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INTERPRETATION OF TOROIDAL CURRENT AND
LOOP VOLTAGE TEMPORAL EVOLUTION DURING
RE-CURRENT DRIVE EXPERIMENT ON THE T-7 TOKAMAK

J. Stockel, F. Zaéek

Institute of Plasma Physics, Czechosl. Acad. Sci., Pod voddrenskou vé%i 4, 182 11 Praha 8,
Czechoslovakia

A simple analytical model is developed and solved to describe time evolution of the loop
voltage and toroidal current when RF and inductive current drive take place simultaneously.
A relation for the real value of the RF driven current has been obtained under these conditions.
Comparison with experimental data from T-7 tokamak allows to estimate the role of the skin
effect during RF current drive.

1. INTRODUCTION

In a last few years non-inductive methods of generation of the toroidal current
in tokamaks achieved attention. One of such methods is current generation by
lower hybrid waves [1, 2]. Radio frequency electromagnetic energy is launched
by a periodic structure (grﬂl) into the plasma to generate lower hybrid waves with
directional total momentum [3, 4]. When the wave number parallel to the toroidal
magnetic field is suitably chosen, the waves are absorbed in plasma via Landau
damping. This fact represents a force acting on electrons, which with friction force
of Coulomb collisions results in steady toroidal current.

As in many other experiments [5—9], the efficiency of the RF current drive on
tokamak T-7 (# = 122c¢m, a = 26 cm, B, = 1:6—2:3T) has been till now in-
vestigated in presence of simultaneous inductive current generation [10, 11]. That
means, a toroidal electric field impressed to the torus by a transformer breaks down
the neutral gas at the onset of the discharge and forms the plasma with given par-
ameters. The electrical scheme of the tokamak T-7, however, does not allow to
block the energy transfer between primary and secondary transformer circuits
during the RF power application (as it was possible to do, e.g., on PLT experiment
[12]). In consequence of this fact, not only loop voltage and plasma current (i.e.,
secondary transformer circuit quantities) but also quantities in primary circuit are
changed on switching on the RF power. It is clear that determination of the current
drive efficiency { = I, RF/PRF is not straightforward in this case.

Typical temporal evolution of the toroidal current and loop voltage are depicted
in fig. 1. Dashed parts of the curves correspond to the ohmic regime only, without RF
application. A pulse of RF power is switched on 80—90 ms after the discharge onset
and its duration is taken to be comparabe with the quasistationary discharge phase.
It may be seen after RF pulse switching-on the loop drops with the time constant
30—40 ms and in the second part of the RF pulse its relative decrease reaches the
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value AU, [U, =~ 0-85. At the same time toroidal current increases and is about
10—15% higher at the end of RF pulse than at its beginning. RF power was variable
in the range of 30—200 kW; however, the effect saturates at the value 70—80 kW.
All the effects were the most expressed at plasma densities (3—6) x 10™® m™2,
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Fig. 1. Typical temporal evolution of the toroidal current and the loop voltage in the current

drive experiment (T-7 device). The dashed lines correspond to the inductiv

¢ current drive regime

only (without RF power application). Mean electron density 7, =3 X 10'® m ™3, input RF
(4

power Rpp = 100

kW.

Using a simple analytical model we shall try in the following to explain the me-
asured time dependence of both quantities mentioned above. In this model a trans-
former for ohmic plasma heating together with an external supply of RF current
Izr switched on in a given moment in the secondary transformer winding are con-
sidered. Similar problems were discussed recently in [8, 13, 14] and numerically

analyzed in [15].

2. MODEL

Electrical circuit of the transformer together with measuring loop, primary supply
(pulse LC-line) and secondary winding (plasma column and source of RF driven
current) are shown in fig. 2. The power switch S connects ohmic heating LC-line
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to the primary transformer winding in the starting time. Mutual inductance M,
describes a coupling between primary winding (230 turns, inductance L, = 4-2 H)
and plasma column (approximated by one turn of conductor with inductance L, =
= L;/230* = 80 pH and ohmic resistance R, = 8-8 pQ). We assume that inductive
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Fig. 2. The electrical circuit of the tokamak device with the inductive (LC-line -- transformer)
and RF sources for driving the toroidal current. The source of the RF current can be replaced
by a source of equivalent voltage Mgg= Ifp. Ry, connected in series with plasma resistance.
Arrangement of the main diagnostic tools (measuring loop, Rogowski coil) are depicted as well.

coupling between primary winding and measuring loop is the same as between
primary winding and plasma turn. This coupling is not perfect, therefore

M, = k1(L1 . 12)1/2 B

where k; is smaller than unity. The coupling between plasma turn and measuring
loop is similarly described by mutual inductance

M’2=]CZ.L’2,

where again k, < 1. In all following considerations we take all circuit parameters as
time independent. It concerns first of all the internal inductance and ohmic resistance
of plasma and the permeability of the transformer core. Further we assumed that
the RF driven current is generated by a source Iy connected in parallel to the plasma
ohmic resistance by a switch K.

Let us replace for the simplicity at first the pulse LC-line by a source of time
independent voltage E with internal resistance R;. This approximation is valid
in the time comparable with the duration of tokamak inductive discharge. More-

Fig. 3. The equivalent circuit of the tokamak with RF

current drive source. It is a modification of the circuit

depicted in the previous figure. The following relations

are used: R; = (Lo/Co)'/?, L,= Ly, R,=q*. R},

Up =4q. UllooP’ Ip = 11’3/(1’ IRF = I{{F/q’ Lr + Lp =
= (1 —k}). Ly, Ly = (1 — ky). Ly (see text).
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over, we can modify the electrical circuit of the transformer to the form commonly
used in the theory of pulse transformers [16], see fig. 3. The mutual inductances M
are replaced in this equivalent circuit by inductance of magnetization L, (Lu = L,)
and by total leakage inductance of the transformer L, + L,. The part of this total
leakage inductance, denoted as L, characterizes a leakage magnetic flux between
the measuring loop and the iron core of the tokamak transformer, the part denoted
as L,, characterizes a leakage magnetic flux between the centre of the plasma column
and the measuring loop. It is evident, that the value of L, is predominantly given by
the internal inductance of the plasma column. Let us note, that in the equivalent
scheme of fig. 3 all parameters of the secondary transformer circuit must be trans-
formed in following way:

U=gq.U, I=Ilg, R=¢*.R', L=¢*>.L,

where g = transformation ratio (¢ = W,/W,),
W, = number of primary winding turns (W; = 230),
W, = number of secondary winding turns (W2 = 1).

Table I
I [A] Up [v] R, [Q] L}1 [mH] L, [mH] L, [mH] R, Q]
596 230 0-46 4200 13 77 2-5

Values of the parameters occurring in fig. 3 are for the experiment described (T-7
device) summarized in table I'). Take us notice the fact, that the values of the induc-
tance of magnetization L, and of the total leakage inductance L, + L, are very
different (L, > L, + L;). In consequence of this fact we can easily find the solution
of the equivalent circuit of fig. 3 for two extreme cases:

A) for a time immediately after the moment when K is switched-on the inductance
of maguetization L, doesn’t play virtually any role (Lu - ch) and so the equivalent
circuit can be reduced to a very simple serial one (see fig. 4a) with the characteristic
time constant

(1)

oL+ L,
R, + R,

which equals T = 31 ms for the experiment under study;

B) for a time ¢ > ¢ on the contrary, the serial leakage inductances L, and L,
do not play any role and so the equivalent circuit can be reduced to a simple parallel

1y Private communication from A. Ya. Kislov.
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one (see fig. 4b) with the characteristic time constant
1 1

(2) 0=L,{—+—},
R, R,

which equals § = 10 s in our case.

It is obvious that for interpretation of the toroidal current and loop voltage time
variations at tokamak T-7 with a RF pulse length tzr = 100—200 ms it is sufficient
to analyze only the first case A. The evolution of the both mentioned parameters
for t ~ # is given in appendix for completeness.

T 0 O I
I\G-Lp I:Ri +R]

P
R
4
E L |, R, i
IRF
o b
b)

Fig. 4. The two possible extreme modifications of the equivalent circuit depicted in fig. 3: a)

the simplification for the time range comparable with the time constant 7 (z =230 ms for T-7 case);

b) the simplification for the time range comparable witlh the time constant @ (0 = 10 s for T-7 case);
for basic equations of this case see appendix.

According to fig. 4a, the time variation of the toroidal current I » after switching-on
of the key K(t = 0) is given by following equation:

(3) E+IRF.RP=(Ri+RP).IP+(L,+Lp)%.

Eq. (3) can be simply solved for the initial condition

E
I(0)=1"=_——_
=15 =
and assuming Ipg(f) = Izp = const for ¢ = 0. This solution can be written as follows:
It I -t/
@ %=1+%(1—n)(1—e’/).
P P

Here
(5) 7 =R/(R; + R,)

and time constant T is given by (1) Similarly the time variation of the loop voltage
has following form:

(6) Uft) = E— R, .I(1) — L, dg’t(f)’
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or

() %0 _y I, [1 - <1 - ﬁ) e"”’],
U, I, i

where

(8) A=LJL, + L,)

and Uy = I . R, is a loop voltage value just before the RF power is applied.

It may be seen from egs. (4) and (7) that for ¢ > © (but still for t < 6) the time
course of both quantities (current and voltage) saturates and their relative changes
achieve in this limit the following values:

©)

AU, _Up —U, L

U, U I’

AL, I, —1° I
10 B=le TP (] —p)RE,
1) X I ( "5

As follows from relations (9), (10) for correct determination of the real value of the
RF driven current Iy it is necessary to add the both measured relative changes:

Al AU,
_ 70
@ e =3 (54 7).
e /15 = 05 e /15 =125 e /19 =175
2
= e o " LT
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Fig. 5. The typical time evolution of the relative values of the toroidal current and the loop
voltage according to the described model for 7 = 0-8. A few different values of the other para-
meters Ipp/I3 and 4 are given for illustration.
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It is evident, that two extreme cases can be distinguished with respect to the parameter
7

a) R; > R,, i.e. the ohmic heating LC-line works as a current source; in this case
we can expect as a RF pulse response a decrease of the loop voltage ounly;

b) R; < R,, i.e., LC-line works as a voltage source; in this opposite case we shall
observe a change of the toroidal current only. In most current drive experiments the
relation R; > R, is valid (no sharp inequality) and so responses on both quantities
are observed. However, the voltage change is usually much more expressed. Such
situation ( = 0-8) is demonstrated in fig. 5 for three different values of the FR driven
current Iz, It may be seen from this figure that while the toroidal current changes
smoothly, the Joop voltage has a jump in the time when the current drive is switched-
on (t = 0). The relative value of this jump is proportional to the parameter 4, i.e.,
it characterizes the influence of leakage inductances. To illustrate this effect the time
dependences in fig. 5 are shown for three values of the parameter 4 (/11 =04, 1, =
= 0-8, A3 = 0:95).

3. COMPARISON OF THE MODEL WITH EXPERIMENT

Relative changes of the toroidal current and loop voltage observed experimentally
on the tokamak T-7 are shown in fig. 6. Using eq. (11) from their values at time
t = 100 ms we can immediately determine the value of the driven current as I RF/I g‘ =
= 0-97. It means that practically the whole toroidal current is taken over by RF
current drive. Note us, that using

the expressions (9) and (10) we may 12 TOROIDAL CURRENT
estimate the value of parameter # as
n = 0-87. This value is in a very good s W s e i
agreement with definition (5) for par- = 22 000 eq.(13)
ameters of tokamak T-7 (see tab. I): - P [E *» i o)
10
n = 2-5/(25 + 0-46) = 0-84.
10
LOOP VOLTAGE
08 [\
\
Fig. 6. Comparison of the experimental 0.6 A X
-l . . \ EXP coo eq.(14)
temporal evolution of the toroidal current on s / —_ eq(7)
and the loop voltage (fulllines) with results 2 N
of calculation according to the model. En 0.4 WK
Dashed lines — the step time variation of = \\
the RF driven current is assumed; open S RS
circles — the smooth increase of the RF 0.2
driven current (skin effect is taken into
account).
0
0 20 40 60 80 100

t [ms]
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The character of the measured time dependences given in fig. 6 corresponds satis-
factorily to those calculated from eqgs. (4), (7) which are shown by the dashed lines
in fig. 6 as well. In accordance with tab. I we used for this calculation the following
parameters:

A N TR N R Sy SYT
R, + R, L.+ L,

At the very beginning of the transient phase, however, there are some perceptible
departures between experimental and calculated curves. First of all, the jump in the
loop voltage predicted from the suggested model is not observed experimentally.
Second, the onset of the increase of the toroidal current seems to be delayed compared
to the onset of the current drive. These discrepancies are probably due to the simpli-
fication, which on the other hand enables us to solve the problem analytically. In the
following we shall try to discuss these questions.

Firstly, we have supposed in our model that primary winding of the transformer
is supplied by a fixed voltage supply with a constant internal resistance. In the
starting phase of the current drive, however, the actual capacitively-inductive charac-
ter of the supply LC-line plays evidently a significant role (especially the parameters
of a few last cells are important). This fact must be taken into account in the arrange-
ment and solution of the equivalent scheme. It may influence the time constant
of the changes of the macroscopic parameters, but not the smooth character of the
loop voltage experimentally observed.

Secondly, we have supposed in our model that we obtain the data of the toroidal
current and the loop voltage without any time delay (thin wire approximation).
In general, however, the driven current may be generated anywhere in the inner
part of plasma column while its manifestation measured by Rogowski coil and
voltage measuring loop is delayed by the skin time (time of the penetration of the
driven current magnetic field outwards across the plasma column). It means, that
from the point of view of the used diagnostic tools the result is the same as if the
driven current Ipp would be created not immediately, but continuously from zero
to the steady state value Igy, with a certain time constant T (corresponding to the
skin time 7):

(12) Ine(t) = IRe(1 — &™) .

Substituting such time dependence of the generated driven current (12) into the egs.
(3) and (6) we obtain the following expressions for relative changes of toroidal
current and loop voltage:

A, 12
(13) =1 -n|1- ©emui_ L gur ,
Ip Ip t—T T—T
O —
(14) AZ” = 1505 g1 — L ey =% gur|,
U, Ip T—T 1—T
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Here 7, = L R;. It may be seen that for T = 0 these dependences turn into the
previous case (4) and (7). The best agreement between these dependences (13), (14)
(circles in fig. 6) and those experimentally found (full lines in fig. 6) has been obtained
by choosing the time constant T = 8 ms. If this value of T corresponds only to the
skin time 1, then, knowing the mean plasma conductivity &

291

2770
a*U,

=31 x10Q 'm™!

5:

(2 and a beeing major and minor plasma radius), we are able to estimate the charac-
teristic length of magnetic field diffusion as

d = (14 /16)"* =4 — Scm.

From this fact it would be possible to draw a conclusion that the driven current
is not generated on the plasma periphery, but somewhere inside the plasma column,
in the region within radius rgg ~ a — d ~ 20 cm.

In addition to the discussion above there is still another fact which must delay
the manifestation of the current-drive phenomenon in the time. This is the energy
requirement for building-up of the population of the energetic electrons carrying
the driven current. If we suppose that the energy of these electrons is of the order
of 100 keV, then the whole energy needed for current ~100 kA is about 0-5kJ.
Such amount of energy can be delivered by RF power of 100 kW, even at its total
absorption, only after 5 ms. This means that this fact would have to be taken into
account too. Moreover, the efficiency of the electron dragging, especially in the very
beginning of the process, remains an open question.

4. SUMMARY

The main results of the paper may be summarized in the following way:

(i) It was shown that for the correct interpretation of the time behaviour of toroidal
current and loop voltage during a simultaneous inductive and RF current drive
in tokamaks it is necessary to take into account the primary circuit of the tokamak
transformer.

(i) A simplified equivalent model describing the actual experimental situation
in the case of iron transformer was suggested. An analytical solution of this model
enables us to find the time evolution of the toroidal current and loop voltage and the
real value of the RF driven current.

(iii) It was shown that toroidal current and loop voltage change with the time
constant depending first of all on the total leakage inductance of the transformer
and on the internal resistance of the feeding LC-line.

(iv) The best agreement of the suggested model with experiment was achieved
taking the RF driven current continuously increasing from zero with time constant
T = 10 ms. Two probable mechanisms and the physical interpretation of such
driven current behaviour were discussed.

Czech. J. Phys. B 37 [1987] 209



J. Stickel, F. Zdkel: Interpretation of toroidal current. . .

(v) Generally, all parameters of the plasma (especially internal inductive and
ohmic resistance) it is necessary to consider as time depending during the process
of current drive. However, consideration of all these effects goes out of the frame
of the analytical approach suggested.

APPENDIX

The time evolution of the loop voltage and toroidal current can be calculated
for time comparable with the time constant 0, using the simplified circuit given in fig.
4b, as follows:

U _ (1 _ I\ oo Dol0) _ T — pLre\ g-ue
1—m e R + (1 ”IO e .

0 0 0 0
UP Y IP IP p
0_ 0_ 0_
, . /IP =05 IRF/ g =125 'RF/ lp =175
1 P —}“- n JOSE
= o 2
s b
0
10
!
RF
Jn | IT
- P
(-9 03 ‘\
=
S—
;“‘0 \,
/"”M
-0.5
0 1 2 0 1 2 0 1 2

Fig. 7. Typical time evolution of the relative values of the toroidal current and the loop voltage
if a RF pulse long enough is applied to the plasma. An example of the calculation is presented
in the appendix.

Fig. 7. shows these time dependences for three different values of the ratio IRF/ I
and a typical parameter i = 0-8. It is clearly seen that the efficiency of the inductive
drive falls to zero for t 2 (2 — 3) 0, as it may be expected from the brief analysis.
of the equivalent circuit as well.

_ The authors would like to thank A. Ya. Kislov [or the basic data on the T-7 tokamak trans-
former. They are also indebted to V. V. Parail and G.V. Pereverzev for many clarifying discussions..
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