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1. Stability Limits
1.1 Physics design assumptions and parameters (Phase IIA)l)

During the Phase ITA Part I of the INTCR workshop, experimental and
theoretical data on the beta limits of a tokamsk plasma accumulated
considerably. Experimental results obtained up to the Phase ITA Part 1
are summarized as follows: (1) the present beta limit is soft one but
saturation of the beta value with increasing heating power is clearly
observed in many devices, (2) the highest beta value of <B>=4.6 % was
attained in the Doublet 111 experiments, and (3) the high poloidal beta
value as £f,~2/3 is attained, which ig a little larger tham the INIOR
design value of g3,~0.6 . As for the theoretical progress on the beta
limit the ideal MHD stability theory is converging and some features of
the beta scaling are being clarified, but the issues still remain
controversial., especially, implication of instability modes on the beta
limit is not clear. And also there are serious questions if the
averaged beta <> of 5.6 % is really attainable with the present design
parameters of the INIOR and what is a reliable beta scaling law
applicable to design a large tckamak with a higher beta value. Efforts
to obtain the reliable beta scaling law and to establish a scenario to
higher beta state are necessary.

The density limit is improved by various technological progresses
such as vacuum processing of a chamber, high power heating, or
appropriate fuelling technique. The design value of average ion density
of the INTOR is 1 4% 1083 . The Murakami parameter of the highest beta
discharge in the previous Doublet III experiment is slightly larger than
the INTOR design value. However, the mechanism of the density
limitation and the scaling law of the density limit are not well
understood theoretically and the solution of this issue remains for
future extensive analyses.

Many new experimental results on disruptions in ohmic heating
regimes vwere obtained during the period covered by the Phase IIA Part I
wvorkshops. Many of them are consistently understocd within the
framework of the previously obtained knowledge on the mechanism and
characteristics of the disruptions. In general the disruptions occur,
phenomenologically, in a plasma with too low safety factor g.. too high
rising speed of density dn/dt, or too high density n. In some devices
such ~as Doublet ITI and TFR the disruption evolutions were investigated
minuitely. The detailed time history seems different from a devige to
another. Theoretical studies have not been able to clarify the
comprehensive picture of the disruptlons yet. Therefore, the important
information for the INTOR design, such as the frequency of occurence of
disruptions. time scale of plasma decaying process, and spatial and
temporal heat deposition profiles remains unclear and experimental
information up to now cannot be extrapolated to the parameter range of
the INTOR plasma. It was concluded in the summary of the workshop that
present knowledge is not sufficient to specify a disruption control
system for the INTOR and more research is necessary on all aspects of
disruption including the question of why disrupting equilibria develop
and how this can be avoided.

1.2 Data Base
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1.2.1 Beta limits
1.2.1.1 Experimental status

Since the last summary of the INTOR workshops (Phase ITA Part I}
there seems no remarkable progress in the experimental studies on
attaining higher beta equilibria. But steady accumulation of
experimental data continues and these data obtained by varicus tokamaks
seem to behave similarly in broad outlines2 3).

As for the efforit to attain a higher beta equilibrium, extensive
studies on the low g, discharges under the condition of a relatively low
toroidal field were continued in Doublet III from the viewpeint that the
higher beta value could be attained for the lower qs discharge?). In
order to attain the very-low-g stable discharge in the Doublet III
ramping of the plasma current during the NBI heating is effective®’. By
the technique the plasma with safety factor as low as 2 and 1.5 vere
ohtained for the plasmas with large (0.41<a<0.44) and small
(0.34<a<0.38; minor radii, respectively. In these experiments the
maximum beta values are 3.3 % and 4.5 % in the respective order. An
extenzive effort to get higher plasma pressure, i.e., a high beta value
at higher toroidal field strength has been also made. In the series of
the experiments the volume average bela of about 2 % is obtained for the
toroidal field of 2.2 T, where T,{(0)~5keV . T: (0)~5.DkeV ,
n,>6.5x10%cm™>, B(0)~6.4% with ~8MF NBI heating®’.

1.2.1.2 Theory

Among theoretical problems it 1is very important to clarify the
mechanism of the beta limitation of the tokamak plasma and to establish
a reliable scaling law of the beta limit (the critical beta value 3. ).
At present quantitative discussion on the beta limit 1s possible only
within the framework of the MHD stability analyses. sometimes with

taking into account of modification by kinetic effects. In the
following we summarize the four topics on the stability analyses which
relate to the beta limit of the tokamak plasma. i.e.. the analyses of

the infinite-n ballooning mode, the finite-n kink mode, the beta scaling
lav due to the modes, and the finite-n ballooning modes.
<Infinite-n ballooning mode>‘ -

In general a growth rate of a higher-n mode 1is higher and
infinite-n ballooning modes are considered to play the most crucial role
on the limitation of the plasma pressure. These instablliiles are
sensitive to the shape of the plasma cross section, pressure anisotropy,
pressure profile, and current profile. In order to obtain a high beta
equilibrium stable against the infinite-n ballooning modes, optimization
with respect to these parameters is required.

The basic equations used for the optimization of the pressure
profile against the infinite-n ballooning mode are the combination of
the axisymmetric equilibrium equation {Grad-Shafranov equation),

8 18v., . 8% _ _ pedp _ pdl
R5sGar) + 57 B~ Ta (1.2.1.1)

and the ballooning mode equation with zero growth rate {the marginally
stable hallooning mode equation),

A ede dp -
d8<fd8) + dwlcg@ 0 ¥ (1.2.1.2)
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where ¥ and T are the poloidal flux function and the toroidal magnetic
field function, respectively, and s and J are the arc length of the
magnetic field line projected on the meridian plane of the torus and the
Jacobian of the co-ordinate system. The above equation is simply
derived from the usual infinite-n ballooning mode equation by setting
=0 and it is solved as an eigenvalue problem with the eigenvalue of
AQy)=dp/dyl . (eritical pressure gradient). By employing the marginally
stable ballooning mode equation high accuracy analyses can be carried
out with less CPU time of the computer systemin comparison with the
usual method where the squared growth rate ot is calculated as an
eigenvalue of the system., The optimization procedure 1s as follows; (1)
a certain equilibrium is prepared with a given safety factor profile
q). (2) the Grad-Shafranov equalion is solved for a given pressure
profile p(y) under the adiabatic constraint p () dV/dy)Y=const. , where V
and vy are the volume surrcounded by a magnetic surface and the ratio of
specific heat, (3) the marginally stable ballooning mode eguation is
solved and the critical pressure profile p.(y) is calculated from the
eigenvalue profile A(y) of the equation, {4y the pressure profile pQ))
for the Grad-Shafranov equation is replaced by the critical one p. (¥).
And the processes (2)-(4) are repeated. When the difference between p
and p. becomes small. the iteration is terminated and we obtain the
equilibrium marginally stable against the infinite-n ballcooning mode 1in
the whole plasma region.

Since stability of the ballooning mode is sensitive to the plasma
shape (A: aspect ratio, x: ellipticity. &:  triangularity;., pressure
profile p(y) and safety factor profile g(¥) optimization with respect to
these parameters is required to realize a stable high beta equilibrium.
Azumi et al. optimize the pressure profile for an equilibrium with given
shape of the plasma surface and given qmprofile7). In these analyses,
g-profile is given by a force-free equilibrium with the torcidal current
profile, j,=D(1-y)*/R, normalized . poloidal flux function). The
values of D and a are adjusted such that the safety factor at the
magnetic axis, gg., and that at the plasma surface, q.. take prescribed
values.

The dependence of the critical beta value . on the safety factor
at the plasma surface g, 1s studied in the wide range of the ellipticity
x and the triangularity & of the plasma cross section. Figure 1.2.1.1
shows the g, dependence of B. for different value of Kk and &6 1in a
tokamak with the aspect ratio A=3.375. The safety factor at the
magnetic axis qg is unity. The triangular deformation of the elliptic
tokamak increases the critical beta value considerably, especially, in
the low g, region. By fits on the nunerical results, Iakizuka got the
following formula of the critical beta value for qo:18f,
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Fig.1.2.1.1 Dependence of the critical beta 8. on gqs for equilibria
with A=3.375. Safety factor at the magnetic axis gy 18
fixed at 1.0. (a) 6=0, and (b) &=0.4.
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Fig.1.2.1.2 Critical beta value for infinite-n ballooning mode.
Numericalluy obtained beta B 1s well represented by

B.(eq. (1.2.1.3)).



JAERI-M 85080

1.5 5.5
Be %):ng (1+0.9(k~-136-0. 6~———+14\K 13(1.85- h}j;—} (1.2.1.3)
s %

Figure 1.2.1.2 shows that numerically obtained critical beta values §8
are well represented by the above formula (3. ). Elongation and
triangular deformation cocoperatively increase the critical beta value.
In evaluating the critical beta value it should be noted that the safety
factor ¢, for finite beta considerably deviates from that of a
eylindrical plasma with noncircular cross section. For optimized
equilibria, the relation between g; and the total plasma current I, is
approximately given by

—Ar\/ (1-1/4%) <

where a is the plasma minor radius and the MKS unit is used. It should
be noted that, in the equation, 1/q:. is not proportional to [, because
the equation is derived for the series of marginally stable equilibria
and the constant term corresponds to the beta effect on the egquilibria.
Improvement of the critical beta value by the large triangular
deformation becomes less effective as the ellipticity x decreases and
the triangularity does not help to improve a circular cross sectional
tokamak as seen from the term {(x-138 in eq. (1.2.1 8) The result is
different from the scaling law obtained by Bernard et al.2) which shows
that the critical beta value is improved by the triangularity even for
small « and large gq.. This combined effect of the ellipticity and
triangularity on the improvement of critical beta value comes from the
large modification of the local shear (Fig.1.2.1.3).

Another important result of the new analysis is the dependence of
the critical beta value on qo. Figure 1.2.1.4 shows the ¢, dependence
of 3. for different values of gy for k=1.6, &=0.4, and 4=3.37%. The
critical beta value can be increased by increasing qp. This improvement
of 8. by large qy 1is also strongly related with the triangular
deformation of the plasma cross section and the increase of gy reduces
the critical beta value for a purely elliptic tokamak, as expected by
the theoretical prediction. 1t is, however, suspicicus if the large qp
operation really helps to improve the limiting beta value in a practical
situation. This problem will be considered again in relation with the
finite-n kink mode analyses.

In order to investigate the infinite-n mode comprehensively Itoh et
al. analyzed the kinetic instability by emplo81ng the high-n
approximation keeping the effect of the toroidal shift! Due to the
wvave-particle interaction this mode is unstable in the first as well as
the second stabllity regions  of the MHD stability  diagram.
Figure 1.2.1.5 shows the growth rate vs. beta value for the parameters:
Ly/R=0.1dx"=1 VN/NI Y, q=3.2, rg’ /g=1, T.=T;, kp:=0.2,
n=0.063a/p; (solid line) and kp;=0.5, n=0.16a/p; (broken 1line}. The
change in the growth rate does not occur abruptly at the MID coritical
beta value. The higher-n modes are especially affected by the finite
gyroradius effect. For kp;=0.5 (n~-50 for a/p;~300 ), MHD growth rate
does not exceed o, and the growth rate reduces as the density
increases. The middle-n mode may set the most serious barrier to the
second stability region. )

" In summary cptimized high beta equilibrium stable against only the
infinite-n ballooning mode is obtained by choosing simultaneously high

0. OS&)——EQ{B— 0.07(1+(k-1)6), (1.2.1.4)
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s/S

Fig.1.2.1.3 Local shear (dy/8y) distribution in elliptic {{b) and

solid line in (a): 6=0) and D-shaped ({c) and broken line
in (a): &6-0.5) plasmas. Negative local shear regions are
below the left and right curves in the subfigures (b) and
{c). Subfigure (a) shows local shear distribution on a
magnetic surface y/y,=0.5. Negative local shear at the
outside of the torus has stabilizing effet for the
ballooning mode and it is clearly shown that the
stabilizing =zone expands in the D-shaped plasma 1in
comparison with the circular plasma. The equilibria are
for A=3.375, x=1.6, qp=1.0, and ¢g;=2.0.
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Fig.1.2.1.4 Dependence of f{. on gqs for various values of qy. where
A=3.375 and k=1.6,

})/w*
‘l -

kn,=0.2

05k _ . _ 05

- -

! 11 ]1111[ 1 ! B(yo)
01 1 2 3
Fig.1.2.1.5 Growth rate vs. § of the high-nkinetic ballooning mode
obtained by the high-n approximation for kp;=0.2 (solid
line) and kp;=0.5 (broken line).

ps)
3

0 1 1 1
bl 5 3 2 l1n
Fig.1.2.1.8 Mode number dependence of the critical beta value against

the free boundary mode for A=3.38, k=1, 6=0, ggp=1, and
q, =2.6.
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k, high &, high qo, and low qs. It is very important to investigate
whether this kind of optimized equilibrium is accessible or not.
Further studies are necessary on other kinds of instabilities by taking
into account of the transport and/or heating processes. The result of
the kinetic analyses shows that the transition between the stability and
instability regions of the MHD modes is smooth and suggests the soft
beta limit. But conclusion on the implication of the instability on the
beta limit requires more extensive analyses of infinite- and finite-n
modes including 3-dimensional nonlinear simulations®.

<Finite-n kink mode>8’

Free boundary modes remain unstable for the optimized equilibria
against infinite-n balloonig mode. By using the FERATO codell
Tsunematsu et al. studied the stability of the free boundary modes for
the same equilibria as those for the infinite-n ballocning mode. Figure
1.2.1.6 shows the dependence of the critical beta on the mede number n
for the case of no conducting wall. The n=1 kink mode 1is the most
unstable and the beta limit for n»1 is almost the same as that for the
infirite-n ballooning mode. Therefore, we study the beta limit of the
n=1 kink mode. The dependence of 8. for the n=1 kink mode on k, & and
gs is shown in Fig. 1.2.1.7 for A=3.38 and qo=1. Similar calculation
for equilibria with higher q¢ shows considerable degradation of kink
mode stability and we only consider equilibria with qgo=1 1in this
paragraplh. The points along the dashed and the solid lines correspond
to the cases of high shear (8<g,<4) and the low shear (2<q.<3),"
respectively. The wall stabilization is a recipe to increase [y without
the degradation of the beta limit due to ballooning mode, 1f_a first
wall of a fusion reactor plays the role of a conducting wall?» 11D 1In
our cases 3y almost coincides with j when the conducling wall is placed
at a,/¢=1.5 (a,: minor radius of the wall){Fig.1.2.1.8).

The formula for the critical beta against the n=1 kink mode is
expressed similarly as in the case of the infinite-n ballooning mode as

9\_&{1.65“ ., - -~ ~ s n
Be %)= iq 1+ k-138)  C=14 (2<q<3) and C=20 (3<qs<4),
&)

Bc~0 for q«<2, 1.2.1.5)

vhere inverse proportionality on the aspect ratio 1is assumed. This
formula has the similar form to the dominant terms in eq.{1.2.1.3) for
g.>2 . and eq. (1.2.1.4) almost holds in this case too.
<Practical scaling laws>

Though the scaling law of eg. (1.2.1.3) may be used as an excellent
guide line to design an ambitiously high performance tokamak reactor,
this form of the expression is not necessarily convenient to apply to
the design study of a standard tokamak reactor. In deriving a more
convenient expression it should be, especially, noted that the critical
beta value is approximately proportional to the plasma current in a
practical or conservative tokamak (Fig.1.2.1.9). This tendency is also
observed in the case of the n={ kink mode. And both of the equations
for the ballooning and kink modes are roughly expressed in the range of
qs >2 by using the total plasma current I, as

B (%)=(20£2.D)uglp/ Zrab ) for ballooning mode, (1.2.1.8)
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Br (% )={1622.0 ol (2rubBio for n=1 kink mode. (1.2.1.7)

The coefficients 1in eq. (1.2.1.7) are almost the same as those obtained
by other calculations!3:-14)  The n=1 kirk mode tends to be unstable
because j, remains finite at the plasma surface due to the feature of
the optimization procedure of the pressure profile. If we choose the
g-profile with sufficiently decreasing current profile near the plasma
surface, f; increases with the decrease of gz and two beta limits will
become closer. .

<Finite-n ballooning modes>15)

These modes are studied numerically by using the revised version of
the FRATO codell) in which the guasi-mode representation is incorporated
and middle-n modes could be analyzed comparatively easily. However,
systematic parameter survey of the finite-n balloocning modes still
consumes a lot of CPU time and only typical cases are studied and
qualitative results are obtained as for the feature of high beta
equilibria of a toksmak plasma15>~ As examples of the low-, middle-,
high-n ballooning modes Tsunematsu et al. studied the n=3, 10, and B0
modes, especially, to find the second stability region and investigate
the dependence of the stability of ballooning modes on pressure
profiles. The series of the FCT{flux conserving tokamak’ equilibria
with a peaked pressure profile (case 1: Ap=S{1-¥)) and a flat profile
(case 2! Ap=S{1—y* ) are examined by fixing the ralio representing the
magnetic shear, q./qp = 2.9.

The stability diagrams for n=3. 10. and B0 modes are shown in
Fig.1.2.1.10. For the equilibrium with flat pressure profile, the n=3
mode is always stable and n=10 mode has the second stability region for
the poloidal beta value above 2.2. On the other hand. the n=50 mode is
unstable above a critical poloidal beta wvalue (3,>1.1 for both the
peaked and flat pressure profiles) and there is no second stability
region. The figure shows also that there is no second stabilify region
around qg=1 for the case |, whereas the equilibrium for the case 2 has
that of n=10 mode for ge>>1 . The broken line 1in the figure is the
stability limit for the infinite-n ballcooning mode. The =50 mode for
the case 2 has very narrovw second stability region arcund g ~1.7% and
B,>>1.6 , while the mode for the case 1 has no such a region.

In order to find ocut a guide line for the optimization of the
equilibrium, the potential energy contributions are evaluated by
classifying them as the Alfven term (A), ballooning term (B). and kink
term (K, in the total potential energy (W). Figures 1.2.1.i1¢a} and (b)
show the poloidal averaged terms for the cases 1 and 2. respectively,
wvhen n=10 and §,=2.2. The peaked pressure profile can cause broad
convective motion in the plasma column. In the flat pressure profile
equilibrium the stabilizing Alfven term exceeds the ballooning term.
The mode 1is meore localized near the plasma surface. The existence of
the second stability region of the middle-n ballooning modes depend on
the pressure profiles. The figures also show that the kink term has the
game order of magnitude as the ballooning term for middle- to low-n mode
as n~10. Therefore. optimization of the current profile remains still
effective for the stabilization of the middle- as well as low-n modes,
Also 1t seems that the external kink mode will be a heta limiting
instability after the optimization with respect to the finite-n
ballooning modes is carried out.
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In addition to the analyses of the finite-n ballooning modes of an
isotropic pressure plasma effect of the pressure anisotro?*\ on the
stability of the finite-n ballooning modes was also studied!®’, Among
various possibilities of the pressure anisotropy the following simple
anisolropic pressure equilibria are chosen for the stability analyses,

A = _gaa% ~ oy O - GV, Hele
g -1 + plé;h
B - (| vyll TR e
= — RZ + ?Ru?t ) .

The tensor-pressure FERATO (TERA) was applied to the problem for the
above equilibria and the stability diagram was obtained as shown in
Fig.1.2.1.12 for the n=10 ballooning mode. For the above types of
pressure profile the stabilization effect of the anisotropic pressure
e (=(pi-pL)/{pu+tpL)) 1s expected in the low f, and low g, equilibrium
because the inward shift of average pressure surface is large in the
outside region of the torus. However, parameter survey on the mode
number and different types of the pressure anisotropy is lacking and
further extensive investigation is necessary to Jjudge whether the
anisotropic pressure helps or not to attain a high beta state in a
practical tokamak reactor.

1.2.1.3 Comparisons and conclusions

We obtained scaling laws which give the accessible beta value of
tokamaks by the optimization of the pressure profile against infinite-n
ballooning mode and by stability analyses of finite-n free boundary
modes for the optimized equilibria. The scaling laws are expressed hy
egqs. (1.2.1.3) and (1.2.1.5) for infinite-n ballooning mode and for n=I1
kink mode, respectively. These scaling laws are roughly expressed as
B: = ﬁﬁp for q.2. This kind of parameter dependence is predicted by
several theoretical groups in the world and the ccefficient of the
scaling law are summarized in Table 1.2.1.18:9,13.14)  The comparison
between this theoretical prediction and experimental data obtained up to
now 1s presented 1in Fig.1.2.1.13. From this figure 1t seems rather
difficult at present to attain a high beta state above the thecretically
predicted limit. And 1t seems reasonable that the eguation 3. = éIp
gives a practical beta scaling law for a standard tokamak of the present
day.

2.2 Density limits
.2.2.1 Experimental status

Density limit of a tokamak is well represented by the DITE plots,
where operational regimes with high density and low safety factor are
clearly shown together with the advancement of the used experimental
techniques. Results of JAERI tokamaks (DIVAI®), JFT-221), JFT oM22),
Doublet-I1129)) are shown in Figs.1.2.2.1 - 1.2.2.4. DIVA had a Cu
shell and a poloidal divertor, and Ti gettering was used. By limiter
discharges in DIVA with ohmic heating, high density and low ¢ plasma was
attained. The Murakami parameter of 5.2x10" w?7T! was reached. JFI-2
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Fig.1.2.1.12 Dependence of the critical beta g. for n=10 ballooning mode
on pressure anisotropy €a. Open and black squares denote
low shear (qs/q0=1.9) and high shear {(q;/qo=2.5)
equilibria. respectively.
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Table 1.2.1.1 Coefficients of the beta scaling laws obtained by
different authors. Coefficient C  of the equation
B.=Cupl,/ (2raB:y) 1s shown where the MKS unit is employed.
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wvas a circular tokamak without a shell. The density limit in the device
vas improved gradually by Ti gettering and NRBI heating, finally the
Murakemi parameter of 9.0x10"¥ w°T"' was obtained. JFT-ZM has a
D-shaped vacuum vessel and now density limit is being improved by Ti
gettering and additional heatings. Up to now, the Murakami parameler of
6 5109 w2T! is obtained with 1.2 MW ICRF heating. In Doublet III,
JAFR] team has carried out experiments on high density and low g
discharges. Wall conditioning with TDC and Ti gettering and choice of
TiC coated graphite as limiter material have resulted in the highest
Murakami parameter of 10«10 w271 with NBI heating.

Experiences obtained through these studies are as follows: (1) The
Murakami scalinggl} of density on B;/R is effective to describe the
operational regimes of a tokamak plasma the Murakemi parameter well
represents cleanliness of the plasma. Clean vacuum condition is cne of
necessary conditions to obtain a high density plasma, because the ratio
of radiation loss rate Lo° input power has some threshold value. In
ohmic heating, it lies at 40 - 80 %. (2) In ohmic heating without Ti
gettering, the Murakami parameter lies in 2 — Ax10"n 27! and with Ti
gettering in 4 — 8x10%w°T!'. Additional heatings increase the value
up to 6 - 10-10"m 27" . The ratio of radiation loss to inputpower has
a tendency to take a lower value in the case with additional . heatings.
(3y In order to obtain a high density and low g plasma, careful
programming of the plasma current and gas puffing rate, and appropriate
position control are necessary. Tf it is not the case major disruptlon
terminates the discharge.

1.2.2.2 Theory
1.2.2.3 Comparisons and conclusions

1.2.3 Disruptions
1.2.3.1 Experimental status
(1) Major disrupticn

We have not yet reached a comprehensive even phenomenclogical
description of the disruption by which we could logically classify the
variety of existing experiments. The important informations needed to
understand and overcome the disruptions are: conditions for the
disruptions, detailed description of the time evolution, frequency, heat
deposition profiles, and density and current limitations. Experiments
aiming at developing techniques to increase density and fo lower g
values are also closely relating topics. One of the very important
questions concerning the mechanism of the major disruption is what kind
of the MID modes exist and whether the modes are external or internal
ones. FExperimenltal observations are conveniently classified from this

viewpolnt, In the folloving we summarize the experimental results on
the disruption obtained by the Japanese scientists’ group (Table
1.2.3.1).

During the previous phase of the INTOR workshop, a systematic study
of the disruptions was carried out in DIVAIT), The results cbtained in
the series of the experiments are summarized as follows: (1) after
reducing impurities no major disruplion was observed. (2) by injection
of neon gas at g.-2.5, radiation loss increased and the disruption was
excited, (3) m=2/m=1 precursor oscillation was observed before the
disruption and for the plasna with g less than 2 disruption did not
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Table 1.2.3.1 Experimental findings on the disruptions by the Japanese
sclentists’™ groups.
DISRUPTIONS
Device Year Reference Condicion Diagroatica Ohservatlon Evolution Remarkn
JFT~2a 1979  MNucl. Fuaion qa>2 *MIUD mcrivicy *Various 2/1 2/14inc. disp. Low imputicy
(DIVA) 20 (1980} 271 AlD tokamak code lLow level 3/2 +major diac, b/a=1.2
Tearing code *Na disr. for - qa-l.J
<
%<l
*I: no effect
JFT-2 1979 J. Phys. Soc. qlWI *HHD activity #3/1,2/1 mades 2/1+1/1 Low impuricy
Japan 48 impurity . *Shell affect Ab/a=1.8 +major dimr.
{1379) 2713 high denafcy - quvl.?
*hia=2.4
q <2 + g =1.9 2/1 ~
" - major disr.
JIPP T-T 1982  Wucl. Fuaton Curtent ramp. *T  prof, =+ *2/143/2 » aoft J pratile
1 .
(1) 22(1982)465 Gas puff. (code) + A2/1+1imicer contral
J pref. - - eoflk (putt,
{code) ~ I ramping)
Island evol. *2/1+3/ 2+ {miter Position
*MHD activity + hard
JIPP T-1I 1963 JIPP-630 *MHD accivicy *Impuricy -
(2) *Ialand measure. 2114372~
+narrow J prof.
+ 1/1 o+ 21
asym. reconn.
Doublet- 1982 Nucl. Fusfon qa% 2 *5mall scable Low impurtcy
It (1 22(1982)409 window for Ponition
== Current vamp, 1
Cam ouff gas through. contro
putt. Slow ramp.
Ohmic hearing PuFf control
Doubler- 1943 unpubliahed qa< 2 *Hoth internal fligh densicy
TIT (2} & extarnal by 1 ramp.+

Current tamp.
Gas puff,
NAT heat{ing

modes poasihble
from equiltbrium
calenlacion

__1 9__

YRAT heating



JAERI-M 8b—080

appear. These results seem to confirm the disruption scenario of the
nonlinear tearing mode origin. On the other hand the experiments
carried out in JFT-2 tokamak suggested that the disruption is caused by
the m=2 kink modecs.) | Regrettably. however, further invesltigations were
not carried out within the JFT-2 experimental program.

fter these experimental studies two series of experiments
concerning the disruption phenomena in JIPP T-I1 were published. The
first series of experiments vere carried out by Toli et al .&3) In the
series of the experiments various phenomena associated with the standard
types of disruptions, i.e.. negative voltage apikes, development of MHD
activities with varicus mode number, sudden decrease of the plasma

temperature, and termination of the discharge were observed. The
authors calculated the width of the magnetic islands due to the tearing
mode instebility from the data of current profile evolution. They

insisted that the observed disruptions are classified into three types:
(1) soft major disruption caused by the overlapping of the wm=2/n=1 and
m=3,/n=2 magnetic islands, {2) soft major disruption caused by direct
contact of the m=2/n=1 magnetic island to the limiter, in which the
m=3,/n=2 magnetic island plays no role in the disruption process, and (3)
hard major disruption which is caused by a simultanecus contact of the
m=2/n=1 island with both the m=3/n=2 island and the limiter. From these
observations the authors concluded that the disruption phenomena in the
JIPP T-II tokamak were explained by the nonlinear saturation theory of
the tearing modes and insisted that it is important to suppress the
disruptions: (1) to obtain and maintain the desirable current density
profile, which is attained by adjustment of both gas puffing and current
ramping, and (2) to control the plasma position accurately. The second
series of the disruption experiments 1in the JIPP T-I1 tokamak were
carried out hy Tsuj124?. The author investigated the evolution of the
magnetic islands in a delailed manner by using a tomographlc imaging
method of the soft ¥X-ray signals. and concluded that an m=1,/n=1 mode
coupled with the dominant m=2/n=1 mede 1s responsible for the major
disruption. The disruption scenario 1s rather sophisticated and roughly
summarized as follows: (1) establishment of broad current profile by
accumulation of impurities. (2) growth of an m=2/n=1 mode. (3) nonlinear
growth of an m=3/n=2 mode, (4) occurence of a minor disruption, (&)
establishment of narrow current profile, (6) growth of an m=1,/n=1 mode.
(73 establishment of flat current profile, (8) growth of an m=2/n=1
mode, (9 phase locking of the m=2,/n=1 and m=1/n=! modes. (10}
asymmetric reconnection of the m=2/n=1 island, {11) occurence of a major
disruption.

Fxperiments by pufting emphasis on understanding the digruption
phenomena were also carried cut in Doublet ITI by JAERI teamal ). In
these experiments attaimment of low-g operation regime is the major
objective. For the ohmic heating plasma very-low-q discharge with g
less than 2 has not been realized because of the disruptions. Howvever .
the important operational conditions for achieving stable low-g (@2)
discharges are found as: (1) adequate selection of limiter material and
cleanliness of the limiter and wall, (2) precise position control, and
(3) slow ramping of the plasma current (1.5 MA sy and precisely
adjusted gas puff throughput during the ramping phase of the plasma
current. The remarkable feature of the disruption in this experiment 1s
that the disruptions occur for too small and too large gas puff
throughput. In the former case little radiative cocling at the edge due

__20_
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to the small throughput causes a high Ni impurity influx and 1in the
latter case the plasma edge is excessively cooled by the large
throughput and both cases results in disruptions. In the NBI heating
experiments very-low-g discharges with  q, as low as 1.D have been
realized®). In the experiment two cases with and without the NBI
heating at the current ramping phase were carried ocut and compared each
other in order to investigate the effect of current ramping on the
disruptions. The reason why the disruption is suppressed during the
current ramping phase with the NBI heating is not clearly understood but
it may be attributed to the change of the current and temperature
profiles during the NBI heating. It is important that the hard major
disrupticns are often observed in the very-low-q discharge with g less
than 2. It seems to contradict the observation in DIVA and the
disruption scenario based on the nonlinear development of the tearing
modes. However, the g profile near the plasma surface is very steep and
the ¢=2 resonant surface may lie in a scrape-off layer outside the
plasma surface®’. Therefore the mechanism of the disruption is still an
open question instead of the existence of the disruptions in a
very-low-g discharge.
{ii) Internal disruption

Phenomena concerning the effect of the finite beta value on the
internal disruption was observed in the NBI experiments in JFT-2. As
the poloidal beta value is increased the sawtooth oscillation of the
soft X-ray signal changes into continuous sinusoldal oscillations
(Fig.1.2.3.1)29), The change of the oscillational modes could be
attributed to the change of the purely resistive mode to the resistive
internal kink mode as shown later. In this case the boundary of the two
modes is understood as the stability boundary of the internal kink mode.

1.2.3.2 Theory
(i) Major disruption

There are several theoretical models to reproduce  the
experimentally observed major disruptions. Among them the models based
on the nonlinear tearing modes and the nonlinear kink mode are
investigated minutely by numerical simulation codes. The former model
relates the major disruptions in a plasma with profiles formed by edge
cooling and the latter relates those in a plasma with the safety factor
less than 2. The set of eguations of the simulation code based on both
the models is the reduced set@®) of the resistive MHD equations.

As for the nonlinear tearing mode evolution model several different
cases were numerically analyzed by Azumi and Kurita. Typical one of
them is the disruption scenario of nonlinear destabilizatiogﬁdue to the
overlapping islands with the m=2/n=1 and m=3/n=2 modesZ/-28)  This
scenario seems very plausihle because the typical phenomena of the major
disruption, 1i.e., the negative voltage spike, decrease of the plasma
temperature and extinction of the equilibrium due to the destruction of
the magnetic surfaces (Fig.1.2.3.2) can be explained successfully by the
simulation on an edge-cooled plasma. But as seen from the variety of
the experimental resulis this scenario cannot explain all the
disruptions caused by the edge-cooling. Growth of a single helicity
island with m=2/n=1 mode incorporated with transport process or the
phase locking of the m=2,/n=1 and m=1/n=1 islands in a toroidal geometry
are attractive explarations of this kind of major disruptiocns. We have
not, however, tried yet to find a set of parameters which causes the
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Fig.1.2.3.2(b)
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Fig.1.2.3.2 An example of the overlapping process of the magnetic
islands with the m=2/n=1 and m=3/n=2 modes. (a) the time
evolution of the magnetic islands, (b) the corresponding
stochastization of the magnetic surfaces caused by the
overlapping of the magnetic islands.
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major disruptions according to these scenarios.

The mechanism of the disruptions according to the low g stability
boundary was first proposed by Kademtsev and Pogutsezg} as a magnetic
bubble formation process and after that Rosenbluth et al. jinvestigated
the possibility by a numerical simulation of ideal MHD mods30). As they
were not able to give a decisive conclusion if the process does exist in
a realistic experimental situation in a resistive plasma Kurita is
trying to reproduce the disruption caused by the external kink wode by a
numerical simulation3l). This simulation _is hased on a
quasi-free-boundary technique propcsed by AzumiSt) in which the vacuum
region is replaced by an extremely high resistive plasma. A preliminary
result obtained up to now shows that a saturated elliptical deformation
and bubble formation are demonstrated for a plasma with the safety
factor just below and above 2, respectively /. This result suggests
that the disruptions may occur continuously when the safety factor cross
the resonant value 2, though the underlying mechanisms of the
disruptions before and after the crossing are different.

From the viewpoint of the kinetic stability analysis Ttoh el al.
studied the n=1 global modes comprehensively and obtained the following
result33) . The m=2 tearing mode is destabilized by the parallel current
and is stabilized due to the coupling with the drift branch when beta
value increases. The toroidal coupling further stabilizes the mode.
The stability of the mode suggests that the occurence of the major
disruption becomes infrequent if the beta value becomes high enough.
(11) Internal disruption

In order to interpret the suppression of the internal disruption
ohserved in a higher beta plasma stability analyses were carried out
from various viewpoints. First by using the ERATO code the linear
stability of the internal kink mode in high beta tokamaks is studied by
Tokuda et al. for FCT equilibria with circular and eliiptic cross
sections and aspect ratio of 315.34) (1) The stability of the internal
kink mode in a circular tokamak is investigated for low- (g, /qy=2.5 3 and
high—(q./qo=4 ) shear equilibria. The results are summarized on the
{qo.3p } plane (Fig.1.2.3.4). The unstable regions for the equilibria
with g./qp=2.5 and q./qp=4 are surrcunded by marginal stability lines
and it should be remarked that there also exists the second stability
region against the internal kink mode. (2) the stability of an elliptic
tokamak is studied. Though the n=1 internal kink mode in a plasma with
a circular cross section is marginally stable up to the first order of
the inverse aspect ratio, the mode is unstable in this order when the
cross section 1s elliptic. Therefore. an elliptic tckamak plasma is
considered to be more unstable against the mode than a circular
tokamak. The stability diagram of equilibria with ellipticity x=1.2 and
qs/qo=<.5 is presented.

Next, resistive internal kink mode 1is investigated as it seems
important 1in relation with the beta effect on the internal disruption.
The role of the internal kink mode in the plasma confinement 1is
considered as follows. For low poloidal beta the azimuthal component,
¢,. localizes in the narrow region around the g=1 surface, whose width
is much smaller than the resistive layer. For this case the unstable
mode is the pure resistive one. The nonlinear development of this mode
is ocbserved as the sawtooth oscillation in & tokamak experiments. As
the poloidal beta increases and the unstable internal kink mode has a
large growth rate, the localization width becomes wider than the
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resistive layer and this mode forms a saturated igland. This situation
is more likely in higher-shear and/or elliptic tckamaks. Nonlinear
simulation of the mode was carried out by Tanaka et al. on the basis of
a new reduced set of resistive MHD equations proposed by Azuml confirmed
the phenomenon qualitatively35)(Fig‘l.3.3.5). The heating experiment in
the JFT-2 tokamak -shows consistent results with our theoretical
analyses. It is not clarified if the resistive internal kink mode plays
an important role in the beta limit or confinement degradation. Further
theoretical studies based on various models are needed for the solution
of the issue.

Possibility of a drift tearing mode as an explanation of the
suppression of the internal disruption was also studied but extremely
large number of Fourier modes were required for a complete simulation
and establishment of a saturation state hag not been concluded yet31}.

1.2.3.3 Comparisons and conclusions

As for the major disruptions there are varioug experimental
findings and results of the numerical simulations. A mechanism of each
disrupticn is not, however, identified quantitatively and at present 1t
seems rather difficult to get from the simulation a set of quantitative
data useful for designing a new devices.

Internal disruption process is well understood and rather detailed
phenomena  associated  with the internal disruption such as the
suppression of the disruption in a high beta plasma are investigated
recently. As for this phenomenon the experimental and theoretical
results agree each other gqualitatively (Fig.1.2.3.1{d}).

1.3 R and D programs
1.3.1 On-going programs and expected advancements

1.3.2 Additional R and D needs

The limiting beta scaling seems to be established
phenomenclogically. But underlying mechanism of the beta limit 1s still
unknown, It is urgently required to clarify the mechanism, which may
give a guide line to attaimment of an unknown higher beta state.

In a gas puffing method, high particle recycling at the periphery
seems to be a key factor determining the density 1imit3%). As a central
fuelling method, pellet iInjection has been developed and demonstrated
the advantage of the central fuelling to obtain a high density and well
confined plasma37’38>. Further development of pzllet technclogy to get
higher speed will be required. Experiments on large tokamaks such as
JT-60 will give more relevant data in both methods. Few theoretical
vorks on the density limit are carried out. To clarify the density
limit of the tckamak plasma theoretical studies of the mechanisms and
scaling law of the density limit should be accelerated.

By suppressing the disruptions we can expand the area of the
operational regimes. For this purpose a well documented data base of
experimentally obtained data on the disruptions and theoretical
parameter survey by numerical codes based on various models are
necessary.
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06 08 1’q°

Fig.1.2.3.4 Stability diagram of the n=l internal kink mode. Solid and
broken lines denote the circular and elliptic {(k=1.2) cross
sectional plasmas, respectively.

(a) (b) (c)
Fig.1.2.3.5 Magnetic surface configurations in a saturated states for

{(a) The internal mode, (b) the resistive mode, and (c) the
resistive internal mode.
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1.4 Impact on INTOR design

Stability analyses of the infinite-n ballooning mode and n=1 kink
mode give a simple practical scaling law of 3. = éIp. Almost all of the
experimentally obtained beta values are less than the above theoretical
prediction. Therefore, it is reasonable to employ the above scaling law
for designing the INTOR. though the detailed mechanism of the beta
limitation is still to be investigated. According to the beta scaling
law it seems very difficult to attain the aimed beta value of 5.6 %
under the present design of the INTOR. The present designof the INTOR,
however, does not fully meke use of the information on the beta
optimization of the equilibrium. There are several possibilities, e.g.,
increasing the triangularity by employing a double null divertor
configuration, reducing the aspect ratio, and so on, to improve the
INTOR from the viewpoints of the beta optimization. In any case,.
hovever, considerable changes of the INTOR design parameter seem to he
necessary if the designed beta value of 5.6 % is required persistently.

In INTOR, an avrage density of 1.4x10%° w? is planned at B:= 5.56T
and R = 5.2 m, which corresponds to the Murakami parameter of
13x 109271 . This value seems to be feasible to achieve with egas
puffing method. Central fuelling with the pellet injection may be more
reliable method to get over the target density.

.72 8_
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2. Confinement
2.1 Physics design assumption and parameter (Phase IIA)

INTOR plasmas have their parameters with 5.3 m and 1.2 m of major and .
minor radii, 1.6 of plasma elongation, 10 keV of average ion temperatures,
1.4x1020 m=3 of average ion densities, 6.4 MA of plasma currents, 5.4 T of
toreoidal field, 124 MW of alpha heating power. Those parameters were
originally based on the INTOR(ALCATOR) scaling. Confinement pctential of
INTOR also strongly depends on the scalings cof confinement time, which widely
spread at present from Ffavourable +to unfavourakle scalings. Particle
confinement performance is alse crucial for helium exhaust, and ccool and dense
divertor operation capability. Helium concentraticn in a main plasma is
considered to be 5 %, and the cocl and dense divertor plasmas needs
considerably high particle flux into the divertor region of the order of 1022
/S, Such a particle confinement -potential also hinges on the scalings of
particle confinement time.

2.2 Data bhase
2.2.1 Energy ccnfinement
(a) Ohmically heated plasma

Fnergy confinement properties of ohmically heated plasmas in Doublet TIT
were compared for D-shaped and circular cross section plasmas with an
identical minor radius as functions of plasma current, electron density, and
vertical elongaticon under a wide range of discharge conditions [1].

Figure 2.1 shows the relation ( Tge <Ip> /(Bpl1+K(a/2)2]/2)e¢ Tge/q*) of
the electron energy confinement time Tge versus <hng> in the wide range of
plasma parameters shown in the figure, where 1.5 times neoclassical is used as
the ion energy confinement. <Ip> is the plasma current inside r=a/2. The
ellipticity X{a/2) is 1.0, 1.2, t.4 for discharges with K{a)=1.0, 1.4, 1.7,
respectively. Here, the dependence cf Tge on g¥ in the present expression is
similar to but slightly stronger than the dependence of Tg on ga* cobserved in
DIVA { Tg®<fle {ga*®) [2], and JFT-2 [3].

The vertical elongation of the plasma c¢ross section and the plasma
current are related to each other in the behavicr of gross energy confinement
TEeG, where TEeG:_fB/ZneTedV/Ile, and for Te=Ti, Trec 15 equal to Tg/2

(Fig. 2.2). The dependence of the gross energy confinement time on the
elongation and the plasma current is different in different electron density
regions. This behavior of the gross energy confinement can be explained by

the combination of the electron energy confinement Trpe proportional to
ﬁeq*(OC(ﬁeBT/Ip)(1+K2)/2) and the neoclassical ion energy confinement Tgj
proporticnal to Ipz/ﬁe [1], or by the combination of the low density Ohmic
scaling { Tg,oa~Te Va) and the L-mode scaling of beam-heated plasmas
{( TE,auxlp?/ <fAgT>) [12]. The high current operaticnal capability of
D-shaped plasmas produces a remarkable improvement in energy confinement in
high density plasma regions, because of the reduction in the heat loss due to
Te or Tg,nux. The highest Tg (75 msec) 1s cobtained for high current
D—shaped discharges.

In the low density regime, the gross energy confinement times of
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Ohmically heated plasma in DIVA, JFT-2, Doublet IIY, JFT-2M [4] and JIPP-T IT

[5] are almost same with that expected Dby nec-Alcatcr scaling
( TE=0.19%10"20AR2a) as shown in Fig. 2.3. TIf we use the medium g-scaling
(Trp~qg3/4) from results of DIVA ( Tz~ v§) and Doublet III ({ Tgp~q),

neo-Alcator scaling is changed to the following form; TE:10‘21q3/4ﬁR2a. a
centrifuge pellet injector was employed to produce and maintain high density
peaked preofiles with low edge recycling in the Doublet IIT tokamak [13].

In gas fueled divertor chmic discharges, the recycling and the neutral
pressure both at the edge and the divertor regicn, increase nonlinearly as the
density is raised above 4x10!2 cm=3. The energy confinement Lime saturates
near &0 ms (Fig. 2.4). TIn contrast to that, the pellet fueled confinement
times continue to improve with increased density. This is probably due to the
fact that in the pellet fueled discharges both the edge pressure and the
limiter recycling light are maintained at relatively low levels (Fig. 2.4)
and/or the successful density rise at the plasma center which has good
confinement properties. The "stairstep" ‘dincrease of fig is also observed in
the divertor configuration.

(b} Neutral-beam heated piasma

The neutral-beam heating experiments in Doublet III [6], JFT-2 [7], and
JFT-2M showed degradation {IL-mode} of confinement in cemparison to the ohmic
heating case, as shown in Fig. 2.5. Recently, H-mode discharges have also
been observed in divertor operation in Doublet III as well as in ASDEX.

The observation of the recycling particle flux intensity at the main
plasma edge for wvarious limiter and divertor discharges indicates that the
gross energy confinement of beam-heated discharges is c¢losely related to the
intensity of the edge particle flux,. In limiter discharges, the global
particle confinement time and the energy <confinement time show many
similarities: 1) linear Ip dependence for Ip<:600 kA; 2) no By dependence; and
3} deterioration as a function of the injection power. Improvement of Tg by
increasing Ip: for example, is asscclated with high temperatures in the plasma
edge region accompanied by reduced particle recycling (Figs. 2.5.(a), 2.6).

The divertor equilibria allow a wide variety of edge recycling,
depending on gas puff intensity, rotational transform of scrape-off field
line, plasma current, etc, Divertor discharges with low particle recycling
around the main plasma show better energy confinement than limiter discharges
at high plasma densities. The energy confinement time of these discharges is
proportional to ng (scales as INTOR scaling). The improvement in Tg stems
primarily from the reduction of heat transport in the main plasma edge region,
which 1is associated with the reduction of the recycling particle flux at the

main plasma edge., In certain conditions of operation, e.g. excessive cold gas
puffing, the discharge shows a relatively high scrape-off plasma density and
strong particle recycling between main plasma and limiter, The energy

confinement time o©f these discharges is scomewhat degraded, compared to INTCR
scaling, or even reduces completely to that of the limiter discharge.

In low-recycling divertor discharges, the central electron and ion
temperatures are proporticnal to the injection power, and the stored plasma
energy is proporticnal to nePaps (Fig. 2.7). With about 4 MW beam injection,
high temperature and high density plasmas were cbhtained {stored energy up to
280 kI, Te(0)=T;(0)=2.5-3.0 keV at ng=(6-7)x1013 cm—3, TE=70 msec).
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Especially with high power injection, the D-D thermonuclear fusion neutron
yield of the LR-divertor is larger than that of a limiter discharge by a
factor of as much as about eight. This suggests the importance of edge
particle recycling contrel, in particular, feor the thermonuclear breakeven
demonstraticon in the next generation tokamaks.

A high plasma current is important to realize high fig and low recycling
divertor discharges; it results in high fe TE. This is due to the better
particle confinement for higher Ip and the short connection length between the
main plasma and the divertor plate along the scrape-off field line, because of
lower (.

The present experiments indicate that, to realize a low particle
recycling state around the main plasma, it is important to prevent the
backflow of neutral gas produced in the divertor region. In this sense, a
clesed divertor configuration 1is more favourable than an open divertor
geometry. In the (mechanically) closed divertor configuration, however, there
may be a high density {best Tg) limit, which is probably determined by the
break of the low recycling state due to the formation of large particle
recycling near the narrow divertor throat, when the divertor scrape-cff plasma
becomes too dense, Optimization of the divertor eguilibria and divertor
throat width for clesed divertor geometry and application of the results of
Doublet III cpen divertcr geometry are important tasks to be embarked upcn in
the future.

Recently, the experimental results with high plasma current {1 MA) and
high power (8 MW) NBI heating with hydrogen and deuterium beam were reported
[14]. The central ion and electron temperature of H-mode discharge increase
almost linearly to the absorbed power up te ~7MW and attains more than 5 keV
as shown in Fig. 2.8. The amcount of energy stored in the plasma measured by
the diamagnetic loop increases almost linearly with the increase of absorbed
power as shown 1in Fig. 2.9. The volume averaged beam component of high NB
heating is estimated to be 10-20 % (at ﬁe=7—4x1013 cm—3) ., The stored energy
of a limitered discharges is still on the scaling Wgt=c(0.,5+0.4Pzphg) as we
reported before for NBI power of <2 MW [6].

The neutron production rate with a deuterium beam injection into a
deuterium plasma reached 1.0x1015 neutron/sec. Hydrogen beam inijection into
hydrogen plasma with 4-5 MW was also attempted, but no H-mode was observed,
The global energy confinement time 1is shown in Fig. 2.10 as a function of
plasma density. As shown in the figure, there is no data at low plasna
density with high confinement time.

The improvement of energy and particvle confinement in pellet produced
plasmas has been established in both ohmic and beam-heated limiter and
divertor discharges. The energy confinement is seen to improve with
increasing density, in contrast to the saturaticn found in gas fueled plasmas
i13].

While the confinement of pellet-produced beam heated plasmas
deteriorates with time and with increasing Dbeam power, a method of
interrupting the beams has produced sustained high confinement discharges with
suppressing pellet edge ablation, The enhancement of the ablaticn at the edge
by neutral beam is found to be responsible for the confinement detericration.
A simple model calculation shows that the lower energy components of the beam
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particles which are supposed to deposit at the edge may be important for the
edge ablation., The reduction of edge density and recycling seems to be a key
aspect of the improved confinement along with the peaked central densities,

Since the pellet-produced low recycling divertor discharges contradict
the merit of "dense and cold divertor [15]", the independent contrcl of
divertor plasmas might be important for pellet injectien in divertor
contigurations. The combination of the Iimproved confinement and the high
densities has produced a significant extention of the iy, Tg* diagram {(Fig,
7) for D-III. <The Lowson product fig(0) Tg* is increased by a factor of 3 to 4
in both limiter and divertor discharges, The neutron production rate has been
improved by a factor of 10 over limiter beam-heated plasmas of comparable gas
fuelled discharges, These results are very encouraging for large nondivertor
tokamaks that will rely heavily on neutral beam heating to produce energy
breakeven conditions.
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Fig. 2.9 Stored energy vs. absorbed power., (w ) H-mode divertor discharge, D
beam injection to D plasma, {¢) H-mode divertor discharge, H beam
te D plasma, (®) Limitered discharge, H beam to D plasma.

Ip=800—900 kA (divertor), 740-800 kA {limiter), Br=2.0-2.6 T.
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2.10 Glokal energy confinement time. The confinement time of good

diverter discharges increases as plasma density increases.
Bp=2,0-2.6 T, hydrogen beam injection into diverted deuterium
plasma. The energy confinement time during Bp increase is shown by
for one case.
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2.11 Comparisen of Te, Tg* plot between pellet and gas fueled discharges

for both limiter and divertor configurations with continucus beams.
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discharges. For gas fueled discharges, Tg* is calculated when

dw/dt=0,
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{c) RF-heated plasma

(ICRF)

ICRF heating experiments in DIVA [2a] showed a very slightly degradation
of confinement +ime (Table 1) that was obtained by measurements cf the
e-folding decay time of bulk ion temperature after the termination of rf pulse
and assuming that the rf power to electrons was negligeble. Experiments [$b]
in JFT-2 showed that the rates of deposited power to the launched power
obtained by assuming that the transport properties of the ohmic plasma did not
change during rf heating, were as follows; 1) 60-70 % for both case of
ny/np=2-4 % and 10 %, 2) 80-90 % for np/np=30 % case. Therefore, the
degradation of the confinement time are below 1) 30-40 % and 2} 10-20 %.

Recently, high power ICRF heating experiment has been performed in
two-ion-hybrid heating regime in JFT-2M [16].

The density dependence of the gross energy confinement time is shown in
Fig. 2.12. The gross energy confinement time and the total input power are
defined by Trg=W/Ptot and Prot=Prr+Ppoy, where W is the stored energy of the
plasma. In Chmic heating, Tgg has a linear dependence on the line averaged
electron density when the electron density is lower than 2.5x1013 cm-3, There
is also the s=ame tendency in the case of ICRF heating. Thus, the density
dependence cf the gross energy confinement time can be represented by
fie (1-0.083%e} with fe in 1013 cm—3, approximately.

The power dependence of the stored energy is shown in Fig. 2.13. In
order to eliminate the density dependence of confinement, we define W* by
Wk=W/[Ne (1-0.083N) . The figure indicates the degradation of Tgg in the
ICRF heating, but the degradation is not so large in this case as in the NBT
heating case. We can not conclude that the deterioration of the energy
transport or the radiatien cocling by the impurities causes the degradation of

Teg. Because there is a possibility that a part of the rf power is absorbed
in the peripheral region of the plasma. There is not a difference between
Ip=164 kA and I = 228 kA within the experimental accuracy. The Tp dependence
of the gross egergy confinement time as seen in NBI heating experiments can
not be observed in our two-ion-hybrid ICRF heating experiments and Chmic

heating experiments.

TABLE I. POWER BALANCES WITH AND WITHOUT RF POWER
Poy = 8BS kW, Py = 100 kW, €, = 5-10%, By = 18 kG

W, W) Qi TEe TEl

Without RF
141 951 20 kW 2.2 ms 4.8 ms
’ r 1 T £ |
We Wy Qe TEe TEL Qkr Qgrr Te ™
With RF
581 1513 IKkW <1.9ms 3.7 ms 1 38 kW 1 ~ 40%
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Figure 2.14 shows the ICRF heated discharge in JTPP-T IIU [17]. The ion
cyclotron resonance layer is located at about a half of plasma radius, and the
hybrid resonance layer exsists in a central plasma region, The central
electrten temperature guickly increases to about 2.0 keV after about 5 ms and
slowly decreases with a large sawteeth modulation, while a central deuteron
temperature (Tpe) increases slowly with a rise time of about 20 ms, consistent
with the D-D neutron emissicns. The value of S (= Bp+li/2) from a magnetic
measurement appreciably increases although the plasma current is increased.
Values of 1li and Bpe {electron component) are estimated from a magnetic
diffusion equatien using the observed Te (Fig. 2.14(p)) and ng profiles. The
stored energy estimated from Bp (=S-1i/2), Bpe, and Bpi (= Bp- Bpe)
continuously increases during rf pulse. We alsc show the time evolutions of
the stored energy (Wyp, Wpe and Wpi). ohmic input (Ppog) and glcbal energy
confinement time ( TEG=Wp/{POH+Prf—Wp)). The confinement time Tgg increases
with ne, and approaches to the value expected from the chmic scaling in the
quasi-steady state. The Iincrease in Wpe in time is caused by the broadening
of Te profile and increase in Te rather than a significant heating at the
center. In Fig. 2.14(c}), we show AWp, neATeo and ngATpe as functions of Prf,
while TgATee and TeATpe do not exhibit a linear dependence of Prf. This
suggests the radial profiles beccme broad with the ingcrease in Pyf asisted by
GP and CR. .
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Fig. 2.12-13 The density dependence of the gross energy confinement time

TEGg=W/Ptot is shown in Fig. 2.12 where W is the stored energy of
the plasma and Prot is the total input power of the Ohmic heating
power and the net input power of the TICRF. The density
dependence of TEg can be represented approximately by
Ng13(1-0.083ne13) with Tey3 in 1013 cm-3, The power dependence
of the normalized stored energy W¥=W/[ns13(1-0.083Nx13)] is shown
in Fig. 2.13 in the cases of Ip=228 kA and Ip=1e4 kA.
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{ECRH)

Cverall electron energy confinement time Tge is obtained from a simple
power balance equation and expressed as

We

Fe = ,
Py + Pe,rf — Pei

Here, We denotes plasma energy of electrons Pg,rf deposited rf power to the
electrtons and Pe; power to the ions from electrons. Pe,rf 1is written as
Pe,rf= Prf where Prf is a net rf power. We take 1 as 100 %, which gives the
lowest estimation of the energy confinement time. The calculated confinement
time of Joule plasmas Tge,j and that during rf Tge,rf 18 given in Table
2(a), (b). The energy confinement time during rf is not worse than that of
the joule plasma.

Trpe 1s also obtained from rise time or fall time of the electrton

temperature. The result was 4-5 msec for during rf. Thus there is a good
agreement in Tge from these estimations {10].

Table 2 Electron energy confinement time, (&) without rf, ({(b) with rf.

(a) n, (0) T, (0) v, I, Py T es Pei " [Ce.;

(10l %cm™ ) (ev) (V) (kA (kW) (msec) ( kW ) ( J )fimsec)

S 700 1.4 7s 105 42 3.2 190§ 1.9

10 6§00 1.4 75 105 17 13 120 | 3.5

LS 500 1.5 75 113 8 10 400 4.8

20 500 1.5 75 113 6 53 sy0f 8.8

(b} n_ (0} T Do Vo Vore To Py Tei Pei ¥ Pref T e, rt
(10 2cm ™| (ev) (V) (kA) (KW) (ms) (kW) (J) (kW) l[(ms)

12 N 240 3.5 2.0 1.1 75 B0 41 12 610 85 [M.0
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2.2.2 Particle confinement
(D-ITT)

Figure 2.9 shows Tp versus the plasma current for ohmically and
beam-heated discharges. Since T1p depends strongly on ng in  limiter
discharges, we studied Tp versus Ip at constant fie (=(4-5)x1013 cm=3).  The
fiture shows that Tp decreases with beam injection: 18-24 msec (Ohmic) to
. 7-18 msec (NBI}). This means that edge particle recycling is enhanced with
peam indjection by a factor of 1.4-2.8 with respect to the chmic heating level,
The important feature is that Tp is preporticnal te Ty for beam-heated
plasmas. This is consistent with the observatioen that the density clamps with
beam injectien into limiter discharges, i.e. the density clamping is stronger
for smaller plasma currents of Tp< 500 kA [6].

(JFT-2)

Time Tp and the trapping efficiency were measured 1in various
conditions. The results of particle confinement measurments are shown in Fig.
2.10. Here, we have assumed that Tp= /Jane, which was confirmed in the DIVA
tokamak; Tp 1s plotted against J/Gafle From this relationship, it is shown
that, with injection, Tp levels off slightly as ccmpared with the Ohmic
heating case. The maximum reduction of Tp during the injectien is 20 to 30
%. No appreciable difference was found between co~- and counter-injection as
far as the reduction of 1Tp is concerned, although no many cases were taken

with counter-injection [11].
2.2.3 Momentum confinement

The toroidal rctation spezed was measured in a series of discharges by a
spectrometer with wavelength shift of OVIIT lines on a NBI beam wpath [14].
For a constant value of plasma density and heating power, the peak rotaticn
speed just before the onset of Hy PD has a linear correlation with the icn
temperature as shown in Fig. 2.17.

The rotation speed measured by the Doppler system is consistent with the
toroidal phase velocity of the Bp fluctuation. The points at high Tji({0)
correspond to the H-mode discharge and the lower Tj(0) to the L-mede dishcarge
pecause the points shown in Fig. 17 are for almost the same heating power.
Data for limitered discharges are also plotted on the same line. This
suggests that the phenomena, at least in the central region of the plasma, are
continuous from limitered discharges teo H-mode discharges. Discharges with
good confinement have a large rotation wvelocity, suggesting a close
relationship between energy confinement and momentum confinement.
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2.3 R and D programme
No contributicn
2.4 Impact on INTOR design and R&D needs

According to the data base described in the preceding sections, the
energy confinement properties of INTOR are estimated as shown in Tig- Tg
diagram of Fig. 2.18.

That is, the grokal energy ceonfinement time of Chmically heated plasmas
with gas fueling follows as neo-Alcator scaling in the low density regime and
saturates in the higher density regime. Using the interpretation of the
reference [121 for this saturatiecn, the c¢haracteristic density Tng 1is
propertional toc the guantity J4B7/Rg v7T. Since the TNg-value of INTOR is
nearly egual to that of D-IIT for the same g JT, the ne- Tg diagram of INTOR
iz similar to that of D-III as shown in Fig. 2.18. Therefore, the wvarious
confinement times of INTOR at the electron density of 1.4x1014 cm=3 are
estimated as follows;

Tg,on for gas fuelled Ohmic plasma ----————==m———=——=- 1.2-1.6 sec

Tg,{L-mode) for gas fuelled limiter plasma —-—-——=—-——- 0.7-1.0 sec

TErD(H—mode) for gas fuelled divertcr plasma

Tg,p(P-mode] for pellet fuelled limiter plasma -—-- 1.4 sec

Tg,p(H-mode] for pellet fuelled divertor plasma

However, the data base in the high density regime of 0.9-1.4x1013 cm-3
is not sufficient for exact extrapolation. In D-III, the high power heating
data in this regime have not been realized by this time, and also the Murakami
coefficient of INTOR is larger than that of D-III. Therefere, the confinement
properties in this regime have to be studied in the future, At last, the

degradation of the confinement time in the ICRF heating is better or, at
least, not larger than that in the NBI heating.
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3. Neutral Beam Heating and Current Drive
3.1 Current INTOR plasma design assumptlons and parameters

High temperature plasma of Te(0)~ 5 keV and Tj(0)~ 5.5 kev are producted

at ngz6.5x1013 cm=3 with ~ 8MW NBI heating in Doublet TII r11. Heating of
the INTOR plasma to ignition conditions seems feasible using neutral beam
energies achievable with positive-ion-based technology {(150-200 kevV per

deuteron) . In the present INTOR design concept, the bulk heating system is
ICRH, with NBI specified as the backup.

3.2 Data base
3.2.1 Neutral beam heating
3,2.1.1 Experimental status

JFT-2 was shut down in June 1982 after 10 years operation. A 2-MW
neutral-beam injection (NBI) system and a 1-MW ion cyclotron range of
frequency (ICRF} system were ingtalled on JFT-2., The injectors are run in Hop.
The NBI system consists of a co- and a counter~injector with an injection
angle of 36° with respect to the plasma axis. Each beam line provides an ion
beam of 65 A at 40 kV and species mix is 60 % Hy*, 30 % Hpt and 10 % H3z*. 1In
the last phase of JFT-2 Experiments, the effects of intense heating with
neutral-beam injection on transport processes were studied, and the fcllowing
results obtained [2,31: (1) Typical global energy confinement time is about
10 ms in beam-heated discharges of 0.3 to 1.7 MW, and abkout 20 ms in only
Ohmically heated discharges under optimum conditions. The ¢gleobkal enerdgy
confinement time in beam-heated plasma depends weakly on the plasma density
and the toroidal magnetic field, but increases with plasma current, Up to a
power level of 2.2 MW (1.7 MW NBI and 0.5 MW ICRF), the increase in poloidal
beta is roughly proportional te the net input power. {2} The glcbal particle
confinement in beam-heated discharge is 20-30 % lower than for Ohmic heating.
(3) The density clamp observed during beam heating is due to decreased
recycling of neutrals from the plasma boundary. (4) In the case of the two
beams, 1MW co-beam and 1 MW counter-beam, the increment of poloidal bketa is
additive. The torcidal plasma rotation induced by the momentum input
associated with NBI is unimportant in transport processes. (5) MNo rapid
impurity accumulation occurs during counter-injection, (6) Sawtooth
oscillations change into the continuous mode when Bp exceeds a critical value

(41.

At present, tokamak experiments are carried out on JFT-2M [5], which
went into operation in April 1983 with NBI and ICRF heating experiments just
started, and DIII, a jeoint Japan~USA experiment,

The NBI system of JFT-2M consists of a co- and a counter-injection with
an injection angle of 38° with respect to the plasma axis. Each injector is
capable of delivering 1.2 MW to the plasma for 200 ms at a source voltage Ep
of 40 kV and species mix is 72 % HyT, 22 % Hpt and 6 % H3z'.

The NBI system of DIITI is designated to provide substantial auxiliary
heating to a high density (A~ 1x1014 cm=3) non-circular cross-section plasma,
Near-perpendicular injection at approximately 27% to a radius vecter at the
plasma centerline, tocgether with high energy hydrogen beams, is used to ensure



JAERI-M 85080

substantial heating of the plasma core. Each ion source, when cperating at a
nominal 80 kV extraction voltage, delivers a beam whose approximate species
mix is 60 % Hqt, 30 % Hot and 10 % H3* to a close-coupled neutralizer [6]. 1In
DIII, energy confinement of beam-heated divertor and limiter discharges has
been studied, and the following results obtained [7]: Observation of the
intensity of the recycling particle flux at the main plasma edge for various
iimiter and divertor discharges indicates that the gross energy confinement of
beam-heated discharges 1is closely related to the intensity of the edge
particle flux. In limiter discharges, the global particle confinement time
and the energy confinement time Tg show many similarities: 1) linear Tp
dependence at Ip< 600 kA, 2) no By dependence, and 3} deterlioration against

injection power. Improvement of Tg by increasing Ip, for example, is
associated with high temperatures at the plasma edge region accompanied by
reduced particle recycling. Divertor discharges with low particile recycling

around the main plasma show better energy confinement than limiter discharges
at high plasma densities. The improvement of Tg is primarily originated in
the reduction of heat transport at the main plasma edge, which is associated
with the reduction of recyeling particle flux at the main plasma edge. Under
certain operation condition, for example, excessive cold-gas puffing, the
discharge shows relatively high scrape—off plasma density and strong particle
recycling between the main plasma and the limiter. The energy confinement
time of these discharges degrades somewhat or reduces completely to that of
the limiter discharges. In low-recycling divertor discharges, the central
electron and ion temperature is proportional to the injection power, and the
plasma stored energy are proportional to NgPabs (Stales INTOR scaling). With
4 MW beam injectien, high-temperature and high-density plasma were obtained
(stored energy up to 280 kJ, Te(0)= T{(0}= 2.5-3.0 keV at Eefz(6—7)x1013 am~3,
Tgx 70 ms).

The first ohmic experiment on JT-60 is scheduled in early 1985, Plasma
heating experiments with NBI of 20 MW and RF of 10 MW will be initiated in
late 1986. One out-standing feature is the achievement of 100 kv, 70 A, 10 s
proton beam with a proton ratic of 90 % [8].

3.2.1.2 Theory

a) Theoretical modelling and calculations _of neutral beam trapping,
penetration, thermalization

For the understanding of NBT heating experiments, both theoretical [9]
and numerical 110] (Monte-Carlo) codes to calculate neutral beam trapping and
penetration have been developed. The time dependent power deposition profiles
[11] are derived by using simple description of the local beam power fractions
derived by Stix. Detailed non-time dependent beam power deposition [12] is
derived by an orbit following Monte-Carlo code. 4 new code which is
time-dependent orbit following Monte-Carlec code is in progress [13]. Another
kind of orbit fgllowing Monte-Carle code to derive the spectrum of charge
exchange neutrals which enter into a diagnostic port has been developed to
analyze diagnestic results [14].

b} Decay of Poloidal Rotation in a Tokamak Plasma

A relaxation mechanism fer the externally excited radial electric field
in a teokamak plasma is investigated in the "banana™ regime [15]. It is shown
that the damping time scale is of the order €3/2/V jiq2, where £ is the
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inverse aspect ratio, Vii the ion-ion collisicn fregquency, g the safety
factor. The plasma in a tokamak is found to have a large effective dielectric
censtant by a factor g2/ €2. The decay of the radial electric field due to
toroidal-field ripples in tokamak systems in the banana regime [16]. The
characteristics decay time of the field Ey becomes several tens of
milliseconds for typical plasma parameters of a tokamak (n=5.5x1013 cm—3,
Ti=10 kev, g=2.5, €=0.25 and §¢=0.,002), where 2 § (r)By represent the
magnitude of the field ripple on the magnetic surface r = constant. This
value sceems +to be short encugh to neutralize the radial electric field
generated during the beam injection heating of the plasma.

3.2.1.3 Comparisons and conclusion

The role of scrapes-off and/or boundary layer on plasma confinement in
beam-heated discharges was discussed [17,18]. The density clamp phenomena is
explained by the following mechanisms., A relatively large amount of injected
power is deposited around the plasma boundary and increases the plasma

boundary temperature, compared with the Chmically heated discharge, The
increase in sheath potential decreases the reflection coefficient of the
incident ion flux onto the wall (or limiter). In addition, the low

temperature neutral gas via the gas puffing is ionized near the plasma
boundary, including the scrape-off, because the ionization rate of hydrogen

increases with the temperature in the range (Te< 100 eV). Thus, the density
clamp occurs. To overcome the density clamp, the intense gas puffing is
necessary as above mentioned. The cooling effect due to low temperature

neutrals is much less than for Ohmically heated discharges, and the boundary
temperature is still high encugh to ionize the low temperature neutrals,
because the birth profile of fast ions depends on plasma profile and the large
amount of the injected power is deposited around the boundary, including the
scrape-coff, Thus, broader density profiles are inevitably obtained in high
density regions. At the same time, the scrape-off density in bkeamn-heated
discharge becomes much larger than for the Ohmically heated dischaxges. The
higher plasma density at the plasma boundary region increases the depositicn
power near the boundary and thus decreases the deposition power of the plasma
center. Thus, the density profile control may be one of the key factors in
improving Tg in beam-heated discharges.

By solving the energy balance eguations, the electron thermal
diffusivity XeNBl is estimated for experimental data from the JFT-2 tokamak
with neutral beam injection heating [19]. Heat deposition profiles from fast
icns to bulk electrons and ions are calculated in detail by an orbit-Monte
carle code including a scrape-off plasma. The increase in density and
temperature near scrapénoff layér iz supposed te worsen the deposition profile
and the estimated ¥oNBI is two to three times that in the Ohmic case without

additional heating.

on the other hand, in DIII, density profiles of beam heated discharges
are investigated for low- and high-recycling divertor discharges as well as
for limiter discharge [7]. The large variation appears 1n the edge region.
The existance of a substantial edge plasma density for high-density limiter
discharges was found.. In Doublet III NBI conditions (near-perpendicular
high-energy hydrogen beam injection), the Dbeam power deposition at r< 0.ba
changes less than about 10 % for the ne profile variation shown . here for the
divertor and limiter discharges with the same Ne. The change in the power
deposition profile is, therefore, not responsible for any change in energy
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confinement time with different discharge conditicns but the same ne.
3.2.2 Neutral beam current drive
3.2.2.1 Experimental status

There is ne investigation of tokamak current drive using neutral beams
in Japan. Only in Heliotron E [20], the experiment of neutral beam current
was done. Induced torcidal plasma current flows in the same direction as
neutral beam. Component of beam induced plasma current is 1.1 kA under
neutral beam injection of 1 MW (28° indjection, Pabg=0.5 MW) and chserved
terocidal plasma current should be composed of two origins, beam induced
"ohkawa" current and the diffusion-driven necclassical "bootstrap" current,

3.2.2.2 Theory

A current drive scheme based on combining neutral beam-injection and
ICRF heating is investigated [21}. The neutral beam injection mainly supplied
toroidal momentum and is sustained by ICRF wave heating, The current 1is
generated with sufficient efficiency and can sustain the tokamak plasma in a
steady state. In addition, the current-drive scheme without beam-ions
injected by NBI, instead, with alpha-particles produced due to the fusion
reaction is investigated [22].

3.3 R and D programmes
3.3.1 On-going precgrammes and expected advancements

a) Cyclotron instability due to neutral-beam-injection

In the JFT-2M tokamak, a neutral-beam-injection (NBI) method to modify
the distribution function f(¥) in a velocity space of injected beam particles
in a tokamak plasma has been developed. The method, multiple-short-pulse
method, is characterized by the repetiticn period ty and the pulse length t7,
and is expected to be a useful tool for the detailed investigation of slowing
down process of injected beam particles [23] and of NBI effects on plasma

confinement. We have excited waves with this method in the ion-cyclotron
range of frequencies (ICRF) [24] due to beam-plasma interacticns by an
controllable manner [25] (Fig. 1). The thecretical analysis [26] has shown

that the high energy beam particles can excite the Alfven wave eigenmodes 1in
the ICRF if the beam density exceeds a threshold and that the excited wave may
contribute to the nonclassical energy transfer from the beam particles to the
bulk plasma particles, It is very important to clarify the role of the
excited wave on power balance in tokamak plasmas and the effects on plasma
confinement.

b) Simultaneous heating of NBT and ICRF

In the JFT-2 tokamak, significant plasma heating is observed with
simultaneous NBT and ICRF heating. With a net power of 2.2 MW (1.7 MW NBI and
0.5 MW ICRF) into Dt plasma at a plasma density of 6x1013 cm—3, the central
ion temperature increases from 0.4 to 1.4 kev [2]. 1In the JFT-2M tokamak,

simultaneous heating of NBI and ICRF has been also performed [27]. A
theoretical analysis of ICRF wave heating in & plasma with neutral-beam
injection (NBI) is performed [28], Wave propagaticon and absorption are
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examined kinetically in the presence of a high-energy ion beam component, The
following findings are reported: 1) the wave coupling efficiency does not
deteriorate by the beam; 2) co-operative heating is to be expected, and 3)
selective heating of high-energy ions is possibkble.

) Role of particle-wave interacticn in the beam-heated H-mode discharges [29]

The energy confinement time cf ICRF heated plasma in limiter discha¥rges
is better than that of NBI heated plasma, if we take account of energy loss
due to impurity radiation. Experimental results cbtained in JFT-2M show that
time behaviors of toroidally averaged main chamber Hg /Do line radiation and
line averaged plasma density during ICRF heating are similar to those of
beam-heated H-mode discharge obtained in ASDEX and DITI. Theoretical analysis
[26,30] have shown that the wave iIn the ICRF can be excited owing to
anisotropic non-maxwellian energetic icns in tokamak configuraticns., In fact,
we have excited the waves in the ICRF due to beam-plasma interaction [zs}.
There is some evidence for particle wave interaction during the beam heated
H-mode discharge [31]. These studies suggest that it is important to clarify
the role of excited wave in the ICRF on plasma particle confinement and the
energy confinement in beam heated H-mode discharge.

d) Development of negative ion source

out of many methods to produce negative ion beams, volume production
method [32] is the most attractive one, because this method needs no cesium
handling and the structure of the ion source is simple enough to scale up, AS
a first step of the development of negative ion source, at JAERI, the yield of
volume produced H™ ions is investigated in several configurations of multiple
line cusp plasma source as function cf plasma density, gas pressure, electron
temperature and other ocoperating parameters [33]. &t cptimum conditions, H~™
ion beam with a current density of 12 mA/cme is extracted at beam energy of 10
keV for 0.2 s.

3.3.2 Additional R and D needs

The impurity problem 1is very severe during ICRF heating, especially,
with second harmonic rescnance heating method [27]. The investigation of
impurity control during ICRF heating has just begun [34].

on the other hand, the reactcr grade plasma has been succesfully
obtained in DIIT with high power neutral beam injection [11. Continued
support of the negative ion development program [33] 1s needed even if the
bulk heating system for INTOR is ICRF.

For improvement of heating efficiency of NBI, the development cof various
kinds of NBI techniques (for example, multiple-short-pulse injection [251,
changing beam energy within a pulse [33] and so on) is necessary.

In the JFT-2M tokamak, we have excited the Alfven wave eigenmode in the
ICRF due to beam-plasma interaction in a controllable manner [25], Magnetic
compression heating may invert the velocity distribution cof alpha particles
and lead to the possibility of exciting velocity space instability [35]. More
detailed experimental investigation is necessary to clarify the role of
beam-driven instability on plasma confinement and enerdgy balance in tokamak
plasma.
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4, Operation Scenarios
4.1 Physics design assumptions and parameters {(Phase Two A)

The INTOR operation scenario is drawn in the following figure. The
maximum loop voltage available for plasma formation and current initiation is
35 Vv and the provision has been made for 10 MW of electron cyclotron heating
to assist current rise and to minimize the volt-seconds needed in the initial
phase. & duration of the Ohmic heating phase of 10 s appears to be
reasonable. Heating teo ignition in 15-20 s by 50 MW of ion cyclotron wave
power is now the reference option. The length of the burn phase is maintained
200 s, which is about a fifth of the global skin time in INTOR . Both of the
cooling-down time and the current ramp-down time are also 15-20 =, while the
dwell time is chosen to be 20 s.
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4.2 Data base

Detailed operation scenaric of INTOR seems difficult now to be credibly
specified. From experimental experiences on JFT-2 and JFT-2M, some comments
are presented. They comes from medium size tokamaks, but furthermore
informations will be taken from the large tokamaks such as JT-60.

Vacuum ceondition

on JFT-2 [1] and J¥T-2M [2], the chamber wall and limiter are cleaned
with TDC and gettering with titanium. To obtain a stable and clean plasma,
the vacuum condition is a key factor. Judgement on whether experiments can
start or not is partly based on the mass analysis data during TDRC, that is,
the production rate of M/e = 18 should be less than 10-4 Torr 1/sec. On
INTOR, the measure of vacuum conditions must be also necessary and it must be
solved that what method is applicable for wvacuum conditioning, what
measurement is appropriate and how to decide the critical value.

Plasma production and control

Some comments on fundamental items to be sclved are givern,
a) Plasma current control

In the breakdown phase of JFT-2, pre-ionization with ECRH decreased the
breakdown voltage to about half value of that withcut ECRH [3]. The
calculated inductive part of loop voltage agreed well to the measured one, So
with a sufficient pre-ionization such as ECRH, plasma current may be built up
easily with comparatively low locp voltage correspending to the inductive
part. After the breakdown, plasma current is planned to be raised with a rate
of 1 MA/sec. This rate is not so high in comparison with results in JFT-2M
and D-III. But the problem of current rise rate will be solved in JT-60 with
a movable limiter. Before plasma current reaches near gq=3, severe mhd
instabilities may not appear. Because kink instabilities of higher than m/n =
3/: mode have only a small growth rate, Therefore in the first phase, plasma
current can be raised up te values between g=4 and g=3. But near g=3, kink

instability of m/n=3/1 and dangerous tearing mode of m/n = 2/1 will be
excited., Here, careful control of plasma parameters to overcome this barrier
may be required, such as plasma density, plasma position and so on, In

JFT-2M, initial current is raised with the rate of 1 MA/sec up to g=3.,5, then
plasma density is ramped up enough under nearly constant plasma current, Then
rising rate of about (.5 MA/sec 1s now necessary +to run through the g=3
barrier. Key factors to overcome the barrier seems to be comparatively high
density, clean plasma and moderate current rising rate. The barrier of g=2 is
too hard to overcome [4,5]. But there is a wide accessible region between =2
and ¢=3, soc plasmae current setting higher than 6.4 MA will be possible in
INTOR.

To obtain a stable high beta plasma, current profile control may be cne
of necessary techniques, Up to now, sufficient experimental data are not yet
cbtained. This is one of important R and D items.

b) Position control

Position of ocutermost magnetic surface is estimated from varicus
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electro-magnetic measurements and checked by the simulation code on plasma
equilibrium. If a reliable monitor of the position is established, feedback
control system should work according te reference command, In this region,
many experiences have been stered and necessary technologies have been
developed.

Here, one residual problem is control of the vertical instability. ©On
D-ITII, capability of non-circular plasma to obtain a high beta plasma has been
demonstrated and elongation of 1.8 was achieved [6]. On JFT-2M, elongation of
1.5 was also accompiished. But capability of wvertical position control
depends on the passive stabilization effects of vacuum chamber, peloidal coils
and so on. Therefore it depends on the passive stabilization effects of inner
compositions in INTOR that whether a stable divertor plasma with elongation of
i.6 can be obtained cr not.

c) Shaping control

Control of plasma shape is conductd with adjustment of poloidal coil
currents, which is reduced from the equilibrium simulation. Here, it seems
not to be necessary that the same elongated plasma shape is maintained
throughout & duration time. Especially in the initial build-up phase, nearly
circular plasma setting may be a safety choice. Then, a desired plasma shape
can be established easily. on JFT-2M and D-III, this method is used to
control the plasma shape from a circular plasma to a D-shape plasma or to a
divertor plasma.

d) DPensity Control

Controllable regicn of plasma density is determined by the density limit
coming from the major disruption. The density limit depends strongly on
cleanliness of plasma, because large radiation loss power triggers the major
disruption, So a good meonitor in density control is radiation loss power by a
bolometer., One method to contrcl rlasma density is the gas puffing with the
piezo-electric valve and ancther one is the pellet injection. If there is
prepared a reliable density monitor, feedbkack control of the density may be
better than the pre-programming control. Because gas injection rate to get a
desired density depends on the recycling rate and the particle confinement
time. But in scme conditions, intense gas puffing erhances the mhd
instability or degrades confinement property, so careful control may be
reguired. The pellet injecticn has demonstrated the advantage of central
fuelling to obtain a higher density and good confinement [7,8], but more
development in pellet speed should be required.

e) Heating control

As a main heating method, ICRF heating and NBI heating have been
developed and a high beta plasma was demonstrated with NBI heating [2]. In
heating control, not only input power control but centrol of a high beta
plasma are reguired. Input power centrel in NBI heating is roughly
independent on plasma parameter, so it may be easy with a multi-injection
system., But in TCRF heating, the loading resistance depends on electron
density, complicate contrel will be necessary. Though ICRF heating has
merits such as high heating efficiency and well developed technology, but
there was the problem of impurity contamination. Now adjustment of k spectrum
by changing phases among antennae is found to be useful methed to suppress
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impurity release [10]. Further experiments of high power ICRF heating to
obtain a high beta plasma may be required.

Control of a high beta plasma with good reproducibility 1is not vyet
established and experiments to get higher beta plasma is under way. Control
techniques on current prefile or pressure profile must be develcped.
Furthermore scome way to the second stable region predicted from the theory
mast be found cut.

f) Shut~down

Shut-down of plasma is an inverse process of start-up. So scoft landing
of plasma is not so difficult. First, heating power is diminished together
with density decrease. Secondly, plasma current is guenched with density
decrease. Through this shut-down process, the density must be kept within the
density limit, and plasma positicn must be contreolled in the same manner at
the start-up. Recovery of magnetic energy and fuel and so on are out of
scope.

4.3 R & D programme

In JFT-2M, many experiments are planned such as high power ICRF heating,
current drive by LH heating supported with ECRH, pellet injecticn, poloidal
divertor and sc on. In J7T-60, more relevant information on operation scenaric
will be obtained in near future.

4.4 Impacts on INTOR design
No contribution
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5. Burning plasma
5.1 Physics design assumptions and parameters (Phase Two A)

INTOR plasmas in a burn phase are self-ignited with 10 keV of average
temperatures, 200 s of a burn peried. Ignited plasmas in such a temperature
range need some burn controls. INTOR workshop has continuously assessed
several burn control schemes from Phase Zero. Some schemes seem promising,
however, the final decision has not been made at present, Toroidal ripple
effects on alpha particle confinement have also been evaluated in the workshop
BEvaluations of the alpha particle loss induced by the ripple have not been
converged yet. The present limit of the ripple value is 1.2 %,

5.2 Data base
5.2.1 BAlpha confinement and thermalization

Ripple loss

The energy loss fraction of alpha particles is less than 1 % of the
total fusion power of charged particles in an axisymmetric tokamak reactor
with the plasma current above 6 MA, if the plasma pressure profile is not so
flat and the relaxation process cof suprathermal alphas is classical.

The loss of alphas is mainly due to the ripple of torcidal magnetic
field. This ripple loss was studied in detail by means of an orbit-following
Monte-Carlo code [1]. Collisionless ripple loss processes of suprathermal
alpha particles are numerically investigated and the results agree fairly well
with the theoretical prediction [2]; a trapped alpha particle, whose pitch
angle [ is less than (. and banana tip 1is located in the region of the
ripple & larger than &g=[( TNga)3/2 0g']-1, is lost due to the collisionless
stochastic orbit, where N is the number of torgcidal coils, ¢ the safety
factor, A the aspect ratic, P the gyroradius, and the maximum ripple d&g is
at the outer side of the torus. Aalthough the initial energy of charged fusion
products is  very high, collisional effects, slowing-dcwn as well as
pitch-angle scattering, are very important for the estimation of their
ripple-enhanced particle and power losses. The ripple-enhanced banana drift
dominates the loss process of alphas. The diffusion coefficient for
stochastic loss particles with pitch angle [ < [ is roughly estimated as

DR~ N(aa) (p )2 (v/ar)

and the diffusion coefficient for confined banana alphas with pitch angle
L » Lo is approximately given by

B
P~ P @mZ(pHrc v,

where R is the major radius and V is the 90° scattering freguency of alpha
with plasma ions. For the INTOR-like plasma parameters with g ~1 %, DCB of
3.5 MeV alphas is of the oxder of (.1 m2/s, which is much larger than DNC
(axisymmetric neoclassical diffusion) and much less than DR, The
ripple-enhanced power loss for Sp=1 % is about 10 % of the total fusion power
of charged particles, The effect of ripple on particle loss is very important
not onily for energetic but alse for slowed-down alphas. The fraction of
particle loss is about 1,5 to 1.8 times as large as that of power loss for
0.4% < 83 < 1.5%. The wall heat load due to loss alpha particles is localized,
and its peak value reaches the order of 1 MW/mZ if d&p exceeds 1 %. This
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investigation showed that there is a pessibility of realizing the design of
tokamak reactcers with a realistic field ripple of §g~1t %, permitting 10 %
power loss of alpha particles.

Anomalous transport

above results are obtained by assuming that the relaxation processes of
alphas are classical. Alpha-driven Alfven modes may cause an anomalous energy
transport from alphas to bulk icns, The wvelocity inversion of alpha
distribution, however, does not appear in an INTOR-like reactor,

Perturbations of magnetic fields and electric fields due te ballooning
mode instabilities can enhance the radial loss of alpha particles. ICRF waves
in the additional heating phase can affect the alpha confinement and
thermalization. It is reguired to clarify these anomalous transports.

Alpha current drive by TICRF waves

A current-drive method based on the interaction of fusion preducts
{alpha particles) with ICRF waves was proposed [3]., A theoretical scaling law
is obtained and confirmed by numerical simulations. A two-dimensicnal
Fokker-Planck code is used to evaluate current-drive efficiency and induced
current for the scheme. Calculations are carried out taking into account the
spatial profiles of the density and temperature as well as the presence of the
particle orbit loss region in a tokamak, It is found that the current induced
by the scheme may sustain tokamaks in steady state. The code can also be
applied to check a current-drive scheme using the 3He minority iomn.

References for subsection 5.2.1
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[3] K. Okano, N. Incue, T. Uchida, R. Sugihara, Y. Ogawa, Proc, 9th Int,
Conf. on Plasma Physics and Controlled Nuclear Fusion Research,
Baltimore 1982, Vol. 2 (IAEA, Vienna, 1983) 557,
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5.2.2 Burn control schemes

(I) Introduction

1f a confined plasma is reached to ignition where the alpha-particle
heating rate balances the power losses, +he resulting self-ignited burning
plasma is theoretically expected to be thermally unstable, A small
temperature rise increases the fusicn reaction rate, and unless the energy
loss mechanism works sufficiently to balance the energy gain, the temperature
will continue to rise until the fusion reaction rate saturates. At the
finally reaching stable equilibrium, the output power and the plasma pressure
can be such higher than those at ignition. They may require intolerably high
power wall leoading or uneconomically large magnetic fields to keep high plasma
prassure. Hence, the suppression of this thermal instability seems to be
essential to realize fusion reactors.

stabilization methods can be either passive method which is basically

self-control mechanism adjusting the power loss (the power gain) in a
time-dependent way, or active method which 1is principally feedback control
mechanism monitoring of deviations from egquilibrium. One cf the passive

methods that is control of the temperature by increases in the heat
conductivity from operation near the beta limit is specially attractive.
However, Speculations about nonlinear oscillation of beta limit applied for
thermal runaway can be settled only by an ignited DT experiment. In the
meantime, practical proposals for burn control should be dewvelcped.

(TI) Compressicn-decompression

One of the practical proposals is active feedback control method
performed by the plasma compression-decompression varing the vertical magnetic
field. Bromberg et al, [1] point out that plasma free motion in the radial
direction stabilizes thermal runaway, and Borrass 2] first suggested the
feedback control with plasma compression-decompression, Recently, Ohnishi et
al, [3], carried out a ocne-dimensional plasma model to analyze the active
feedback control by the plasma compression-decompression,

The one-dimensicnal temperatue balance eduation including the effects of
the plasma compression-decompression is given as

f{ 3 R 32T 1 AT
2 2T = - ful 2 = ===y + - 1
trp gl gk Gty Qu ~ Uy (1

)
3n( 3.2

at

where ke is the thermal diffusivity defined by ke=n ¥e, Qy and Qpr are the
alpha Theating power and the radiation loss power by bremsstrahlung,

respectively, R menas the lagrange derevative of R. The vertical magnetic
field By is given _ by the Shafranov equation as
By={ UoIp/4TTR)(ln8R/a—3/2+li+ BP). In this control scheme, the wvertical

magnetic field is divided into two terms such as

R
= B ) (2™ 2
Bv (BLO + Bv)(R) (2)
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where B, is the stationary field, By is the varying field, and m is the
field decay index. By of the controller is then given by

: B c -
B + —=--—2B P(t) (3)
v T T lo
D D
where G is the contrel gain and Tp is the characteristic time., P{t) denotes

the deviation of the plasma temperature or a fusion output power from a
specified reference value denfined as

T (t)
TE££4__ 1 Teff control
effo
P(t) = _ (4)
Q. (t)
I R QF control
Qo

Fig. la and 1b show the dynamic behavior in the case of Teff ccntrol.
The temperature is changed stepwise by 110% of the equilibrium value within 20
cm from the center axis, The Teff controller with G=2 and Tp=2 sec is
applied at the same time that the disturbances are introduced, Fig. 2a and 2b
are the dynamics corresponding to Qf control with the same plasma parameters
as in Fig. 1. Fig. 3 and Fig. 4 show the transient behaviors of Teff, QF: R
and By for the Teff control and QF control respectively, The signs "+" and
"." ctand for the cases of positive and negative disturbances, regspectively.
The plasma reveals oscillatory decay responses in Teff control, while it
recovers its equilibrium by damping the perturbations exponentially in Qp
control. In either case, the relative deviations of the major radius remain
within only 1.2 %. The rates of changes of the wvertical field are as small as
50 and 100 G/S at the maximum for Teff control and Qp control, respectively.
Thus, feedback control by compression-decompression can suppress thermal
runaway initiated by the local disturbances of temperature.

(IIT) Conclusions and recommendations

Tt is shown that the thermal runaway <can be suppress by the
compression-decompression feedback control., The relative deviation of the
major radius is within 1.2 %, that means the major radius moves 6.24 cm for
INTCR case. Outward and inward shifts of the plasma major radius will compel
the scrape-off layer increase for protecting the plasma in contact with a
limiter on the midplane. Futhermore, this type of active control will reguire
very accurate informations abocut the plasma state such as density, temperature

and position. Although there are another possibilities for controlling
thermal runaway, much works have to be done before the preferred method will
be reccommended, The passive control due to the beta limit oscillation is

particullary atractive because the power production is a weak dependence on
the ignition condition. Further progress in this area is expected,
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Temperature (Kev)
Temperature (kev)

Temperature {keVi
Tempersture [keV)

Dynamic behavicrs when the Teff contrcol (G=2 and p=2 ) is applied
at the same time that the disturbances are introduced,

Dynamic behaviors when Q_ control {G=2 and p=2 &) is applied at
the same time that the disturbances are introduced.
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Fig. 3 Transient responses of Teff, O, R, and By for Teff control (G=2 énd
‘ p=2 s). The + and - stand for the cases of pcsitive and negative

disturbances.

Fig. 4 Transient responses of Teff, QrF, R, and By for Qp contrel (G=2 and
D=2 S).
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