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INTRODUCTION & SUMMARY

INTOR guiding parameters are examined from various view points,
such as point mbdel studies, 1D simulation calculations, impurity effects
and non-circularity. The results are summarized in the following. The
attainability of the ignition in INTOR is very sensitive to the physical
model.and operation scenario.

In ideal casé, in which density and temperature profile is parabolic-
jike and effects of helium particle accumulation and impurity contamina-—
tion are neglected and ripple diffusion is very low, most of the guiding
parameters are almost reasonable to achieve the ignition. However,
present guiding parameters have no margin to the non-ideal effects i.e.
flat density distribution, high beta value (due mainly to the helium
particle accumulation and slightly poor energy confinement), impurity
contamination and ripple diffusion. To overcome these non-ideal effects,
it might be preferable to increase targét density by strengthening
toroidal field up to 5.5 T at the center or to increase minor radius by
20 & 30 cm for improvement of energy confinement time.

In determining the INTOR parameters, it might be risky to stick to
particularly narrow range of design parameters. Tt is difficult to fix
the INTOR parameters at this time because each parameter is not independ-
ent from the others and compatibility has not yet been investigated in
detail. For instance, other reasonable design parameters are shown to
be possible (see Appendix).

Radial diffusion of impurity is well described by a neoclassical
diffusion superposed by an anomalous one for protons. Roughly 8012 of
the impurity flux entering the plasma is shielded in the plasma outer
edge region even in the discharge without divertor. For diverted dis-
charges, the accumulation of impurities is reduced by a factor of 3 to
4 compared to non-diverted discharges.

When we can expect temperature-screening effect and have 1.0-1.5 %
margin of B value, we can allow 5- 10 % light impurity concentration and
expect sufficient -edge-cooling by light impurities without decrease of
fusion power. . However, when this effect is small or neglected, large
minor radius of 1.4-1.5 m might be required to attain required Tp for-
ignition. |

Nearly uniform plasma heating is possible by neutral beam injection

with 200 keV. Injection power of 70080 MW is required to ignite the

_1_‘
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plasma within 5 seconds.

The effect of toroidal field ripple on (i) ion thermal conductivity

Xis (ii) transport of the reacting tail of the thermal ion distribution,
can be suppressed sufficiently when the amplitude of the ripple is below.
0.5 % in hot central region. Loss of fast ions due to toroidal field
ripple during slowing down is about 15 % for injection angle of 75°,

Total orbit loss fraction of a-particle is 4.7 % for broad current

density profile and 1.7 % for sharp ome. Even when the effect of toroidal
field ripple is taken into account, loss fraction of a-particle during
slowing down is very small and can be neglected (below 2 % for 1 %

i
I
|
i ripple). Alpha particle heating profile is almost the same as the birth
i profile of alpha particles.

Synchrotron radiation loss can be suppressed within 5 % of alpha
particle heating for the wall reflection coefficient of 0.4, when the

polulation ratioc of runaway electron is suppressed below 107,
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DATA BASE ASSESSMENT OF ENERGY AND PARTICLE CONFINEMENT FOR INTOR

1. Assessment of Empirical Scaling law

A number of empirical scaling laws were proposed, which could be
applied to the prediction of performances of the future tokamaks. How-
ever, it is uncertain that these scaling laws, which were obtained only
in joule heating regime, can be extended to multi-keV region, since the
exact temperature dependence on these scaling laws has not been made
clear. This is only natural, since the temperature is not an independent
variable but dependent one for plasma current, etc. in the joule-heated
plasmas.

The na? scaling law was found to reproduce experimental results
obtained in a number of currently operating tokamak devices. Moreover,
recent experiments at PLTl), in which the temperature of several keV has
been attained by NBI heating, show that na? scaling law is applicable
even to the plasma in the regime of trapped particle instabilities. In
these experiments, P, > P, and Ui* < 0,1 (Ph: NBI heating power, Pj:

. . % eff
joule heating power, vy~ = V.. /wbi

is the effective ion collision frequency and N is ion bounce frequency),

. . . ef
: ion's collisionality, where Vi

and the trapped particle instabilities are not excited. Thus, na’ scaling
law may be applicable even to higher temperature plasma in the future
large tokamaks.

| There have been proposed several kinds of expressions for this
scaling law. It is because the influence of impurities on these scaling

laws have not yet been made clear. One of these scaling laws is given as

= -y 2 - l
T T G e (s), | (1)
where ﬁe and a, are the average plasma density and limiter radius of

the devices, respectively. 1In a plasma of low metallic impurity concentra-
tions, proportional coefficient CS is given as follows depending on
light impurity concentration.

(1) For large light impurity concentration

c =5 x 10-21 (Fig. n2 (2)

or 2 /E; x 10721 (Fig. 2)3) . (3

(2) For small light impurity concentration,
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c =5 /g, x 10721 (Fig. %53 (4)

Here, q, is the safety factor at the plasma surface. Another expression

for na’® scaling law is given as

- (1.5) /a -20 5 42 ™
= @ 5) q, X 10 neahalf(s) (Fig. 3) 3 (5)
where 3 1f is a plasma radius at which the electron temperature is a

half of its center value. In this expression, the influence of impuri-
ties on T is implicitly reflected in 3 1f (suggested by DIVA group).
The result shown in Eq. (4) is obtained in JFT-2 and DIVA/JFT-2a
experiments in which light impurity concentration is reduced by employing
the titanium gettering in the former and gold-plated first wall in the
latter, while the electron temperatures are still sharply distributed.
In general, low gas impurity concentration causes the increase of metal-
lic impurity concentration assoclated with the increase of boundary
temperatures because of reduced edge-cooling by light impurities. So
metallic impurity concentration has to be suppressed by the edge-cooling
with hydrogen gas puffing as in the JFT-2 experiment, and by the shielding

effect of a poloidal magnetic limiter as in the DIVA experiment. The

=)

improvement of the coefficient CS to a value much higher than 5 /El x 10721
appears rather difficult by further impurity control since the radiation
losses due to impurities are already reduced to less than 30 % of joule
heating power in the above experiments. However, if we can attain a
flat distribution of the electron temperature maintaining low impurity
concentration, the coefficient CS can be improved to a value more than
5 /a; x 10721, "

Expression of Eq. (5) implies the above considerations. We cannot
expect ahalfmal’ but will be able to expect ahalfNO.Sag at maximum in
the future large tokamaks. In this case, CS can be improved by 1.7 times

at maximum from the relations,
B4 = -20 /7 n 2
Csna2 1.5 = 10 qane(O.S aﬁ? .

. - >
Although T < ZTEe in the present-day tokamaks, we can expect 1, “-ZTEe

E
in the future large tokamaks since T >» 1

- Ei Ee’
TEeTEi/(TEiTe+TEe

Ti) u TEe(1+Ti/Te), where 1. and t_, are energy con-
finement times for electron and ion, respectively. Therefore Egs. (4)

T. A~ T and t_ = (T +T.)
i e E e 1
Ee Ei

and (5) approximately give The in the large tokamaks. Assuming T T ZTEe’

the required 2 a1 in JT-60 and INTOR to attain their target is estimated
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as follows,

ih_zlf - 0.5600.69 for JT-60 (A = 5 x 10'%/m?, a = 0.95m, v, = 0.420.65)

andl |

ahzlf — 0.4600.57 for INTOR (m = 1.2 x 10?%/n3, a, = 1.2m, 7, = 1.72.7s)
£

The parabolic distribution of the electron temperature is sufficient to

satisfy the above requirements in JT-60 and INTOR.

References
1) . H. Eubank, et al, 7th Int. Conf. Plasma Phys. and Controlled Nuclear

Fusion Research, Innsbruck (1978) TAEA-CN-37-C-3.

2) T. Tazima, JAERI-M 7717 (1978, in Japénese).

3) E. Apgar, et al, Proc. 6th Int. Conf. Plasma Phys. and Controlled
Nuclear Fusion Research, Berchtesgaden_(l976) 1. TIAEA, Vienna.

4) S. Konoshima, et al, J. Nuclear Materials 76 & 77 (1979) 581.

5) Y. Shimomura, H. Maeda, ibid (1979) 45.
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Fig. 1 Empirical na? scaling law of energy confinement time.
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Fig. 2 Impurity effect on empirical_/cTa n a? scaling law of energy

confinement time.
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2 Detailed Studies on INTOR Guiding Parameters by Zero-Dimensional
Model

INTOR Guiding Pafameters are summarized in Table 1. The conditiomns,
under which the plasma in the deﬁicé bf INTOR gﬁidiﬁg pafametérs can
reach the self-ignited staté and concurrently_l'M_W/m2 neutron wall load-
ing can be achieved, are investigated in terms of scaling law and also
by using zero-dimensional simulation code. N
1) The premises of the calculatioms

(1) Scaling law '
We  adopt na? scaling law for the energy confinement time Tg?

This scaling law is given as

T, = (2% 5) 10~21 @ﬁa? . (Fig. 1) (1)

This 2 is almost attributed to the electron's anomalous transport,
so that g N The in the present day tokamaks (Fig. 2). There are
several possibilities for the improvement of Tgr

(a) Since ion's thermal conductivity is nearly neoclassical value,
Tog >> Toa in future higher temperature plasma. In NBI or
a-heating regime, %i v Te' Thus,

T 1..(T +T.) T,
T, = Ee_Ell e I . +-3)y 27 . (2)
E = = Ee = Ee |
T 41, T, T
Ei’e 'Ee’ 1 e

(b) Although the effect of noncircularity on g has net been made
clear, it could be expected that T  « nab.
(c) Light impurity control improves the proportional coefficent

up to 5 x 10724 va -

(2) Dénsity and temperature profile
Parabolic spacial distribution is assumed both for density and
temperature. In this case, total fusion power becomes larger by a
factor of 1.5 ~ 2.5 than in the case of using only their averaged

values n, T; e.g; when Ti = 10 keV,
de n,2<cv> = 1.8 ﬁz<ov>& V. (3)
i

Consequently, a7 value required for ignitien can be reduced than

E
in the case using n, T (Fig. 3).
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2) Target temperature and density

(1) Target temperature

(2)

(3)

Three major criteria must be considered to set the target
temperature; (i)lself-ignition, (ii) neutron wall loading, (iii)
plasma beta value. Target temperature must be determined so that
the plasma can reach the self-ignited state and concurrently
1 M‘W/m2 neutron wall loading can be obtained within a critical Bt
value for equilibrium and stability.

Figure 4 shows the required B value for the self-ignition and
for various neutron wall loading as a function of T (Toroidal field
is 5 tesla). The condition for self-ignition has a certain ambiguity.
Temperature of about 10 keV can achieve 1 MW/m? neutron wall loading
and concurrently can achieve the self-ignited state within the
ambiguity of the scaling law near the minimum value of Bt.

Thus, we set 10 keV as a target temperature.

Target density

Since Bt ~ 4 %, the target density isn = 1.2 x 1020 w3,
When the safety factor q is set as q_ = 2.5, B becomes 2.6.
These beta values might be rather severe for exiernal and internal
instability with low mode number. This difficulty could be avoided
by low q, discharge (Recent experiment of DIVA shows that very low

q, (q <2) operation is possible by plasma profile controll)).

Neutral beam injection heating _

It is necessary to heat the plasma with this density uniformly
by neutral beam injection. To avoid the surface heating of -the
plasma, P /nT must be nearly uniform over the whole magnetic
surface. (Pin: input power). To avold the ripple loss of the
injected neutral loms, injection angle must be more than 10 ™ 15°
from the normal of the magnetic axis.

Figures 5 and 6 show heat deposition profile PNBI/nT for
deuterium injection with 150 keV and 200 keV. Injection angle is
15°. The model of calculation is: (i) instantamneous heat transfer
to the field particles from the injected neutrals at the instant
of their iomization or charge exchange, (ii) the density profile
of field particles is parabolic, (iii) the effect of multi spec1es
of the injected particles is taken into account. Both in Figs. 5

and 6, the surface heating of the plasma becomes rather severe in
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the latter period of NBI. If wc-particle heating is taken into
account, this situation is considerably mitigated (Figs. 7 and 8).
Thus, injection energy of 200 keV seems to be possible to heat

the plasma nearly uniformly.

3) Relation between energy confinement time and Q value
1 MW/m2 neutron wall loading can be achieved for T = 10 keV,
_E = 1.2 x 10?O m~ 3. It is not so definite, however, that the plasma
with these parameters can reach the self-ignited state, since the
scaling law has a certain ambigﬁity.
Figure 9 shows the relation between the total energy confine-

ment time 1. and Q (EPf/P ) value (solid line). Dotted line in

E NBI
Fig. 9 shows a required improvement factor C to achieve a given Tpo

which is obtained by the following equations.

3 - -
- nkT - =
2 3nkT
Pxi * Pbr T B 2 ’ ' (%)
Ee E
The = € x5 x 10721 na? . (3)

where Pxi and Pbr are ion's heat conduction loss given by neoclassi-
cal theory and bremsstrahlung radiation loss respectively. Although
C ~n 1 seems to be sufficient to achieve the self-ignited state,
actually Cn~ 1.5 will be requited when other losses such as energy
losses due to impurities, charge exchange loss, synchrotron radia-

tion loss.

4) Detailed analysis by zero-dimensional simulation code
(1) Model of calculation _
Density and temperature profiles are fized to parabolic
distribution are takem into account.
Transport model: (i)rtransport loss due to electron is given
as %—Eekie/TEe (TEe: given by na? scaling law), (ii) ion's heat

conductivity is neoclassical value multiplied by a numerical factor.

TIgnition approaches of following two cases are calculated.

. = -21 =_2 =

Case I: Tre 5 % 10 na<, X4 B(Xi)neoclassical
. = =21 /o §a? -

Case II1: Tp, 5 x 10 q, na‘, X; (Xi)neoclassical
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(2) Results of calculations
Case I (Fig.10): The self-ignited state cannot be attained within
B limitation (4 %), even when Te = 10 ~ 12 keV is reached by 80 MW
1n3ect10n heatlng
Case 11 (Fig.11): The gelf-ignited state at T n 10 keV can be
attained by 50 MW injection for 4 seconds. 1t is required that
scaling like that of Case II be held to achieve the ignition. It
is not so difficult to obtain 50 MW injection power from machine

design point of view.

(3) Permissible impurity level
Simplified expression for the related energy loss due to
impurities is usedz);

. . N
P =10 (—=)2-F x 107 3 W/nd) ,
r 1020 i z

where Ei’ Ni’ NZ and M are the mean ion density, the total number
of ions and impurities and atomic mass number, respectively.
Figures 12 and 13 show that the self-ignited state can be attained
even when the plasma is contaminated by 0.02 % molybdenum impurity
for 50 MW injection and 0.03 % for 70 MW injection, 1if Bt could he
more than & Z.

When B value is restricted within 4 %, the self-ignited state
can be attalned when the plasma is contaminated by 0.01 Z molybdenum

impurities (Fig.14), while cannot be attained for 0,02 % contamina-

tion (Fig.15).

References
* 1) DIVA Group, JAERI-M 8205 (1979)
2) T. Tazima, Y. Nakamura, K. Inoue, Nuclear Fusion 17 (1977) 3.
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Table 1 Plasma and device parameters which can achieve the

gelf-ignition and 1 MW/m? neutron wall leading.

1. Device parameters

(1) Major radius (R) ; 5 m

(2) Minor radius (a) ; 1.2 m

(3) Noncircularity (k) ; 1.5 (b = 1.8 m)
(4) Plasma volume (V) ; 213 m3

(5) Plasma surface area (Sp) 3 300 m?

(6) Wall surface area (Sw) 3 350 m?

(7) Magnetic field at plasma center (Bt) : 5T

(8) Plagma current (Ip) : 4.7 MA (5.9 MA)
(9) Safety factor (qa) ; 2.5 (2.0)

2. Plasma parameters

(1) Average ion temperature (Ti) ; ' 10 keV

(2) Average ion density (ﬁi) H 1.2 x 1020 g3
(3) Toroidal beta value (Bt) : 4 %

{(4) Poloidal beta value (Bp) ; 2.6 (1.6)

(5) Confinement time (TE) ; > 1.5 sec

(6) Effective charge (Zeff) ; 1.5~ 2.0

(7) Total fusion power (Pf) : 400 ~ 450 MW
{8) Neutron wall loading (Pwn) ; 1 MW/m?
"(9) Alpha heating power (Pu) ; 80 ~ 90 MW
(10) NBI heating power (PNBI) S 50 v 70 MW
(11) NBI injection energy (Eb) H 200 keV
(12) NBI heating time (TNBI) H W 5 sec
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Fig. 1 Empirical na? scaling law of energy confinement time.
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energy confinement time Tre in the present day tokamaks.
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Fig. 11 Ignition approach of Case II with injection power of 50 MW.
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3. Detailed Studies on INTOR Guiding Parameter by One Dimensional
Simulation Code

In this section, we examine the ignition approach in INTOR guiding
parameters by using transport cede, in which deuterium, tritium, o-parti-
cles and ash helium particles are treated separately. The models of the

code are summarized in the following.

1) Transport model

We employ the following transport model to simulate the ignition

approach and burning phase of INTOR.

5 x10191 2

Xe " n p (m“/s) , (1
e

e = 3% (xg ) ST )

i ~ *{ “neoclassical « ripple °

D=yx, /12 - .(.3)

The transport code only calculates circular cross sectiomn, whereas
the cross section of INTOR is non-circular. Thus, instead of employ-
ing a e " Yab, we divide each tramsport coefficient by k, so that
we equate the energy and particle losses and gains per unit volume
in trénsport equations to those of using a e Thus, 50 MW of injec-
tion power in our calculations corresponds to 75 MW in that of using

a ... Both will give completely the same results.

eff
We also take account.pf ripple trap diffusion Xripple' The
expression of x_. is the one obtained by Connor and Hastiel)-
ripple
Radial dependence of toroidal field ripple is assumed to be &(r) =
Sa(r/a)2 for simplicity. In addition, we take account of inward
particle flux due to Ware pinch effect to explain the density distri-

bution in PLT experiments.

2) Heating meodel

Injected beams and ‘a-particles are separated into three energy
groups during their slowing down processes. Each group slows down
in classical slowing down time. Only single energy component for

the initial energy of the injected neutral beam is considered.

3) Recycling conditions and impurities

Both deuterium and tritium particles recycle with a given re-



4)

5)
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cycling rate, while helium particle recycling is not taken into

account. Impurity effects are neglected in all of the calculations.

Ignition scenario

The start up scenario is schematically shown in Fig. 1. We
employ pellet injection 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~ 10 s. Particle recycling and fueling method will have a great
influence on the attainability of the ignition through the density
distribution. 1In addition, particle flux to the first wall and lim-
iter or the divertor plate is greatly affected by the density distri-
bution. The characteristic properties of the scrape-off layer plasma
are determined in large part by the particle flux, so that the design
of ash exhaust and impurity control mechanisms will be altered by the
estimation of particle flux. Thus, we employ puffing and pellet
injection for the fueling method, and calculate for various recycling

conditions.

Results of simulations

A typical example of the ignition approach by gas puffing and
recycling for the fueling method is shown in Fig. 2.

The energy of neutral particles are assumed to be 500 eV, 1In
poloidal divertor case, more than half of the fuel particles, which
flow into the divertor chamber, will flow back to the main plasma by
mainly charge exchange process. These backflow neutrals have the
same energy as that of the scrape-off layer plasma. In addition,
considerable fraction of charge exchange neutrals; which hit the
first wall will reflect back into the main plasma without large loss
of energy, so that 500 eV is reasonable for fhese neutrals. For the
gas puffing neutrals, however, 500 eV is rather overestimated. In a
realistic system, the number of neutrals with higher energy will be
larger than that of cold neutrals.

The attainability of the ignition is marginal. 1In fact, the
ignition is achieved for 0.5 % toroidal field ripple, while the ig-
nition is failed to be achieved for 0.8 Z ripple. In the latter case,

the plasma once enters into the ignition region. However, as the
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time elapses, the density profile becomes broad, so that the tempera-
ture gradually falls due to the increase of ripple diffusion and due

to the decrease of c-heating power in the center, and finally it goes

out of the ignition region. Time evolutions of various plasma para-

meters are shown in Fig. 3. Although Ti is considerably high for

0.5 % field ripple, it can be lowered down to 12 ~ 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 %) 1s required to attain the
ignition.

Figure & shows the ignition approach by using pellet injection
and 50 % recycling, which corresponds to the simple poloidal divertor
case, for the fueling method. Energy of recycling meutrals is again
assumed to be 500 eV. Injection power is 50 MW.

We have assumed that the particle source profile by pellet in-

jection is linearly decreasing one as shown in Fig. 52). Since the

density profile is greatly affected by the penetration depth & of the

cordance with

injected pellet, we evaluate %/a at each time step in ac
2)

the densityIAnd temperature profile by the following relation

|
Ur 5/3 _ 2.92 x 10" °a E L(E /2)1/3 a 1/3 E 1/6
p e®
L/a

Ml/3 e ew

(E +8.5x10%E 7 - 850
ew® e E

fe ]

+ 757 d (zfa) -
ew :

We have assumed that the injection velocity U and the radius rp of
the pelliet are 10% m/s and 3 mm, respectively. These values seem
to be the maximum expectable ones. Time dependence of %/a in
accordance with the time evolution of the density and temperature
(Fig. 8) is shown in Fig. 6.

Toroidal field ripple is changed appropriately to control the

In the early phase of the start up, the field ripple
As the

plasma burning.
is rather large to prevent the excessive temperature rise.
time elapses, penetration depth of the injected pellet becomes

shallow, so that the density profile becomes broad as in the gas
puffing case. And also helium ash accumulates gradually. As a

result, the plasma temperature gradually falls unless the field
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ripple is lowered. In Fig. 4, burning is sustained for more than

30 seconds by lowering the ripple with sustaining temperature being
Ti= 12 ~ 14 keV. However, the burning cannot be sustained with 0.5 %
field ripple. Thus, the self-sustaining with Ti below 12 v 14 keV
seems to be difficult with realistic toroidal field ripple. At
higher temperature, the self-sustaining may be possible with realis-
tic field ripple as in the case of gas puffing. Thus, for the case
of broad density profile, the attainability of the ignition seems to
be marginal. Favorable dependence of Xe on T, if exists, or slightly
larger device or higher density could attain the ignition rather
safely.

When toroidal field ripple is not adjusted, the plasma tempera-—
ture tends to rise excessively (Fig. 7). However, as the time
elapses, the temperature again falls due to the ash accumulation
and toroidal field ripple (0.8 %). Time evolutions of various plasma
parameters are shown in Fig. 8.

If the density profile is sharp even in large device, the igni-
tion can be attained much easily even when the toroidal field ripple
is larger. In fact, when we employ the flat particle source distri-
bution as shown in Fig. 9, the density and temperature profiles In
nearly steady state become sharp as shown in Fig. 10. In this case,
the ignition can be attained even for 1.5 % ripple (Fig. 11). In
Fig. 11, solid line of Ti shows the case, where temperature rise is
controlled by field ripple, so that the beta value is not exceeded
the critical 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). The profiles of Fig. 10 could also be realized by choosing
a suitable transport model in the simulation code, so.that such pro-
files could be observed even for gas puffing or realistic pellet
injection in large device by some tranéport mechanisms. Thus, the
attainability of the ignition strongly depends on which density pro-
file we expect.

As for the helium ash accumulation, Figs. 4 and 11 show that in
steady state about 15 % ash accumulates for gas puffing case, about

8 % ash for shallow pellet injection case and about 17 % ash fer
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deep one. Although, in the first and third cases, ash accumulations
seem to be rather high, this is due to the higher o-particle source
(184 MW o-power in the first case and 175 MW in the third case). In
fact, if the a-heating power were lowered down to 90 MW in these
cases, the accumulation of ash would be lowered down to 7.3 %

(= 15 x 90/184) in the first case and 9 % in the third case. For
almost all cases, the accumulations of ash are around 10 7% (see
Chapter 4 in this article). ©Note that, in these calculations,
“helium recycling is not taken into account, SO that these are the
cases with ideal helium pumping system, Or can be considered to

be confinement time of helium ash in hot core plasma. When helium
particles recycle, the accumulation becomes necessarily large. From
‘Fig. 11, the accumulation time (saturation time) of helium ash is
about 20 seconds. Note that, in Fig. 11, the plasma is in self-sus-
taining state for a while by keeping the fuel amount constant, the
temperature gradually,falls and finally will go out of the ignition
region due to the bremsstrahlung radiation loss by helium particle
accumulation. If we reduce the toroidal field ripple somewhat, the
self--sustaining state can be restored again (the arrows on Ti curve
show the time, at which field ripple is lowered.). When about 10 %
helium ash accumulates for INTOR plasma, the ash aécumulation problem
in a_commercial reactor will be very severe. The ash accumulation f
‘is represented as f = nH /n = P /n a (P . neutron wall leading,
a: plasma minor radius). If we assume T « a2, then f « aPn/Ei.
Thus, if aPn value of a commercial reactor becomes 3 % 4 times larger

than INTOR value, f = 30 ~ 40 Z.

6) Summary

Results of 1D simulation calculations are summarized as follows.
(:)The attainability of the ignition in INTOR is very sensitive to the
physical 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 (s 0.5 %) and there is no impurity contamination.

(:)Moreover, sufficient heating of central region by NBI of 200 keV
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injection energy is difficult and ripple loss of fast ions becomes
serious for such flat density profile.

(:)Favourable dependence of x on T - as. observed in PLT could make the
achievement of ignition easier.

(:)Higher density ( ﬁi > 1.4 x 1020 73 ) could also enable us to
achieve ignition.

(:)For sharp density profile, if realized, the ignition-can be achieved

rather easily in the guiding model when serious impurity contamina-

f tion can be prevented.

| 7) Non-ldeal Effects
i Based on the results of 1D simulation calculation, the adequateness
| of INTOR guiding parameters is summarized as follows: '

In ideal case, i.e. ﬁeglecting the non-ideal effects such as exces-
sive helium particle accumulation, large ripple diffusion, impurity
contamination etc, most of the guiding parameters, except for safety
factor at the boundary, are almost reasonable to achieve a self-ignited
plasma and 1 MA/m? neutron wall loading. It is desirable to set the

safety factor at the boundary nearly equal to 2 in order to attain high

toroidal beta value of 5~ 6 %, or toroidal field should be increased
up toe 5.5 T. . “ A
However, present guiding parameters have no margin as to the beta
value and enefgy confinement time, and moreover it is not clear whether
we can control impurities sufficiently even in a case with the divertor.
Therefore, it might be preferable to increase target density by high
toroidal field of 5.5 T at the center or to increase minor radius by
20 ~ 30 cm for improvement of energy confinement time. A
At present we have not yet found the optimized solution of INTOR
parameters, which is a major task of the next year. It might be risky
to stick to particularly narrow range of design parameters, since work-

shop of this year is just zero phase of INTOR project.
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4. Heat and Particle Flux to the First Wall and the Divertor Plate

Heat and particle flux to the first wall and the divertor plate is
calculated for various cases both by time dependent 1D simulation code
and by steady state calculation of density profile. We include the in-
ward flow by Ware pinch effect in particle flow and others are same as
guiding model, i.e. electron thermal conductivity Xe =5 X lOlglne, ion
thermal conductivity X; < 3(xi) , and diffusion coefficient
D = xe/12.

The following profile of the temperature has been employed in the

neoclas.

steady state calculation;

2.5

T =T = [TO) - T@ 1 (1. QN @

Actually, however, we found that the results of the calculations are
insensitive to the temperature profile. Changing the amount of the fuel
source (gas puffing and/or pellet), we searched steady state solutions
of density profile, which give neutron wall loading of abbut 1 MW/m®.

In 1D simulation code, recycling of helium is not considered, while
steady state code calculates both recycling and no recycling cases of
helium. Both codes take account of the recycling of fuel particles
(D,T). However, only mono-energetic neutrals are considered, so that
recycling hot neutrals and cold neutrals of gas puffing cannot be
treated simultaneously. Since steady state calculations do not solve
energy balanae equations, the solved state is not necessarily consistent
with self-sustaining state.from the view point of power balance.

The results are summarized in Table 1 for 1D simulation caléulations,
and in Table 2 for steady state calculations. Cases I-5 and I-6 give
results of sharp density profile by a deep pellet injection which, how-
ever, may be unrealistic. The cases with 50 % recycling of fuel parti-
cles correspond to a simple poloidal divertor case (e.g. T-2, 11I-4).

Gas puffing case corresponds to "Wall Lapping Plasma" (e.g. I-1, II-1-3).
The case with no-recycling of both fuel particles and helium particles
corresponds to an ideal divertor case (e.g. I-3, II-5).

Overall helium particle confinement time e obtained in no helium
recycling cases (e.g. I, II-2) represents the confinement time of helium
ash in bulk plasma, so that the concentration of helium should be deter-

mined by this 1. (i.e. N =T

He He He * Su’ where Sa is source of helium
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particles). Although in most cases of 1D simulation calculations, the
ash accumulation f is considerably large, this is due to excessively
large source of o-particles (i.e. excessively large u-particle power Pu).
In fact, when we reset’Pa to the target value of 90 MW, the accumulation
£ (f* = f x 90/Pa) is below 10 % in most cases. The accumulation of

ash is determined by £f = N_ /N = P /n,a (P : neutron wall loading,
He i en 1 n

T
H
a: plasma minor radius). If we assume 1, = a’, then f « aP_/n.. Thus

He i n i ’

if aPn value of a commercial reactor becomes 3 v 4 times larger than
INTOR value, £ = 30 ~ 40 % even though all of the helium particles dif-
fusing from the bulk plasma are completely exhausted, so that the ash

accumulation will become a serious problem unless we have margin of beta

value.

Notations

T : Over all fuel particle confinement time.

Tge Over all helium ash confinement time.

r Out flux of fuel ions.

er : Out flux of helium ash.

ch : Out flux of neutral particles (mainly by charge exchange).
ECX : Average energy of outflux neutral particles.

Tno Energy of neutrals entering into plasma.

PCX Total power loss by charge exchange.

Pr : Total power loss by radiation (including bremsstrahlung, synchrotron).
Pu Total w-heating power.

Ptr : Total power loss by transport.

f : Fraction of helium ash (f = nHe/ﬁi).

£* Fraction of helium ash with Pa being normalized to 90 MW

(i.e. £% = £ x 90/P ).
% 1 : This value cannot be obtained, since energy balance equations are
not solved in steady-state calculations.
# 2 : Not converged for helium.
Note : Power loss P , P , P , P are calculated for noncircular plasma
cx’ T r o tr
(i.e., v, = 213 m3, 5, = 302 w?).
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Effects of Impurities on INTOR Plasma

5.1 Model of Impurity Transport

(1) Impurity transport model

Radial diffusion of impurity ioms across the minor radius,

observed in today's experiment, seems to be well described by a

neoclassical diffusion superposed by the anomalous diffusion for

protons. In particular this transport model explains the following

experimental results.

1

2)

Impurity transport

The confinement time for low-Z impurity ions is the order
of that for protonsl).

Comparison of experimental results and the computational
results of the radial diffusion of carbon ions have been made for
the DIVA plasma. Figure 1(a) shows the steady state and Fig. 2{(a)
(b) show the increment with the methane injection of CIIT and CV
line emissions in low-density dischargeo(ﬁe =1 ><l1013 em™3).

In this discharge, intensity of CV 2271A line corresponds the
amount of carbon accumulation in the plasma center, and CIII
22972 line the intensity of recycling flux in the plasma outer
edge region. The transient and steady state of radial profiles
of these line emissions were compared with calculations by using
a transient code which includes diffusion, ionization, recombina-
tion and recycling processes (Fig. 1(b) and Fig. 2(b), (c)).

The radial diffusion of the carbon ions across the whole minor
radius is well described by assuming perfect recycling at the

gold-plated shell surface and by using neoclassical diffusion

superposed by anomalous proton diffusion.

Shielding of impurity

Roughly 80 % of the impurity flux entering the plasma is
shielded in the plaéma outer edge region even in the discharge
without divertor?). Figure 3(a) shows the time evolution of the
line integral (across the minor diameter} of proton signals of
ATXI 5502 with an aluminum injection of the same amount by using
laser blow-off technique for discharges with and without divertor.

Figure 3(b) shows the radial profiles of the corresponding volume
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emission 3 msec after injection.  Solid lines indicate a discharge
with and dotted ones a discharge Without-divertor.

For diverted discharges, the accumulation of injected alumi-
num is reduced by a factor of 3 to 4 compared to non-diverted
discharges. Furthermore it appears that 80 % of the injected
aluminum is shielded even in the non-diverted discharge, i.e.
only 20 % of the injected aluminum accumulates in the discharge.
We have investigated the trapping rate of the injected impurity
by employing the present impurity transport model. In the present
calculation, we use average Z calculated for coronal equilibrium
state.

Figure 4 shows the time development of total aluminum ions
trapped in the discharge for the neutral aluminum injection with
1.5 msec duration. Case {(a) shows the computational result., It
indicates the maximum trapping rate of 35 % at the time just after
the injection. The rest of the injected impurity ions is lost
towards the wall due to anomalous diffusion process which spreads
the radial profile of aluminum ions. This effect is clarified by
the similar calculation with the increased anomalous diffusion
coefficient. The case (b) presents the impurity accumulation when
the anomalous diffusion coefficient 1is doubled. 1In this case the
outward flux towards the wall due to anomalous diffusion is in-

creased, thereby the accumulation is reduced to 18 Z.

(2) Expected impurity density profiles in INTOR
The present transport model predicts that the increase of

energy and particle confinement time with increasing the electron
density, the lifetime of metal impurity ions in the plasma increases,
because the outward diffusion due to anomalous process is weakened
and the inward diffusion due to collisional process is strengthened.
As a result, in this situation, more severe control of metal impurity
flux will be needed in a future tokamak device operating w1th long
energy confinement time. Therefore, although there are many uncer-
tainties especially for the transport process in trapped ion regime
and the effects by the presence of injected fast ions or MHD activity
in high temperature plasmas, it seems that the impurity ions will
have peaked profile in high plasma density operation planned in

INTOR.



JAERI - M B621

(3) Useful additional experiment in this area
The following experimental research will be useful for the

assessment for impurity accumulatiqn‘and impurity control in INTOR:

1) impurity transport study in high density and/or high temperature
discharges obtained with high power neutral beam heating; JTF-2,
JT-60.

2} edge plasma control with high power heating,

a) edge cooling with gas puffing or low-Z impurity to reduce wall
sputteringB)’4); DIVA with carbon wall (without auxiliary heat-
ing), JFT-2, JT-60 (low-Z impurity injection),

b) magnetic limiter; JT-60.

References

1) M. Nagami et al, Nucl. Fusion 18 (1978) 1217.
2) M. Nagami et al, Nucl. Fusion 18 (1978) 1347.
3) Y. Shimomura et al, Nucl. Fusion 17 (1977) 626.
4) K. Ohasa et al, Nucl. Fusion 18 (1978) 872.
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5.2 Tmpurity Effect on INTOR Plasma

Undoubtedly heavy metallic impurities such as Mo, W, Ta, etc. will
deterjorate the plasma by center-cooling due to large excitation losses,
and their permissible concentration might be the order of G.01 % of the
plasma density. 1t is not so obvious, however, whether we have similar
conclusion in the cases of light metallic impurities such as Fe and Ti.
On the other hand in current tokamak plasmas, light impurities such as
¢ and 0 have played a role of edge-cooling and strong interaction of the
plasma with the limiter has been suppressed. Therefore electron tempera-
ture distribution is sharp due to edge-cooling by light impurities and
consequently the energy confinement time o is short, but fatal contami-
nation due to metallic impurities has been avoided. This effect on TE
is shown in Fig. 1 where the influence of light impurities is implicitly
reflected on a4 .1f as T, = (1.5 - 2)/3; x 10720 ﬁeaialf (s). Above
empirical Ty gives electron energy confinement time The approximately.

In large tokamak plasma with the temperature of above multi-keV,
S TEe(l + Ti/Te) = ZTEe, since Ti = Te. Therefore for INTOR, A 1f
should be larger than 0.6a (i.e. paraboiic-like distribution) to achieve
a required 2 of above 1.5 s for ignition. However, it has not been
made clear what a role light impurities and light metallic impurities
will play in large tokamaks, i.e. center-cooling or edge-cooling.

We calculate €, 0 and Fe radiation including impurity diffusion.
Results show that the impurity diffusion affects the total impurity
radiation. The much reduction of charge state from that in coronal
equilibrium due to impurity increases the impurity radiation from toka-
mak plasmas. This effect is conspicuous near the plasma edge, where
the impurity charge state is under the ionizing phase balanced by the
impurity diffusion. In the estimation of impurity radiation from a
given plasma parameter, total impurity radiation 1is influenced signifi-
cantly by the radial distribution of the electron temperature and densi-
ty. In Case A (where temperature and its gradient are low and moderate
in the boundary region, but high and steep in the central region),
significant amount of partially ionized impurity iems is distributed in
the boundary region and excitation loss in this region due to those ions
is much larger than bremsstrahlung loss from the center region (see
Table 1, and Fig. 2-(a) as the case of 0). On the other hand in Case B

(parabolic distribution case), most of impurity ioms, which are highly-
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ionized, are distributed in the central region, and consequently
bremssrahlung loss becomes large and excitation loss in the boundary
region becomes extremely small (see Table 1, and Figs. 2-(b), 3, as the
case of 0 and Fe, respectively).

Guiding parameters of INTOR give mean ionic charge of the plasma
zeff = 1.5. However, results calculated show it is possible that in
Case A, considerable amount of light impurities (e.g. 6 v 8 Z of carbon}
heavily deteriorate the hot core plasma. Although Zeff = 1.7 v~ 1.8 in
this case, most of impurity ions distribute in the cold region surround-
ing the hot core so that ion density o, v O.9ne in the hot core, and
bremsstrahlung loss increases to 17 ¥ 21 MW at most but excitation and
lonization losses in the boundary region extremely increases to 29 v 45
MW. In such plasma most of energy losses carried by plasma particles
from the hot core is converted into radiation in the boundary region and
consequently edge temperature should be considerably low.

Above results are derived from temperature-screening effect, i.e.
strong inward diffusion of impurities is surpressed by temperature
gradient of plasma ions. However, when temperature-screening effect is
neglected, strong edge-cooling by € impurity cannct be expected even in
Case A, as shown in Fig. 4. In this case, large minor radius of 1.4 -
1.5 m might be required to meet required 2 for ignition.

Therefore, when we can expect temperature-screening effect and
have 1.0 — 1.5 % margin of B value, we can allow 5 - 10 % light impurity
concentration and expect sufficient edge-cooling by light impurities
without decrease of fusion power. In such plasmas, requirement for
impurity control will be extremely mitigated. However, these conclusions
strongly depend on density and temperature distributlions of the plasma,
as well as impurity diffusion. Therefore, it is necessary to further

investigate about the transport models for the plasma and impurities.
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Table 1. Energy losses caused by impurities from the given deuterium
plasma, where Cz: mean effective ionic charge, Ee: mean electron density,
Pbr: total bremsstrahlung loss, Pex: total excitation loss, Pi: total
ionizatrion loss. These losses are calculated in the circular plasma with
1.2 m minor radius, 5 m major radius and 242 m° volume, and are multi-
plied by 1.5 to estimate those in the elongated plasma with 1.5 elonga-

tion ratic and 300 me volume.

Impurities Carbon Oxygen Iron
c, (% ) 2 4 6 8 1 vi 3 0.1
Z £f 1.3 1.5 1.7 1.8 1.2 1.4 1.6
¢ [2.2] (1.4)# (1.3)#
n_ 1.3 1.5 1.5 1.7 1.3 1.3 1.4
(%1020 /m3) [1.6] (1.3)# (1.2)#
P, (MW ) 10,0 13.7 17.4 21.3 9.4 11.7 14.1
r [29.7] (11. 1) # (9.2)#
p_ (M) 4.2 10.9 20.2 31.8 13.0  34.4 63.3
[ 3.7] (0.3)# (3.7)4#
P MW ) 2.4 5.4 9.0  13.3 2.5 5.7 9.3
i [ 8.9] (2.9 (7.0)#

Plasma paramelters are;

ion density n(r) = 251{(1-(r/rp)2}+ 5x10!8
electron and ion temperature Te(r) = Ti(r)‘
Case A: Te(r) = 2.4T{l~(r/rp)“}2‘5 at O<r<i.lm
= 50 eV at 1.1 <r < 1l.Z2m
Case B: Te(r) = ZT{l—(r/rp)z} at 0 <r<1l.2m
( )# = 50 eV at r=1.2m
where Te = Ti = 10 keV, Ei = 1.2 x 1020 1/m°. We assume that outward

diffusion is anomalous (an anomalous factor of 10 for classical diffusion
coefficient is employed) and inward diffusion is classical. The case
without temperature-screening effect, i.e. where ion temperature gradient
effect is neglected in the term of impurity inward diffusion, is also

shown in this Table with a brace for 6 % carbon impurities of Case A.
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Fig. 2 Radial density distribution of 1 % of oxygen impurities normalized
by the boundary value of neutral oxygen density and related energy
losses, in (a): Case A, and (b): Case B. Note that the scale of

the normalized radius shown in the abscissa is changed at 0.9.
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6. Estimation of Allowable Field Ripple

6.1 Effects of Field Ripple on Ion Thermal Conductivity and Loss of

Reacting Tail

(1) Conclusion and summary

(1) Amplitude of field ripple must be less than 0.005 in the hot
core plasma region to avoid a substantial reduction of the thermo-
nuclear fusion reaction and alpha particle heating.

(2) The effect of field ripple on ion thermal conductivity X4 is not
so crucial, when the ripple is suppressed below 0.5 % in the hot
core plasma region.

(3) The effect of field ripple on the ripple loss of energetic parti-
cles from NBI can be suppressed by inélining the beam path by
10° ~ 15° against the normal of the magnetic fleld line.

Detailed discussions are presented in the followings.

(2) Effect of field ripple on ion thermal conductivity X4

(1) Introduction

The magnetic field ripple due to the discrete nature of the

toroidal field coils in a Tokamak leads to additional diffusion
0,

flux of particle and heat such as ripple diffusion and
banana drift diffusions)’a).
(2) Model and ripple diffusion
Tor hot-ion energies such that
v, << v << ¥ » (l)
Ti o e
the linearized collision term becomess)
3
m, Vv af
g .1 [-1*-3—-{(v 34+ vdHf } +ﬁ_£_;_E__§__{(l_n2) %17
T 5 9V c o Z2m 3 8n 3
s v a v
2T v3i m T % 3f
i i SEAp c i, e a
e Ay = i —— (— . 2
btk D s U s ) by (2)
o i v v i :
where
c 4 m m ’
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3132 Vo m

e =] O

s A/EE'eazezn ¢nh e

T

and

and we assume e, = —ee = e. The last term of Eq. (2) is usually

small and can be neglected.

Magnetic field strength of a tokamak with field ripple is

approximately

B = Bo{l—gcose - 8(r)cosNyp} . (3)

Diffusion coefficient D' and ion thermal conductivity co-
efficient x, in this ripple field is given, py L) »2)

3/2 7
T . G(a) § T
DT T 4.8 Y (4)
e
and
2
X‘r - 46.5 G(a) 63/2 ( T yn (5)
i v, . eBR
ii
where G(a) is a numerical factor due to a toroidal effect and
its asymptotic value (o > 1) is given by Connor and Hastiez) as
0,02
G(a) =
ol
where
- €
&= Ngé&

and N is the number of the toroidal field coil.

For energy range

vy <V < vy o, ' (6)
where
Rv > 1/4
= {—1
Vi SN T
s

and

RZa2 » 2 v ® 1/10
Vo = { BCE = }
G(a)é / T 2
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we estimate the loss rate of energetic ion by the ripple diffusion
process from Eq. (2) and Eq. (3) as

2
= a (7

3 7
2TS(X—) oty s>?
C

T
loss

eBR

here a is the characteristic scale length of the hot core of the
Tokamak plasma.
The value xir and power loss due to xir in the INTOR para-

meters are shown in Figs. (1) and (2).

(3) Loss of reacting tail

The field ripple also induces the orbit loss of high energy
particles, a particles produced in fusion reaction and high energy
ions from NBI heating. Fnergetic members of the bulk-ion popula=
tion, which mainly contribute to thermonuclear fusion rate, can
diffuse more repidly away from the hot central region by ripple
diffusion process, and then this phenomena may reduce the fusion
reaction rate substantially6). In this section, we examine the
loss process of the tail of Maxwellian ions by field ripple, and
evaluate an allowable ripple in TNTOR.

In the energy range of Eq. (6), we can approximate the dis-
tribution function by 3/5m = 0. Then, we determine the distribu-

tion function of tail from an averaged form of Eq. (2), i.e.

i
3
B {(v 3+ v3)Ef} - L) . (8)
T 2 IV c
5 V loss
where fM is Maxwell distribution function
_ vt
2
n v
f =—————2¢ T
M (2ﬂ)3/2 v 3

T

For vy < Vp <<V < v, ~v v, , f becomes

TSZG(u)G3/2vT2
F o= - v By - (9)
v By .2 RZ2a2
c ci

We define the cut off velocity, Viut’? above which the distri-

bution function of ion deviated from Maxwell distribution seriously,
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VC6 wii RZ a2 1/8
v v { - } . : (10)
cut T5263/2G(u)vT2

For q_ = 2.5, T = 10 keV, = 10°%, B = 5T, = 0.2, the cut

off velocity is given as

8 Cut off energy (v/VT)
0. 005
0.002
0.001 5.8

Thus, 6 must be less than 0.005 for 20 % reduction of the thermo-

7)

nuclear reaction

(4) Loss cone by ripple field

For energy range
v > V3 N (ll)

where

v ? eBaR 1/5

_ C
vy = (—5— 7 ) ,
S

such as a particles produced in thermonuclear reactions or fast ions
from NBI, ripple trapped particles can escape from plasma column
before they diffuse out from ripple well by Coulomb collision. Then,
in the energy range of Eq. (11), a sort of loss cone distribution is
formed by the ripple field. Tn this section, we estimate the width
of this loss cone. |

The variation in field strength along a field line is
0 € . R
=z (7;51n6 + &NsinNv ) (123
The condition for a ripple well to occur, given by aB/as = 0, is
§ >-§ﬁ$ |sing| . (13)

and a field minimum occurs at

=1
Ny = 2mm - sin  (asinG)

where o = e/qu and m= 0, 1, 2 ——==——~ , N-1 .

The separation width of ripple is
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AY fu% or A9 m—i—l—

Or, equivalently in velocity space,

An v W/; s (14)
Ng

For deeply trapped particles whose banana orbits are limited in a

region

sing <-— (15)
&3

or

v S
_H_/L. ‘ < lj— (1 —\/l—il_) .
v2 8=0 © a?

the characteristic loss time to loss cone is given by

2171'1 V3 2
N
o C ( q) 1 ] (16)
s m, 3 T £
i v

T3r‘v‘T

Then, for deeply trapped particles, loss to ripple loss—cone is much
faster than their slowing down time. Otherwise, for transit parti-

cles, thelr characteristic loss time is order of their energy transfer

time,
Zma v 3
C
- . 7
Tloss v Ts mi v (17)

Therefore, a magnitude of effective loss cone 1s not Vs but order

of Ve for fairly high ripple machine (o ™ i).

Conclusion

The magnetic field ripple due to the discrete nature of coils
in a Tokamak leads to reduction of fusion reaction rate and formation
of loss cone distribution of high energy particle. It is desirable
for INTOR to keep field ripple value & below 0.005 in a hot core

region.
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6.2 Effects of Field Ripple on NBI

A quasi-perpendicular injection is preferable to attain sufficient
beam penetration. Then the ripple loss of fast ions becomes significant
and an appropriate injection geometry is required. Provided that oy is
the angle between the beam line and the normal to the magnetic-axis and
gy is the beam angle with the midplane, the fast ion pitch-angle o on
the midplane is given by

1+ g cosgg 1/2

sin o = } in a
t 1+ eg s 0 ?

where £, is the inverse aspect ratio of the magnetic surface on which
fast ions are born. We can define a pitch angle o, at which the fast
{ons are critically trapped in the toroidal field ripple. When the

distribution of the toroidal field ripple is given by

2
8§ (r, 6, ¥) = &g (—i—) cos® cos Ny

the relations between the critical pitch-angle o, and the ripple field
amplitude §; are given in Fig. 1. Essential requirement for the injec-—
tion geometry is o > o and it becomes apparent from slowing-down calecu-
lations that o - o = 5° n 10° will be a reasonable choice for the
reduction of the fast ion ripple loss. When we design the tcroidal

coil system so that &3 = 0.5 Z, a becomes about 10° and o must be

15° ~ 20°, Contours of o = o + 5° are plotted on the ay — Oy plane in

Fig. 2. Then we have o, = 15° and €5 = 7° in accordance with a 2 15°.
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6.3 Ripple Loss of Fast Ions During Slowing Down

Model

In order to study the detailed behaviours of fast ions during slow-
ing down process in a non-axisymmetric magnetic field, we have employed
a Monte-Carlo simulation techniques. The,Monte-Carlo techniques were
adopted to simulate the following collisional processes;

i) Coulomb collision of fast icns with plasma ions and electrons with
the Maxwellian velocity distributions.

ii) Coulomb collision of fast ioms with impurity ions.

Charge-exchange reactions are excluded in the present calculatien.

Calculations of these collisional processes have been carried out
for every test particles drifting along their guiding center orbits,

which are described by

' 2 2
Yo w3 oy rviig 38
dt mar g, a 5%
- -
where p is the magnetic moment, b = B/|B| and @ = -gB/m.

The magnetic field B is given by

- o
B:

B, (r,0,9) + By(x,0)
B = Bt(RO/R)(l + Scos Ntw) (toroidal magnetic field) ,
B, = (RO/R)Bp(r) (poloidal magnetic field) ,
Bt: toroidal field on the magnetic axis (RO) ,
Bp: poloidal field defined by the plasma curreat,
Nt: number of the toroidal field ceils,
8 amplitude of the.toroidal field ripple.
Results

Calculations have been performed for the INTOR parameters. They
are summarized in Table 1.

Two kinds of fast ion loss processes are found in our simulation
study; (1) ripple-trapped drift loss and (2) banana drift loss. The
energy fractions lost to the wall are shown in Fig. 1 as functions of
injection angle for co-injection + ccunter injection, where Grt is the
energy loss due to ripple-trapped drift motion, GrO is that due to banana
drift motion. The sum of Grt and GrO ig denoted by Gt. The energy loss
G . is also plotted in case of axisymmetric toroidal field. The differ-—

s0

ence (Gr - GSO)'comes from the ripple-enhanced banana drift and the

0
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detrapping from the ripple well. The toroidal field ripple causes the

significant enhancement of fast ion loss, and the 15 % (v 3 GsO) of the
injected beam energy is lost to the wall even for the injection angle of
75°, The ripple trapped loss Grt is much smaller than the banana drift

loss G . when the injection angle is set at less than 85°.

r0

Figure 2 shows G__, G and Gt for co-injection only. The ripple

enhanced banana driftriossrgro shows only a slight dependence on the
sign of the critical pitch angle as compared with GrO for co-injection
+ counter injection in Fig. 1.

The ripple trapping region is mapped in Fig. 3(a) and (b) in the
space of the pitch-angle and the initial toroidal angle (w/(Zﬂ/Nt)) of
fast ions on the mid-plane for both positive and negative pitch angles
respectively. The central region is the ripple trapping region. Side
bands appear owing to the finite banana effect coupled with inhomogenelty
of the ripple well., The size of the respective side band is propertional
to the toroidal drift velocity {(vg ™ mv2/(2thR)).

The radial drift of banana orbits can appear even though the effect
of B is not taken into account. Figures 4(a) and (b) show the banana
size as functions of the initial pitch angle for w/(Zw/N y = 0.1, 0.3,
0.5, 0.7 and 0.9. The banana drift becomes discrete for the pitch angle

when the fast ions fall onto the peak of a ripple.
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Table 1 Plasma and neutral beam parameters

major radius R = 5,0 (m
minor radius a= 1.2 (m)
toroidal file Bt = 5.0 (T)
temperatures Te(r) = Ti(r) = l.5XlO“(l—(r/a)2) (eV)

(TD(r) = TT(r) = Ti(r))

plasma density ne(r) = 2.OXlOZD(l—(r/a)2) (m™3)
(nD(r) = nT(r) = ni(r))

plasma current jp(r) = jo(l—(r/a)z)

safety factor 4, = 2.5
effective Z Z = 1.5 (uniform)
eff
charge number of impurity ion Z'mp = 8.0 (oxygen)
i
heam energy Eb = 200.0 (keV)

energy components of the neutral bean

N Eb/Z : Eb/3 = 1.0 : 0.2 : 0.1
toroidal field ripple & = 6061(r)exp(~882)
8y = 0.75 %, 8;(v) = (r/a)?, 8 = 0.5,

number of toroidal coils Nt = 12

— 66_
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Confinement of Alpha Particies

7.1 Oribit Losses of 3.5 MeV Alpha Particles in an Axisymmetric Tokamak

The plasma current 4.7 MA in INTOR is sufficient to confine 3.5 MeV

alpha particles., Detailed analysis is given in the following.

(1)

(2)

Introduction

Tt is expected that alpha particles with energy 3.5 MeV, which
are generated by D-T reaction, heat the plasma in a tokamak,
However, the displacement A of an alpha-particle orbit from a mag-
netic surface, Afa v /§7§;/Ip (a is the plasma mincr radius, RO is
the major radius, and the plasma current Ip is in MA), is large
even in a large tokamak such as INTOR that alpha particles generated
near the plasma surface are lost directly from the plasma (this loss
is called the "orbit loss") and the efficiency of alpha-particle
heating becomes low.

Heat load and damage of the limiter and wall due te 3.5 MeV
alpha particles are also unnegligible.

In this section, we investigate numerically thé "orbit losses”
of 3.5 MeV alpha particles in an axisymmetric, elliptic cross-
section tokamak. Parameter dependencies of the 'orbit losses' are
shown in detail.

Model of numerical calculation

We use a cylindrical co-ordinate (R,¥,Z), and solve numerically
equations of guiding-center motion, in which effects of electric
fields are neglected, by using the predictor-correcter method,
Magnetic axis of a tokamak lies at (Ro,w,O), and a magnetic surface

is considered to be an ellipse expressed as follows (see Fig. 1):
D (rr )2 + 2 22 = abo? 0<p=<l1 - (2.1)
a ) b - -

where a is the plasma minor radius in the R direction and b is the
radius in the Z direction. Shift of magnetic axis and variation
of ellipticity are mot taken into account, for simplicity. The

mabnetic field B = (BR’B¢’BZ) is then given by

B(p) - (2.2)

B L (2.3)
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b R—RO Ro ~
= — — B
BZ a 1/873_ R (D) (2.4)

Effects of diamagnetism or paramagnetism of a plasma are neglected
in Eq.(2.3). Quantity B(p) is a function of p and is considered

to be expressed as

By = B(L) — (2.5)
I+yp
where ﬁ(l) = UOIP/Zwreff with T, = (R, //ﬁ;)[l (l-a /R 2 1/2
+(b2/az){(l—az/Roz)"lfz-l}] = (a +b )/2/55 . Since the toroidal

current density is nearly zero at p=l, the relation m = {(b/a)
+ (a/b)}{1+y) /vy is obtained. The coefficient y is related to the
safety factor q{p) approximately as 1+y ~ q(1)/q(0).

We trace the orbit of an alpha particle with energy 3.5 MeV,
and investigate whether it 1s confined or lost, whose start point
is located at (ps,es) or (RS,ZS),

R
5

n

R+ ab(bzcosze + azsinze )"l/2 o cosb (2.6)
(] =] 5 s 5 -

ab(b2c0528 + azsine )—l/2 p sind (2.7)
=] s S ]

Z
5

and pitch angle ¢ = sin_l(v /v) is ¢ at the start polnt. In an
axisymmetrlc tokamak, loss region in ¢ space lies in ¢L1(R z )

> ¢ (R Z ) If the pitch angles of alpha particles generated
by D T reactlon are 1sotrop1c, then g(R Z ) the confinement ratio
of alpha particles generated at the p081t10n (RS,ZS), can be given

as
. _ 1 ] s
g(RS,ZS) =1 - 5 (51n¢L1 51n¢L2) ) (2.8)

Prohability of generation of alpha particles is coneidered.to be
equal at each point on a magnetic surface. Therefore, G(p ),
confinement ratio of alpha particles generated on a magnetic surface
p=0_ can be obtained by averaging over angle 85, where the surface
area is taken into account for the weight.
(3) Results of calculations

Now we show the results of numerical calculations, Figure 2

demonstrates a typical banana orbit of a 3.5 MeV alpha particle,

where RO—S m, A=1.2 m, b=1.8 m, BO—S T, and Ip 4.7 MA. Loss regions
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in (68,¢S) plane are shown in Fig. 3, where parameters are the same
as in Fig. 2. One can see that particles with banana orbits dis-
placed outward are lost even from inmer region (p=o0.7, 0.8), and
that both trapped and transit particles, which are generated near
the surface (p=0.9), are lost.
(a) dependence of loss on plasma current
The "orbit loss'" mainly depends on the toroidal plasma
current Ip and the aspect ratio Ro/a? because the displacement
of an orbit from a magnetic surface 1s of the order of Ala
v /ETE;/IP. In Fig. 4(a), the confinement ratlo G for various
IP is shown as a function of p, where R0=5 m, a=1.2 m, b=1.8 m,
BO=5 T, and y=0.6. Dependerce of the loss ratio 1-G on Ip is
shown in Fig. 4(b). The bend of a p=const. curve (e.g. near
Ip=3.3 MA on a 0=0.8 curve) is caused by the fact that only
trapped particles are lost for large plasma current and both
trapped and transit particles are lost for small current.
The value of Ip near the bend is approximately proporticnal
to Va/R_/(1-0).
(b) dependence of loss on aspect ratio
TIn Fig. 5(a), G{p) is shown for various a/RO, where Ro=5 m,
b/fa=1.5, BO=5 T, Ip=4.7 MA, and v=0.6. Dependence of 1-G on
a a/RO is shown in Fig. 5(b}. Dots refer to the results
obtained by changing a (RO=5 m and b/a=1.5), and open circles
are obtained by changing R (a=1.2 m and b=1.8 m). The bend
of a curve (e,g. near a/R 0 24 on a p=0,85 curve) is caused
by the fact that only trapped particles are lost for small
a/R . The value of a/R near the bend Is approximately pro-
potlonal to (1-p) Ipz. On the cther hand, crosses (broken
curves) in Fig., 5(b) refer to the results obtalned by changing
b/a (V/ab and RO are constant): b/a=l for a/RO=O.294, b/a=1.25
for a/R =0, 263, b/a=1.5 for a/RO=O.24, and b/a=1.75 for
a/R =0, 222 One can see that the "Orbit loss™ in an elliptic
tokamak is larger than that in a circular tokemak when values
of a/RO are the same (the volume of an elliptic tokamak 1is
larger than that of a circular tokamak). But, one can alsc
see from broken curves that the loss in an elliptic tokamak is

small compared with that in a circular tokamak with the same

volume,
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(¢) dependence of loss on current density profile
Next, dependence of the loss on the current density
profile is investigated. Current density profiles at O=n/2
and q profiles are illustrated in Fig. 6, where Rb=5 m, a=1,2 m,
b=1.8 m, Bo=5 T, Ip=4.7 MA, and Y is chosen as a parameter:
(a) v=0.1, (b) v=0.6, (¢) y=1.3, and (d) y=2.0. TFigure 7 shows
G for various current profiles, Peaked current density profile
gives a good confinement compared with flat one.
(d) dependence of loss on toroidal field
Dependence on the toroidal field BO is very small: e.g.,
in the case of Ro=5 m, a=1.2 m, b=1.8 m, Ip=4.7 MA, and y=0.6.
G(0.8) is equal to 0,834 for BO=3 T, and. G(0.8)=0.833 for
B0=7 T.
(e) dependence of loss on plasma size
Dependence on the plasma size is also very small: e.g.,
in the case of a/RO=0.24, a/b=1.5, BO=5 T, Ipi&.? MA, and
v=0.6, G(0.8) is 0,838 for RO=3 m, and G{0.8)=0.833 for RO=7 m.
(4) Orbit Losses of 3,5 MeV Alpha Particles in INTOR .
Orbit losses of 3.5 MeV alpha particles in INTOR are numerically

studied. Plasma parameters are considered to be as follows:

n= (1L - 02y and Ti = 20 x (1 - pz) keV,

where o is related to a magnetic surface, (R—R0)2/32+Zz/b2 = p?

(0 <p < 1).
The birth profile of 3.5 MeV alpha particles (= nZ <gv>») is shown
in Fig. 8. It is approximately proportional to (1 - 02)3'8,'because

<gv> v Til'8 (10 keV < Ti < 20 keV)} Sizeg of the device are

RO=4.8 m and 2 ff = Vab = 1.5 m, and plasma current Ip is 3.8 MA,
Four cases are investigated;
fc - i) circular cross section with flat currént density
distribution,

{c - ii) circular cross section with peaked current density
distribution, .
(e - 1) elleptic cross section (b/a = 1.5) with flat one,
(e - ii) elliptic cross section with peaked ome.
Current density profiles are illustrated in Fig. 9.
In Fig. 9, the loss rate is shown as a function of p. Omne

can easily see that (1) particles are better confined in an

\
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elliptic cross-section tokamak than in a circular cross—section
tokamak, and that (2) peaked current density distribution gives a
better confinement than flat one. Total orbit-loss fractions are
(¢ - i) 4.7 %, (c - i1) 1.7 %, (e - i) 3.1 %, and (e - 1i) 1.2 Z.
Conclusions

We summarize the results of numerical calculations of the
orbit losses™ of 3.5 MeV alpha particles in an axisymmetric,
elliptic cross-section tokamak.
(1) The "orbit loss'" mainly depends on Ip and a/RO, because
pla fe?ff{;/Ip (I, is in MA) .
(2) Peaked current density profile gives a good confinement
compared with flat one.
(3) The loss in an elliptic tokamak is smaller than that in a

circular tokamak with the same volume.
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bp.-

D (R-Ro) +& 7= abp?
(0<P<t) N

0 L - R
F-\’0 F?of‘Gf)

Fig., 1 Magnetic surface of an elliptic tokamak.

i | . O

4 5 s Rum)

Fig. 2 Typical banana orbit of a 3.5 MeV alpha particle, whete Ro=5 m,

a=1.2 m, b=1.8 m, and Ip=4.7 MA,
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Fig. 6 Current density profiles at p=r/2 and g profiles.

G

Q51

O 05 1
Fig. 7 Confinement ratioc G vs p for various current density profiles

as shown in Fig, 6.
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1.0
r n = {1-p%) .
Ti = 20x% (1-p?) keV
w <gv> ~ Ti]'a
e 10keV <« T; < 20 keV 7
wof '
o 7
e
o, F ~(]__pz)3.s -
: - —
=
[« = ]
—
m p—
.
L 1 1 i 1 1 L 1
0
0 1.0

Fig. 8 The birth profile of 3.5 MeV alpha particles (= n? <agv>),

1.0
3] i
jAa]
&-'—
-,
=
L R, -
w deff =
m.- -
o IP -
- -
0 L 1
P 1.0

Fig., 9 Loss rates in a circular plasma and in an elliptic one.
They are also calculated for cases of (i) flat cyrrent

denéity profile and of (ii) peaked one.
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7.2 Alpha Heating Profile During Slowing Down Process

It is shown that the alpha heating profile is almost the same as
the birth profile.
(1) Analytical model and assumptions
(i) Concentric circular cross-section for magﬁetic surface,
(ii) no radial electric field, (iii) flat current distribution.
The magnetic field is, then, given by

Hoir R

= _OZ _ONZ
B=— (R)e8+B¢O(R)e¢). (1)

wher u0=permeability of free space, j=current density, Ro=major

radius, B O=toroidal magnetic field at the plasma axis. The radial

profile oi plasma density and temperature is assumed to be parabolic
type as follows;
]:‘2
n{r), T(r) « l—(g) . (2)
{2) Coulomb ccllisions
It is assumed that alpha particles slow sown only through
Coulomb interactions with the field plasma having a Maxwellian

distribution. The rate of the mean deviation of the longitudinal

velocity is given by

m oA, p(v, %)
<bv,>= - L q (1t =) ‘——%—% v (m/s?) (3)
j=e,1,1 i o o

The rates of change of the mean square deviations of the longidudinal

and perpendicular velocities are given by

K p(v.?
<(f_\.v,,)2> = b = 3 (m2/s?) , (4)
. . v, 2N,
j=e,i,I ] i
and
% , u(vjz)
) = T e ) - o) @59, ()
j=e,i,I 3 ] i '
v, =v 2/ v? ,
] o ]
- 21.2 . 2 6.k
q, = 1.015%10 et Ej In A/m, (kgn /s_) .
K =

2.03OX1021n_e e 21n A/v,m2 (m2/53)
jJo ] 1 G

where p(x); error function, Lni; Coulomb lpgarithm(the value 1is



(3

(4)

(5)

(6)
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assumed 20}.
Drift orbit and velocity
Three constants which characterize the motion of the alpha

particles, i.e.
1

- . - = ?

Magnetic moment; ey 5 mavL/B . (6)
Canonical angular moment; Py = EQRA¢ + mavﬂR . (7
Kinetic energy; EOL =5 m, (yf + vf) . (8)

are conserved within a period that is much shorter than the relaxa-

tion time due to Coulomb collisicns. The equation of motion for

the guiding center is derived from Eqs. (6)v(8) as followsz).
“JR > >
0~ 0 2 ~ o+l V.l <0

e, (=) " +emvR="PF , &= {—l VT .0 (9)

where Pyj an integration ccnstant,
Slowing down motions

Assuming the field particles have Maxwellian distributiens,
we can use the normal distribution for the changes in longitudinal
and perpeﬁdicular velocities due to Coulomb collisions during the

time At. Mean values and variances are given as follows;

m, = <bv,> 4t , m; = o,
and
o2 = <(dv,)?> ot g2 = < (av))? > At
3),4)

Monte-Carlo calculation
The changes in velocities due to Coulomb cellisions are deter-
mined by sampling normal random numbers. The collision point on
the orbit is determined by random numbers with a collision proba-
bility density Pcm n/Vd. By using these velocity changes and
collision point, the orbit between succesive collisions is obtained.
The heating profile is calculated by integrating the energy deposi-
tion due to Coulomb collisions.
Numerical results
Figure 1 shows the birth profile of alpha particles and the
relative power density deposited by alpha particles until their
energy decreases down to 350 keV. The alpha heating profile becomes
slightly smaller and flatter than the birth profile because of the

particle loss and the drift motion of alpha particles.
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alpha particle: 12.1 %, total leoss during slowing down to 350

keV: 18.1 Z.
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7.3 Loss of a-Particles by Ripple During Slowing Down

Model

The computational model is the same as that described in Sec-
tion 5-3). Parameters for the calculations are summarized in
Table 1. The birth profile of a-particles is shown in Section 6-1)

Fig. 1.

Results

The banana drift less GrO of a-particles is shown in Fig. 1
as a function of the amplitude of the toroidal ripple 60. The
ripple trapped loss is much less than 1 %. The banana drift loss
in an axisymmetric field GSO is also shown in Fig. 1. The differ-
ence GIOFG 0 implies that the enhanced banana drift is caused from
the teroidal ripple.

The a-particle loss is less than 2 3 % when 60 <2n2,5 Z.

— 85 —



JAERI - M 8621

Table 1 Plasma parameters

il

4.8 (m)

major radius R

minor radius a 1.5 (m)

teoroidal field Bt = 5.0 (T)

temperatures Te(r) = Ti(r) = 2,0x10%(1-(x/a)?) (eV)
(TD(I) = TT(I) = Ti(r))

plasma density ne(r) = 2.0%1020 (1 (r/a)%) (m=2)
(ne(r) = nT(r) = ni(r))

plasma current jP(r) = jo(l—(r/a)z)

safety factor q, = 3.1
effective Z Aeff = 1.5 (uniform)
charge number of inpurity ion Zimp = 8.0 (oxygen)
toridal field ripple § = 6p61(r)exp(~£62)
51(ry = (r/a)?, B = 0.5,

aumber of toroidal coils Nt = 12

0.1'_ T T T

0.05
- -
w

0.01 L t i
0.5 1.0 1.5 2.0 2.5

Sg (%)

Fig. 1 Banana drift loss of a-particles as a funciton

of the amplitude of the toroidal ripple.
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8. Level of Synchrotron Radiation from INTOR PTasma

Wall reflectivity required for the INTOR parameters (R=H m, a=1.2 m,
Bt0=5 T, Te=Ti=10 keV) is estimated on the basis of Rosenbluth-Trubnikov's
theory. For reference we assume tentatively that the energy loss due to
the synchrotron radiation should be less than 5 % of the o particle
heating. )

We find that no refléector is needed for the anticipated INTOR dis-
charge of moderate B. For 8 =0.01, however, the reflection coefficient
of the wall should be above 0.75. This assumes a maxwellian velocity
distribution of electrons, while most tokamak experiment indicates the
presence of high energy tail in the electron distribution function, which
enhances the synchrotron radiation loss. A rough estimate yields r>0.38
for Be=0'02 and ¥ > 0.96 for Be=0.01, r being the reflection coefficilent,
if we assume arbitrarily ntail/n=lo—q’ Ttail/Tele'

We may conclude there exists a fair margin in the INTOR except low
density (low 8) operations. If very high reflectivity becomes necessary,
however, we have to pay close attention to the effective area, shape and
_conditions of the wall surface (presence of observatioﬁ port, honeycomb
structure, coating of low Z materials etc) as well as the accuracy of
the rediation flux estimation. _

It should be stressed also that the synchrotron radiation may deposit
its energy at a place out of the direct sight from the plasma. In fact,
in JT-60, the synchrotron radiation accounts for a significant portion
of the heat deposit on cryopanels in the NBI beam line.

Error in the above estimate of the radiation flux may be about 50 %.
More accurate evaluation requires detailed computation. A computer
program for the absorption coefficient and emissivity of the radiation
is just completed on the basis of Trubnikov's expression for the dielec-

tric tensor with an approximation of w=ck,
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Appendix

Some Consideration of INTOR Parameters

Tt is very difficult to fix the INTOR parameters at this time

hecause each parameter is not independent from the others and conmpati-

bility has not been investigated in detail. In this appendix, we try

to discuss some of the INTOR guiding parameters and, to obtain a few

reasonable sets of some important parameters.

a)

b)

c)

b/a (see Figs. 1 and 2)

b/a = 1.6
Unstable with a reasonable breeding blanket.

bfa =1.3 - 1.5
Stable with a distant shell. It is not necessary to change
the fusion output, toroidal coils, NBI systems and sc on.

Size

as l.2m
The radius seems small (Fig. 3).
A careful impurity control system, e.g. & diveftor with a low-
z wall, is regquired.

a>1l.2m
The impurity problems can be mitigated and a simple impurity
control system, e.g. & cold plasma blanket without the divertor,
can be applied.
RF heating as well as NBI heating are required.

Heating

NBI
NBI system requires & complex isotope separation system for
refreshing the fuel gas (see Fig. 4y,
NBI system can be applied only for a rather small line density
plasma with Z.ff 1. |
Profile control is difficult
The total heating efficiency is low.

RT _
The isotope separation system is not.required for refreshing
tke fuel, |
No limitation for the line density of the plasma with 2t > 1.

The profile contrel is easy (see Fig. 5).



d)

e)

£)
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The total heating efficiency is high (see Fig. 6).
Plasma contreol
Position
A distant shell with a slow feed back system with b/a £ 1.5
and a close shell with a slow feed back system with b/a = 1.6.
Disruption
Profile control.
Impurity level )
Zoff 1 and 80 % heat flux to limiter
A careful impurity control system, e.g. the divertor with a
low-z wall, is required.
Life time of the neutralizer plate is rather short or a long
divertor throat with a large divertor chamber is required.
Zagr 1
A simple impurity control system, e.g. a cold plasma blanket,
can be applied.
The heat flux can be spread on the wide area. of the first wall,
Impurity control and ash exhaust
The simple poloidal divertor _
Reliable both for impurity contrcl and ash exhaust.
Maintenance of the neutralizer plate is feasible but not easy.
It can be applied te a small machine with a low ripple field.
Bundle divertor
It requires a large divertor chamber, and small number of the
toroidal coils or large tcroidal coils,
Without divertor
A cold plasma boundary is required.

The system is simple but a rather large plasma is required.

The above discussion gives a few reasonable sets of parameters for

INTOR and some of them are shown in the following table.
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Original small plasma Improved small | Improved large
plasma plasma
b/a 1.6 21.5 <1.5
Heating NBIL NBI+RF NBI+RF
Zo5g ' vl ?l %]
Heat to limiter 80 7% g0 % <80 %
Boundary plasma hot hot cold
Wall erosion serious serious mild
Impurity comntrol divertor divertor cold boundary
close shell | distant shell distant shell
Position control ? + + +
feed back feed back feed back
, . q < 2 ] ,
Disruptiocn ? a profile profile
{close shell)
Section for tritium half small half full
production .
Isotope separation necessar unnecessar unnecessar
for refreshing fuel 7 4 4
Basic objectives Demonstration of a_reasonable fusion reaction
with a high duty.
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Fig. 5 Local heating by ICRF (in DIVA)
HBR: hybrid resonance layer.

CR : ion cyclotron resonance layer.

with RF
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Flg 6 High efficient ICRF heating (in DIVA).

Heating eff1c1ency is 70-100 % and the overall efficiency

based on the primal electric power is 30- 40 Z%.




