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1, INTRODUCTION

The start up phase of a Tokamak.discharge has been investl~
gated by several authors during the last decade.

In the papers of DIMOCK et al. /1/, HUICHINSCN and STRACHAN
/2/, STRACHAN /3/ and PAPOUIAR /4/ the intention was mainly
a general understanding of the processes of breakdown in
Yoroidal geometry and their time scale. The optimization of
the start up i.e. the minimum energy demand for the plasma
formation was the aim of the investigations of ABRAMOV 8% al.
/5//6/ snd SQMETANI and FUJISAWA /7/. The problem of intense
plasma wall interaction in this time range is the subject of
two papers by STRACHAN /8/ and DENISOV et ale /9/e

Apert from some details the following qualltative picture is
accepted. The discharge runs through different states uwntil
reaching the stationary hot plasma; The first one 1s the gas
breakdown with exponential current growth (avalanche phase).
Above a certain plasma current (IP = 1kA for ™ 1) the rota~
tional transform estsblishes and the plasma confinement be-
gins with a pinch phase. The electron density 1s still in-
creasing until the plasma is fully ionized. In this time
period gas discharge processes as excitation, lonization and
H-atom radiation take place, there.fore the bulk electron
temperature remains low (T < 20 eV), Plasma hea.'bing starts
but now when the plasma has been fully ionized.

One of the open questions is, to our opinion, the long time
delay between ignition of the OH~battery and the appearance
of the first microwave signal, say n = ‘IO’I 3. DENISOV
et al. /9/ explained the time lag of the T 7 start up by
the ion time of flight being much longer than the time con-
stant of the avalanche growth, We did not confirm this mo-
del in the present experiments where we investigated espe-
cially the avalanche phase of the plasma evolution in the
T™ 4 Toksmak.

The paper is organized as follows: The experiments are de—
seribed in Sec. 2. There we report on basic perameters
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(2.1), plasma position (2;2) and probe measurements (2:3):

In 3ec. 3 we give a quantitative model of the avalanche |
phase. First we deal with the electrodynamical properties
i.e. the evaluation of plasma field and current (3.1) and
the determination a4f plasma resistance and electron den~
sity (3.2). The time constant of the electron density evo-
lution is discussed in (3.3). The comparison of our model
with experimental results is given in Sec. 4. We discuss
the influence of transverse magnetic fields and the ioni-
zation rate under our conditions. Conclusions are given in
Sec. 5.

2. EXPERIMENTAL ARRANGEMENTS AND RESULDS

2.1 Basic parameters

- The Tokamak T™ 1 has been described earlier /10/. We made
the following experiments with a toroidal magnetic field
BT = 1,3 Ty a maximum plasma current = 16 kA and a vari-~
ation of the vertical and horizontal magnetic fields gene~
rated by the separate coil systems: B_ = + 2,25 « 1073
(2,8+1072 T/kA) and By 00003,25+1073 T (6,5-1073 T/ka) .
The filling pressure is p = 1,210~ Pa without additional
gas puffing that means oy = 7°1O12 H—atoms/cm3 after dis-
sociation. Diagnostic methods and the direction of fields
and current are shown in Fig. 4. In the limiter shadow
there are two Langmuir probes (Mo-wire 1 = Smm, d = 4 mm)
which can be shifted from the liner position %o the very
edge of the limiter projection. The HB-line radiance is
megsured through the collimator of the neutral beam dia~
gnostics at different positions 4 h. The receiving systenm
is a photomultiplier with interference filter. Relative
values are obtained only. We did not succeed in measuring
the carbon C IIT and C V lines with a similar filter in
the A = 230 mm range since it did not reject the H-radi~
ation sufficiently. The bright H-radiation during the start
up phage covers the weak C—radiation within the first‘
SOO/us.
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We made a series of shots with variing Bv and Bh in order
to reveal their influence on the current rise and the tem—
poral evolution of the other plasma parameters.

The temporal evolution of a typical discharge is shown in
Fig; 2 The data of loop voltage Ul’ total current It
(liner + plasma current), mean electron density n (from

4 mm u~wave interferometer) and ion saturation current I;
of the probe in the limiter shadow can be measured direct-
l1y. The plasma current IP is obtained from the total cur-~

rent and the loop voltage Uy: u
£
IF =It 'Ilfnnr = I‘t - Z,

The ohmic liner reéistance Zq has been determined from
shots without plasma and also frqm the first 100 /us of a
plasma discharge to Z; = 40 mvt , The inductive part of
the liner current can be neglected (L; = 40 pH).

The Lengmuir probe signal showing the density of the
scrape-off layer (SOL) plasma can be used to denote the
different regimes of the plasma formation. The first phase
lasting up to t = 150—200/us is the breakdown in the whole
cross section of the liner, we call it avalanche phase. In
the following bime period from t = 200-350 us the plasma
disappears from the limiter shadow due to the beginning
confinement by the plasma current poloidal magnetic field,
we call it pinch phase. After that the probe signal indi-
cates again the presence of plasma which moves from the
centre into the limiter shadow forming there the S0I=
plasma of the stationary state.

Three typical current rises in dependence on the external
B, and Bh fields are shown in Pig. 3. The avalanche phase
is characterized by an exponential growth exp( )" t) ‘the
time constant of which 1/)¢ depends on the perpendicular
fields. The next period with the slower increase is the

pinch phase starting gbove Ip = 1 kA,
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Z.Z,Qibgition-of the plasma column

A strong change of the radial profile of the plasma column
takes place during the process of breakdown and the evolu-
tion of the Tokamak plasma. The avalanche phase is charac~
terized by a homogeneous distribution with a flat profile,
The both probes (upper and lower) show nearly equal values
of ion saturation current (Fig. 4a). The radial profile of
the HB-radiation is also flat in that time interval. No
part of the cross section shows enhanced radiance (Fig.4b).
A distinct change starts with the end of the avalanche
phase at t ='200/us. The plasma pinches and the centre of
the column moves from the bottom to the top with a velo~
city of v = 2.10% cm/8,

411 three diagnostic methods show thgt effect: Mirnoveoil
signal of the plasma current position, msximum and radial
front of the HB-radiance and the ion saturation current of
the probe (Fig. 4c). The upper probe is reached 300 us
after ignition of the OH-battery. The time when the/plasma
front reaches the probe at different positions gives also
the velocity v = 2-10’+ cn/s, ’

The position of the current maximum does not coincide with
the Hy maximum but ShO\‘fIS also the upward directed motion
with the same velocity.

The high position of the plasma column in the stationary
state is st:‘iking; .The difference in density measured by
the upper and lower probe is two orders of magnitude. That
vlasma position is present in every normal shot and cannot
be influenced by the external perpendicular fields. An in-
crease of B, to press the plasma down leads only to dis-
ruptive instabilities.

2.3 Probe measurements :
the results of probe measurements in the SOI~plasma are
shown in Fig. 5. Besides the routine observation of the ion

sa i 1
turation current we made a series of probe current mea-—
suremrents
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in subsequent shobs with a certain bias voltage for every
gshot. From these data we composed the Langmuir probe cha~
racteristics of FPig. 5a. There are fast electrons in the
avalanche phase (up %o ’180/us) and a bulk electron tempera-
ture of 7=10 eV during the first BOO/us (Fig. 5b) . The flo-
ating potential decreases from Upq = 70-80 V to 5 V during
the pinch phase (Fig. 5¢). The density of the wall plasma
decreases simultaneously (Fig. 5d4). No fast electrons are
present in that tiwme period..

3. MODEL OF THE AVALANCHE PHASE

The theoretical description includes the simultaneous so-
lution of many nonlinear processes as energy- and particle
balance, Maxwell's equations, the equations for heat trans-
fer and radiation losses as well as equations for the exter
nal electrical circuit. This is a tedious task which can

be solved only numerically. To our knowledge the paper of
ABRAMOV et al /6/ is the most comprehensive one which ac-
counts for most of this processes. An additional d4iffi-
culty arises if high energy electrons (run aways) must be
taken into account.

The aim of the present model is much more restricted: it
should be a guide to interprete the experimental facts and
to give an explanation of some physical processes on the
pase of the experiments. The main striking facts are the
fast current rise before pinching, and the dependence of
the rise time on the suxiliary perpendicular m etic
fields. Consequently the model is limited to this phenomena.

3,1 The evolution of plasma field and current

The temporal evolution of the toroidal electric fileld
inside the plasma and the current rise are discussed in
the following pat't; We restrict ourselves to the avalanche
phase where ionization is determined by the electric field
ET impressed to the torus by the OH-battery. This phase
is finished when the plasma is fully ionized and its con-
ductivity corresponds to a temperature of 5 to 10 eVa
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For simplicity we neglect the toroidal geometry and use a
cylindrical model with a homogeneous conductivity. From
probe measurements and observations of the optical radi-
ation in the early state which show nearly flat profiles
this assumption seemes %o be 6ust1f1ed. If a sufficient
strong electric field g 2%_9.32 is 1mpres;ed to the

T~
initlel low demsity plasma‘ +) (n = 107 ..108¢cm™
account at least for the following processes:

we must

a) ionization due to the electric field, controlled by
the Townsend coefficient oL (E), and the different
carrier loss mechanisms;

b) temporal variation of the plasma conductivity 67(%);

c) prevention of field pehetration caused by the fast
change of the conductivity (skin effect);

d) the relaxation process when the poloidal magnetic
field is build up. It is the transient process of
a I/R circuit with a nonlinear resistor oc 1/6"(1:).

The problem is further simplified if the influence of the
temporal varying electric field on & during the avalanche
state can be neglected, In this case O (t) can be trea-
ted as a purely time depending parametric gquantity. In
part 3.2 and 3.3 it 1s shown, that the effective growth
rate of the density ( ¥*—-B) varies proportional to VE.
For a moderate change of E during the avalanche state a
constant mean growth rate can be assumed.

Vith this restrictions the equations of field diffusion
(or skin effect)

<2 _ 1
at At T

3 JJ
a'( 7‘) 1)

+) It is created by a separate preionization source,

=T~

and polodial magnetic field relaxation
i dL Ly
' &F rLRWY = £ =

must be solved simultaneously for the function 6 (%) under
consideration, From Maxwell's equations the field diffusion
equation is obtained if the displacement current is neglec-
ted and plasma field E and current density J are assumed to
have axial (toroidal) components only. The coefficient on
the right hand side of Eq.(1) is an effective diffusion
coefficient, from which a typical time of radial field pene-
tration is obtained:
L :
4,# .Z% % Q/Lad'(f) (3)

The relaxation equation (2) dmthe total plasma cur-
rent % = ‘(ZI J dr and the J.mpressed field strength Ej
with the spec:Lf:Lc inductance 1! and the ohmic resistance

Riz) = (erﬁ'lt)) « L' is assumed to be independent of tine*]
The corresponding relaxation time is written

~%; =a' o)L’ (4)

Note that the functions ZB/H‘ and ZZ/R are nearly identical.
= plasma~(limiter-)radius.

Let us estimate the importance of the skin effect. The dif-

fusion time T yipf is the time which is necessary for a

perturbation in current density at the boundary r=a to

+) The inductance is given by

g e LRI

b = radius for Bpy1=0 (approx. radlus of copper shell).
During the avalanche phase the current distribution can
be assumed homogeneous and the secon% term in parenthesis
becomes 1/4. So we obtain L! T 210 7 H/cm.
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propagate Yo the axis. As long as Z’d A <<“,’%” the field pene-
tration is fast enough &nd J is constant across the radius.
For cll.ﬂ. ~J a‘il /r-e« the current density at the axis is retarded
S (ETi) iR comparison with the boundary J(t).

As a consequence J(a) » J(o), i.e. current density and
plasma field too have hollow profiles which is typical for
the skin effect. A similar result can be obtained from the
following argument. We solve Eq.(1) with the assumption
d3e=d) . The solution which is finite at the axis is the
modified Besselfunction., Therefore we obtain J& /S0 =
Io(Vpet7 ) end for &= 'E‘Tﬁ: JC)Jio) = [ (1) = 16, For an esti-
mation we substitute J/a"! = I_‘,,/ﬁo and neglect the skin-
effect whenever the condition

2L
a’/# / # (5)
is fulfilled.

The plasma current I, we get from a solution of Eq.(z)
after specification of 67(t) and E p(t). For the initial
condition Ilp[t—l)} =0 't:he solution can be written as
L
. é_r(t/ ox [ i ot
(t) = ex ] PLIT i#

L)

(6)

The question arises what special function should be used
for #°(t). In the following parts 3.2 and 3.3 it is shown
that at the beginning of the avalanche phase 4°(t) varies
nearly exponentially. At the end of the process the plasma
is fully ionized and its conductivity . is independent
on the dens1t‘y. A simple formula which reproduces these

it
facts is y (‘)‘56;9 e 1

oK) ="~ F%

T toe ™
where 05 corresponds to the conductivity at the start,
time. We have evaluated the plasma current _Z/;(t) for a
jump of the field By = 0.2 V/om at t=o; 0 = 1072(lm)"”

-0—

and 5, = 5:10° (m™", and ¥ ,=310%"", e initial va-
lue of the conduckivity corresponds to a density of the pre-
ionized plasma of n= 108cm-3, and 0, to a fully ionized
10 eV plasma. The other parameters are Rp=40cm, a = 7.5 cm
and L' =2+1072 H/cm.

In Fig, #a the result of the numerical calculation is plot-
ted together with the value I (t) for L' - 0. At the very
begimning (t < 20/us) the plasma current shows a delay in
comparison with the curve for L' 2 0, another delay is ob-
tained before the current reaches its stationary value, At
medium times the current grows with the same rate as the
conductivity;

In the Fig. 60l +the ohmic component of the plasma field is
also shown, In Fig, 6b the relation Zyg/] ﬁ‘) has been
plotted. As is clearly seen, only during the time interval
320...460/us the skin effect is expected to be significant,.
During the major part of the avalanche phase it can be
neglected, and in the early state up to t £ BOO/us the
growth rate of the conductivity can be obtained from the
plasma current,

3.2 Plasma resistance and mean electron density

The electron density in the avalanche phase is less than
n = ’1012 cm-3. We have no possibility to measure it direct
1y since the 4 mm /U wave interferometer does not operate
at these low densities. Therefore we estimate the electron
density evolution from the Chmic part of the plasma re -
sistance with the assumption that Eq.(§) is fulfilled.
Using Eq.(2) we get

I E

Er‘“ - SR@) = [T 6‘#))'1

(8)

g (t) can easily be obtained from the measured loop voltage

‘and current.

Electron neutral collisions as well as Coulomb collisions

determine the plasma conductivity. Using the drift velocity
in hydrogen at high values of E/p (cf.Sec, .3.3) and
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accounting for the decreasing number of Heatoms the electron
neutral collision dominated conductivity is obtained to:

TR L S -3 -1
%o = 18 » (’II”-‘IL)}/'E7”7; o, %"’,(’jz’"") )

n, is the initial density of hydrogen atomg, The Coulomb term
of the conductivity is given by
7;3/2 (10)
s o 10
2 W [KT 22T R]

with K = 3,9+10° (T,<< 22+13,6 eV) or 1,55-107°
(Te» 22-13,6 eV). The total conductivity follows from

-4 -4 6_.-'1
o = 6;0 + ] (11)

Eqs;(B) to (11) can be used to determine the mean electron
density from the experimental value of the ohmic plasma
resistance or conductivity. "

2
= 459-7

3;3 The time constant of electron density evolution

3.3;’1 Tonization process

The electron density grows exponentially during thé first |

200..,.300/\15. There is a balagce between ionization rate V"

and carrier losses ﬁ . For V")/S an exponential growth is

predicted: [Y":’_/_’t)t
m e € (12)

The ionization frequency y i_ o (E) 7}'d(E) is given by
Tewnsends first coefficient o and the drift velocity 'b“d;

Both quantities are functions of the plaéma electric field.
For sufficient low values of E/p the electrical force eE is
balanced by the frictional force of electron neutral colli-
sions MMy 7&%;[%) resulting in a constant drift velocity.
Qg 1st the momentum transfer cross section. For hydrogen
molecules %o 4 ’1,8-10-15 cm2 is constant at low values of
the mean electron velocity

-l ]-

va and decreases like v'4 at high values of U 30 we as—
sume qg (v4) = 1,8010717  vi/(vZ + v§)? with v, =2,5:10"
cm/s taken from HULLER /11/. The calculated drift velocity
V3 va-E/p is plotted in Fig. 7 together with the measure-
ments of SCHLUKBOHM /12/. The experimental pointa are well
approximated in the region 1,5°1O2 < E/p& 6-10° by the lo-
wer branch of the theoretical curve. For stronger values of
E/p the distribution function becomes strong non maxwellian,
A Tecent paper of KUSNETSOV and LEBED /15/ solved this probdlem
for high temperature plasmas. Usually, for E/p> 6+10° the
theory prediets run away electiéps,'the experiments of
SCHLUMBOHM however shew that upVE/p = 2n103 the drift model
seems to be still valid. Therefore the approximation

¥, =610° Efp)™  (omis, Yom, Torr) (43

can be used within the range of 10%% E/p< 2.10° o
PAPOULAR /4/ assumed for the drift velocity'~3,5'105 E/p
extrapolated from measurements at small E/p.

8

Similar discrepancies exist for the first TOWN3END coelfi-
cient, too. The values for °C/p given by various authers
are plotted in Fig. 8. At high values of E/p a significant
part of the electrons is in the run away state and does not
contribute to ionization. This is a consequence of the
ionization cross section which drops considerably with
increaéing parallel energy. Measurements of BUFFA et.al,
/16/ are in accordance with this idea. The effect has been
stdied in detail in the theoretical paper of MULLER /11/.
In Fig. 8 taken from MULLER only the upper and lower limits
of 04/75 are shown since the effect is sensitive to several
parameters.

3.3.2 Drift losses

The loss processes are strongly related to the spiral par—
ticle trajectories inside the torus caused by the centrifu-
gal and the toroidal drift as well as the helical motion due
to the external magnetic fields B, and By Electrons star-
ting from the center of the vacuum chamber attain the limiter
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radius after a finite life time t, and are lost. Diffusive
logges are negligible comparing with this process. We refer
to an analysis of the different: electron drift orbits in
tokamsk geometry given by KNOEFFEL and SPONG /13/ to calcu-~
late the drift losses. Fig., 9 shows the situation for the
7M 1 in the usual notation. Plasma current and toroidal
magnetic field By are parallel and the electron drift velo-
city vy is antiparallel teo BT‘ The peleidal field Bpol is
cleisgise The external fields By and By generated by sepa-
ratEvhave the directions indicated in Fig, 9. The electren
guiding center velocity may be broken up into the following

compenents: ?,_ Z“ g
o
The centrifugal drifi velscity g?E;ET/E? IEH and the
xV|B1 Lid

toroidal drif} %?i% THE which are in the =g direction

(v p)e A third component is due to By. The resulting torei-
dal field is slighily downward directed, and the electron
drift velecity gets an upward directed component Voo So we
have '
e oot 1,2 8y o By-Bs
& v = -y
vz = '(‘MBT%) (1§+ 7'15-) t % Br 4 Br (15)

where an equivalent vertical field
2 e py1
B =[7,L+%1§_/7r,,,)(;»§) (15}

is introduced, which accounts for the centrifugal- and
teroidal drift, Similar te Veqs the horisontal field gives
an x-component of the drift velocity:

Vy = -vdeBh/BT . ‘ €16)
The poloidal magnetic field causes a helical motien of the

guiding center. The magnetic field is clock wise, therefore
the electren velocity is anti-cleckwise

Yo =%, B 0B, =0T (17)
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The resulting velocity is the vecter sum of Eq.{(14) te (17):

B -
vy =Yy ——-"B 81 vwx (18)
T
By
-u;‘=-1f;L§_ ~WE (19)

From these equations it follews, that the projection of the
individual particle trajectories to the x-z~ plane are
coaxial circles in a general pesition with

(V. BB -

X =5 Z, (20)
and P
vd B

2T w0 B (21)

as the centre coerdinates, Fig.‘ﬂ@. The particles meve anti-
cleckwise in & =direction. For an electron with the coordi-

nates Po(xo’za) at % = 0 the radius of the trajectory circle
Ry Pollows from the equation

R, = VxR (22

These results are only correct for a homogeneous current
density distribution, i.ec. if the poloidal velocity is a
linear function of r acc. to Eq(17). An electron moving

from P° to P1has the drift time td, which can be calcula-

ted from the x-component of the velocity vy = dx/d% acc,
to (19), After invegration we ebtain

: : Xo + |Xel : X4t+1%cl
= QM DAW e ~ U T
et Y TR I Vi gt Vel
R Gt U S A
X, = T Fm? ) 1%l (23
12l _ B o= Tt Gun 263 % lp
m [ %1 B,-B, ) r Br &-Br

(5‘3hu)kA)ﬁ)
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Prom these equations it follows, that for any given gtart

positien X ,%, the drift time %, only depends on the paral-

lel drift velocity vy and the different magnetic fields.

Note that Bpol is a function of I_.

Two main regions of drift losses can be distinguished from

geometrical considerations of Fig.- 10: '

a) the center of the trajectory circle is outside the
limiter radius a, and

b) the center is inside.

: HIVES 2=
The transition is given by the condition {x+22=0 or
e,
Ve a0tm” =263 L, (644 (2n)

In case a) all particles drifi to the limiter radius, no
particles are confined. For a sufficient sirong plasma cur-
rent a well defined number of particle trajectories are
closed lines and remain inside the limiter radius (case b),
that means the electrons have infinite life times.

Singce the plasma current is very small during the start
phase we are in region a). For different values of the
magnetic fields By ,B, and plasma currents from 0,1 kA (ex~
perimental 1limit) up to the value given by Eq(24} ty is
calculated as a function of X, Fig. 711 shpws examples for
two sets of magnetic fields. All particles are agsumed to
start from the straight line A-C (Fig.10) with different
values of X For sufficient low plasma currents, elec-
trons which start from the centre (x°=z°=0) have maximum
drift times t1.The curves have more asymmetric shapes with
increasing plasma current. In general, however, in region
a) the influence of I_ is not very significant, For small
currents compared with Eq(24) the maximum drift time is
approximately given by
. & 8Br

K ”R.i(pv‘QJ +By*
independent from I_. This formula predicts a clear depen-
dence of t1 on the external magnetic fields, which should

(25)
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be observable in the experiment.

4, Comparison with the experiment

4,1 Plasma resistance and mean electron density

Pig. 3 shows a logarithmic plot of the plasma current for
three typical shots with different values of the external
perpendicular field B Two shots show an exponential in-
crease at the beginning with ) between 3 and 5o104 3'1,
the remaining one 1s more complicated.

It wé disregard the periodic structure of this curve, we
obtaing = 104 g1, From these curves and the associated
values of the loop voliage the ohmic plasma resistance Z.,
is calculated (Fig., 12). After an exponential decrease
during the avalanche state the plasma resistance attains a
minimum value of sbout 3"10“3 Ohms which corresponds to a
conduckivity of 5°102 thm:‘, well identified as the Coubmb
conductivity of a fully ionigzed 10 eV plasma. The electron
density during the avalanche state is calculated from Eq's
(8) to (11) assuming ny = 10 e, 2= 1, T, = 10 eV
and the actual value of E, which is bedween 0,12 and 0,36
V/cm, see Fig. 13. The values of ¥ and n(t=0) are given

in the table.

Current of I, 100 A 175 300

external

field coils I,| 200 A 600 800
Y 4.10% s=1 3,3.10% 104

n(%=0) 51083 3 2108  6.10°

4,2 The transverse field components

The transverse field components Bv’Bh in Eqe(25) are the
actual magnetic fields within the plasma, They are com=
binations of several components, only some of them can be
calculated or . measured doubtless /14/:
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ext ext
1, The deliberately applied fields B, and B,  genera-

ted by externmal currents parallel to the plasma axis which
control the plasma position,

2, Perpendicular fields caused by the inhomogeneous distri-
bution of the current in the liner and by eddy currents in
the copper shell. -

3. BL-components from the misalignment of the foroidal
field coils.

4, Stray fields from the iron transformer core.

The contributions 2,3,4 can hardly be calculated but they
play a role at the beginning of the start up phase when the
liner current is bigger than the plasma current. We tried
to measure these fields by means of the MIRNOV coils. The
result was B ‘7%= -8,4.10" %, B1"%- -11,4:10~4T in opposite
direction to the externmal fields acce. to 1.

The procedure was as follows:

The starting position of the plasma is gensitive. to the
perpendicular fields B, énd By Acc., to Sect. 3.2 the plas-
ma starts at those positions near the liner the trajec-
tories of which predict a maximum drift time. At this
period the MIRNOV coil signals are too weak and give no
information. The centre of all particle circles moves to=
ward the axis of the liner along a straight line A-C when
the plasma current increases, compare Fig. 10. The incli-
nation angle ¥ of this line can now be measured from the
ratio of the time integrated difference signals of the
vertical and horizontal pairs of MIRNOV coils. 4 series of
measurements with different values of Bi?t and BSXt gives
the above values of the internal fields. Mainly two facts,
however, limit the accuracy of this method:

a) The internal fields are determined at the position of
the WIRNOV coils, it is doubtful wether they are constant
alonz the circumference of the torus.
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b) The measurements are possikle only at times with suffi-

cient strong plasma current ( >300/us) when the avalanche
state has just finished,

Therefore it is necessary to look for some additional hints
for the maggitude of the actual perpendicular fields

B;= Sfmfvﬁf‘ during the avalanche phase.
We measured the 3L-dependence of some quantities which are
related to breakdown, In Fig. 14 there are shown: the time
of the first maximum of the probe ion saturation current;
the first deviation of the loop voltage with plasma break-—
down from the trace without breakdown; the first maximum of
the probe floating potential; the plasma resistance Z., at
g fixed time ZOO/us in dependence on the B, -field -and the
jump of the probe first peak from electron to ion current
as a function of the B, and B, fields. The jump can only
be observed if the probe is located at the edge of the li-
miter projection and connected via 80 Ohm to the liner
potential., The effect has not been investigated in detail
but is obviously caused by a rapid change of plasma poten-
tial.
The minima of all these curves are shifted by Bv :3°10'4T
and By ﬁ6,5°10-4T with respect to the mero By -field,
Supposing that the breakdown conditions are optimal for
By = 0 we conclude the internal fields to these smaller
values. The model shows (Eg.(25)) that there are no par-
ticle drift losses in the avalanche phase for vanishing
Bl N i.e.J’ is maximum. DENISOV et.al, /9/ measured an
internal field of B :'7n10-4T in Tokamak T7, and SOMETANI
/7/ B = 5:1074T7 in the JFT 2 installation by a similar
procedure.

4.3 Determination of ionisation coefficientsol ana Y™
In order to explain the exponential crowth of current and

density in the start up phasce we discuss the loss processes
caused by the QL:fields. Pig. 15a shows the inverse +ime
constant for current growth as a function of the actunal
perpendicular field,
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A clear dependence on B ; is obbained (correlation coeffi-
cient ©r & 0,6), whereas the use of the strenger values give
results where this dependence ist not significant (r=0,24).
If we assume, that the decrease of §, is caused by the drift
losses, we can use the quantity t1 acc. to Eq.(25) which

represents the particle losses for a substantial central part

of the plasma volume.

Substituting p = 1/t with t, from Eq°(25), vy Y3 10 cm/s,
a = .5 cm B =143 T and 8i from the measurements we obtain
the ionisatlon frequency y"’ from Y"' § +p independent on
B.L as expected, compare Fig, 15b. In order to calculate
the cqrresponding value of the first TOWNSEND coefficient
ol = YYvy we assume that during the avalanche state the
hydrogen molecules are not yet dlssoclated, Then from the
filling pressure of the chamber ™ 1,310 Pa and with

Vg = 3. 108 cm/s z E=0,25 V/cn we get from Fig. 15b.

oL /p = 2,2 within the expected range of values, Fig. 8.

5. Conclusions

The -following conclusions can be drawn from this experiment:

1. The time delay between the start of the OH battery and
the Pirst signal of plasma current and density is deter-
mined by the exponential growth of an electron avalanche
starting from the density given by the preionization
sourceg

2, The carrier production is controlled by the electron
drift velocity in the toroidal electric field and not
by thermal ionization,

3, After the exponential phase a pinch occurs where the
plasma looses the wall contact, the temperature in-
crease up to 20 eV and the ionigatiom becomes thermal,
‘Current density and electron density grow much slower
than in-the avalanche state. The conductivity is that
of a fully ioniged plasma,
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4. The time constant in the exponential region is given by
a balance of ionization and carrier losses. We have
shown that the carrier losses are debtermined by the
auxiliary perpendicular magnetic fields which control
the different drift motions of the electrons in the ava-
lanche state. The smallest losses, i.e. the fastest cur-
rent rise occur for vanishing perpendicular fields.

5. These fields are not only given by the externally app-
lied fields, but also by some internal fields caused by .
different imperfections of the real tokamak geometry.

We tried to measure these fields by different methods
and get results between —3...—8-10"4T for the vertical
and —6,5..,-11,4-10—4T fpr the horizontal component.
These fields cannot be influenced within the normal wor-
king regime of the installation.

6. As long as the conditions Ild:'-: >>?,'d,[+ Tl/g are fulfilled
neither the skineffect nor thp relaxatlon of poloidal
field growth are significant, and some important plasma
parameters may be obtained from measurements of loop
voltege and plasma current. These parameters are: cur-~
rent density, electron density, ohmic and inductive part
of plasma resistance and electric field inside the plasma,
The values fi%t in the results obtained by the usual dl-
agnostics e;g; microwave interferometer measurements in
the later state.

7. The value of the first TOWNSEND coefficient oL/p.. 2,2
at B/p = 2 10 V/cm, Torr is only one half of the value
known from gas discharge physics. It can be explained '
by a moderate run away regime,but there are no other
experimental indications for that state: hard X~T3Y,
influence on probe characteristics or so.

Two of us (H.P. and P.H.) whigh to thank the ™ 1 team
for cooperation during the experiments and operation of
the machine;



~20- » -24-

T o
6., References '5
—_— o
/1/ D.L. Dimock et al, Nuclear Pusion 13 (1973) 271 £
. L
/2/ I.H. Hutchinson, J.D. Strachan; Nuclear Fusion 14 ~l
(1974) 649
/3/ J.D. Strachan; Nuclear Fusion 16 (1976) 345 \

/4/ R. Papoular; Nuclear Fusion 16 (1976) 37

/5/ V.A, Abramov et al,, Fizika Plasmy 1 (1975) 536
/6/ V.A, Abramov et al,, Fizika Plasmy 3 (1977) 512

) <
/7/ T, Sometani, N, Fujisawa; Plasma Physica 20 (1978) 4
1101 -
/8/ J.D. Strachan; J,.Nucl, Material 63 (1976) 132 ry
/9/ V.,P. Denisov et al,, Pizika Plasmy 8 (1982) 238 5
‘ 2
/10/ J. Datlov et al. Proc. IX. EXXFFP Vel. 1, Oxford o
i (1979),539 )
/11/ K.G. Willer; Z. Physik 169 (1962) 432 ‘ . — —_—
— T T gaa L]
/12/ H. Schlumbohm; 32, Physik 182 (1965) 317 ?"’mm " ot
/13/ H. Knoepfel, D.,A. Spong; Nuclear Fusion 19 (1979) g
- 785 .§g
/14/ V.S, Mukkovatov, V,D. Shafranov; Nuclear Fusion 11 £5
: (1971) B05 d
/15/ Yu.K.Kusnetsov, S.A. Lebed; Pizika Plasmy 8 (1982) 3
= 1269
/18/ A, Buffa et al,, Phys. Rev., A3 (1971) 955 "
3
2
k
= o R
= s
<€ -
5
.4 D9
.2 Py s E
3 =¥ 3=
-1 4 "e B

(sse top visw of B 1 em the right side).
adius; b = 13,5 ou sepper phell radius; o = 10,5 o=

tio pers. Idmiter cad 4 Hirnov colls are
,5 on pesitich of Nirnev eells

Croes section of the dlagnos
pot lecated in this section
am 7,5 e lniter r
liner radins; 4 = 11

g1



S-Sy

avalanche

Nne (10" cwc®)

%L

.l, v Lowes proba.

=
o
+

elecirons

Fig.2

Temporsl evolution of the plasme paremeter during the
first 500 ps sfter OH-battery ignition. Loop voltege
U3 totel end plasma current I%pl'pg electron density
from 4mm p-weves. The both probes are st r=Bem, Upveov.,

-28-
49 <
I [ 4
A s ¢’ o9
’ o°°°
I;UWQ . '*ffgdp odo
o’ 4? 80 00"
14 . F o’
I + ()
e By H,° -
< + ° -
L 2 + °°

w 0 ] 1|°0 T ' lg!g t(ﬂT &

Fig.3

Temporal evolution of ths plasma current. Cnrvels
B_=5,6-10"%1, B,=6,5°107T; Curve II. B =16,8- 1074z

B, =11,4 107%7; Curve III: B_=22,4- 1047, 3;19,5.10‘%_



-25-

V Sea , -
r 1=240ps - tips
uppe« pfobe ‘L‘AO f i I ?L . 1:00 ‘f.) 0
o
£ s AESpS Up=-50v ImA)
Lower probe CP! i Koo 1\/"’ P
BodAis 225 v i is et electrons, | 40
> T o433 WAL 25V |
Z 3 1 cveoesd T UplV) — :\/ —
2.50qu 5 :‘k{; hons
s
“ : +50V.
: 40 p=r 0 oo  t(ps)
- 1 v N Tt
-6 ) 46

b & -] *Fﬁ&t g ~ é
b a0 5b electrons g § s
2.oo/us koo ps Chal ° @ Pt
::.__/“\ ‘\0_) 4 -G—— geg——0- Eg 5
— b - ’ o v v —
-6 0 16 — 0 200 -&(Fs} Sgg
bottom ah (o) top -6 0 o) +6 801 3;
-]
g &
@ L]

| 5¢c ﬁ\
”~~
‘ >
I, front (v-scale) 2
' =]

Ha front (h-scale) | ]

" /
ke L/lljll/a ,

54t

(=]
1?

o
%

200

e) floating potential, 4) dem seturation

max HF‘ (h-scale)

charasteristics Vokmn

4] +

460 ,r(/,‘/a’oo {5‘;_00 {7;5) {?g
/‘r;sneﬁc bebe (+ -smle) | ' Eg

rt

: £

- 5d

a) Oscilloscepe traces ©

-5 + /

o
ILengsudr probe meesuressnt of the
gnd lsengmuir probe

b) Bleotren ORErgyy

RTRVRLRT - 2
Fis‘“‘ . ”~ [~}
Flasms profile end positicn during the avalsnche phase. o + 250 o & — 9B 8 4
a) Probe sigpaels. b) Hg-line radiance, ¢) plasma positiczn. (,“5) o % 5




Slo,u t

a1 £

o T | 1 ] 4'1"5 lt
17 Tain

Lite

85 -
o » o

o ] ] ¥ [} 1'W‘s 't

Fig 6s:1Temporal ovolutior of plasma current and field
after a jump of the lcep voliage at i=o, ‘

Fig.6bsRatio of field diffusien time %o the time seale
of plasma current charasterizimg the seim offect.

-2%-

v

CAPESRE

Fig.7

Thg drift velocity of electirons in molecular hydrogen.
ooo,IIIs experimental values of SCHLUMBOHK /12/. Curve 13
calculsted velues ecc.to MULIER /11/. Curve 2: approximstion
Bq.(13). Ourve 31 approximstion acc. to PAPOULAR /4/ .



-28- ' , | ~29-

() -2 //////ﬁ,/&{pﬁ’ﬂwﬂ

, / //////

0.1 ¥ T ¥ T
o> 103 Elp (Veus Tors') o

Fig.8
' Tonization coefficient in in molekuler hydrogen taken

from MULLER /11/. Curves 1,2,3: clsssiocal experimsntal
values from different authors. Hatched ares: modificstion

! Fig.9
! Physical quantities which determine the drif¢ losases,

by run sway electrons. Ejz Begult of present experiment.



- 3@-

AR
-1 —6,5 0 +gs f'T
:, ma " dofp
? L
~I%d \ . {
.i e E I"-\‘\
i
| \ ¥
| ! Y
i ‘ ! \\
4 e Xl i \
| T~ € ’ o
! B,-2344 T
’ b = 45
% ~— B= 1350
/ -
/ ! t -+ —~+ 3
7 % y K
-1 -05 0 405
/ J +1
s 1 , "o,
Fig.10 / Fig.11
Normelized drift time t-b,'Ep/a 28 a funotion of the

Drift approximation of perticle trajectorles.
start position. ET = E_ 18 the toroidal plasma electric

fiela. ¢



o *¢°BT4 088 Jeyowegeg
*(II) I 30Ye J0J opnyyufom JO BIGpIO (L) Z £q POIJYUS ST 81908 L3[BUAp ayy
*III-1 S30Us TeoydSy JOJ AyyouUep WOXL0OTS URGE JO UOTINTOLe Tasodwag

cL°91g
o L
N
o u L
\
X "
. ]
; 3
N \
) \
~— [+ BN e
' e v~ . // .m-
o S~ o o
im-l!of m //
~0_ T~a_e® 'Y I.W
T~ S~ I “~e - © fl
T =~ ~o = I..Io @ ° //
- o< ~e_
T o. -~ Jr N \ |m
= \
o £l ,
& E,
! T T ¥ sq L J v n“ T 1] # v T 8 (=]
2 SR
s
1 I} R [ h- :Cw. ] 1 ] ﬂe—\
m swi ; i
0 +
° N e £ . \ "
Q + e a I
<+ \ B
\ \ -, o
e \ \
.+ + \ B z
A Y .+ [} Wo
o ~ \t I v I </
& \ [
/o + ® " e‘
N /+. \ v-
! N \
o > + 1 \ !
0 o e
_ N ) \ i
N
e N v
eee JejyameJeg °(III) II dequnu 30us N N ._./ \ - ,
J07 en (O0x) O0C O @808 eBTY JO JTUE \ . \
oy eyoy °¢°FT4 U usoys egous (oAl N /TI_ —
oy} JI0J eoUBLE8TBOJ omeeTd yo gaed otayO /_

FAR AT |




t(vaaxlql)

-40 ©  +20 B.(g)

mex L,

0  +20 Bn(6)

$20
_— 1)
So?
B -
_— 40
A0 é 70 -0
+
Bn(e) °
7ig. 1%

Various experimental data as

2 function of the externally

applied perpendiculsr magne-’

tic fields.

- 235~

t‘(f‘;
‘." -
. 0
Yo ®e

N

q E \° -]
\

oo o\

z L \\
. 0\ \'; R
‘&
0 T Y ¥ T
o} ® 20 30’8, (n ob
4

.ﬂs §
4

o °3 o .
L L a;'t=-}b"'r

‘ 86596 'T
o 1 | { Y
0 ) b/ EY) Yoo
BI(M

Fig.15

Current growth rate ;\&and ionization frequency as &
function of the totsl perpendicular magnstic fiela.

The internsl fields are tsken from the msusurements
of Fig.14.



