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Expzrimental invastigations of the start up phase of the tokamak discharge are
dzscribed. Mzasurements of plasma current and loop voltage show an avalanche phase
with exponential current growth in the first 200 us and a pinch phase in the time
bstween 200 ps and 400 ps. The growth rate depends on the external perpendicular
magnetic fizlds. The relation between current and electron density and in particular
the role of skin effect are discussed. The measured growth rates are explained by the
balance bstwezen ionization and particle losses. The derived values of electron drift
velocity v, and ionization coefficient ¢ are compared with the results from gas dis-
charge physics.

1. INTRODUCTION

The start up phase of a tokamak discharge has besen investigated by several
authors during the last decade. The papers were aimed at the process of breakdown
in toroidal gzometry and their time scale [1—4] and at the optimization of the start
up, i.e. the minimum energy demand for the plasma formation [5—7]. The problem
of intense plasma wall interaction in this time range was investigated in [8, 9].
Except for some details the following qualitative picture has been accepted. The
discharge runs through different states until it reaches the stationary hot plasma. The
first one is the gas breakdown with exponential current growth (avalanche phase).
Above a distinct plasma current (I, = 1 kA for TM-1-MH) the rotational transform
is established and the plasma confinement starts (pinch phase). The electron density
increases further until the plasma is fully ionized.

In this time period gas discharge processes as excitation, ionization and H-atom
radiation take place, therefore the bulk electron temperature remains low (T, <
< 20¢V). Plasma heating does not start until the plasma has been fully ionized.

This paper deals with the avalanche phase of the TM-1-MH discharge. We relate
the ionization and loss processes in order to explain the time delay between the
switching-in of the OH-battery and the appearance of the density measurable by the
4 mm microwave interferometer (n ~ 107'% m™3).
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The paper is organized as follows: The experiments are described in sec. 2. There
we report on basic parameters and probe measurements in the scrape off layer. In
sec. 3 we give a quantitative model of the avalanche phase regarding the electro-
dynamical as well as the gas discharge properties. The comparison of this model
with experim@htal results is given in sec. 4. Conclusions are given in sec. 5.

2. EXPERIMENTAL ARRANGEMENTS AND RESULTS

'

The Tokamak TM-1-MH has been described earlier [10]. We made the following
experiments with a toroidal magnetic field By = 1-3 T, a maximum plasma current
I, = 16 kA and a variation of the vertical and horizontal magnetic fields generated
by separate coil systems: B, = +2:25 x 1073 T (2-8 x 107* T/kA) and B, =

N
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Fig. 1. Geometry of the TM-1-MH
breakdown experiment. a) Top view
53 i ikt = : of the torus with the directions of
current and magnetic field. b) Di-
agnostic port (cross-section AA).
Limiter and 4 Mirnov coils are
not located in this cross-section.
Limiter radius a == 0-075 m; copper
shell radius & = 0-135m; liner
radius ¢= 010 m; position of
Mirnov coils d = 0-115 m. Arrows
b main axis of indicate the direction of external
torus B, fields.

preionisation
filament
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=0...325x 107>T (65 x 1073 T/kA). The filling pressure was p = 1-3 x
x 1072 Pa without additional gas puffing, that means ny = 7 x 10'® H-atoms/m?
after dissociation. Diagnostic methods and the direction of fields and current are
shown in fig. 1. Two Langmuir probes (Mo-wire I=5mm,d =1 mm) are located
in the limiter shadow. They can be shifted from the liner position to the edge of the
limiter projection. The H-line radiance was measured through the collimator of the
neutiral beam diagnostic system at different positions 4h. The receiving system was
a photomultiplier with interference filter. Relative values only were obtained. The
toroidal electric field Ey, impressed to the torus by the transformer, was determined
by a measuring loop located close to the outer surface of the copper shell.
We made a series of shots with

varying B, and B, in order to re-
veal the influence of these fields ;80
on the current rise and the tem- =
. o
poral evolution of the other 5‘;‘40
plasma parameters.
0
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Fig. 2. Temporal evolution of the plas- E 10F 2 upper probe
ma during the first 500 ps after OH- B 1
battery ignition. Top: Loopvoltage U,. 2 ; :
Center: Total and plasma current [, 0 { : , T , .
I, electron density from 4 mm p- 1 T
wave interferometer. Bottom: Lang- g ' -~ lower probe
muir probe current, both probes are 10 EJ '\_,’
at » = 80 mm, Up=—~6OV. ©
1 1 L 1 )
0 200 400

t [us]

The temporal evolution of a typical discharge is shown in fig. 2. The data of loop
voltage U, total current I, (liner plus plasma current), mean electron density n (from
4 mm microwave interferometer), and ion saturation current I, of the probe in the
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limiter shadow can be measured directly. The plasma current I, is obtained from
the total current I, and the loop voltage U;:

U
I=I,—I=1I—=>t

14

A=

The ohmic liner resistance R, has bzen determined from shots without plasma and
also from the first 100 ps of a plasma discharge to R, = 40 mOhm. The inductive
part of the liner current can be neglected (L, < 40 nH). The Langmuir probe signal
showing the density of the scrape off layer (SOL) plasma can be used to distinguish
the different regimes of plasma formation. Within the first 150 ... 200 ps (the ava-
lanche ﬁliase) the breakdown in the whole cross section of the liner takes place. In
the following time period from ¢ = 200 ps to ¢ = 350 ps (the pinch phase) the plasma
disappears from limiter shadow owing to the starting of the confinement. After that
the probe signal indicates again the presence of plasma which moves from the center
into the limiter shadow forming there the SOL plasma of the stationary state.

Three typical current rises in dependence on the external B, and B, fields are shown
in fig. 3. The avalanche phase is characterized by an exponential growth ~ exp (yt)
the time constant 1/y of which depends on the perpendicular fields. The next period
with the slower increase is the pinch phase starting above I, = 1 kA.
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N o 59
o1 S Fig. 3. Temporal evolution of the plasma cur-
| * rent for different B -fields. Curve I B,= 56
’ %1074 T, B,=65x 10" *T; curve II: B,=
| =168 x 107*T, B,= 114 X 107* T; curve
. — \ —4 — 10.5 v 10~ 4%
001 L IT: B, = 224 % 1074 T, B,=19-5x 107* T,
0 200 400 600

t [ps]

A strong change of the radial profile of the plasma column takes place during the
process of breakdown and the evolution of the tokamak plasma. The avalanche phase
is characterized by a homogeneous distribution with a flat profile. Both probes
(upper and lower) show nearly equal values of ion saturation current (fig. 4a). The
spatial profile of the Hj-radiation is also flat in that time interval. A clear change
starts at the end of the avalanche phase with a peaked plasma profile (fig. 4b). All
three diagnostic methods (Langmuir probe, H, p-radiation and Mirnov coils) show the
effect that after avalanche phase the plasma column first appears in the lower part
of the liner cross section and then moves upwards. The difference in density measured
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Fig. 4. Temporal evolution of the radial plasma profile, a) SOL-plasma density from ion saturation
current. b) Hﬂ line radiance (rel. units). The optical chord is disturbed by the preionization
filament for A4h << — 50 mm.

10+ . o ° fast
Up=+50V g — 20L o o electrons
— > °
< = g
E la Up=+25V 6] v I ~O—m g O
. @ =
& 0 y : ;
O L
— 80 o,
| 2 A
=)
L 4O i
+10 : .
0 200 tlus] 400 | \
t= 240 s . No—
0F 0 s S
z | B 6 1850
E | : w2 o
S S ol B
0 eagfsama?ix =~
0 220860 :: ‘Q
o : — L
2 - . 5 - 1 o )
Y /AN
10 x,,x;xx | 1 1 0 I e L \OT
=50 0 yprvy 100 0 200 t[ps]

Fig. 5. Langmuir probe measurement in the SOL-plasma, » = 80 mm. a) Oscilloscope traces of -
the probe current for a fixed bias. b) Langmuir probe characteristics taken from a). ¢) Electron
energy kT,. d) Floating potential Uy,. €) Plasma density from ion saturation current.
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by the upper and the lower probe is two orders of magnitude. That plasma position
is present in every normal shot and cannot be influenced by the external perpendicular
fields. An increase of B, to press the plasma down leads only to disruptive instabilities.

The results of probs measurements in the SOL-plasma are shown in fig. 5.

esides therroutine observation of the ion saturation current we made a series of
probe current measurements in subsequent shots with a constant bias voltage for
every shot. From these curves the Langmuir probe characteristics of fig. 5b were
composed. There are indications for fast electrons in the avalanche phase (up to
180 ps) and a bulk electron temperature of 7— 10 eV during the first 300 ps (fig. 5c).
The floating potential decreases from Uy = 70...80V to 5V during the pinch
phase (ﬁg. 5d). The density of the wall plasma decreases simultancously (fig. Se).
No fast electrons are present in this time period.

3. MODEL OF THE AVALANCHE PHASE

A complete theoretical description must include the simultaneous solution of many

‘nonlinear equations. These are: energy and particle balance, Maxwell’s equations for:

the plasma, heat transfer and radiation losses and the equations for the external
electrical circuit. An additional difficulty arises if runaway electrons have to be
accounted for. To our knowledge the most compiehensive treatment was done in [6]

The present model is much more restricted. It should be a guide to interpreting the
experimental facts and to giving an explanation of some physical processes on the
basis of the experiments. The most striking facts are the fast current rise in the ava-
lanche phase and its dependence on the auxiliary perpendicular magnetic fields.
Consequently the model is limited to these phenomena.

3.1. Temporal growth of the mean electron density

During the start up phase the ionization is determined by the electric field E; =
= U,/?.nR impressed to the torus by the OH-battery. The temporal growth of the
electron density is given by a balance between the ionization rate v’ and the carrier
loss rate f3:

(1) n~expyt=exp(vi—p)r.
The ionization rate v/ = a(E) v,(E) is determined by Townsend’s first coefficient «(E)

and the electron drift velocity v,(E). If the value of E/p is not too high, the electrical
force eE is balanced by the frictional force of electron neutral collisions resulting in

a constant value of v,. This consideration is based upon the assumption that the elec--

tric field E inside the plasma is homogeneously distributed and constant during the
avalanche phase. Neither skin effect nor relaxation due to poloidal field build up is
important. The electron density is assumed constant over the cross section of the
liner. We will show in sec. 3.2 that these assumptions are reasonable.
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The loss rate B is determined by the spiral particle trajectories inside the torus.
Electrons starting from the center of the vacuum chamber attain the limiter radius
after a finite life time ¢, and are lost. They move along helical trajectories resulting
from the toroidal and the centrifugal drift and from the helical motion due to external
magnetic fields B, and B,. Diffusive losses are negligible comparing with this process.
We refer to an analysis of the different electron drift orbits in tokamak geometry[13]
to calculate the drift losses.

The most important effect for our experimental situation is the helical motion of
electrons due to the external perpendicular magnetic fields B, and B,. The electrons
move antiparallel to the toroidal magnetic field B;. Together with the usually down-
ward directed B, field results an upward directed velocity component

©) o= -

v B,
d BT ‘
In a similar way the external horizontal field B, (usually outward directed) produces

an inward drift component:
B
(3> 'Ux = —Uy —ll .
T

The motion of the guiding center in the poloidal direction is negligible as long as the
poloidal magnetic field B,,; due to the plasma current is sufficiently small. So the
trajectories are straight lines given by egs. (2) and (3).

The life time of electrons starting near the center of the liner is given by:

(4)

= aB;
' (B2 + BV

a = limiter radius. An improved analysis [14] shows the validity of eq. (4) for the
conditions:

(5 (8 + Bz 5 Pall)
>

or
(B2 + Bp)"? » 267 x 107*I, (T, kA).

The growth rate of the electron density y, follows from the substitution of eq. (4)
with t; = 7! into eq. (1)

(6) 7 = Vi(E) {1 _ M} ,

cx(E),a.BT

This formula predicts a clear dependence of y, on the external magnetic fields which
should be observable in the experiment. On the other hand it predicts a threshold for
the electric field by the condition y, = O for a given combination of the magnetic
field.
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3.2. Evolution of plasma field and current

The ionization frequency v’ and the Townsend coeficient ¢ depend on the electric
field strength E. This field inside the plasma can be smaller than the externally
impressed toroidal field Er. For a comparison of eq. (6) with the experiment the
electron dens1ty n(r) must be known. We do not have the possibility of measuring
actual values of both quantities. The plasma electric field E cannot be measured and
the electron density n < 10'® m™3 during the avalanche phase is too low for the
4 mm microwave interferometer. Therefore we must utilize the ohmic resistance of
the plasma loop obtained from measurements of the loop voltage and plasma current.
Such an approach requires the discussion of the following problems: a) The temporal
variation of the plasma conductivity a(t) caused by the change of the electron density.
b) The relaxation of the plasma electric field and current density when the poloidal
magnenc field is built up. ¢) The feedback of E upon ionization and loss processes,
i.e. on the growth rate y,. d) The prevention of field penetration caused by a fast
change of the conductivity (skin effect)

Let us first show that c) and d) need not be considered in detail for the present

experimental conditions, a fact substantially simplifying the problem. The applied .

field E4 is well above the threshold and varies only weakly. For a change of E,
say +507; during the avalanche phase, we can neglect this influence on y,(y, ~ E'/?).
Therefore the electron density n and the conductivity ¢ are purely time depending
(parametric) quantities.

The skin effect can be estimated as a diffusion of the current density J(r, t). We
derive a diffusion equation from Maxwell’s equations with (x4, o(f))™* as an equi-
valént diffusion coefficient. A disturbance at the plasma boundary propagates radially
towards the axis within a time given by

2

(7) Taier = ’)a

“leq

= a’p, o(1) .
The radial distribution of the current density remains homogeneous as long as

oJ . . . .
J/<6—> > 145, 1.€. sufficiently slow processes. For an estimation we substitute
t r=a

aJ dl . oo
J / <E> ~], <a—"> and neglect the skin effect whenever the condition
) ma t

(8) QMSIJC%>

is fulfilled [14].

The discussion a) and b) starts with the plasma current given by
9) I(1) = fZTU‘ J(r, ) dr = na® J(z)
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and the ohmic plasma resistance per unit of length

(10) R = 1/(a*n o(t)).

The plasma current evolves from the relaxation equation

RY(1) 1(1) = Ex(1) .

PRIz

(11) P

Here L' is the inductance of the plasma loop') and E(r) the externally impressed
toroidal field strength. With the initial condition I, (t = 0) = 0 the solution of eq.

(11) can be written as:
t” d ’/
7], 5]
0 T(t )

t ! t "
(12) . I(t) = exp[—f dt,‘jl j ET(/Z )ex
‘ ot(f)] Jo L
with © = a’no(t) L.

In order to apply eq. (12) the conductivity o-(t) must be specified. During the main
part of the avalanche phase the plasma is weakly ionized and its conductivity is
determined by electron-hydrogen collisions. The drift velocity of electrons is pro-
portional to E'/? (eq. (18)) at high values of E[p. Accounting for the decreasing
number of neutral particles during the ionization process we obtain:

! ; (Q7'm™, m7?, Vm) .
(ny — n)(E[ng)'"

The coulomb term of the conductivity is given by

(13) Gpp = 18 x 107%

3/2
(14) =19 x 10+ e

; (Q7im™ Y eV),
ZlnA® ( )

where In A is the coulomb logarithm and Z = 1 for hydrogen. The total conductivity
follows from

15 o7l =t + o7t
( ) e0 ei

At the beginning of the avalanche phase we have n € ng and ¢ = 0, ~ 1 ~
~ exp (y,t). At the end of this phase the degree of ionization is high and the coulomb
conductivity which is independent of electron density is reached. A simple formula

1y The inductance per unit length is given by

B2 rdr
b J‘ pol
r=5%1nls s

n— -
2n a PO](a)

b = radius for BPO] = 0 (approx. radius of copper shell). During the avalanche phase the cur-
rent distribution can be assumed homogeneous and the second term in parenthesis becomes 1/4.
So we obtain L’ =~ 2 % 1077 H/m.
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which reproduces these facts is given by

(16) G‘(f) — doaei eXp (ynt) -,
[P + 2] eXp (y11t>
where oy, is the conductivity at the very beginning?).

We have enumerated the plasma current for a step function of the electric field:
Er=0att<0; E;=20V/matt>0,0,=1Q"'m % g,,=5 x 10*Q m~!
and y, = 3 x 10* s~ 1, The initial

I | L{L—0) conductivity corresponds to an
' fe— electron density n=10**m~3and
1640 0%  o,; to a temperature T, = 10eV
(see eq. (14)). The other param-
" o eters are R =04m, a =0-075m
> E andL =2x 1077 H/m.
— - s
*mi‘ 103 —10v
5 L
(8]
e
£
v L
(=]
a
107+ 11018
/' E[V/m] i
10 £ 10
T 1 I | i
0 400
t [ps] 800
T 1or b Fig. 6. Results of skin effect estimation.
§ a) Evolution of plasma current I, and
= electric field E after a step of the loop
2 as L voltage at t = 0. Inset: Delay of cur-
=] rent growth in the first 40 ps. b) Ratio
= of field diffusion time #4;¢ to the time
= scale of plasma current characterizing
0 d ] I 7 the skin effect.
0 400 t Ius] 800

2 v . i _
“) og corresponds to an initial electron density n ~ 1013 ... 10* m™3 produced by the
preionization source.
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The result of the numerical calculation is shown in fig. 6a together with the value
I1,(t) for L - 0. At the very beginning (¢ < 20 ps) the plasma current shows a delay
compared with the curve for L' — 0. Another delay is obtained before the current
reaches its stationary value. In the meantime the current grows at the same rate as the
conductivity. The ohmic component of the plasma field E and the electron density

. 1 . .
are also shown in fig. 6a. The relation tdiff/<d1 ‘/’d ) is plotted in fig. 6b. The results
t

p
show clearly that only in the time interval 320—460 ps the skin effect is expected to

be significant. It can be neglected during the major part of the avalanche phase.
Therefore the growth rate of the electron density y, within the first 300 ps can be
obtained from the plasma current.

4. COMPARISON WITH THE EXPERIMENT

A logarithmic plot of the plasma current for the three typical shots with different
values of the external perpendicular field By is shown in fig. 3. Two shots show an
exponential increase at the beginning with y = 3+5 x 10*s™!, the third is more
complicated. If we disregard the periodic structure of this curve we obtain y =~
~ 10*s~!. From these curves and the associated values of the loop voltage the
ohmic plasma resistance

(1) R() =  [Ex(1) ~ L(d1,Jdr)]

P
and the corresponding mean values of conductivity and electron density were cal-
culated. The electron density n(t) grows exponentially with a time constant y, ' as
expected. The values are given in tab. 1 together with the extrapolated initial density
(t — 0). The calculations were done with ny = 10" m™3, Z = 1, T, = 10eV and
the actual value of E which was between 12 and 36 V/m.

Table 1
Current of external I (A) 100 175 300
field coil I(A) 200 600 800
y s™hH 4% 10 33 10* 10*
n(t= 0) (m™ 3 5% 10t 3% 101% 6% 10%°

The determination of the ionization parameters v’ and « from eq. (6) requires the
knowledge of the magnetic field inside the plasma. It is a combination of several
components, only some of them can be calculated or measured exactly [15]:

1. The deliberately applied fields B®** and B{** generated by external currents parallel
to the plasma axis which control the plasma position.
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which reproduces these facts is given by

(16) O'(t) — cTIOU'Ei eXp (’y"t) ,
Oei + Oy SXP ('}’,,t)

where o, is flte conductivity at the very beginning?).
We have enumerated the plasma current for a step function of the electric field:
Er=0att<0;Ep=20V/matt>0,00=1Q"'m % o,, =5 x 10*Q 'm™?
and y, = 3 x 10*s~ 1. The initial

B | 1(L—0) conductivity corresponds to an
- L= electron density n=10'*m~3and
104k -10®  o,; to a temperature 7, = 10eV
(see eq. (14)). The other param-
r & eters are R=04m, a=0-075m
= E and I =2 x 1077 H/m.
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 The result of the numerical calculation is shown in fig. 6a together with the value
I I,(f) for I — 0. At the very beginning (t < 20 ps) the plasma current shows a delay
compared with the curve for L' — 0. Another delay is obtained before the current
reaches its stationary value. In the meantime the current grows at the same rate as the
conductivity. The ohmic component of the plasma field E and the electron density

. . I . .
are also shown in fig. 6a. The relation tdiff/<d] ‘/’d ) is plotted in fig. 6b. The results
t
p
show clearly that only in the time interval 320—460 ps the skin effect is expected to

be significant. It can be neglected during the major part of the avalanche phase.
Therefore the growth rate of the electron density y, within the first 300 ps can be
obtained from the plasma current.

4, COMPARISON WITH THE EXPERIMENT

A logarithmic plot of the plasma current for the three typical shots with different
values of the external perpendicular field By is shown in fig. 3. Two shots show an
exponential increase at the beginning with y = 3+5 x 10*s™1, the third is more
complicated. If we disregard the periodic structure of this curve we obtain y o
~ 10*s~!. From these curves and the associated values of the loop voltage the
ohmic plasma resistance

(17) R(0) = + [E4(1) = E(1,Ja)]

b
and the corresponding mean values of conductivity and electron density were cal-
culated. The electron density n(t) grows exponentially with a time constant 7t as
expected. The values are given in tab. 1 together with the extrapolated initial density
(t — 0). The calculations were done with ny = 10" m™3, Z = 1, T, = 10eV and
the actual value of E which was between 12 and 36 V/m.

Table 1
Current of external I(A) 100 175 300
field coil I(A) 200 600 800
y ™hH 4x 10% 33 10* 10%
n(t= 0) (m™3) 5% 1014 3x 101% 6 x 101

The determination of the ionization parameters v’ and « from eq. (6) requires the
knowledge of the magnetic field inside the plasma. It is a combination of several
components, only some of them can be calculated or measured exactly [15]:

1. The deliberately applied fields BS** and Bj** generated by external currents parallel
to the plasma axis which control the plasma position.
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2. Perpendicular fields caused by the inhomogeneous distribution of the current
in the liner and by eddy currents in the copper shell.

3. B -components from the misalignment of the toroidal field coils.

4. Stray fields from the iron transformer core.

The contributiéns 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 Mirnov-coils. The result was Bt = —84 x
x 107%, Bj"* = —11-4 x 10~* T in the opposite direction to the external fields acc.
to point (1). The procedure has been described in [14]. Mainly two restraints,
however, limit the reliability of this method: a) The internal fields are determined at
the position of the Mirnov-coils; it is doubtful whether they are constant along the
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Fig. 7. Estimation of the actual internal B ,-field. Variation of B, (external coil) a, b; variation

of By, (external coil) ¢, d. a) Time of first maximum I, (cf. fig. 4a); time of deviation of the loop

voltage with plasma from that without plasma. b) Ohmic plasma resistance at t = 200 ps. ¢) Time

of the maximum Up, in the SOL-plasma. d) Maximum value of ion saturation current I, (upper

probe). e) Change of direction of upper probe current (from ions to electrons) in dependence on
both external magnetic fields. No bias, probe connected via 80 Q to liner.
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circumference of the torus. b) Measurements are possible only at times with suf-
ficiently big plasma current (t > 300 ps) when the avalanche phase has already
finished. These uncertainties induced us to look for some additional hints for the
actual magnitude of the perpendicular fields B, = B*** 4+ B™"* during the avalanche
phase. We measured the B, -dependence of some quantities related to breakdown
(fig. 7). The minima of all these curves are shifted by B, ~ 3 x 10°*T and B, =~
~ 65 x 107* T with respect to the zero B,-field. On condition that breakdown is
optimal for B, = 0, we conclude that the internal fields equal these smaller values.
The internal fields of the T7 Tokamak [9] and that of the JFT-2 instalation [7]
determined by a similar procedure were found to be in the same range.
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The measured values of y, versus the internal niagnetic field |B il = [(Bf* — 65 x
x 107*T)? + (B{™ — 3 x 107*T)*]/? are shown in fig. 8. The experimental
points agree fairly well with a straight line (correlation coefficient r = —0-6) cor-
responding to eq. (6). We obtain y,(B = 0) ~ v/ = 65 x 10*s™* and the first
Townsend coefficient & = 3-3 x 1072 m™ . From « and v' it follows for the electron
drift velocity that v, = 2 x 10° m/s.

5. DISCUSSION AND CONCLUSIONS

The present experiments were carried out in hydrogen gas with a constant filling
pressure of p = 1-3 x 1072 Pa (10~ * Torr). Let us assume that during the start up
phase of the tokamak discharge the gas influx from the chamber wall does not yet
take place and the avalanche electrons collide with hydrogen molecules only. Then our
experimental value ofp = 25m~*Pa~™! can be compared with the well-known
values of the Townsend coefficient for high values of E/p = 7 x 10> — 2 x 103
V/mPa. At these high values, in particular if the pressure is low, a significant part of
the electrons can run away. Experimental and theoretical investigations of the drift
velocity in hydrogen at high values of E/ p are shown in fig. 9 [11, 12]. The experimen-
tal points are well approximated by the lower branch of the theoretical curve [11]
in the range 10*> < E[p < 5 x 10* V/mPa. For higher values of E[p the electron
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distribution function becomes strongly non-Maxwellian. In a recent paper this prob-
lem has been treated for a high temperature plasma [16]. Usually, for E/ p>35x
x 107 V/mPa the theory predicts runaway electrons. The experiments [12], however,
show that up to E[p = 1-5 x 10® V[mPa the drift model seems to be still valid. There-
fore the app1‘63(i111ati011

E 1/2
(18) vy = 69 x 10* <——> ; (mfs, V/m, Pa)
, b
can be used within the range of 70 < E[p < 1'5 x 10° V/mPa. The extrapolation
from small E|p-values leads to the approximation v; = 47 x 10° E[p [4].

Similar “discrepancies exist for the first Townsend coefficient. The values «/p
given by various authors are plotted in fig. 10. At high values of E/p a significant
part of the electrons is in a runaway state and does not coniribute to ionization.
Measurements at low pressure back the supposition that especially with decreasing
gas density this effect becomes more and more important [17]. A detailed theoretical
paper [11] also shows the effect of decreasing ionization with increasing E[p. Only
the upper and lower limits of «/p from [11] are shown in fig. 10 since the effect is
sensitive to several parameters. Qur experimental results are in accordance with this
interpretation.

. The following conclusions can be drawn:

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

2. The carrier production is controlled by the electron drift velocity in the toroidal
electric field.
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Fig. 9. Electron drift velocity in hydrogen.  Fig. 10. Ionization coefficient in hydrogen [11].
Experimental values [12] ooo ITI. Curve 1:  Curves 1, 2, 3: experimental values from gas
calculated for moderate runaway regime [11];  discharge physics. Hatched area: modification
curve 2: approximation eq. (18); curve 3: ap- by runaway electrons. O: results of present
proximation [4]. experiment.
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3. After the exponential phase a pinch occurs where the plasma loses the wall contact,
the temperature increases up to ~ 10 eV and the ionization becomes thermal. Current
density and electron density grow much more slowly than in the avalanche state.
The conductivity is determined mainly by the coulomb collisions.

4. The time constant of the exponential growth is given by a balance of ionization and
carrier losses. These losses are determined by the auxiliary perpendicular magnetic
fields which contro] the different drift motions of the electrons in the avalanche state.
The smallest losses, i.e. the fastest current rise, occur for vanishing perpendicular
fields.

5. The skin effect and the relaxation of poloidal field growth are not important during

. . drI .
the avalanche phase since the conditions 7, / <d—"> >ty T are fulfilled. Therefore
t

current density, Ohmic and inductive parts of the plasma impedance and the electric
field inside the plasma can be obtained from measurements of loop voltage and plasma
current only. These values fit in the results obtained by the usual diagnostics, e.g.
microwave interferometry in the later states.

6. The value of the first Townsend coefficient afp = 2-5m~'Pa™" at Efp = 15 X
x 10 V/mPa is smaller than that known from gas discharge physics. It can be ex-
plained by a moderate runaway regime. This runaway regime does not outlive the
start up phase since the main tokamak discharge in quite normal.

Two of us (H.P. and P.H.) wish to thank the TM-I-MH team for cooperation during the
experiments and operation of the machine. '
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