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This report describes the effect of toroidal field ripple on the
injected beam ion confinement and the ripple level required for stable
burning for the INTOR plasma. The confinement of beam ions is analyzed
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1. Intreduction

Toroidal field ripple brings about some disadvantages in a
tokamak plasma, though it may be useful for active burn control.
The disadvantages considered are enhanced ion thermal transport 1n a
collisionless plasma, deteriorated confinement of perpendicularly
injected beam ions and of banana-trapped alpha particles, etc. The
effect on ion thermal transport will prevent ignltion, and the deteri-
oration of the beam ion confinement requires a larger injection power
and special measures for protection against local heat lcad on the
first wall. The effect.on the alpha-particle confinement is not
significant. In comnection with the acceptable ripple the determina-
tion of the number and size of toroidal field coils is greatly
influenced.

For the INTOR plasma(l) we have taken up the two major issues on
field ripple in this report: (1) effect on beam ion confinement,
(2) ripple required for stable burning. The confinement of injected
beam ions during slowing down has been analyzed with a Monte Carlo

(2)

orbit-following calculation code The two kinds of loss processes,
ripple-trapped drift loss and banana drift loss, have been simulated
and the heat load on the first wall has been estimated. The influence
of the number of TF coils on the energy loss of beam ions is surveyed.
The simulation of the NBI heating phase to ignite the INTOR plasma

and of stable burning has been performed with a one-dimensional trans-
port code(3). The empirical scaling law is used for electron energy
confinement. The ion thermal conductivity is given by a 3 times

enhancement over the neoclassical value.
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2. Toroidal field ripple

The torecidal field ripple has been calculated based on constant
tension D-shaped coils. All the calculations are made with the center
of the inboard leg set at R; = 2.25 m in the midplane. The value of
(4)

R. is chosen with reference to INTOR-T

1
Figure 1 shows ripple values at the outer edge of the plasma for

8~16 coils as a function of the radius R, at the center of the outboard
leg. The ripple is defined by Eq.{(2) in the next section. The upper
limit of acceptable ripple imposed by INTOR Group(l), 0.75 %, is marked
in the figure. In case of 12 coils, for example, R, for the 0.75 %
ripple is 10 m. We see in the figure that as the number (N) of TF
coils decreases the increasing rate of R, becomes large.

Figure 2 illustrates the cross section of toroidal field coils as
viewed from above, for 0.75 % ripple at the outer edge of the plasma.
The figure for 12 coils is depicted with reference to INTOR-J. The
points A and B marked on the shield side represent round corners where
the straight shield line (AB) is bended. The angle of 16° shown in
the figure is made between the straight line AB and the normal to the
plasma axis in the midplane. This injection angle can be attained by
installing a NBI parallel to the shield. For reference is shown the
angle of 30° attained by a line passing through the point B and the
normal to the plasma axis in the midplane. Angles shown in other
cases (N=28,10,16) are determined in the same way. The point B for
N=8, 10 and 16 is set at the same distance from TF coils as for N=12.
Except for the case of N=16 the position of the shield 1.0 m thick is
located at the same distance from the torecidal axis as that for N=12,
The 1.0 m shield for N=16 is placed at a 10 cm distance from TF coils
as well as the 0.8 m shield.

These figures are provided to have a dimensional understanding of
the TF coils size and the allowable NBI port size for discussion on an
interrelation among the number of TF coils, the beam injection angle,
the space required for shield, blanket, cocclant pipes, repair and

maintenance and poloidal coil configuration.
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3. Ripple loss of fast ions during slowing down
3.1 Model

The ripple produced by the finite number of toroidal field coils
results in leocal magnetic mirrors between the coils. High energy ions
trapped in the ripple well drift vertically to the wall and will be
lost directly from the plasma without contributing tc plasma heating.

We have investigated the effect of toroidal field ripple on the
Tloss of fast ions produced from neutral beam injection for the INTOR
parameters suggested for Phase I(l). The parameters used are listed
in Table 1. The number (N) of TF coils considered is 8, 10, 12 and 16.
An emphasis is placed on the case of N=12. A parabolic distribution

is assumed for the plasma temperature and current. The plasma density

profile is set to be

T, 6
n(r) = n, (1 - (g) ) oo (1)
based on the results of one-dimensicnal transport simulation(s), while
the previous report(6) presented at the INTOR Workshop in March deals
with a parabolic density profile,

The form taken for the spatial distribution of toroidal field

ripple is

§ = 8,8, (r)exp(-B6%)

r,2 Bmax - Bmin @
§.(r) = (D , Sy =3 T B
max min

-

where © is poloidal angle. In the present analysis 82=0.5 is
employed. The §,-value is defined at the outer edge of the plasma and
covers a range of 0.4~1.0 % for survey calculations.

The detailed behaviours of fast ions during slowing down process
in a non-axisymmetric magnetic field have been analyzed with a

(2)

Monte-Carlo simulation technique The Monte-Carlo technique is
adopted to simulate the fellowing collisional processes;
i) Coulomb collision of fast ions with plasma ions and electrons
with the Maxwellian velocity distribution.

i) Coulomb collision of fast ions with impurity ions,



JAERI-M 8938

Charge-exchange reactions are excluded in the present calculation.

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

which is described by

2
Yer __ns S i R (3)
dt m 9 ’ gl 0o 9
> -
where U is the magnetic moment, b = B/|B| and 9 = -qB/m.
The magnetic field B is given by
> > >
B =B (r,0,0) + B (r,8) , ]
Y 0 :
B11U = Bt(RO/R)(li-écost) {toroidal magnetic field) , (4)
Be = (RU/R)Bp(r) (poloidal magnetic field) ,

B.: toroidal field on the magnetic axis (R,
Bp: poloidal field defined by the plasma current,

N : number of the torcidal field coils,

The plasma shape is circular. The birth profile of ions is given

by an approximation of pencil beam injection.
3.2 Results

Fast ions are lost through two kinds of processes. (1) ripple-
trapped drift loss and (2) banana drift loss. The energy fractions
lost to the wall are shown in Figs,3~5 as a function of injection
angle or ripple for coinjection, where Gy 1s the energy loss due to
ripple-trapped drift motioﬁ, and G is a sum of G, and G5, the loss
due to banana drift motion. The injection angle ¢ is defined as an
angle produced between the beam line and a normal to the plasma axis
in the midplane. The value of Gy, includes the loss resulting from
the ripple-enhanced banana drift and the detrapping from the ripple
well, The energy loss comes mainly from the ripple-enhanced banana
drift. The losses depend strongly on the ripple magnitude.

Figures 3 and 4 show the results for the plasma parameters at an
termination of NBI heating which are set to be the ignited INTOR
plasma parameters, i.e, n=1.3%x10%% 3 (ng = 3x10'% m™ %) and

T = 10 keVv (TS = 0.3 keV) for average plasma density and temperature,

— 4 —
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respectively. In Fig.4 the results for N=8 (§,=1.0 %) and N=16
(8, =0.4 %) are compared with those for N=12 with the corresponding
§,-values. We see in the figure that for the same ripple value
increasing the number of TF coils results in an enhancement of the
energy losses. The influence of N on Gy is larger than on G.. The
higher plasma density and flatter profile than the previous case(6)
bring about substantial energy losses. In case of §,=0.75 % for
N=12, for example, the loss fraction cf the beam power is around 10 %
for ¢ =30° and as high as ~20 7 for ¢=20°,

The energy loss due to ripple-trapped particles results in a local
heat deposit on the first wall. It should be noted that the Gpy-values
obtained from the present Monte-Carlo calculation have large uncertain-
ties, particularly for values lower than a few %, From the point of
view of the countermeasure for a local heat load the cases for Gye-
values higher than a few % would be important. On each wall between
TF coils the area of the heat load higher than 1 % of the peak value

is within about 1 m?, and typically 0.5~1 m®

for G, higher than 3%
For a 75 MW injection power the average heat flux is less than 100
W/em®, and typically 50~100 W/em” for G, higher than 3 %. The peak
heat flux is typically ~200 W/em?, though a magnitude of ~400 W/cm®
appears in some cases, e.g., for N=12, §,=0.75 % and (=15°. 1In
case of heat load higher than 5 % of the peak value, the heat-deposit
wall area reduces by 20~40 %, and consequently the average heat flux
increases by the corresponding factors.

Figure 5 illustrates variations of the energy losses with time
during the NBI heating phase where the heating 1s assumed to start at

t, and terminate at Ees and ty, represents an intermediate time point

s
between tg and ty. The average plasma density and temperature at each

time are shown in the figure. Tg at tg is 0.1 keV. The density

s
profile at tg is assumed to be parabolic, while considering a flat
profile due to external additional fueling the profile at tj is set to
be [1-(r/a)®] as well as at £y,

The required NBI power capacity is determined by the maximum
energy loss which occurs at tg. On the other hand the countermeasures
for the protection of the first wall depend on the magnitude of heat
flux, its distribution and heating duration. For a heating pulse

length of some 5 seconds usually emploved the time-integrated heat

load would be important in connection with thermal properties of the
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protection material used. The heat load estimated at ty would give a
measure as an average.

It is difficult to simulate the noncircular INTOR plasma with the
present Monte Carlo code. In ract there is a large difference in many
characteristics between the circular model and the INTOR plasma.

Major problems would come from differences in plasma current (poloidal
field configuration alse) and ripple configuration. Setting the same
safety factor in a circular plasma as in a non-circular plasma results
in a substantial decrease of plasma current. Raising the plasma
current up to the value in the non-circular plasma considerably
improves the confinement of suprathermal ions. On the other hand, in
the non-circular plasma ripple variations along magnetic surfaces in
the poloidal direction are moderate compared with in the cirvcular plasma,
Changing R-value of 0.5 to 0.2 we exemplify the effect of poloidal
variation of ripple on the energy loss. For N=12 and §,=0.75 %, for
example, the loss fraction of G,., increases about twice and G¢ does by
20~30 % for¢p=20~30°. Of course we could not properly simulate the
ripple well configuration for a non-circular plasma by using B-value
alone. It should be noted that in the model used the magnetic axis
coincides with the plasma axis centered at the major radius,

Anyway, to determine definitely the KBI energy loss for the INTOR
plasma we should develep a Monte Carlo orbit-following calculation
code capable of treating a non—circular plasma, In that case an MHD
equilibrium analysis shculd be incorporated to comsider the magnetic
flux surface configuration particularly for a high B-plasma which is
considerably different from the present model. Finally we should note
a rather optimistic assumption made for beam species. The energy
components of the neutral beam used (see Table 1) come from the
fraction of extracted ion species of D+:D2+:D3+ = 90:7:3, which is set
as a target of R and D for an ion source by the INTOR construction
phase(7). If this high fraction of meonoatomic beam is not attained,
the ion energy loss will dincrease due to the increase of lower energy
beam species trapped near the plasma boundary.

Further analysis and investigation of these matters are required.
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4. Toroidal field ripple required to achieve a stable plasma burning

According to the experiments of the present—day tokamaks,
electron energy confinement obeys the empirical scaling law (Alcator
scaling law), and the ion thermal conductivity is almost 3 times neo-
classical value. The electron thermal conductivity is independent of
temperature and the temperature dependence of ion thermal conductivity
is favorable in view of confinement, so that the plasma will make a
thermal excursion once the ignition is reached.

At present, one of the most promising methods to suppress the
thermal excursion and to achieve a stable burning is one using

(1) (8)~(10)

variable toroidal field ripple In this section, we will

evaluate the required value of toroidal field ripple to achieve a
stable plasma burning by using one-dimensional tokemak transport
(3)

code

This code treats deuterium, tritium, fast o particles and ash
helium particles separately., The transport model is based on the

INTOR guiding model;

_ 5x10*° 2
o = +_“e(r) f (k) (m*/s) (5}
Xy = [S(Xi)nc +x. 1 ), (6)
Xe
D=7 s (7)

where Kk is ellipticity. The transport code simulates a circular
cross sectlon plasma, while the actual plasma shape is noncircular.
Thus we modify transport coefficients by a factor of f(k) = JjngK,
which represents the volume-surface ratio. This way of modification
is more reasonable than employing a larger minor radius a.ff T avk,
since in the latter the volume-surface ratio is not taken into account
correctly and the heat deposition profile of neutral beam injection is
altered, The expression of ion thermal conductivity due to toroidal

(11)

field ripple ¥, 1is given as
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3/2
G(a,B:U)éU(r) T, »
¥ = 46.5 (

r iy GBR i (8)
where &, is the magnitude of peak-to-average ripple value and G(x,B8:0)
is some complicated function. A simplified form of G is given in
Ref.(1l). However to evaluate the ripple effect correctly, the non-
circularity of the plasma shape and the poloidal angle (8) dependence
of the ripple structure must be carefully taken into account<12). Thus
we Incorporate the expression for G given in Ref.(12) into the tokamak

code, and calculate G at each time step. The poloidal angle dependence

of the ripple structure is assumed to be an exponential type as
o(r,0) « éo(r)exp(—Bez) . (9}

We set $=0.5. The effect of plasma elongation is represented by C,
for which we set 0=1.6. o is a usual parameter; o(r) = £/Nqd,(r).
Using these transport models, we evaluate the required value
of toroidal field ripple to sustain the plasma burning near the target
temperature. In the neutral beam injection phase, the toroidal field
ripple must be kept low to suppress the ripple loss of fast ions. The
ripple value should be rapidly raised from the base value to the
desired one once the ignition state is reached. After attaining the
target temperature, the ripple value is changed slowly to realize a
stable burning at that temperature. This is the typical scenario of
burning control by toroidal field ripple,

We use the following model of torecidal field ripple 6.
- - 2 _pa2
§ = S(t){ﬁp'+(5a 5p)(a) exp(-B6°)} . (10)

s(t) = (11)
t-t,
1+c{1l-exp(- )} t >ty

T J

where J,: base ripple value at plasma surface, Gp: base ripple value
at plasma axis, B: peloidal dependence of ripple value, C: multiplica-
tion factor of variable ripple, t;: start time of raising ripple,
T: time constant of raising ripple. The toroidal field ripple is

increased from its base value (§,=0.75 %, 6p==0.035 %) to the final

— 8 —
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value which is set beforehand. When Ti reaches about 10 keV, the

final value of ripple is applied and simultaneously the NBT is turned
off. Time constant of ripple rising, T, is 1 second. Figure 6 shows
the time behaviors of Ti for various ripple values. When the magnitude
of toroidal ripple is higher than the critical value, the Ignition
state cannot be sustained and the temperature falls down rapidly.

From Fig.6, we conclude that the critical ripple magnitude is about

1.5 % at the outer edge of the plasma. Even if the ripple magnitude

is within a critical value, gradual decreases of plasma temperature

are observed in Fig.6. This is due to the helium ash accumulation and

(5)

the flattening of fuel density profile To keep the burning tem-

perature ccnstant in time, further slow control of the ripple will be

(10)

required
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5, Discussion

Major physical issues determining the number and size of TF coils
from the viewpoint of ripple are considered to be requirements for
stable burning and beam ion confinement. The requirements from the two
issues are contrary each other. Engineering measures for variable
field ripple should be taken. For example, TF coils are designed to
meet the acceptable ripple level for NBI heating, and after the NBI
heating is turned off at ignition, variable ripple coils operate to
raigse the ripple up to the value required for burn control.

The number and size of TF coils are not decided by physical
considerations alone. Major engineering issues which must be consider-
ed would be
(1) Repair and maintenance
(2) Magnet design issues including poloidal coils
(3) Capacity of electric power and operation cost
{4) Cost of magnet fabrication and a reactor system

{5) Perspective of R and D.

For greater than 12 coils the space incide TF coils with
8§,=0.75 % would be too narrow to accommodate blanket, shield,
divertor, coolant pipes énd the room required for the insertion and
move of remote handling machines. The shield thickness of 1 m shown
in Fig.2 which is employed for INTOR-J is not satisfactory from the
viewpoint of access (maximum dose rate outside the shield is larger
than 100 mrem/h)(h). Neutronics requires thickness of 20~30 cm
further for suitable shielding(l3). As a result, if ¢,=0.75 % is
" imposed, the 16-coil system (6.7 m horizontally by 9.6 m vertically)
employing poloidal divertors seems to have no credible solution from
the viewpoint of available shield thickness and injection angle. For
the 12-coils system the injection angle should be more than 25° to
reduce the beam energy loss to around 10 % or less.

It should be noted that the results cbtained have uncertainties,
particularly in estimate of the injected ion confinement. Recently
the ripple-diffusion and -conduction coefficients significantly less
than the previous theory(ll) are reported by Tani et al.(z). If these
results should be applied, the ripple field configuration must be

modified to enhance the conduction. We must emphasize further

— 10 —



JAERI-M 8938

theoretical and experimental studies on the ripple effects, and also

a study improving the computation time and accuracy for the Monte

Carlo techniques.
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Table 1  Plasma and neutral beam parameters

major radius . R=5.2 (m)

minor radius a=1.3 (m)

toroidal field By =5.5 (T

temperatures Te(r) =T,;(r) = To(l—(r/a)z) + Ty (eV)

(T, (r) = To(ry = T4 (1))

plasma density ne(r) = no(l—(r/a)m) +ng (m= %)

(np(r) =np(r) =n;(r))

plasma current jp(r)' = jo(l— (r/a)?)
safety factor 9, = 2.5
effective Z Zeff-= 1.5 (uniform)

charge number of impurity icn

Zimp = 8.0 (oxygen)
beam energy B, =175 (keV)
beam power 75 MW

power ratio of neutral beam components

Eb:Eb/z:Eb/3=75:l6:9

toroidal field ripple §=8,8,(r)exp (-B6%), §,(r) = (r/a)?

number of teoroidal coils

N =8, 10, 12, 16
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Ry =2.25m i
N Number of TF coils -

Sxiﬁz-

=3

1Y

IIII’

—4
5x10

R, (m)
Toroidal field ripple ot the outer edge of the INTOR plasma

Fig.l Toroidal field ripple at the cuter edge of the plasma for

constant tension D-shaped coils.
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Fig. 2 (a) N=16;

Fig. 2 Horizontal cross section of the torus in the midplane. The toroidal-coils
configuration gives a + 0.75% ripple at the outer edge of the plasma.

Fig. 2 (p) n=12;
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10;

2 (c) N

Fig.
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Fig., 2 (d) N=8,
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Time behavior of average lom temperature for various final

ripple values at the plasma surface. NBI is turned off at
Stable plasma burning is obtained within a

critical beta value for 60““1.5 %



