with and without divertor. Plasma parameters are
n = 1.2x1020 ions/m3, T = 10 keV, I = 4.7 MA, Bp = 2.6,
a, = 1.2 m, RP =5,0m, Kk =1.5, and & = 0.4.

P
Magnetic field configuration by external conductors are shown in

‘Fig. 4. Figure 5 shows the arrangement of poloidal field coils.

Poloidal magnetic field and the n-index at the plasma center are
Bv = 0,41 T, and n = -1.25

respectively. (The results for these parameters were presented at
Session 2. For Session 3 the values of Bp and the plasma triangularity,
A have been slightly changed to 2.5 and 0.3, respectively.)

Details of the control method including the time evolution of the
multipele field components of the equilibrium magnetic field and the

effect of the plasma triangularity are described in the report of Group 113)
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2.3 One-Dimensional Simulation of Ignition Approach

2.3.1 Calculation Model

Ignition approach has been investigated by one-dimensional

1)

transport code ’. The transport coefficients used are

19
5x10 1 2
Xe © xn - m“/s) (1)
e :
=3 x () x L 4y (2)
Xy i “neoclassical K ripple
D =X, / 12

Pellet injection was employed for tritium density build-up in joule
heating phase. By this method, the plasma density is increased beforehand
suitably for NBI heating. The plasma current rise time is 5 seconds.
Neutral beam injection heating is started at t = 5 sec. We employ
deuterium injection with 200 keV energy. NBI is turned off at t = 9+10s.
Particle recycling and fueling method will have a great influence on the
attainability of the ignition through the density distribution. We
employed puffing and pellet injection for the fueling method, and calcu-
lated for various recycling conditions. Both deuterium and tritium
particles recycle with a given recycling rate, while helium particle
recycling is not taken into account. Impurity effects are neglected

in all of the calculations.

2.3.2 Results of simulations

A typicél example of the ignition approach by gas puffing and
reéycliug for the fueling method is shown in Fig. 1. The attainability
of the ignition is very marginal. In fact, the ignition is achieved for
0.5 % toroidal field ripple, while the ignition fails to be achieved
for 0.8 % ripple. '

Time evolutions of various plasma parameters are shown in Fig. 2.
Although T1 is considerably high for 0.5 % field ripple, it can be lowered
down to 12 ~n 13 keV if suitable field ripple is applied or NBI heating
time and power are suitably adjusted.  Density profile is always very
broad and slightly hollow. For this reason, the plasma is very sensitive
to the field ripple, and moreover, higher beta value (>4 %) is required

to attain the ignition.



JAERI-M 8625

Time evolution of the various plasma parameters for pellet
injection is shown in Fig. 3., We have assumed that the particle source
profile by pellet injection is linearly decreasing one as shown in Fig.42).
Since the density profile is greatly affected By the penetration depth £
of the injected pellet. We have assumed that the injection velocity and
the radius of the pellet are 104 m/s and 3 mm, respectively. These
values seem to be the maximum expectable ones.

1f the density profile is sharﬁ even in large device, the ignition

can be attained much easily even when the toroidal field ripple is larger.

In fact., when we employ the flat particle source distribution (Fig. 6) the

density and temperature profiles in nearly steady state become sharp. In this

case, the ignition can be attained even for 1.5% ripple (Fig. 3). 1In
Fig. 5, solid line of Ti shows the case where temperature rise is
controlled by field ripple, so that the beta value does not exceed the
eritical value too much. In actual case NBI heating time and power
and/or toroidal field ripple are adjusted to suppress the excessive rise
of Ti' If no particular control is done, temperature rises up to 25 keV
(dotted line of Ti shows the case of 0.5% field ripple).

Detailed discussion on the ignition scemario including tramsport

models is given in the report of Group 1.

Results of 1D simulation calculations are summarized as follows.

The attainability of the ignition in INTOR is very sensitive to the
physics model and operation scenario, especially to the density profile.
Flat density distribution is most likely in INTOR even though strong
inward particle flux such as Ware pinch effect is considered and realistic
pellet injection is employed. In this case, ignition can be achieved in
the guiding model only when toroidal field ripple is very small ( 50.5%)
and there is no impurity contamination.

Moreover, sufficient heating of central region by NBI of 200 keV
injection energy is difficult and ripple loss of fast ions becomes
serious for such flat density profile. Favourable dependence of X, on
Te as observed in PLT could make the achievement of ignition easier.

20 m_3) could also enable us to achieve

Higher density ( ﬁi:>l.4><10
ignition.

For sharp density profile, if realized, the ignition.can be achieved
rather easily in the guiding model when serious impurity contamination

can be prevented.
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2.4 RF Heating Schemes for Start-up Phase
For RF heating schemes for the parameter range encountered during

o d <15 x 100077,

heating a plasma to an ignition state (2><1019 m
1 keV < T < 10 keV), the following two schemes are considered for LHH as
shown in Fig. 1.

The LHH systems provided are

A. pump wave frequency f=1.2-1.4 GHz
parallel refractive index Ny=3-4
deposit power P = 10-20 MW

B. pump wave frequency £ =2,3-2.7 GHz
parallel refractive index Ne=2-3
deposit power P =75 MW

The system A is operated for heating a plasma with He =2=6 x1019m~3

and the system B is adopted when the plasma density increases beyond
about 6 XIOlgm-B.

The heating conditions mentioned above are reduced from the linear
theory on the wave propagation and the power deposition. This is
justified by the fact that the effective ion heating was achieved in
JFT-2 when the turning point predicted by the linear theory located in

the plasma, though non-linear effects were observed.
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3. BURN

3.1 Limitation of Pulse Length due to Alpha-Particle Accumulation

If no successful exhaust means is available, the pulse length depends
on a 8-limit alone. With the INTOR parameters of PSWJI MW/mZ, T = 10 keV
and n = 1.2 xlO20 m"3 ( Btfué %), assuming parabolic profiles for
temperature and density, a margin of 1 % (absolute value) in the Bt - value
allows about 30 s burning time without the ash exhaust. na/ni reaches
0,1 in 16 s and 0.2 in 32 s.

The following relation holds in the operation generating a constant
power.

"p

(L -¢e Ty

e 1 1 Ta
2

i "p Tt

t

) (1)

where T, is the confinement time of alpha particles, Tf the time constant

for fusion reactions and HD the effective exhaust coefficient of alpha

particles. If Ty « 1 a2 .
T .
@ g2 <ov> (2)
T 2
f . T

The variation of < ov > / T2 with plasma temperature 1is small in the range
of 10~ 20 keV, at most a 10 % change. Consequently, the pulse length is
determined by obtainable nj and allowable nu/ni.

For the INTOR parameters, Ta/Tf is about 2 ><10—-2 (Tu’b1.5 s, Tpv80 S).
The value of nu/ni reaches 0.2 in 24Ta for nj = 0.01 and in 287  for n,
= 0.02. The values of Ny T 0.01 v 0,02 would be available without a
special physics scenario for ash exhaust. As mentioned above, the B-value
increases by about 1.% in absolute value for theée burning times which
are about twice those without any ash exhaust.

When we want to obtain a longer pulse length, we have to consider
physics scenarios for the solution of the ash exhaust wﬁich enhance nD
or decrease T, If there is a margin of 1 % in B and nD’VO.OS is
realized, a long burn pulse would be possible. -Thg_enhancement of i
would be possible by the ash enrichment near the exhaust ports. T would
decrease by enhancing the particle recycling at the plasma boundary.
Ash enrichment and ash exhaust by simple poloidal divertors have been

proposedl), and a realistic and credible reactor design on the basis of
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the physics scenario has been developed for INTOR?)3) The scenarios for

aiming at the complete solution of the ash exhaust are given in the

report of Group 3.
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3.2 Current Control
Methods of external control of current profile are categorized
typically into two groups : comtrol of the electrical conductivity of

a plasma and local drive of plasma current.

(1) Control of electrical conductivity

Local heating of electrons results in a change of the electrical
conductivity of plasmas. Radio-frequency wave heatings such as ECRH and
LHH are appropriate for this purpose.

The ECRH wave for INTOR requires a frequency near around 140 GHz, and
hence the high power ( several megawatts ) generator technologies in such
a high frequency range are essentially required. The LHH of electrons is
performed with a pump wave having a large number of Nz (larger than about

10} and a frequency of a few GHz.

(2} Local drive of plasma current _

The unidirectional parallel injection of a neutral beam can drive a
plasma current locally. This scheme, however, 1s associated with design
difficulties of Tokamak system as well as injector.

Another method of current drive can be provided by the Landau resonance
of plasma electrons with injected pump waves.

The LHR wave is most preferable for the current drive from view points
of the wave generator technologies and the position control of the driven
current. .. From a simple analysis on the wave-particle interaction at the
Landau resonance velocity, the current generation of several hundreds kA
is sufficiently possible by launching a wave with £~ 3GHz, Nz > 10 and

10MW RF power into the plasma.
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3.3 Temperature Control

3.3.1 Burn stability (zero-dimensional calculation)

The critical temperature which defines a thermally stable region of
plasma operating conditions is sensitive to the form of confinement time
scaling. For self-ignition or subignition at high QF the Alcator and
classical scalings yield high critical temperatures. The critical
temperatures for self-ignition, namely, the minimum thermally stable
temperatures are 27 and 39 keV, respectively, which are obtained f£rom
a global energy and particle balance model. . '

) .

are shown the critical temperature as a functiom of

the parameters QF or Pinj/(Bt th)2 (Pi Lt MW/m3, B : Wb/mz) and stable

nj t
regions in the nr - T figure. With QF ~ 5, the critical temp-rature for

In Figs. 1 ~ 31

all scaling laws decreases to half their Tcw ~ values (QF = »), 1In order
to operate at a temperature in the range of 10 ~ 20 keV and within a
g-limit, the means of controlling the burn stability is inevitably
required. Controllability of a driven plasma with QF v 5 by fueling or

2)3) for the actual reactor design, JXFR3)4).

heating was_elucidated
Two self-regulating mechanisms to suppress the growth of thermal
4instability have been assessed. One is the synchrotron radiation and the
other is the field ripple diffusion. The effect of the former is small,
even if the absorption coefficient of the wall is assumed to be unity.
On the other hand, the latter markedly reduces the critical temperature.
The heat transport coefficient due to the ripple diffusion used for
the analysis is simple represented as
‘ 712
T 10 i g/2

x; = 7.77 x 107°¢C 5. ( w’/s ) (1)

i

where Ti is the ion temperature (eV), n the ion density im—B) and Sr the
field ripple, respectively, and here C is set to 3.9 x 10 (see the
report of Group 1). For simplicity the ripple diffusion was evaluated
with an average ion temperature. The critical temperature in the global
model depends on the temperature used for the evaluation of the ripple
diffusion. The use of the average temperature might estimate the stable
temperature at a low value. The evaluation of the ripple diffusion
effect is made by a one-dimensional simulation code in the next section.

For example, the stable ion temperatures obtained from a zero-

dimensional global model are 13, 19 and 26 keV for the field ripples
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( ér ) of 0.5, 0.4 and 0.3 %, respectively. If effects of the ripples on
ion thermal conduction and NBI Heating are not serious, a larger ripple
could reduce stable operation temperatures down to near 10 keV.
If special coils generating a variable field ripple can be installed,
deleterious effects of a large ripple during start-up phase is eluded,

1f the ripple diffusion effect is not large enough to give a stable
working temperature, some control means is necessary. Figures 4 and 5
exemplify the possibility of the burn control for sub~ignition at high
Q ( v30 ). In Fig. 4 the on-off control of heating power is applied to
the plasma excursion initiated by -0.5 keV ion temperature perturbation
at an equilibrium state of QF ~ 30, Such a control means would require
a heuristic programming based on operation experiences,

In Fig. 5 the heating power proportional to the power perturbation
initiated by 1.0 keV ion temperature perturbation is injected with a

time delay of 0.5 s ( Aat, ). The gy indicates a proportional coefficient

for the feedback control? In this case the ripple diffusion is not
considered. The controllability for the case considering the ripple
diffusion is similar to that in Fig. 5 except the initial few seconds
where the variation of the parameters with time is more rapid because of
the large effect of the ion temperature on the ripple diffusion.

In this model the feedback control is applied as detecting the power
level at all times. As a result, it requires continuous heating whose
total power during the burn duratien would be about twice as much as that
of the on-off control. The ion density is maintained at the initial
value through fueling. Consequently the ultimate equilibrium values of
the ion temperature and fusion power slightly exceed their initial wvalues.

It would be desirable to exercise the feedback control within about
0.5 s for subignition at high QF ( v30 ). The feedback control model
used is classical. It would be preferable to use the multi-variable
feedback controls)

For self-ignition the self-regulation mechanism such as the field
ripple diffusion is essentially necessary, while for sub-ignitiom
controlling the burn is possible without such an inherent control
mechanism. If the operating temperature for self-ignition is in the
unstable region, the burn control is possible by enhancing the field
ripple in periodic pulses with use of some special coils to suppress
the plasma excursion. For example, assuming the inherent field ripple

of 0.5 % generated by TF coils, the burn is controlled by the feedback
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enhancement of the ripple with a time delay of 0.25 s. The additional
field ripple is about 0.1 % at its maximum. The absolute values of the
ripple mentioned here are not essential, since the model used is a rough
zero-dimensional omne, Considering the required electric power and
control system and the value of the additional field ripple, however,

it would be preferable to generate the stationary field ripple required

for stabilization.
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Fig. 5 An example of the feedback control by heating
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3.3.2 Burn control by a variable field ripple (ome-dimensional
calculation)

A toroidal ripple will suppress the temperature excursion. However,
the ripple value during neutral beam injection should be kept low. When
the self-ignition state are attained, the ripple must be raised
immediately from the base value to the desired one. If the rise
time of the variable ripple is long, the plasma temperature will overshoot
and 8 value will exceed its critical value.

We have evaluated the required ripple value and its rise time necessary
for suppressing the temperature excursion by one-dimensional simulation
codel), and estimated the electric capacity of the variable ripple coil

power supply. The toroidal ripple § is expressed by the following

equations in our simulation code.

2 .
§ = 6a(t)-(r/a) (1)
6 (t) = 130 4 g {1 - exp(- EEy3 - C S (2)
a 50 6v P T tito
where, Sa(t); ripple value at plasma surface,
60 ; base ripple wvalue,
Sv ; variable ripple wvalue,
t : start time of the variable ripple,
T ; time constant for raising ripple.

Fig. 1 shows the simulation results of the start up and burn phase.
Gas puffing is used for fueling. In the case of no ripple, the plasma
temperature does not make an excursion unlike no ripple case, and stays
at about 15 keV in the case of 0,7 % ripple. This temperature is a stable
point. 'In this case, we can operate the reactor without feedback control
of burning. However, the plasma temperature and 8 value will inevitably
be higher than those of INTOR guiding parameters as shown schematically
in Fig. 2. If there is no margin in B value, the size of plasma or
toroidal field should be increased for obtaining thermally stable plasma.
As shown by curves c and d in Fig. 1, the control of neutral beam
injecting_time or power is very effective to suppress the temperature
overshoot. This situation is schematically illustrated in Fig, 2. The
temperature at the end of the start-up phase, TS’ should be between Tl
{unstable point) and T2 {steady state point)} in order to reach the

stable point with minimizing the overshoot. The plasma temperature
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rises from T5 to Tp with time constant of several seconds. Furthermore,
there would arise no serious problem, even if the ripple begins to be
raised a little before neutral beam stops. Therefore, if the variable
ripple is raised with time constant of a few seconds, the overshoof would
be no matter.

The magnetic energy of the variable ripple field is about 10-4 times
as small as that of the toroidal field, i.e. a few MJ, Then, the
required electric power will be order of 1 MW, assuming the rise time
of a few seconds. Even if 10 MW is required, the power would not be so

significant.

Reference

1) T. Tone, K. Maki, et al. : in preparation for publication.
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3.3.3 Control of temperature profile
(1) Neutral beam injection

By choosing appropriate beam energies, the power deposition profile
of the beam can be changed. This method provides the most simple method

of the temperature profile control.

(2) Wave heating
{a) ECRH
By choosing appropriate frequencies in a range of 100 ~ 140 GHz, the
ECRH makes it possible to control the temperature profile of the plasma.
The essencial difficulty lies in the high power ( én order of MW )

wave generator technologies in the necessary frequency range.

(b) LHRH
By changing the number of Nz, the LHRH can be used for controlling

the power absorption regiom in space.

(3) Surface cooling by low-Z impurities )
Injection of low-Z materials can provide a means of controlling the

plasma surface temperature.

(4) Current profile control

By changing the radial position of the magnetic resonance surface
through the current profile control, the temperature profile can be
deformed appropriately. The formation of an ergodic region around the

resonance surface can enhance the temperature profile deformatiom.
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3.4 Reactor Relevant Burn Pulse
In this section we estimate the minimum burn time required to attain
net electric power production, i.e. the time at which Q* = P

P
/ el,into reactor
means time average.

el,total
becomes larger than unity. The bar above the symbol

Conditions provided for the calculation are the followings.

(1) Hybrid poloidal field coils.

(2) NBI is used for additiomal heating.

(3) Only neutrom energy contributes to electric power production.

(4) Energy recovery from poloidal field coils is taken into
consideration.

(5) Direct energy conversion from divertors is omitted.

(6) Appropriate energy dissipation in the Helium liquifier and
refrigerator and the power consumption in the auxiliary system
e.g. He coolant blower are introduced. These energy dissipations

are assumed to be time-independent.

The power load pattern of the poloidal field coils is showen in
Fig. 1, and the meanings of the symbols are explained in Table l;

During premagnetization of the OH coils,coil currents are increased
up to the level to be interrupted for initiating gas breakdown and
plasma current rise. Linear increase of the coil currents are assumed

so that the energy dissipation during the premagnetization becomes

T1 2

So Ron (Ttl") de =%ROHTI :

All inductive energy stored in the poloidal field coils EOH during
premagnetization is both transfered to the plasma and dissipated in the
coils until. the coil currents become zero. This energy can not be
recovered electrically. '

After the coil currents become zero they increase in the opposite
direction continiously and the energy is supplied into the coils again.
The situation is the same to the premagnetization, and then the energy
dissipation during this opposite current rise is estamated at
5y Ty

During flat top of the plasma current, coil currents must increase

in order to maintain the plasma current, even if the change is very
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small. The effect is expressed in the form of E In large Tokamaks

HYaTB'
with high plasma temperature, o is much smaller than unity.

1} Net electric power production

On the bases described above, we have the next equation for the net

electric power production,

ne Tp 2 Egy + E (1+aT ) (1-£) + RogT{/3 + RHY(TR/3+TH+TB)

+P, .T./ / +P _T.JE, +P T /f, . (1)

inj H ninj + PdrvTB ninj ref B d aux B d

By using the normalization summarized in Table 1, the above equation

is deduced to the following two equations.

T0H+(1_f)T +kOHTI/3+kHY(TR/3+T )+k jTH/ninj -

n-a(l- f)TI-IY HY kdrv/ 'nj-kauxlfd

n > all- f)THY HY kdrv/ j_kaux/fd 3

2) INTOR parameters

To evaluate the net electric power production, we use the following

designed parameters of INTOR.
Pn=350 MW, EOH=670 MJ, EHY=2380 MJ, R0H=200 MW, RHY=440 MW,

Pinj=50 MW, Pdrv=15.Mw, TI=TR=TH=5 sec, ninj=0.3, 0=0.002.

P _+P is assumed to be 50 MW or 100 MW.
ref ~aux
3) The case of normal conducting poloidal field coils

We have kHY > 1, hence equation (3) is not satisfied, i.e. INTOR can
not produce net electric power.

4) The case of super conducting poloidal field coils

We have k__. = kHY = 0. Results are shown in Figs. 2 - & in both cases
of self-ignition and beam driven reactors. Assessment of the different

type of reactors and the different span of burn times for the net electrical

production is summarized in Table 2.
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5 Conclusion
Beam-driven reactors can produce net electric power only in the long

burnings at least in INTOR size. Short burning reactors require high
electric conversion efficiency and duty factor, and the energy stored in
the poloidal field coils should be effectively recovered, 100 MW Pref+Paux
seems to be the upper limit for the net electric power production even in
the long burning reactors.

These situations are fairly improved if the o-particle emergy can also

be available for electric production, the amount of which is estimated at

about 30 per cent or more of the neutron energy.
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Fig. 6 Domain of net electric power
production for a beam-driven reactor
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3.5 Plasma Inductance and Flux Swing

The plasma inductance has been calculated by the ring model whlch was
developed to determine the transient current on the vacuum vessel of JT-60.
The inductance calculation has been made in axisymmetric toroidal plasma
configurations. The plasma is divided into many conducting rings with a
square-shaped cross section which are connected electrically through their
mutual inductance. The current distribution of the INTOR plasma is
expressed by 30 x 21 conducting rings.

The equation used for the inductance is

z M JJ
2,m=1,n fm % m
2
( = Jp
2=1,n

where
Mﬁm : mutuallinductance between rings £ and m (Mu is the self-
inductance of ring 2)
JQ : current of ring 2
n : total number of rings.
The radial current distributions at various z~coordinates are shown
in Fig. 1. The inductance obtained fér the current distribution is 12.9

HH. The flux swing (volt-second) required to raise and sustain the plasma

current during the start-up and burning phases is given by
= LI +JRI dt
_ PP PP

The simulation calculation of the resistivity term is described in the
report of Group 8.
The volt-second required for start-up (6s) is 67 v-s and the total

volt-second for startup (6s) and flat-top (2005) is 88 v-s.

Note:

The build-up wave form of plasma current has been slightly modified
as shown in Fig. 2; the build-up rater of the current is somewhat slowed
down after £ = 3.6 sec and the flat-top is reached at t = 6.0 sec (in the
previous design, t = 5.0 sec). This modification was made to eliminate an
extra peak in required power in the current build-up phase. For comparison

the current rise scheme employed for a Session 2 task is shown in Fig. 3.
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Fig. 1 Current distribution in INTOR plasma
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Fig. 2 Plasma current in the build-up phase (Session 3)
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Fig. 3 Plasma current and resistive loop voltage
in the current build-up phase (Session 2)
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4, SHUTDOWN

For the‘self—ignition plasma the plasma is gently cooled to the state
of QF ~ 30 if the fuelling is turned off. Fig. 1 shows the time dependence
of the plasma parameters after the sate of QF n~ 30, In the case of the
field ripple present the decrease with time is slow. The means of turning
off the fuelling takes a relatively long time. If we want to cool the
plasma in é short time, the addition of a small quantity of impurities
would be effective.

Tn the case of using impurities attentions should be paid to avoid
the occurence of disruptions. For use of heavy metal impurities there
is a fear that the plasma center might be seriously cooled into disruptien.
As an impurity used for shutdown an inert gas such as Ne would be
favorable.

For the driven plasma at low QF (~5) the plasma is immediately
cooled by switching off the heating power but a rapid cooling which brings
about the plasma quench should be avoided by controlling the decrease rate
of the heating power.

It seems that there are no special difficulties in technologies for
recovering the poloidal magnetic field energy. At the end of each pulse,
the poloidal field energy is recovered to the generators to re-accelerate
them for the subsequent operation. In the reference design:galculation,
the rotation of the generators almost reaches the maximum available

)

rotation at the end of this phase (see the report of Group 8)%

Reference

1) JAERI-M 8511, (1979)
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Fig. 1 Time evolution of the parameters in the shutdown phase
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Appendix A

Model and Results of Gas Breakdown and Current Initiation

(pfesented at Session 2)

1) Model

The gas breakdown scenario for the INTOR has been made considering
the increase of electron demsity and current, the variation of the magnetic
error field which impedes the increase of the electron density, and the
_electric field over the plasma column cross section. The discharge
evolution process was analysed with the parameters PO = IOfATorr and
initial voltage < 100 V, for which runaway electrons do not play an
important part. Under these conditions the ionization processes are
fairly accurately described by the conventional equations.

We have modified them by adding some equatioms for the electric
field time variation which penetrates inside the vacuum vessel by the
rapid exitation of the OH power supply and for the variation of the error
field in the vacuum vessel., It would be desirable to simplify the equations
describing the breakdown mechanism. Here, a zero-dimensional model is used
for the breakdown simulation.

We assume that the discharge chamber is initially filled with neutral
atomic hydrogens of uniform density (NO). The initial electron density is
given by ENO’ where £ is the degree of ionization. The variation of the
glectron density is described by

dn n

dt - \Jiﬂe T &

The ionization frequency is given by

i _2.6)2
v /p = 10 1.406(X-2.6)°+8.946 )

where X = log,.(E/p) and E/p is volt/cm-Torr.
10

The following equations is used for determining the diffusion time

constant of electrons, Ta

Ty = A/VD

B
vy TV X BT (3)
v, = 1.27 x 106 (E/p) (cm/sec)
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where v, is the electron drift velocity which is related to the E/p,
and A the vacuum vessel radius and B the magnetic field perpendicular
to the toroidal magnetic field.

The time variation of B is described by

d B BF
dt B + = = = . (4)
v \
uO One-~turn voltage
BF = (In 8R/A - 1.53) %
4R RV
Ly
T = 5

where RV is the one-turn resistance of the vacuum vessel. B in Fig. A.l
is determined by the current redistribution on the vacuum vessel.

The electric circuit of the INTOR OH power supply is modified as shown

in Fig. A.2. )

The other equations used are:

R = —ggw'n (plasma loop resistance)
= L s ug = 1.27 X106E/p
e¥0e
. tp B = ni
J 3 = r!
TrAZ .
MfVIf + LVIV + MVPIP + RVIV =0
M I +M. I +LI +RI =0
£ MVp v PP PP

fp

2) Solutions of the equations

The model described above was applied to the parameters of JFT—Z%)

(see Appendix B). For the INTOR, the following parameters are used,

Initial neutral gas pressure Py = 10—4T0rr
Vessel one-turn resistance RV = 0.2 mf2
One-turn voltage 50V

Initial error field 180 Gauss
Initial degree of ionization EO =2 % 10_9
Toroidal field BT = 50 kG

Plasma radius a = 1.5m, modified for a = 1.2 and b=1.8
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The time evolution of the total vessel current and the plasma
current are shown in Fig. A.3(a). Figure A.3(b) preesent the time
evolution of the loop voltage on the vessel and the resistive voltage
of the plasma. Figure A,3(c) shows the voltage variation of the block
No. 2 OH coil (240 turns) to which the voltage 10 kV is applied.

Fig. A.4 shows the electron density evolution. The initial density is

7 XlO3 /cm3 which corresponds to EO = 2 xlO—g. At 30 mS, the electron

density increases to 10ll /cm3 which corresponds to the ionization degree

of £ = 0.071.

We could not apply the model further to the time phase after this
time point, because it seems that the applicability of the model would be
limited within the degree of ionization below 0.1. For the further time

phase the ordinary tokamak transport simulation code should be applied.

Reference

1) T. Sometani and N. Fujisawa : Plasma Physics 20 (1978) 1101,



JAERI-M 8625

t>Tv

Fig. A.1 The vertical field generated by the redistribution

of the loop current on the vacuum vessel.

| | Lv-Mfv  Le-Lv

Jv |

M#fv Rv Re

Fig. A.2 Schematic electric circuit of OH coil,
vacuum vessel and plasma.
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Appendix B

Breakdown Simulation on JFT-2

Computer simulations on the breakdown process in JFT-2 tokamak were
carried out with the model described in the preceeding report subjected
to the Session 2. The effect of the -on-axisymmetric magnetic field is
assumed to be 0.1% of the toroidal field. .

The experimental results are shown in Figs. B.1, B.2 and B.3. Fig.
B.4 shows the waveform of the oneturn loop voltage and Fig. B.5 is the well
known zebra pattern of the associate electron densityl). The conditions of
the experiment and the simulation are listed in Table B.l. The initial
degree of ionization is determined after the simulation to the value which
might be the best fit to the experimental results.

The comparison of the simulation with the experimental results is
shown in Fig. B.6 and Fig. 7. Fig. B.7 shows that the breakdown process
is very sensitive to the error magnetic field. From these results, the
model describes fairly well the experimentai results.

The ionization frequency vy and the drift velocity VE are calculated

2)

hydrogen atoms and molecules with maxwellian distribution.

d
- = ES + -
dt % = %y Mx e T % My e (B-1)
d n. = 2( .4 o Yo, n +o non -qg n (B-2)
dt  °N omt ¥ %pm2’ ™M Pe T %pa Pa e T %InN "n e
—g‘_ n = 0 L -0 n n
dt a IN nM e Da a e
= —l“-(n -n_ -n_ - 1) (B-3)
nM 2 f N a e ' :
, . . 0 +
0 _ : jonization rate o t: H +e~>H + 26
T IN
o + H. + e » H+ + 2e
2T ET R
0 0]
o - di PR - .
D’ dissociation rate ach : H2 + e+ H +H +e
) 0 *
aDMZ HZ +e—> H + H f e
+ 0 +
o :
Da H2 +e> H +H +e
o . . Q0 E
: excitation rate s t:H +e >*H + e
ex ex
+
n, ¢ electron density, oy : H0 density, no H2 density,
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n, : H, density, 'nf : all H density

2
d - _ e, _ -
at Ve = "2 B Verr Ve (B-4)
d n W =FJE-n (vVw_+v w_. + v W, +Vv _w_) (B-5)
dt e e e I'1 DML D1 DM2 D2 ex ex
j=-en v, N (B-6)
"E=E_ (B-7)
i W, W,
! - _ 1L 1Dl
Veff = YeN t VM + Vei + 1+ 2 We) V1 + 2 Wé Vp1
W, w
D2 1 "ex
+ We UDZ + 2 We vex (B-8)

vi E oo Ng b ope Mye Vg T Opvp Py Vo2 T Spm2 MM

Vex - %ex "N °
Wy = 13.6 eV, Wny T 8.8 eV, Wy = 14 eV, Vo = 10 eV
VN Ve * Vei : elastie collision frequency

The cross-section data of elastic and inelastic collision between
electrons and hydrogen atoms and molecules are shown in Fig. B.8.
From eqs. (B-1) to B-8), we obtain the relation of the electron drift
velocity to electron temperature, and the dependence of the ionization

frequency on the E/nf. Figs. B.9 and B.10 show these relationship.

References
1) T. Sometani and F. Fujisawa ; Plasma Phys. 20 (1978) 1101
: 2) T. Takizuka ; Hohden Kenkyu 69 (1977) 31
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