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FOREWORD

Development of nuclear fusion as a practical energy source could provide great
benefits for all mankind. This fact has been widely recognized and fusion research
has enjoyed a level of international co-operation unusual in other scientific areas.
From its inception, the International Atomic Energy Agency has actively promoted
the international exchange of fusion information.

In this context, the IAEA responded in 1986 to calls for expansion of interna-
tional co-operation in fusion energy development expressed at summit meetings of
governmental leaders. At the invitation of the Director General there was a series
of meetings in Vienna during 1987, at which representatives of the world's four
major fusion programmes developed a detailed proposal for a joint venture called
International Thermonuclear Experimental Reactor Conceptual Design Activities.
The Director General then invited each interested Party to co-operate in ITER activi-
ties in accordance with the Terms cf Reference that had been worked out. All four
Parties accepted this invitation.

Joint work on ITER Conceptual Design Activities, under the auspices of the
IAEA, began in April 1988 and is scheduled to be completed in December 1990. The
plan includes two phases, the Definition Phase and the Design Phase. In 1988 the
first phase produced a concept with a consistent set of technical characteristics and
preliminary plans for co-ordinated R&D in support of ITER. The Design Phase is
producing a conceptual design, a cost estimate and a description of site requirements.
All information produced within the Conceptual Design Activities is being made
available to each ITER Party for use in reaching decisions about its part in further
international development of fusion energy.

As part of its support of ITER activities, the IAEA is pleased to publish the
documents that summarize the results of the joint work.
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Abstract

The paper presents the results of the scoping studies carried
out for ITER during the spring/summer 1988 in the field of
the vertical stabilization of plasma.

After a brief introduction, the calculational results based
on two different models are presented and commented; then,
the conclusions drawn are presented to show how the vertical
stabilization problem may impose limitations and/or
requirements both on physical parameters (primarily the
plasma elongation) and on technological solutions for the
first wall/blanket (primarily the number of torus sectors) of
ITER.

Main results and conclusions of this scoping study have been
summarized and included in the respective chapters of the
ITER Concept Definition Report.

1. INTRODUCTION

In the ITER design, a highly elongated plasma (K = 2.0-2.5)
is foreseen. The resulting vertical instability requires a
careful design of the passive and active control system.

The paper deals with the design guidelines of the passive
control system, whose feasibility poses constraints both on
the plasma configuration and on the design concept of the
first wall and vacuum vessel.

In this respect the most interesting quantities are the
stability margin and the growth time provided by the passive
structures.



The stability margin can be defined as:

ms = Fstab. ~ Fdestab.

Fdestab.
where:
Fdestab i s t n e destabilizing vertical force acting on

the plasma due to the curvature of the external
field;

Fstab. i s tlie stabilizing vertical force acting on the
plasma due to the flux-conserving eddy currents
flowing in the passive structure (i.e. as if it
were ideally conducting).

A necessary condition for the feasibility of the passive
control system is that the stability margin must be positive.
In practice, it must be large enough to cope with
uncertainties and approximations both in plasma modelling and
structure schematization.

Introducing then the finite conductivity of the passive
structure, the system plasma-structures shows an intrinsic
instability with respect to plasma vertical movements,
measured by the growth time xG. In practice, the growth time
must be large enough to cope with the limitations of a
feasible power supply for the active coils.

It was agreed [1] that a satisfactory passive control system
for ITER should fulfil the following requirements:

ms > 0.5 ( 1 - 1 )

xG 2 10 ms
 v '

These requirements should be fulfilled throughout the whole
plasma operational scenario and possibly also in case of
accidental inward radial movements of the plasma column.

In the following, some results of the scoping studies
performed for ITER are reported. Two analysis models have
been considered and studied with two different computer
codes.

The first model, which includes a detailed shell-type
modelling of the structure, is primarily oriented to the
study of the dependence of the stability margin and growth
time on various options on the electrical connection between
first wall/blanket and vacuum vessel.

The second model, which includes a parametric modelling of
the structure, is primarily oriented to the study of the
effect of changing plasma parameters, such as poloidal beta,
elongation and triangularity.

Both analyses assume a simple rigid displacement model for
the vertical movement of the plasma, which seems to be
adequate for design purposes.
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2. ANALYSIS MODEL 1

2.1 COMPUTATIONAL PROCEDURE

In absence of active control, the fcrce balance equation for
a mass-less plasma in vertical direction can be expressed as:

Pzo + Fze = 2nBvIp{n + N(s)}Sz = 0 (2.1)

Here,F
Fzoze
Bv
n
N(s)

6z

destabilizing force by the equilibrium field
stabilizing force by the induced current in
passive structures
average vertical field
decay index of the equilibrium field
N-function [2] of passive structures
(s: Laplace's s)
vertical displacement of the plasma column

The growth rate y G (= l/xG) is given by

n + N (7G) = 0 (2.2)

and the stability margin ms is given by

Fz e )
ms = 1 = (2.3)

Fzo n

In this analysis, the conductive structures are approximated
by thin shells. The eddy currents in the structures are
expanded into eigenmodes which are mutually independent and
N-function is given by

niSTi
N(s) = E (2.4)

Here, x^ : time constant of each eigenmode

( » « / ' *P

2nBvxi

M_^ : mutual inductance between the plasma current
and eigenmode.

2.2.PLASMA

Plasma parameters analyzed here are the plasma current I- =
20MA, major radius Rp - 5.8m, minor radius ap = 2.0m ana
elongation K = 2.0. 'The field configuration is shown in Fig.
1. The cases of high P (pp « 1.0) and low p (Pp = 0.1) are



Vacuum Vessel

•Stabilizing Shell

FIG. 1. Poloidal cross section of plasma, stabilizing shell and vacuum vessel.

studied. The decay index n and average vertical field Bv are
-0.71 and 0.83T in the high 0 case and -0.90 and 0.61T in the
low fi case, respectively. To simulate horizontally displaced
plasma, the couplings between the plasma and passive
structures are calculated by shifting horizontally the plasma
current distribution.

2.3 PASSIVE STRUCTURES

The stabilizing shell and vacuum vessel are modelled by thin
conductors with effective conductivity. The vacuum vessel is
modelled by stainless steel (P - 75 Bern) of uniform thickness
of 0.1m. High resistant parts are inserted at 16 locations
in the toroidal direction, and total one-turn resistance in
the toroidal direction is 40 uQ including the resistance
7.8 fifi of thick sectors.

The location and shape of the stabilizing shell is shown in
Fig. 1 (poloidal cross section) and Fig. 2 (toroidal cross
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Plasma

145mm

Stabilizing Shell

FIG. 2. Toroidal cross section at the mid-plane.

section). The front face of the shell is along the flux
line, which is 14.5 cm apart from plasma surface at the mid-
plane. The width of the front plate is 1.86m. The thickness
of the side plate is 2cm. The gap between shell sectors is
defined by the distance between center lines of the plates.
So, for the plate of 2cm thickness, the gap of 2cm means no
space between surfaces of the plates. The number of sectors
of the stabilizing shell is 48.

The following four types of the stabilizing shell are
studied.

(1) Type A (Fig. 3a)
The width of side plates is 0.5m. The shell sectors
are isolated mutually and from the vacuum vessel.

(2) Type B (Fig. 3b)
The width of side plates is about 1.5m and the rear
side of the shell is 10cm apart from the vacuum
vessel. The inductance and resistance of the
current flowing vertically at the side plates are
reduced and the stabilizing effect is expected to
become higher than in Type A.

(3) Type C (Fig. 3c)
Three shell sectors of Type B are electrically
connected at the rear side. The eddy current can
circulate in the three sectors and the flow pattern
resembles the one in case of 16 sectors.

(4) Type D (Fig.3d)
The rear sides of the Type C shell are connected to
the vacuum vessel. The shell structures conduct in
the toroidal direction through the high resistant
part of the vacuum vessel. In this type, the one-
turn resistance of the high resistant part is set tc
be 40 |iQ only by themselves, because the one-turn
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current flows into the shell sectors and the resist-
ance of the thick sectors of the vacuum vessel is
expected to be neglected.

Figure 4 shows a typical mesh division of a structural
model.

High Resistant Part

1 Ocm

(a) Type A
50cm

(b) Type B

10cm

Connected

to Vacuum vessel

(c) Type C (d) Type D

FIG. 3. Types of stabilizing shells.
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FIG. 4. Mesh division of a model (Type 0).
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2.4 RESULTS

The stabilizing effect of the passive structures are well
characterized by N-functions. Figure 5 shows N-functions of
vacuum vessel only, Types A, B and C. The material of the
stabilizing shell is aluminium (f> = 6niicm), gap width is 4cm
and the thickness of the front plates are 2cm in Type A and
lcm in Type B and C. The effect of the thickness of the

1.5-

Type C

1.0-

FIG. 5. N-functions of vacuum vessel, Types A, B and C in case of high 0 (ARp « 0.0) 7.lick-
ness of front plate is 2 cm, 1 cm and 1 cm in Types A, B and C, respectively. Gap width is 4 cm.

- \

front plates is small because the path length of the plates
is relatively shorter than the one of the side plates. It is
shown that the stabilization by the vacuum vessel is fairly
high although it is not enough to stabilize the position only
by the vacuum vessel. The stabilization becomes higher in
the order of Types A, B and C as expected.

Figure 6 shows N-functions of Type C and D made of aluminium
with thickness of front plates lcm and Type D made of
stainless steel with thickness of front plates 2cm. The gap
width is 8cm. The effect of the electric connection between
the shell structures and vacuum vessel is small, especially
at low s. The N-function of Type D is a little lower than
the one of Type C at low s resulted by higher resistance of
the resistant parts. N(») and also stability margin of Type D
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is a little higher than the ones of Type C. When aluminium
is replaced by stainless steel, the N-function shifts to
higher s and growth rate becomes higher. But because the
stabilization by the vacuum vessel is fairly high, the growth
rate is not proportional to resistivity of the shell. It is
seen that N(oo) and stability margin does not depend on
conductivity of the shell.

0.5-

0.0
io3

1 10 10'

FIG. 6. N-functions of Types C and D in the case of high 0 (ARP > 0.0). Gap width is 8 cm.

Figures 7 and 8 show growth rates and stability margin,
respectively, of the 4 types of structures in case of (a)
high JJ, 4Rp = 0, (b) high P, ARp = -20cm, (c) low p,
ARp = 0 and (d) low 0, 4Rp = -20cm where 4Rp is the
horizontal displacement of the plasma. As it is expected,
the high 0 plasma at the reference position is most stable
and the low 0 plasma at the displaced position ( dRp = -20cm)
is most unstable. The growth rate is smaller than 100/sec
except the cases of the stainless steel shell. In the most
unstable case, the stability margin of Type A is less than
0.5 and the gap width is necessary to be less than about 3cm
in Type B and about 6cm in 'Type C for the stability margin to
be higher than 0.5.
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( a ) High 0 , fiRp= 0
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FIG. 7. Growth rates. The open circle shows aluminium shells and the closed circle shows
other types of shell. Thickness shown is that of one of the front plates. Thickness not shown
is 1 cm.
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FIG. 8. Stability margin.
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3. ANALYSIS MODEL 2

3.1 COMPUTATIONAL PROCEDURE

According to the plasma rigid displacement model, the open-
loop system plasma-structures can be described by the
following linearized equations [3]:

L.SI + RSI + fSz = 0 (3.1)
F'Sz + gT.8I = 0 (3.2)

where
SI is the set of eddy currents flowing in the

structure;
Sz is the plasma vertical displacement;

L and R are respectively the inductance and
resistance matrices of the structure;

f is the set of the contributions to the fluxes
linked with the structure, due to a unit
plasma displacement;

g is the set of vertical forces acting on the
plasma, produced by eddy currents;

F' is the destabilizing force acting on the plasma
due to the curvature of the external field.

It is easy to show that:

f = g = Ip9M/3z (3.3)
F'= 2it n Bz Ip (3.4)

where Ip is the plasma current, M the set of mutual
inductances between plasma and structures, n the average
decay index and Bz the average vertical field.

Having calculated all parameters and coefficients appearing in
the model (3.1)-(3.4), the stability margin and the growth
time can be computed as follows:

s (g T r T ) (3.5)
T G = ^ m a x (3-6>

where A m a x is the maximum eigenvalue of the matrix A given
by:

A = -(L - F'"1 f.q11)'1.* (3.7)

It must be noted that the condition ms>0 implies that
A max i s a l w a v s real and positive.

3.2 STRUCTURE GEOMETRY

As already pointed out, the main goal of this analysis was to
carry out a sensitivity analysis on some plasma configuration
parameters, namely poloidal beta, elongation and
triangularity.
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D vacuum vessel
x first wall
• active coils.

For this reason a ficticious passive stabilizing structure
was assumed, parametrized in such a way as to match at the
best the plasma shape.

In this way, various plasma configurations can be compared to
each other without giving any privilege to any of them.

It is then assumed that the plasma shape and both the outer
first wall and the vacuum vessel describe an ideal D-shape in
the poloidal plane. The matching between plasma shape and
surrounding structures is ensured by imposing that the D-
shapes representing the outer first wall and the vacuum
vessel have the same elongation and triangularity of the
plasma.

The resulting structure schematization, for a typical
configuration, is shown in Fig. 9. The remaining degree of
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freedom defines the distance of the two structures from the
plasma boundary. According to the tentative ITER parameters,
these distances have been fixed as 0.15m and 1.72m for the
first wall and vacuum vessel respectively.

In addition, Fig. 9 includes the presence of the active
coils, whose contribution to the passive control is small,
because of the high resistance and inductance of the
connecting paths.

The vacuum vessel is schematized by means of 32 toroidal
axisymmetric conductors providing a torus resistance of
40 ufi.

The first wall is schematized by means of 16 quasi-
axisymmetric conductors, simulating a SS front wall 2cm
thick.

Unless otherwise stated, the first wall is subdivided into 48
toroidal sectors. The sidewalls are made of Al to minimize
the overall resistance of the eddy current path. The
sidewall is a continuous Al plate 2cm thick and 0.5m wide
connecting the upper part with the lower part of the module;
an air gap of 2cm is left between adjacent sectors for
assembly/maintenance.

3.3 CASES ANALYZED

Starting from the ITER tentative parameters, 5 typical plasma
configurations have been considered, by changing elongation,
triangularity and poloidal beta. The main parameters
characterizing the 5 equilibria are reported in Table I.

TABLE I. PARAMETERS CHARACTERIZING THE FIVE ITER
EQUILIBRIA CONSIDERED (in all cases the plasma current is 20 MA, the major
radius 5.81 m and the minor radius 1.97 ni)

Case 1 2 3 4 5

Beta poloidal
Elongation (extra polated)
Elongation (computed)
Triangularity (extrapolated)
Triangularity (computed)
P.F. currents (MA):
R = 5. Z = + 8.2
R = 4.2 Z - t 8.2
R =11.25 Z - t 3.
R =11.25 Z - ± 7.
R =11.25 Z = ± 6.2
Current centroid (m)
Plasma self inductance ( H)
Vertical field (average) (T)
Decay index (average)
Decay index (plasma center)
Destabilizing Force (MN/m)

1.1
2.16
2.10
0.275
0.33

5.87
-

- 10.2
-
-

5.99
10.3
0.875

- 0.896
- 0.745
98.5

1.
2.
2.
0.
0.

-
11

- 7
-

-4.
5.

10.
0.

-0.
-0.
87

1
16
10
46
52

.7

.36

70
93
1
866
802
764
.2

1.2
2.53
2.44
0.46
0.52

-
4.88

-10.7
-
2.38
5.95
9.50
0.846

-0.826
-0.823
87.9

0.
2.
2.
0.
0.

14
-
-

1
16
10
46
52

.3

1.81
-13.1
-
5.
8.
0.
-1
-0
79

63
99
633
.00
.896
.6

0.1
2.53
2.44
0.46
0.52

-
5.76

-6.34
-

-1.93
5.64
8.35
0.611

-0.995
-0.986
76.4
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TABLE II. PASSIVE CONTROL PERFORMANCE PARAMETERS FOR THE
FIVE CASES OF TABLE I AND REFERENCE STRUCTURE PLUS
ADDITIONAL CASES 4a, 4b, 5a (see Section 3.2)

Case 1 2 3 4 4a 4b 5 5a

Number of sectors
Distance FW-plasma (m)
Poloidal length of FW (m)
Poloidal length of V.V (m)
Time const, of V.V. (ms)
Stability margin ms 0.
Growth rate (s"1)
V.V. contribution to mg (%)
F.W. contribution to m8 (%)
V.V. contrib. to stab, force

(growth mode)%
F.W. contr. to stab, force

(growth mode) %
V.V. time const.(inductive mode)

(ms)
v.v. time const.(growth mode)(ms)
F.v). time const.(inductive mode)

(ma)
F.W. time const.(growth mode)(me)
Max. effic. V.V. (N/m/A)
Max. effic F.W. (N/m/A)

'48
0.
11
36
79
367
124
22
74

32

58

18
40

10
10
23
41

48
15 0.15

11
37
69

0.674
62.3
22
76

37

52

19
47

10
10
24
42

48
0.15
13
42
62
0.279
169
23
72

31

59

15
31

9
10
22
37

48
0.15
11
30
69
0.351
136
27
70

37

56

16
34

10
11
21
36

16
0.
11
30
69
0
53
13
86

28

64

11
43

14
14
21
37

48
15 0.30

12
30
69

.72 0.2

.8 238
32
65

38

56

16
27

10
10
21
34

48
0.15
13
42
62
0.065
852
30
66

31

63

13
16

10
10
19
31

16
0.15
13
42
62
0.33
127
15
83

23

71

9
26

14
14
19
32

Having then added the passive structure with the assumptions
and criteria illustrated in the previous section, the passive
control performance was calculated; Table II reports a
summary of the results achieved. Cases 4a, 4b, 5a reported
in this table represent alternatives to the reference
structure, where, leaving all other parameters unchanged, the
distance from the plasma boundary was increased from 0.15m to
0.30m (case 4b) and the number of FW sectors was decreased
from 48 to 16 (cases 4a and 5a).

3.4 COMMENTS

The results reported in Table II suggest the following
findings:

the stability margin is mostly affected by the
average distance between the plasma centroid and
the first wall; this could be the main key of
interpretation of the results achieved;

the increase of the plasma elongation does not lead
to an increase of the destabilizing force, which
depends on the average decay index (weakly dependent
on the elongation in this range) and not on the
decay index on the plasma center (increasing with
the elongation);

the effect of the triangularity appears to be
strong;
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the relative contribution of the vacuum vessel to
the stability margin tends to increase passing from
high to low beta and from low to high elongation;
this can again be explained in terms of relative
distance from the current centroid;

as it was expected the effect of the distance of the
FW from the plasma boundary is quite big.

4. CONCLUSIONS

The above illustrated preliminary analyses show that a
satisfactory passive vertical stabilization is in general
achievable for ITER, provided that a good combination of
plasma parameters and technological choices brings the
system within the reasonably safe domain delimited by
condition (1.1) on stability margin and growth time.

In particular, the outcome of these preliminary studies
can be summarized in a number of recommendations and
requirements for the following three design areas:

a) Plasma configuration

- elongation: ITER plasmas with KN =» 2.2 (at null
points) can be brought within the
safe domain provided that favourable
options on the passive structure are
chosen; with even higher elongations,
the vertical stabilization is hard to
be guaranteed;

- triangularity: though not as critical as the
elongation, a value 2 0.5 is recommended;

- distance from the first wall: the stabilizing
properties of the passive structure deter-
iorate considerably in case of an inwards
movement of the plasma; a radial displace-
ment of 20cm would bring the system, in
many cases, within the unsafe domain,
unless special provisions are taken.

b) Assembly/maintenance schemes

- number of FW sectors: the stability margin is very
sensitive to this parameter; a seg-
mentation level as high as 48 seems to
be still tolerable; a strong reduction
(say, to 16) would be required in case
other system parameters (e.g. plasma
elongation) have to be modified in the
unfavourable direction;

- air gap between adjacent FW sectors: the stability
margin is very sensitive to this
parameter; a value of l-2cm is accept-
able; a higher value (approx. 4cm) would
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be still tolerable, provided that every
3 sectors are electrically connected at
the rear side.

- electrical connection between FW sectors and vacuum
vessel: the gain achieved by means of this

solution is rather small.

c) First wall and vacuum vessel design

- Front wall: the insertion of Al plates in front wall
has no influence on the stability margin;
The insertion of Al plates ( lcm thick, in
the outboard blanket of upper and lower
parts with 2m wide) is enough to fulfill
the requirement of a growth time of 10
msec.

- Side wall; both the stability margin and the growth
time are rather sensitive to the width of
the side wall; the width of 0.5 m is not
enough in some cases; the use of Al ( 2cm
thick) as side wall material is
unavoidable at least for the 48 segments
solution.

- Vacuum vessel resistance: the growth is sensitive to
this parameter; the proposed value of 40^8
is acceptable.
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