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Afterrbriefing the kinetics model for the horizontal dis-
placement of a toroidal plasma column in the Tokamak device,
frequency characteristics of the horizontal motion of a JT-60
plasma column are described, especially, influence of the
uhcertainty of parameters on the characteristics.
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INTRODUCTION

For the purpose of realizing the thermo-nuclear fusion, 1t
is essential to have a long-lived confined plasma which may be
obtained by employing the positional control of a plasma column.
The positional equilibrium of a plasma column is considered as
a balance between the expansive force due to the kinetic energy
of plasma particles and the magnetic energy of the plasma cur-
rent, on one hand, the inward force appearing as a result of
the interaction of the plasma current with the vertical field,
on the other. If the force balance were lost, the plasma
column would go into movement. For maintaining the plasma
column at a desidered equilibrium position, any displacement of
the column should be supressed and, if it occurs, the column
should be put back where 1t has been. To achieve this require-
ment, the position of the column must be detected and its mo-
tion be controled. The extension of confining time of the
plasma may depend largely on functions provided for the control
system, and so the system should be skillfully designed and its
development can not be done without knowledge of the character-
istics proper to the concerned apparatus.

The author reported a kinetics model representing the
horizontal displacement of a toroidal plasma column in JAERI-M-
6292, in which he gave a numerical code "FLIC'" which calculates
the frequency characteristics and a analogue simulator which
analyses the time response. And now, after a description of
the model, he will apply the model -to Japan Torus 60, and give
frequency characteristics of the plasma column displacement to
vertical field change and to terminal voltage change of one of
the conductors. And also investigated influence of the uncer-
tainty of design parameters on these characteristics.
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1. A KINETICS MODEL FOR THE HORIZONTAL DISPLACEMENT OF A
TOROIDAL PLASMA COLUMN

A set of equations is given which represents the horizontal
displacement of a toroidal plasma column in the Tokamak device.
The conditions of equilibrium for a plasma column may be defined
by a force-balance equation over the minor radius of the plasma
column, which assumes the model to be satisfied, and also by
the force-balance equation over the major radius. These equa-
tions may depend on the shape of the column cross-section and
on the density profile of the plasma current and on the shape
the plasma pressure over the column cross-section. It may be
assumed that the plasma column has a circular cross-section and
the current is distributed homogeneously over the column cress-
section and that the asymmetry of distribution of the plasma
pressure resulting from toroidality is small. The last assump-
tion may be admitted under the condition that the ratio of the
minor radius a to the major radius R of the plasma column 1s
small (a/R < 1). On these assumptions we will device the
equations simulating the horizontal displacement of a toroidal

plasma column.

1-1 Description of a plasma confining device
A plasma confining device, of which the layout is shown on

Fig. 1, is now considered. A plasma column of minor radius a
and major radius R is confined in a conducting casing of radius

; on a circle of radius ¥, are located the conductors v, of
which the current has a cosinusoidal density profile on the
cross-section and supplys the virtical magnetic field; and, the
toroidal coil is assumed to have the form of an axisymmetric
toroidal shell with minor radius . It is also assumed that
each of the conductors has a circular cross-section of which
the centre is found on the torus axis. Subscripts 1, v and t
are used in the model for variables and constants, in conductor
1, v and t respectively; p, in the plasma column, and 0 in the

initial equilibrium state.

1-2 Equation of the motion of a troidal plasma column
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A plasma column is maintained in equilibrium with the aid

of an approximately homogeneous magnetic field transverse to

the plane of the torus which is given as below:(l)’(z)
Yo E.R
2% 4m R
2;-3
where I = n SR | By + i (2)
a 2

and pol/4n is the internal inductance of the plasma column per
unit length, and I_ is the plasma current. Motion of the plasma
plasma column depends on the total radial force,-f, acting on
the plasma column which may be written as follows under an
accidental change of the virtical field from Bzo, required for

the equilibrium, to Bz.
f = 2mRI (By, - By) (3)

With Bz less than Bzo, f has a positive value and the major
radius of the plasma column increases. In the vicinity of the
equilibrium, equation of the motion of the plasma column may be
written as
d?R

y R HO gop _ oopRr

de? 2 P piz ()

where M is total mass of the plasma column.

It is seen that the first term on the right hand side of
Eq. (4) is the expansive force due -to the magnetic energy of
the plasma current and the kinetic energy of the plasma par-
ticles, and the second term is the inward force caused by the
interaction between the plasma current and the virtical field.
The virtical field Bz is composed of the vertical fields B, (i
=1,v,t) produced by the conductor currents Ii(i=1,v,t) and the

so-called disturbance Bd.

B, = D By (5)
i=g,v,t,d '

where Bi(i=1,t,d) are assumed to be homogeneous at the plasma
column position but BV to have a positional gradient given

_.3_
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below:
_ SR
B, = By (l+m ﬁ;') (6)

where R is a small displacement of the plasma column from the
torus axis, Bve is the vertical field produced by the conductor
current IV at the torus axis, and m is a constant characteriz-
ing the positional gradient of vertical field Bv.

The stability conditions relative to the horizontal dis-
placement of the plasma column may be written as satisfying the
formula.

3
——'2—<m<0 (7)
The minor radius of the plasma column may be assumed to vary

with displacement of the plasma column as follows.
SR
a = ao(l + o R—) (8)
L]

The value of X, which characteriges the positional gradient of
the minor radius of the plasma column, results in /2 with the
assumption that the plasma column conserves the toroidal flux
despite the displacement of the plasma column and in 0 with
the assumption that the minor radius of the plasma column
remains unchanged, and so the value of % may be found within

the range bounded by there two values.

0<a<g (9
The plasma current Ip varies with displacement of the plasma

column as

SR .

Ipo refers to initial equilibrium value of the plasma current
at the centre of the torus cross-section. The value of n,

which characterizes the positional gradient of the plasma cur -
rent, results in O with the assumption that the plasma current

remains unchanged despite the displacement of the plasma column

<%
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and in-1 with the assumption that the plasma column conserves
the poloidal flux, but the plasma current does not vary with
displacement of the plasma column under influence of the large
inductance in series with the plasma. So the value of n may be

found within the range given below.
(11)

-1 <n<?0

The large inductance 1in series with the plasma implies that the
internal inductance and the poloidal beta remain unchanged,
admitting redistribution of the plasma current.(s)

Rewritting each term of Eq. (4) as the sum of the steady
equilibrium term and the time-varying one, the equation of
motion of the plasma column (4) may be reduced to a linear one

in the vicinity of a steady equilibrium state.

B;y = By, *+ 6B (i=z, &, v, t, d) Bj, = © (i= &, t, &)
: SR
6By = Bycom g * Bve (12)
d? 4R Ho 2 SR B,
—5 o = 5 Tl 65— - & =
dc? 2 ‘opo U} ] (13)
Ro 0 i=g,ve,t,d Byco
SR 22=3 )
where r, = in —° 5 Bg + i (14)
. dp 2
¢ = X% _1+n-m (15)
1-10
vololpo
g - rololpo (16)
vCco 4 .
TR,

Eq. (13) has the form of the so-called wave-equation with a
frequency

TP £ '

froorpo ¢t/ (17)

2M :

which is found around 10° c/s for the plasma.
On the other hand, the plasma has the mutual magnetic coupling
with each of the conductors which carrys a lower cut-off fre-
quency in the system, and this implies that the left hand side
of Eq. (13) can be omitted. So, the equation of motion of the

toroidal plasma column is written as

_5_
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&B,
cx - : — (18)
i=4,ve,t,d ~VEO

1-3 Circuit equations

Motion of the plasma column induces a certain amount of
current in each of the conductors and results in appearance of
the vertical field to prevent its own motion. Moreover, the
conductor currents are mutually affected through magnetic coupl-
ings. So, the equation of motion of the plasma column (18)
must be solved simultaneously with the equations concerning the
conductor currents and the circuit equations must be set up,
beginning with self and mutual inductances.

Now, the assumptions are made. (1) Each of the conductors
has a circular cross-section coaxial with the plasma column;
(2) each of the conductor currents has a cosinusoidal density
profile on the cross-section of the conductor, and, (3) the
plasma current has a homogenecus density profile on the cross-
section of the plasma column.
In obtaining inductances of the plasma column, by assumption
(3) the displacement of the plasma column is replaced by a
dipole current having a cosinusoidal density profile in the
periphery of the cross-section of the plasma column, and self
(L) and mutual (M) inductances will be written as

2

m i =
(Lj =G WoRoM (1= v, O
L= - . I = t
Mbi 2rg RoN; 6R (4 2,_v, ) (19)
2
i ri . p .
55 = 522 vty Gt Sty 14

where N is the number of turns of a conductor concerned with the
virtical field, and r is the minor radius of the conductor.

With the inductances, circuit equations may be set up as

dig  dMyg a1 diy dl;
0 = ReIy + Lyrogp + o = Ip + Moo + Mvs e + Mot 3¢
a1y My dTy a1 dI
— B o — ] - .—2 - t
V=Ryly + Ly g *ar ‘Ip*Mvige tMetar tMeae (29)
dIl d dT d1 dI
= Al dMpe —P it 2 —v

_6__
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where V-is the voltage applied to the terminals of conductor
(the conductors 1 and t have no terminals concerned with the
virtical field), Ri(i=1, v, t) are resistances of the conduc-
tors, and Ii(i=1, v, t) are the conductor currents supplying
the virtical field.

With Eqs. (10), (11) and (19), the following relation is given.

dT
Mpi® _d—l?_ néR
a1 = « 1 (21)
P 1 Ro
at °

Eq. (21} indicated that the value of Mp,dlp/dt is small compared
with that of d@%t-lp, and the term My 4%/4dt  (i=1, v, t) will
be omitted. The intriusic time constants ( i i=1, v, t) of

conductors are now defined as

Ti = 4. (i =4, v, t) {22)

And, the variables V and Ii(i=l, v, t, p) are both rewritten as
the sum of the steady equilibrium term (denoted by the subscript
o) and the time-varying one (denoted by J)

(i=1, v, t)

i 1o i
Iio = 0. (i=1, t) (23)
I. =1 + 51

P po -p

(o

Io( 1+ nfl)  (used Eq. (10))

Ilo and Ito can be set at zero because the conductors 1 and t

have no current source in the steady equilibrium state, and
I o0 motivated by V, supplies the virtical field required for
an initial equilibrium of the plasma column. Using the initial
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equilibrium vertical field Bﬁco’ it can be written as

4rv

I B
vo oy “veo (24)

ololpo .
where By, = EP_p_ (given by Eq. (16))
0

SR Ri=3
and T, = tn—=+ B + —
8o

(given by Eq. (14))

Eq. (20) is rewritten with Eqs. (21) (24), and a set of circuit

equations is obtained.

|
|

—_—f + r—
PO dt IPO TTrg’ dt RO rv dt IPO rt dt I

1 8T, i(xSIE 2R, d SR 1Ny d 8Ly r; 4 61,

ryTo 6V 1 61, d 8T, 2R, d SR r, d ST, r, d 6I,
2 - y  (25)

+ —(—) - ——(=—) + e —— —

v Ipo dt I Tr Ny, dt(R0 r Ny dt(Ipo) reN, dt'I

0 1 81t N d (6It) 2R, 4 (cSR) +r2 d (GIE ryN, d &I
= — — — i) - —{— —_— + —_—

Tt Ipo dt Ipo  re dt Ry re dt Ipo) re dtlp,

po po

)

1-4 Virtical field supplied by the conductor currents

The virtical field supplied by the conductor currents will
be considered. As described already, concerning the circuit
cquations, horizontal motion of the plasma column with a homo-
geneous current density profile may induce in each of the con-
ductors a certain amount of current with a cosinusoidal density
profile on the cross-section. Each of these conducter currents
with a cosinusoidal density profile will produce at the plasma
‘column a homogeneous virtical field of which the intensity may
be given as

B; = EE;%EE (1 =12, v, t) (26}

Of the virtical field, Bv has the positional gradient defined
by Eq. (6) to stabilize motion of the plasma column, and symbol
Bvc is used for Bv to show clearly that Bv, given Eaq. (26), 1is
the field on the torus axis.

Each of the virtical fields Bi (i=1, v, t) is composed of
two terms —— a steady equilibrium one (shown by the subscript

o) and a time-varying one (by3d)
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i io i
= §B, (i=1, t)
(27)
Bye = Byco *¥Byc
fe L .
Byco = ‘i%ﬁ;g; (given by Eq. (16))

Bio(j=l,t) can be set as zero in Eq. (27) because Ii0(=1,t)
are zero. Using Eqs. (23) and (27), Eq. (26) is rewritten as

follows:
{SBi _ ﬂRoNi 511 =2, v, ) (28)
Byco rilg Ipo ’ o

Using Eq. (24), the conductor currents are normalized by the
steady equilibrium value cf the plasma current, Ipo, and the
virtical fields by that of the virtical field, B, . . Eq. (28)
gives the virtical fields produced by the conductor currents.

1-5 A set of equations for the horizontal displacement of a
toroidal plasma column
The equations representing horizontal displacement of a

plasma column is introduced, which is summarized as below:

‘G SR - 5 5Bi
Bo 4op,ve,t,a Pveo
1 81y d 8Ig 2R, d &R ryN, d 61, rp d 614
=T oo Tt Twr, e ®y) Yo, arrn. i arl.)
L 1po po [} 0 Iy dt I, Tt dt Ipo
Tyl OV 1§81, d (GIV) 2R, d &R rg d &8I r, d &I,
—— e m —— ——— o —— ) —_ JEE— J——
TI'TvRoNv Vo Tv Ipo dt Ipo 'rrrva dt(Ro) +rva dt Ipo) +rth dt IpO)
_ 1 6I¢ . Ji.GIt 2Re d 6R. 1Ty d 81, r N, d &Iy
Tt Ipo dt ' Ipe” wrp dt 'Ry rp dt'Ip, rg dt'In,
6B4 TR, N; 81
01 i :
= -— (i = &, ve, t) 29)
Byeo ;T Ipo T _(
8Ro 24-3
r = fn——+
o n dg 9 2
G = 1 _ l+n-m
Ty




- %—<.m < 0
0 < @ < 7T

-1 <n<0

JAERI-M 6508
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2. FREQUENCY CHARACTERISTICS OF THE HORIZONTAL DISPLACEMENT
OF A PLASMA COLUMN

The model for horizontal displacement of a plasma column
has been given in the preceding section. And it will be appli-
ed to a plasma confining device Japan Torus 60 and its frequency
characteristics are investigated, especially the influence of
intrinsic time constants on the characteristics. Calculations
were carried out with a numerical code FLIC which is based on
the said model and given in JAERI-M-6292.

The present chapter contains — (1) Values of parameters,
(2) Influence of /7 and G on the frequency characteristics of
plasma column displacement to virtical field change and on that
to terminal voltage change of the conductor v, (3) Influence
of intrinsic time constants on that to virtical field change,
and (4) Influence of intrinsic time constants on that to
terminal voltage change of the conductor v.

2-1 Values of parameters

Parameters required for analizing the displacement of a
plasma column are listed in Table 1, where the values concern
Japan Torus 60. Major radius, Ro’ and minor radius, g cf the
plasma column and minor radii, ri(i=1, v, t}, and equivalent
numbers of turns, Ni( =], v, t}), of conductors, may be known
from dimensions of the device. Value of beta, fo» May be ex-
pected to be 0.1 but reach to 1.0. The internal inductance of
the plasma column, li’ is expected to be 0.9 but may be found
in the range between 0.5 and 1.5. Speaking of the boundary
values of li’ 0.5 will be given with a parabolic density profile
of the plasma current and 1.5 with a homogeneous one. As des-
cribed already, m, X and n, which characterize positional gradi-
ents of the virtical field, minot radius of the plasma column
and plasma current, respectively, are found in the ranges below:

/--—:2i<m<0
1
0<a <~§ (30)
.-l <n<20
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—

[o defined by Eq. (2), depends on f; and 1i’ of which the
values are shown in Table 2, with f¢ in the vertical column and
li in the horizontal. [; may be set at 2.23 which concerns the
expected value of B4 and that of 1i’ and its influence on the
characteristics will be investigated setting [, at one of three
values, 2.0, 2.2 and 2.4, successively. These values of [, cover
the region enclosed by a thick line in Table 2. G, defined by
Eq. (15), depends on m,« , n and /e, of which the values are
shown in Table 4 with /4 in the virtical column, (n-m) in Table
3 in the horizontal, being used as a parameter. The values
of G are found in a wide range between 0.14 withX (0), n-m{0.65)
and /5 (2.03), and -1.60 with % (0.5), n-m(-0.75) and /5 (3.43}.
G may be set at -0.8, which is a simple average value, with
knowledge of the influence of G on the characteristics. The
influence will be investigated setting G at one of three values,
-0.6, -0.8 and -1.0, successively. The obtained results state
adequacy of going with these G s which cover the region enclosed
with a thick line in Table 4.

Finally the intrinsic time constants of conductors, T;(i=
1, v, t), will be considered. Maximum values of the constants
may be expected as T,(0.03), T,(1.0) and T,(10.0). But, the
influence of the uncertainty of the values on the dynamics of
the plasma column have not been investigated. We will see the
influence, setting successively each of these constants at one
of their three values — Tz(0.01, 0.02, 0.03), T, (0.2, 0.5,
1.0) and t%(z.o, 5.0, 10.0).

2-2 Influence of /¢ and G on frequency characteristics of the
plasma column displacement to vertical field change and
on that to terminal voltage change of the conductor v
2-2-1 Influence of /. and G on frequency characteristics of
the plasma column displacement to vertical field change

Influence of /o and G on frequency characteristics of the
plasma column displacement to vertical field change will be
investigated. The characteristics are shown in Figs. 2-1 ~2-90,
where the intrinsic time constants are set at I&(0.0S), TV(O.S)
and Ty (5.0) which are reasonable values. '
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The influence of G on the characteristics can be investig-
ated with Figs. 2-1—~2-3 where/; is set at 2.0, 2.2 and 2.4,
respectively. Each of the three curves in each figure concerns
one of the three Gs, -0.6, -0.8 and -1.0. It is seen in the
figures that three curves show similar appearance, without
variation of the value of /o , on gain diagrams and on phase
ones, respectively, and lie within narrow limites of which the
width increases slightly with increase of /o but that of the
gain characteristics does not exceed 1 db nor that of the phase
ones 3 deg. The discrepancy among the gain curves and also that
among the phase ones, tracing to different values of G, decrease
with increase of the frequency and in the high frequency range
the former reduces to 0.8 db and the latter disappears. And it
is thus possible to say that the uncertainty of G does not much
influence the characteristics in the whole requency range.

The influence of /5 on the characteristics can be inves-
tigated with Figs. 2-4~2-6 where G are set at -0.6, -0.8 and
-1.0, respectively. Each of the three curves in each figure
concerns one of /¢ s, 2.0, 2.2 and 2.4. 1t is seen in the
figures that three curves show, without variation of the value
of G, similar appearances on gain diagrams and on phase ones,
respectively, and lie within narrow limites of which the width
of the gain characteristics does not exceed 1.4 db, nor that of
the phase ones 0.5 deg in the low frequency range, and dis-
appears with increase of the frequency. And so it 1s possible
to say that the uncertainty of /¢ does not much influence the
characteristics in the whole frequency range.

After consideration mentioned above, it may be said that
the uncertainty of /¢ or G, or of both, does not much influence
the characteristics in the whole requency range, so that the
horizontal displacement of a plasma column to vertical field
change may be analized with reasonable values of /o and G.

2-2-2 Influence of /s and G on frequency characteristics of
the plasma column displacement to terminal voltage,

change of the conductor v

Influence of /¢ and G on frequency characteristics of the
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plasma column displacement to terminal voltage change of the
conductor v will be investigated. The characteristics are

shown in Figs. 3-1 3-6 where the intrinsic time constants are
set at 7; (0.03), T, (0.5) and T4 (5.0) which are the same values
as in the preceding section,.

The influence of G on the characteristics can be investig-
ated with Figs. 3-1 —~3-3 where/; are set at 2.0, 2.2 and 2.4,
respectively. Fach of the three curves in each figure concerns
one of three Gs, -0.6, -0.8 and -1.0. It is seen in the figures
that three curves agree with each other, without variation of
the value of /7, on gain diagrams and on phase ones, respective-
ly. In the low freauency range, however, the curves lie within
narrow limites of which the width of the gain characteristics
is about 1 db and that of the phase 3 deg. And so it is possi-
ble to say that the uncertainty of G does not much influence
the characteristics in the whole frequency range.

The influence of /72 on the characteristics can be investig-
ated with Figs. 3-4 ~—3-6 where G are set at -0.6, -0.8 and -1.0,
respectively. Each of the three curves in each figure concerns
one of three /o s, 2.0, 2.2 and 2.4. It is seen in the figures
that, without variation of the value of G, three gain curves
show similar appearances and lie within narrow limites of which
the width does not exceed 1.5 db, and three phase curves agree
with each other in the whole frequency range. And it is possi-
ble to say that the uncertainty of /¢ does not much influence
the characteristics in the whole frequency range.

After consideration mentioned above, it may be said that
the uncertainty of /¢ or G, or of both, does not much influence
the characteristics in the whole frequency range, so that the
horizontal displacement of a plasma column to terminal voltage
change of the conductor v may be analized with reasonable
values of /5 and G.

It is concluded that the uncertainty of /¢ or G, or of both,
does not so much influence the frequency characteristics of the
plasma column displacement to vertical field change nor that to
terminal voltage change of the conductor v, so that these
characteristics can be analized with reasonable values of /g and

G. Influence of the intrinsic time constants on the
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characteristics will be investigated in the next section, giv-
ing 2.2 to /7 and -0.8 to G

2-3 Influence of the intrinsic time constants, , and

on the frequency characteristics of the plasma column

displacement to vertical field change

Influence of the intrinsic time constants of conductors,
1,, T,and Ty, on frequency characteristics of the plasma column
displacement to vertical field change will be investigated.
The characteristics are shown in Figs. 4-1 —~ 4-27 where /o 15
set at 2.2 and C at -0.8 as described already, and Ty 1s set
at one of the three T, s(0.03, 0.0Z, 0.01), T, at one of the
three T,5 (1.0, 0.5, 0.2) and Ty at one of the three T,s (10.0,
5.0, 2.0). These values of the intrinsic time constants are
found around the expected values. The influence of Ty on the
characteristics will be investigated with Figs. 4-1 —~ 4-9, that
of T, with Figs. 4-10 ~4-18 and that of T, with Figs. 4-19 —~

1%
4_270

2-3-1 Influence of the intrinsic time constant, T, , on
frequency characteristics of the plasma column displace-

ment to vertical field change

Influence of the intrinsic time constant of the conductor
t, Tr, on frequency characteristics of the plasma column dis-
placement to vertical field change will be investigated. The
characteristics are shown in Figs. 4-1~4-9. T, is set at
0.03 in Figs. 4-1, 4-2 and 4-3, at 0.02 in Figs. 4-4, 4-5 and
4-6, and at 0.01 in Figs. 4-7, 4-8 and 4.9. T, is set at 1.0
in Figs. 4-1, 4-4 and 4-7, at 0.5 in Figs. 4-2, 4-5 and 4-8 and
0.2 in Figs. 4-3, 4-6 and 4-9. Each of the three curves in the
figures concerns one of the three Ty s, 10.0, 5.0 and 2.0.

It is seen in the figures that three gain curves, and also
three phase ones, agree with each other in the frequency range
beyond 0.5 c/s, especially so at higher than 1.0 c¢/s, regardless
of the values of T;, T,. The discrepancy among the gain'curves,
which is about 0.6 db at 0.2 c/s, ceares to appear at 1 c¢/s and
no longer appears in the frequency range beyond 1 c¢/s. The dis-
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crepancy among the phase ones, which is about 14 deg. at 0.2
c/s, reduces to 4 deg. at 0.5 c/s, disappears at 1 ¢/s, and

no longer appears in the range beyond 1 ¢/s. On the other hand,
in the range below 0.5 c/s, the characteristics are affected by
it> and the discrepancyes, among the gain ones and the phase
ones, become larger with decrease of the frequency.

In the cases of the same T; value, the discrepancyes among
gain curves and also phase ones increase as the"}:V value de-
creases, in the range of 0.5 ¢/s to 1 ¢/s, but the absolute
values are small. And therefore the values of T, do not much
influence mutual arrangement of the three gain curves nor the
three phase ones in the whole frequency range. In the cases of
the same 1, value, the values of“o not influence mutual ar-.
rangement of the three gain curves nor the three phase ones in
the whole frequency range.

It is thus possible to say by investigation that the un-
certainty of Ty has no much influence the characteristics of
the plasma column displacementzto vertical field change in the
frequency range beyond 0.5 ¢/s. In the frequency range below
it, however, the characteristics are affected by the uncertain-
ty of Tr. '

2-3-2 Influence of the intrinsic time constant, T, , on
frequency characteristics of the plasma column dis-
placement to vertical field change

Influence of the intrinsic time constant of the conductor
v, Ty, on frequency characteristics of the plasma column displa-
cement to vertical field change will be investigated.
The characteristics are shown in Figs. 4-10~—4-18. T, is set
at 10.0 in Figs. 4-10, 4-11 and 4-12, at 5.0 in Figs. 4-13, 4-
14 and 4-15 and at 2.0 in Figs. 4-16, 4-17 and 4-18. T, is set
at 0,03 in Figs. 4-10, 4-13 and 4-16, at 0.02 in Figs. 4-11,
4-14 and 4-17 and at 0.01 in Figs. 4012, 4-15 and 4-18. Each
of the three curves in each figure concerns one of the three
7,5, 1.0, 0.5 and 0.2.

It is seen in the figures that, regardless of the value of
Ty or Ty, or of both, each of the three gain curves and also



JAERI-M 6508

each of the three phase ones, show different appearance from
each other in the frequency range below 5.0 ¢/s. But on the

~gain diagrams and also on the phase onres, the three curves

agree with each other in the range beyond 5.0 c/s, and in the
lowest range they c¢ome again to agree with each other. More-
over the disagreement among the curves may not be so fatal be-
cause they lie in narrow limites of which the width of the

gain characteristics does not exceed 2 db nor that of the phase
8 deg.

In the cases of the same T, value, the agreement among the
three gain curves and also that among the phase ones may be
weakend with decrease of Ty in the range beyond 5 c/s, but
deteriorated so little that the values of Ty does not affect
significantly mutual arrangement of the three gain curves nor
that of the phase ones in the whole frequency range. In the
cases of the same T; value, the discrepancy among the three
gain‘curves may grow as the Ty value decreases in the lowest
frequency range, but the absolute value is small. Therefore,
the values of T7; does not much influence mutual arrangement of
the three gain curves in the whole frequency range.

It is thus possible to say by investigation that the
uncertainty of T, affects the characteristics of the plasma
column displacement to vertical field change in the frequency
range below 5 c¢/s, but the discrepancyes'among the characteris-
tic curves are not so large that the influence of T, may not be

so much.

2-3-3 Influence of the intrinsic time constant, T,, on
frequency characteristics of the plasma column dis-
placement to vertical field change

Influence of the intrinsic time constant of the conductor
1, T;, on frequency characteristics of the plasma column dis-
placement to vertical field change will be investigated. The
characteristics are shown in Figs. 4-19~~-4-27. T, is set at
1.0 in Figs. 4-19, 4-20 and 4-21, at 0.5 in Figs. 4-22, 4-23
and 4-24 and at 0.2 in Figs. 4-25, 4-26 and 4-27. 7T, is set
at 10.0 in Figs. 4-19, 4-22 and 4-25, at 0.5 in Figs. 4-20,
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4-23 and 4-26 and at 2.0 in Figs. 4-21, 4-24 and 4-27. Each of
the three curves in each figure concerns one of the three 1, s,
0.03, 0.02 and 0.01.

It is seen in the figures that the three curves lie, re-
gardeless of the value of T, or Ty, or of both, in narrow
limites of which the width of the gain characteristics is about
1.1 db at 50.0 ¢/s and reduces to 0.4 db at 5.0 c¢/s, and that
of the phase ones is about 3 deg. in the frequency range beyond
5.0 ¢/s. Moreover the discrepancy among the gain curves and
also that among the phase ones decrease with decrease of the
frequency and cease to appear in the low frequency range.

In the cases of the same T, value, the discrepancy among
the gain curves and also that among the phase ones rest un-
changed regardless of the values of T.and so the values of
may not affect mutual arrangement of the three galn curves nor
that of the phase ones in the whole frequency range. In the
cases of the same T value, the agreement among the three gain
curves and also that among the phase ones might be weakened with
decrease of the T, value, but so little that the values of
may not affect significantly mutual arrangement of the three
gain curves in the whole frequency range.

It is thus possible to say by investigation that the un-
certainty of T, does not influence so much the characteristics
of the plasma column position to vertical field change in the

whole frequency range.

2-4 Influence of the intrinsic time constants, T,, T, and T,
on frequency characteristics of the plasma column dis-
placement to terminal voltage change of the conductor v

Influence of the intrinsic time constants of conductors,

T, Ty and T, , on frequency characteristics of the plasma
column displacement to terminal voltage change of the conductor
v will be investigated. The characteristics are shown in Figs.
5-1.~-5-27 where /¢ is set at 2.2 and G at -0.8 in accordance
with the obtained results in the preceding section, and 7, is
set at one of the three T;s (0.03,0.02,0,01), T, at one of the
three T, s (1.0,0.5,0.2) and = at one of the three Ty S
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(10.0,5.0,2.0). The values of the intrinsic time constants are
found around the expected values. The influence of T, on the
characteristics will be investigated with Figs. 5-1 —~~-5-9, that
of T, with Figs. 5-10~~-5-18 and that of T, with Figs. 5-19 ~
5-27.

2-4-1 Influence of the intrinsic time constant, T, on
frequency characteristics of the plasma column dis-

placement to terminal voltage change of the conductor v

Influence of the intrinsic time constant of the conductor
t, Ty , on frequency characteristics of the plasma cclumn dis-
placement to terminal voltage change of the conductor v will
be investigated. The characteristics are shown in Figs. 5-1-~
5-9. Tyg is set at 0.03 in Figs. 5-1, 5-2 and 5-3, at 0.0Z in
Figs. 5-4, 5-5 and 5-6 and at 0.01 in Figs. 5-7, 5-8 and 5-9.
T, is set at 1.0 in Figs. 5-1, 5-4 and 5-7, at 0.5 in Figs. 5-2,
5-5 and 5-8 and 0.2 in Figs. 5-3, 5-6 and 5-9. Each of the
three curves in each figure concerns one of the three Tts,
10.0, 5.0 and 2.0.

It is seen in the figures that three curves agree with each
other in the frequency range beyond 0.3 c¢/s. The discrepancy
among them is about 2 db at 0.2 c¢/s, reduces to 1 db at 0.3 c/s
and disappears in the range beyond 0.4 c¢/s. But in the range
below 0.3 c/s, the characteristics are affected by the 73 values
and the discrepancy increase with decrease of the frequency to
9 db at 0.05 c¢/s. Three phase curves agree with each other in
the frequency range beyond 1 c/s. The discrepancy among them
is about 6 deg. at 0.8 c/s, reduces to 4 deg. at 1 ¢/s and
casses to appear in the range beyond 2 ¢/s. But in the range
below 1 c/s, the characteristics are affected by the T;values,
and the discrepancy increases with decrease of the frequency to
34 deg. at 0.1 c/s, but in the range below 0.1 c/s the discre-
pancy is likely to decrease and reduces to 23 deg. at 0.05 c/s.

In the cases of the same T, value, the agreement among the
gain curves and also that among the phase ones may be slightly
weakened with decrease of the 7T, value, but deteriorated so

small that the values of T, may not affect mutual arrangement
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of the three gain curves nor that of the phase ones in the
whole frequency range. In the cases of the same T, value, the
values of T; may not influence mutual arrangement among the
three gain curves nor that of the phase ones in the whole fre-
quency range.

It is thus possible to say by investigation that the un-
certainty of T, does not influence significantly the charac-
teristics of the plasma column displacement to terminal voltage
change of the conductor v in the frequency range beyond 0.6 c/s.
But in the frequency range below 0.6 c/s, the characteristics

arc affected by the uncertainty of T¢.

2-4-2 Influence of the intrinsic time constant, T, , On
frequency characteristics of the plasma column dis-
placement to terminal voltage change of the conductor Vv

Influence of the intrinsic time constant of the conductor
v, T,, on frequency characteristics of the plasma column dis-
placement to terminal voltage change of the conductor v will be
investigated. The characteristics are shown in Figs. 5-10 —~~
5-18. Ty is set at 10.0 in Figs. 5-10, 5-11 and 5-12, at 5.0
in Figs. 5-13, 5-14 and 5-15 and at 2.0 in Figs. 5-16, 5-17
and 5-18. Ty is set at 0.03 in Figs. 5-10, 5-13 and 5-16, at
0.02 in Fis. 5-11, 5-14 and 5-17 and at 0.01 in Figs. 5-12,
5-15 and 5-18. Each of the three curves in each figure concerns
one of the three Ty,s, 1.0, 0.5 and 0.2.

It is seen in the figures that, regardless of the value
of Ty or Tp, OT of both, the characteristics are affected
noticably by T, and each of the three curves shows its diffe-
rent appearance from each other in the whole frequency range.
The discrepancy among the three gain curves is about 14 db in
the range beyond 2 c¢/s but decreases with decrease of the fre-
quency and reduces to 4 db at 0.2 c/s. The discrepancy among
the three phase curves, which is less than 10 deg. in the range
below 0.1 c/s, increases to 38 deg. at 0.5 ¢/s but in the range
beyond 0.5 c/s decreases with increase of the frequency. The
discrepancy reduces to 10 deg. at 5 c/s, to 8 deg. at 10 c/s
and to 3 deg. at 50 ¢/s. '
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In the cases of the same Tyvalue, the values of T, may
not affect mutual arrangement of the three gain curves nor that
of the three phase ones in the whole frequency range. The
discrepancy among the three phase curves may be reduced with
decrease of the T, value but too littre to be mentioned any
more. In the cases of the same T value, the discrepancy among
the three gain curves may be reduced with increase of the T
value but too littre to be mentioned, and it may be said that
the value of T,does not affect significantly mutual arrangement
of the three gain curves nor that of the three phase ones in
the whole frequency range.

It is possible to say by investigation that the uncertainty
of T;,influences the characteristics of the plasma column dis-
placement to terminal voltage change of the conductor v in the

whole frequency range.

' . . s . T
2-4-3 Influence of the intrinsilic time constant, {én frequency
characteristics of the plasma column displacement to
terminal voltage change of the conductor v

Influence of the intrinsic time constant of the conductor
1, Ty, on frequency characteristics of the plasma column dis-
placement to terminal voltage change of the conductor v will
be investigated. The characteristics are shown in Figs. 5-19~
5-27. T, is set at 1.0 in Figs. 5-19, 5-20 and 5-21, at 0.5
in Figs. 5-22, 5-23 and 5-24 and at. 0.2 in Figs. 5-25, 5-26
and 6-27. T, is set at 10.0 in Figs.5-19, 5-22 and 5-25, at
0.5 in Figs. 5-20, 5-23 and 5-26 and at 2.0 in Figs. 5-21, 5-24
and 5-27. Each of the three curves in each figure concerns one
of the three T;s, 0.03, 0.02 and 0.01.

It is seen in the figures that three gain curves agree
with each other, regardless of T, or T,, or of both, in the
frequency range below 5 c¢/s. The discrepancy among them, which
is about 1.5 db at 5 ¢/s, decreases with decrease of the
frequency and ceases to appear in the frequency range below 1

c¢/s. But the discrepancy increases, with increase of the
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frequency, to 2 db at 10 c/s and to 7 db at 50 c/s. Three
phase curves, among which the agreement is weaker than that
among the gain ones, lies in narrow limites in the frequency
range below 0.5 c/s, of which the width does not exceed 3 deg.
at 0.5 ¢/s. But in the frequency range beyond 0.5 ¢/s, the
discrepancy incleares, with increase of the frequency, to 10
deg. at 4 c/s, 12 deg. at 5 c/s and 24 deg. at 50 c/s.

In the cases of the same ‘", value, the discrepancy among
the three gain curves and also that among the phase ones rest
unchanged regardless of the values of T, and so the values of
¢ may not affect mutual arrangement of the three curves in the
whole frequency range. In the cases of the same Tt value, the
agreement among the gain curves and also that among the phase
ones is weakened with decrease of the T,value, but so little
that the value of T does not affect mutual arrangement of the
_three curves in the whole frequency range.

It is possible to say by investigation that the uncertainty
of Ty dose not influence significantly the characteristics of
the plasma column displacement to terminal voltage change of
the conductor v in the frequency range below 4 c/s, but in the
range beyond 4 c¢/s, the uncertainty of T, may influence the

characteristics.
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3. SUMMARY AND CONCLUSION

Frequency characteristics of the horizontal motion of a
JT-60 plasma column have been described, especially influence
of the uncertainty in parameters on the characteristics investi-
gated.

Concerning the characteristics to vertical field change,
the uncertainty of /¢ or G, or of both, little influences the
characteristics in the whole frequency range, and therefore,
motion of the plasma column to a vertical field change may be
analized with reasonable values of /5 and G. The uncertainty
of T4 does not much influence the characteristics in the range
beyond 0.5 c/s, but not so in the range below it. The uncer-
tainty of T, affects the characteristics in the range below
5 ¢/s, but not so much. The uncertainty of T, does not almost
influence the characteristics in the whole frequency range.

Concerning the characteristics to terminal voltage change
of the conductor v, the uncertainty of /7 or G, or of both,
1little influences the characteristics in the whole frequency
range, and therefore, motion of the plasma column to a terminal
voltage change of the conductor v may be analized with reason-
able values of /5 and G. The uncertainty of Ty does not much
influence the characteristics in the range beyond 0.6 c/s, but
not so in the range below it. The uncertainty of T, does
affect the characteristics in the whole frequency range. The
uncertainty of T, does not influence the characteristics 1in the
range below 4 c/s, but affects them.a little in the range beyond
it.

A knowledge of the influence of parameters on characteris-
tics of the plasma column is essential in analizing motion of
the plasma column and developing the control method for the
control column motion. Control performance of the JT-60 plasma

column will be described in a later report.
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Table 1 List of parameters
. Notation Eﬁgiﬁzed pg;iizle Complement
. Ry 3.0 Major radius of the plasma column
do 1.0 Minor radius of the plasma column
T, 1.2 Minor radius of the conductor 1
T, 1.4 Minor radius of the conductor v
T, 1.8 Minor radius of the conductor t
Ng 1 Equivaleﬁt number of turns of the conductor 1
Ny 6 4 Equivalent number of turns of the conductor v
N¢ 1 Equivalent number of turns of the conductor t
T2 < 0.03 Intrinsic time constant of the conductor 1
Ty < 1.0 Intrinsic fime constant of the conductor v
T+ £ 10.0 Intrinsié time constant of the conductor t
Beg 0.1 Value of paloidal beta
1; 0.9 Internal inductance of the plasma column
il -1.5<¢ {0 | Positional gradient of the vertical field
X 0< <0.5 | Positional gradient of the minor radius
n -1& <0 | Positional gradient of the plasma current
. fo fg:fn%ﬁ t Ryt '2%3
G G="[Z°‘ -1+n-m
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Values of fo

My oL 2,.53 3,13 JLE3 13,18 3,23 13,28 | 3,33 3,38 13,43
eF [ 2,.R3 ?.83 A, A3 13,28 | 3,13 13,18 | 3,23 |3,.28 LN |
nin ?,33 2R3 2,93 | 2,98 | 3,43 13,08 13,13 13,18 3,23
72 [ 60 2,73 2,83 12,88 | 2,83 12,98 13,23 | 3,28 34,13
B 1 D03 2R3 P73 | 2,78 | 2,83 12,88 12,93 | 2,98 |3,83
5 [P.e48 2.53 (2,65 | 2,68 | 2,73 | 2,78 | 2,83 | 2,88 |2,93
JA8 12,30 2,43 2. 53 | 5 58 a2, 88 |2,688 [ 2,73 | 278 .]2,83
3 2,03 PR3 2,43 12,48 |2 .53 | 2,58 | 2,63 |2,68 |2,73
XN PRE .23 2,33 [ 2,38 |2.43 | 2,48 | 2,653 | 2,58 |2,63
o Y l—— . -,

2,4 2.13 2.23 | 2,28 12,33 | 2,38 | 2,43 ]2,48 [2.53

e B9 .70 L96 | 1,50 112 [ 1,29 1,38 1.4? 1.50

Values of (n-m)

,..75 -.55 -.45 ".g}b -.25 ".15 -0:35 oms -15‘i 025

-y BB - 45 | w38 | w25 [ =18 1w, A8 #85 1B 275 «35

. 58 o35 | =,25 [ =418 | = @5 | .75 | L85 | .25 1,38 0 .6

-4 n, 25 | =, 158 | = 05 I8 .15 + 28 ] A + 55

-, 25 -, 15 | = 75 o 3 £ 15 25 2 38 248 £ 23 265
-1,00 w6 | A 70 | = 50 | w50 [med4d [7a30 [ml.20 =17 e 81
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Fig. 5-6 Frequency Characteristics
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Fig.5-11 Frequency Characteristics
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Fig. 5-19 Frequency Characteristics
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