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Abstract

The earlier evaluations of the experiments performed in 1965 in
the Wendelstein stellarator W Ib have been revised. In particular,
later probe calibrations by Hashmi et.al., the shape of the
magnetic surfaces and the magnitude of the rotational transform
as obtained by means of a pulsed electron beam have been taken
into account. The results are compared with numerical calculations
based upon a simple model assuming resistive diffusion modified
for stellarator geometry and recombination on the surfaces of the
emitter and the probes. The time dependence of the temperature of
the emitter and the elliptical shape of the cross sections of the
magnetic surfaces 1s also considered.

The measured peak ion densities and even their dependence on
time agree fairly well with the calculations as long as ion inertia
can be neglected. Equilibrium breaks down if the required velocity
of the balancing mass flow (which is necessary for stellarator
equilibrium) exceeds about the ion thermal veloecity. In the
fransition region estimates taking into account the effect of ion
lnertia seem to show agreement with the observations.




Introduction

The experiments with Cs plasma obtained by contact ionization
and its diffusion across the magnetic field of the stellarator
Wendelstein W Ib represent a complicated synthesis of investigations
on Q-machines and stellarators. Without the understanding of the
physics of both confinement. schemes a discussion of the results is
impossible.

The only aim of the earlier experiments was to investigate whether
the plasma losses are governed by "Bohm diffusion" in this device,
or, as 1t finally could be reported at the Culham Conference [1],
could be described on the basis of resisitve diffusion and
recombination on the surfaces of the emitter, supports and probes.
In the next series of experiments [2] we tried to reduce the loss
rate due to surface recombination by such an extent that diffusion
becomes the predominant or at least a comparable loss process.With
the diagnostic techniques available at that time this intention
required a strong restriction in the accessible information.

Furthermore, also in this experiment it was not the aim to determine
the exact value of the diffusion coefficient, as it was clear that
this would require both more refined diagnostic tools and, for
comparison with the experimental results, complicated calculations.
But we wanted to show that in a range of parameters where resistive
and Bohm diffusion differ by orders of magnitude, the loss rates

and their dependences on different parameters roughly agree with

a simple model based only on classical assumptions. We were and are
sti1ll convinced that steady state experiments are easier to evaluate,
but in this report the time dependent behaviour shall also be
investigated.

We have to thank W. Stodiek for his criticism which initiated a
revision of our earlier evaluation and explanation of the experimental
results. Along this way several new corrections have been introduced.
New information was gained from a measurement of the magnetic
surfaces in W Ib by means of a pulsed electron beam [3].




A refined but still comparatively simple model is used for the
calculations.

The stellarator as Q-machine

S.v.Goeler has given an "equilibrium model"[4] for a Q-machine
which allows to calculate all particle fluxes existing in this
device. This model can also be applied to the central region of a
stellarator where the plasma is produced by contact ionization.

In one respect the stellarator is even a better Q-device as
illustrated in fig. 1. The usual Q-machine has three regions with
different physical properties. Region a) the region determined by
the parts of the emitter which are illuminated by the atomic beam.
There the plasma properties depend on density and temperature but
are independent of the properties of the emitter, at least theoreti-
cally if the plasma would be in equilibrium. Region b) which region
is determined by the parts of the emitter not being illuminated by
the neutral beam. There the plasma is governed by diffusion parallel
and perpendicular to the magnetic field and recombination on the
surfa ce of the emitter depending only slightly on the emitter
properties. Region ¢) which is beyond the edge of the emitter and
subject to a large recombination on the cold ends of the device.

So only regions a and b are accessible to meaningful experimental
investigations.

In a stellarator however, the region a) is determined by a
nearly uniform distribution of the neutral beam and can be made
small compared to the plasma cross-section. The region b) consists
of closed and nested magnetic surfaces where plasma diffusion can
be studied unaffected by the presence of the emitter except for its
support. In region c) a limiter or a particle detector can be used
in a meaningful manner.

The plasma behaviour in these three regions is governed by

We could not perform new experiments in 1967 as the whole experimental

group as well as all the equipment have been moved from the Max-
Planck-Institut filir Physik und Astrophysik to the Institut fir
Plasmaphysik.




different laws but the density and its derivative must be adjusted
to be equal on either side of the boundaries. The experiments to
which the calculations of this report shall be applied have been
performed in the stellarator W Ib and have already been described
1, 2].

Fig. 2 gives a scheme of the experiment. The stellarator W Ib has

a race track shape. The vacuum tube has a minor diameter of 5 cm,

the radius of curvature of the U-bends is 35 cm. The main magnetic
field was usually 11 kI, the rotational transform produced by a
helical field of the type 1= 2 typically of the order 0.3 ll. The
currents producing the magnetic field were switched on for ~ 0.8 sec,
a time long enough, as shown later, to reach steady state conditions
as far as they can be reached at all with this present set-up. The
rise times of the helical field, which was switched on about 0.1 sec
after the main field, is short compared with the build-up time of
the plasma, but a disturbance of the plasma build-up induced by

the rising magnetic field itself cannot be excluded. The plasma was
produced by contact ionization on a small tantalum emitter sphere
0.5 em in diameter, hanging from a 25 pm wire and heated by electron
bombardment. The electron beam was switched off about 0.3 sec before
the magnetic field was rising. During the course of the actual
experiment the temperature of the sphere decreased by 5 to 20 %
depending on its initial temperature. The input flux of Cs-1ions
produced on the sphere was measured and compared with the ion
density determined from two single probes located at different
distances from the source. Reliable measurements with the very small
single probes could only be done if they were placed in the volume
defined by these magnetic lines who pass through the sphere (source
volume) as only there the single probes did not build up any electric
field perpendicular to the magnetic field.

The following model for the calculations takes into account these
experimental facts as far as possible.

Throughout the calculations rotational symmetry is assumed, in
particular, the magnetic surfaces are thought to have circular cross
sections. In the first part of this report inertia terms are neglected




completely. In a second approach, discussed further below, the
effect of the inertia will be taken into account in a rather

crude manner.

Inside the source volume the density 1s only slowly varying with

r and will therefore be assumed to be constant. Then the individual
fluxes have to satisfy the following equation

§, = & + B + 38 (1)

where
$ : input flux,
flux which is available for building up the density and its

o

D
distribution; in the steady state it is equal to the flux
Qre which diffuses out of the source volume.
@Re: ion flux recombining on the emitter.
2
E F(Uth(to,t))no
@s : flux recombining on the probes
= EJH Asvithcsno AS = Area of the probes
Vith = most probable velocity
of the ions
Cq = correction factor

In our measurements the probes (0.5 em in length, 50 um in diameter)
have been used only inside the source volume. They measured the
density averaged over the source volume 1f properly adjusted. The
input flux, @o, is kept constant. During the density build-up time
all other fluxes are time dependent. @Re depends strongly on the
emitter temperature, and in turn the emitter temperature on time

as the heating system is switched off before the experiment starts
{tiz. 3).

The function F(Uth(Utho,t)) is given by
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and the time dependence of the particle density inside the source
volume by

nV=N=3% -2&_ (2)
where N is the total number of particles in the source volume,
n, the density in the source volume and V = Hrg + L the source

volume itself.
B 0.25 cm 1s the radius of the emitting sphere, L = 319 cm is
the length of the machine and ére the flux which diffuses out of

the source volume. With the help of eq.(l) we get

r'lo o %[Qo = et ln Qre] (3)

This equation is valid within region a). The flux Qre entering the
region b) is determined by the boundary conditions of region b),

n(r,) = n,
and
¥pe = -2 r L D(n)vn for r = r,. (4)

In region b) i.e. 0.25 < r < 1.5 the equation of continuity hasthe
form

n - v-(D(n)vn) = - (al +a, + aj)n (5)
where el
th 2
D(n) = 2 n,—=> n(1 + 595 (6)
B

the classical diffusion coefficient modified for stellarator
geometry. The different a  appearing in eq.(5) represent the
coefficients for recombination losses on the surfaces of various
obstacles inside the plasma volume or losses to the wall, or in
detalil n o, is the flux to the probe supports, n 0o the one to the
ring detector, and n aj the one to the wall of the machine.




This system of two differential equations, eqs.(3) and (5), has
been solved numerically.

Before we compare the results with our measurements, we shall
discuss the different quantities entering this computation and the
correction we have to use compared to our previous evaluations.

Measurements and correction factors

a) Input flux &

The input ion flux @O could be measured in the presence of the
magnetic field by the ion flux to two retractable spoon probes
located on the magnetic axis on either side of the emitter. But
usually a somewhat different flux QS was used which was measured
by the flux to the wall of the vacuum chamber in the absence of
the magnetic field. This flux @5 is reduced by the magnetic field
by a factor 0.6 ... 0.8. Unfortunately, this reduction is not
known more accurately, and seems slightly to depend on temperature
and density. In this evaluation of the measurements, therefore,the
input flux is set to & = 0.6 =:0.8 @é.

The density ng

The peak density ng inside the source volume has been measured by
two cylindrical probes, both 0.005 cm in diameter and 0.5 cm in
length. Earlier we interpreted the probe measurements in the
conventionally used Langmuir extrapolation. In the meantime Hashmi
et.al.[5] besides other probes calibrated just the probe used in our
experiments and compared the probe reading with density measurements
by spectroscopic and microwave diagnostic in a Ba plasma. It turned
out that the density evaluated from the probe current in the manner
used by us would read the density too high by a factor two or three
depending on the comparison with the spectroscopic or with the
microwave method respectively. We have chosen a factor of 2.5 for
the evaluation of our measurements.




The comparison has been made in a single ended Q-machine, so that
still some reserve has to be made concerning the density callbration.
On the other hand, the factor 2.5 has a theoretically based
confirmation by the probe theory of LaFramboise [6].

____________________________ R

The ring detector is a limiter of 3 cm inner and 4 cm outer diameter
screened by a grid of ~ 50 % transparency which is on floating
potential. It allows to measure the flux diffusing outwards and
reaching the volume defined by the sensitive area of the ring
detector which is the case for 1.5 < r < 2 cm. There is some
uncertainty on the efficiency of the detector, but it seems to be
near to 1. During the review of the old experiments it turned out
that at peak densities higher than ~ 3'109 cm-3 the flux to the

ring detector starts to grow only proportional to the square root

of the input flux, that means proportional to n,. An explanation

of this observation would be that above this density an additional
ion flux is leaving the volume defined by the particle detector
being proportional to ng. But the density in this region as
calculated from the flux found on the particle detector failed by
orders of magnitude if these extra losses should be caused by
collisional diffusion. It should be mentioned, however, that in the
region c) the particle detector is eventually interrupting the
secondary currents (if they are not short-circuited across its grids)
but it prevents the balancing mass flows parallel to B which are
necessary for equilibrium. Therefore the loss rates perpendicular
to B must be larger in region c¢) than in region b). This effect is
difficult to treat and has been estimated to be approximated if the
diffusion coefficient is enlarged by a factor of 20.

An additional argument yielding an increase of the loss rates from
region c¢) arises from the measurements of the magnetic surfaces by

means of an electron beam [3].




There it turned out that the magnetic surfaces in the straight
section are still of elliptical cross sections. Especially on

this side of the machine where the ring detector was located

the ellipse has a ratio of the two axes of 1.5. In addition, the
ellipses have found not to be concentric with the ring detector

but are displaced by about 0.3 cm. Both these facts mean that only
a small part of a magnetic surface is intersecting the ring detector
so that on the average a particle has to travel several machine
lengths before it hits the ring detector..This enlargement of the
effective machine length caused the density in the ring detector
volume to grow and, consequently, the losses perpendicular to the
magnetic field to gain in importance compared to the losses parallel
to the field towards the ring detector. Naturally, also the density
calculated from the flux to the ring detector grows if its effective
area 1s smaller than the complete geometric one. In the calculations
this effect is taken into account by the "ellipse correction factor"
CE’ which is the ratio between the length of ellipse intersecting
the ring detector to the circumference of the ellipse.

The shift of the center of the ellipse relative to the center of the
ring detector is taken into account by the parameter A which is Just
the distance between these two centres. With this consideration in

mind 0o is
vy
The flux to the ring detector is then calculated by
2.5
b = aln vij r n(r, t)Cg(e, m, 8, r)dr (8)

0

with m being the ratio of the axes of the ellipses and f = Va.b

the mean radius of the ellipse. The choice of the factor 20 mentioned
above, enlarging the diffusion in the r.d.volume, the ellipse
parameter CE and the shift parameter A have only a minor effect on
the peak density n,.




The aperture

In the earlier evaluation an aperture was taken which was equal
to the circular opening of the ring collector. Now the aperture
is changed by the elliptical cross section of the magnetic
surfaces and by the above mentioned fact,that the density does
not yet vanish inside the volume defined by the ring detector.
The latter effect is taken into account by a recombination
coefficient a, being different from O (see eq.(7)). az = 0 for
all magnetic surfaces not intersecting the wall and is put to
infinity for those surfaces which do intersect the wall. The
effect of the elliptic structure of the magnetic surfaces is
further considered by taking the effective cross sections of the
magnetic surfaces as circles having the same cross section as the

ellipse.
o =+Vab (9)

The fluxes to the probes are

_ _ e . -
8 = ﬁ A D VsrnC with A, = 2.78:1077 em®, (10)
U
vy = 1.36-106&/——@,
A = 133 and
Utho the emitter temperature [eV]

where

AS is the probe area and CS the correction factor of 2.5. The
correction factor CS is the same one which 1is applied to the
probe evaluations.

The losses to the probe shafts, which are isolated and therefore
on floating potential have also to be corrected for an enlarged
ion current. According to LaFramboise [6] this factor at floating
potential is about 2.3. The supports are thought to be smeared
out over the magnetic surfaces.
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Therefore, we get

V, Ir
t s
(12=—'-———-C

EIH’r L s2

R, = 7.0:10™2 om being the radius of the support, Cyp = 2.3 the

correction factor Jjust mentioned.

e

The rotational transform

The measurements with an electron beam yielded values of the
rotational transform being smaller by a factor of 0.875 as assumed
earlier [3]. The earlier calculations of this quantity took into
account also the effect of the circularizers. As these are not
working as perfectly as they should - as shown by the elliptical
structure also in the straight sections - it is understandable

that also their effect on the rotational transform is smaller
than assumed.

The small variation of the rotational transform with the radius is
not taken into account, but its value for r = 1.5 cm 1s taken for
the whole range of interest.

The temperature

The temperature has been measured by a two colour pyrometer under
steady state operation of the heating system. A relative measurement
calibrated against the pyrometer reading is represented by the
electron saturation current drawn from the sphere to the wall. An
evaluation of the plasma results has shown, that they could be
explained only if the temperature were higher by about 140 °K than
stated earlier. This result arose from the sharp decrease of the
density and the flux to the ring detector if the temperature is
lowered and the recombination flux therefore increased.

A check of our pyrometer showed, that it was reading the temperature
Saas200 £K depending
on temperature. The initial temperatures used in the calculations

too low requiring a correction of about 100
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are the temperatures at the time the helical field is switched
on, whereas the temperatures stated in the experiments are the
temperatures at the time the electron beam is switched off,
which is 0.3 sec earlier.

_-—_—....—____...._-.__.......-.._._..__-.._.-_—__..—--.—..._..————--._—_——....__u-.—_...——_m.-_——---....—_.._...

On the basis of the model mentioned above numerical calculations have

been performed which deviate from the earlier calculations by the

points summarized again:

a) The flux to the probes is increased by the same factor, which re-
duces the density in the experimental results.

b) The shafts of the probes have been taken into account, using an
appropriate correction factor for the flux.

¢) The flux to the ring detector and the aperture 1s changed by the
elliptical cross section of the magnetiec surfaces.

d) The loss of equilibrium in the volume defined by the ring
detector is approximated by an increased diffusion.

e) The variation of the emitter temperature with time is taken into
account.

The evaluation of the experimental results has been corrected according

to the new results:

a) A factor of 2.5 has been applied in evaluating the density n,-

b) The input flux ¢, = 0.6 - 0.8 éé 1s used for comparison instead of
the ring detector flux &_. '

R
¢) The magnitude of the rotational transform is changed according to

new = 0.875 o1d).
d) The correct value of the emitter temperature is used.

the electron beam measurements (

Figs. 4a and b show the time dependence of all densities and fluxes
calculated for input fluxes of 1-1012 and 1-1014 resp. Flg. 5 shows
the time dependence of the density ng in the source volume with the
input flux as parameter for an emitter temperature of Utho = 0.18 eV
at £ = 0.It is to be seen that due to the decrease of the temperature
with time the peak density is decreasing already very early, so that
a real stationary state can never be established. Fig. 6 shows the
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same dependence for different values of Utho' Fig. 7 is a

comparison between the experimental probe signal (mean value of
both probes) and the calculated density for two different input

fluxes, ¢ = 1-1012 1 and 3'1012 sec_l. In the experiment
12 -1

@0 was 1.7°10 sec and 2.2-1012 sec_1 respectively. The bars
show the calculated peak density for Uiho = 0.18 and 0.2 eV and

¢, =0.6 - 0.8 ¢'. Figs. 8 and 9 give the same comparison for

@0 ~ 1'1013 sec - and ~ 1-1014 sec_1 respectively. It is clearly
seen that for input ion fluxes of 1012 sec:_1 the experimental
result is closely reproduced by the calculations in both respects,

peak ion density achieved and time dependence of the density. For
-1

sec

input ion fluxes above 1013 sec ~, however, the observed rise of
the ion density is suddenly interrupted at about 75 % of the
calculated final density yielding a too low peak density and
simulating a too small rise time (defined as the time necessary to
reach 80 % of the peak density). This behaviour is shown in fig.10
where, as a function of the input ion flux, the measured peak ion
densities are compared with the theoretical curves. For fluxes

15 sec 1

above 10 a deviation from the calculated peak densities is

observed, whereas below 1013 sec_1

the agreement with the calculations
1s quite good. Fig. 11 shows the same experimental results being
compared with a set of curves calculated for different diffusion
coefficients as parameter. The diffusion coefficients are given as
multiples of the resistive diffusion coefficient varied for
stellarator condition. From this point of view a diffusion coefficient
of up to two times that for resistive diffusion would still fit the
experimental values. The rise time of the ion density as defined

above versus the input ion flux is plotted in fig. 12. As already
mentioned 1t shows agreement with the calculations at lower input
fluxes'but at higher fluxes quite large deviations are observed
(compare figs. 8 - 10). At the highest fluxes the rise time was not
measured exactly enough as the experiment has not been laid out for
the observation of the instationary state.

For a stellarator the classical diffusion coefficient has to be
modified by a factor 1 + 4(%)2 due to the energy dissipation of the
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secondary currents. Fig. 135 shows this factor plotted versus

@O/ng which would be a measure of the diffusion coefficient

itself. But due to the fluxes recombining on the probes the

calculated curves are no straight lines and, in addition, differ

for different values of the input flux. But the agreement at

medium values of [ 1s quite good and also the general trend of

the curve 1s found as expected. The deviations at low values of

L shall be considered later.

Worse than the other ones 1s the comparison between the calculated

and observed flux to the ring detector (fig. 14). According to the

calculations the flux to the ring detector should appear not earlier

than a few hundred milliseconds after the rise of the magnetic field

(see fig. 4), whereas the observed flux is starting nearly immediately.

If one neglects the non-appearance of this time delay one must state

that the rise time observed is not too far from the calculated one.

In addition, the absolute values of the peak ion flux found on the

particle detector which, according to the calculations, for low

input fluxes should be reached only after a few seconds, is in rough

agreement with the calculations but somewhat too small at higher

input fluxes and somewhat too large at lower input fluxes.
Unfortunately, the influence of the presence of probes within

the plasma on peak ion density and flux found on the ring detector

was measured only for an input ion flux of 1-1012 sec'l. The results

obtained only roughly agree with the calculations but fit with the

other observations concerning the particle detector.

In summarizing, the only considerable deviations between

experimental and theoretical results observed are the following ones

1) the peak ion density for input ion fluxes above 1012 sec_l,

2) the rise time of the peak ion density for input ion fluxes
above 1013 sec-1 although this effect is clearly connected
with 1), the interruption of the further build-up of the
central density,

3) the missing of the time delay of the rise of the flux to the
ring detector

4) the relation between the input flux and the flux to the ring
detector.
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As point 4) is concerned, it is certainly wrong to compare

the experimental results obtained 0.8 sec after switching on the
magnetic field with the calculated fluxes obtained for about 3 sec
after the start of the experiment. At this time the emitter has
cooled down already so much that a large fraction of the input flux
is lost again on its surface which otherwise would be lost by
diffusion. In estimating this effect, one should expect indeed a
somewhat larger flux moving to the ring detector as indicated by
the dashed line shown in fig. 14. Furthermore, in this range the
calculated flux to the ring detector depends sensitively on A, the
displacement between the center of the cross section of the magnetic
surfaces and the one of the ring detector. Therefore, at least for
smaller input ion fluxes, there is no serious deviation between
the measured and the calculated results. At higher input fluxes
even an enlargement of the resistive diffusion coefficient by a
factor of 300 inside the volume defined by the ring detector volume
gives not as large a reduction of the signal as observed.
Calculations taking into account loss of equilibrium rather than
enlarged diffusion are under way; they should yield a better
accordance with the measurements. As far as the points 1) - 3) are
concerned these deviations from the model assumed might be caused
by a partial lack of equilibrium either in time - that means
preferentially during the rise time - or in space, particularly in
regions with steep density gradients. According to the Pfirsch-
Schliiter model equilibrium between plasma pressure and magnetic
field forces requires the existence of a mass flow parallel to the
magnetic lines. As the only force available to drive this mass
motion is a pressure gradient parallel to B equilibrium should be
lost at the latest if the required velocity exceeds the thermal
velocity of the ions. Eckhartt and Grieger [7] have given the
following inequality for this limit

~27 w2 VA-1nA ROFE
3 2 2nr
L Bo Uth

- 1.94-10 vn<1 (11)

where A is the atomic mass number of the ilons, Ro the radius of
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curvature and L the length of the machine. Compared to the
inequality given in ref.[7] R02 has been replaced by g%E in order
to take into account also the straight sections of the device.This
condition is valid in this form if the perpendicular component of
the ion pressure gradient is balanced by an electric field and the
diamagnetic current is carriedby the electrons which fits the usual
assumptions. For the conditions of the experiments done in the

stellarator W Ib the above inequality reduces to

v n
e 6] 0.18 Vv
r

for Uth

Il

(%)3 < 5.2-10'1 [em™
(12)

€ 5.8-101! [em™®) for U, = 0.20 ¥

th
For an input ion flux of 1012 sec'1 fig. 15a shows a profile of
particle density as it develops with time, and fig. 16 the

stationary profile for different values of the input flux. In

figs. 15b and 16b the quantity - 2%(%)3 vs. r is plotted. One sees

that the limit set by (12) for 1ot input fluxes 1s slightly surpassed
during the build-up phase and just reaches the 1limit in the final
state. For higher input fluxes, however, the limit is largely

exceeded also in the final state. To tihis picture fits the experimental
observation that, preferentially at high input fluxes,the build-up

of the peak density shows sudden stops and even decreases whereas

at the same time the ring detector flux shows large bursts (see

fig. 17). This might be explained, therefore, by a sudden loss of
equilibrium by which effect plasma is swept across the confinement
region to the ring detector. A more refined model must take into
account the effect of the ion inertia which is a very difficult

task to do. However, if one restricts oneself to a description of

the gross behaviour .only one might find rough agreement with the
experimental observations upon requiring that the density gradient
should not exceed the limit set by the inequality (12)

v n < 5.2'1011 rg(%)B' o (13)
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where o, 0 < o < 1, is the ratio between the "cut-off" velocity
and the thermal velocity of the ions. If this would become the
case the local diffusion coefficient is increased until eq.(13)

is satisfied. This procedure happens to become necessary for

radii smaller than a critical radius, L For r . r.p the profile
of particle density is then obtained by integrating eq.(13) with
respect to r

_ caml e D 3 D
n=1.73-10 (n) a(rcr -r) + n,

" (1%)
1 Y being the density for r = il This equation yields new values
for the peak ion density to be compared with the experimental
results shown in figs. 10 and 11. These values vs. 60 are plotted
in fig. 18 for three different values of a, a = 1; 2, and 3,
depending on whether the "cut-off" velocity is 1, 2, or 3 times
the ion thermal velocity. The earlier calculations, the results

of which are shown for comparison, have neglected ion inertia
completely which corresponds to a - «. In fig. 19 the same
correction is applied to the dependence of the peak ion density

on L as it was shown in fig. 13. With these corrections rather
close agreement is obtained with the experimental results.

Tt is believed that a more realistic but thus more complicated
model would explain also the early rise of signal found on the
particle detector. In this respect it should be an essential

point that there is already some plasma 1in the machine and some
signal detected on the particle detector if only the main magnetic
field is present and the helical field is not yet switched on.

In addition it should be noted that some problems connected

with the thermalization of the plasma should arise at low

values of the input flux. This effect has not been considered

in this report but has already been mentioned in refs.[2] and

(>]1.




Conclusions

Taking into account all corrections listed in this report
most of the experimental facts found for a Cs plasma in the
stellarator W Ib are reproduced within a factor of 2 by calculations
based upon a model which assumes resistive diffusion across the
stellarator magnetic field and recombination on the surfaces of
the emitter and the probes. Larger deviations from this model are
found to be caused by an influence of ion inertia on the
equilibrium properties. Estimations of this effect yield fair
agreement with the experimental observations also for these
cases. Equilibrium seems to be lost if the required velocity of
the balancing mass flow exceeds the ion thermal velocity by a
factor between 1 and 2.
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The numerical scheme

The set of equations (%), (5), (6) can, after suitable scaling,
be written in dimensionless form:

o 5 Bn02

n,=1-Fnj -8n +7v -3, r=1 (15)
2 (J3)

n = % %; (ryn é%) -jzﬁ a n, S| (16)

where F is the (time dependent) factor of the recombination flux,

S represents the flux to the probes and the‘g£) give the fluxes

to the probe support, to the detector and to the wall respectively.
They are time- and space dependent, for details cf. eqs.(1) resp.
(7) and (8). The dimensionless radius of the source volume is set
equal to one and the diffusion coefficient is represented by

D(n) = yn (17)
(cf. eq.(6)).

For discretisation, we chose the points

r‘i=1+(i—%)ﬁr, i=0, 1, «.. N (18)

i.e. the source radius L= 1 is situated midways between two
meshpoints to allow a simple second order approximation to the
derivative in eq.(15). The outermost point Iy corresponds to the

outer wall where n is set equal to zero. Because of the nonlinearity,

a simple explicit scheme was adopted:

+
Let ny = n(ri, t); n, = n(ri, t + At) (19)
The scheme reads
+ o nl2 - n22
n, = n  + At 1. :p, B = BN b A r PR ) (20)
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ok AG 1 2 2
n, = n, + —4= =—— [vy r (n -n,“) -
q i AP2 2ri i+% i+% i+1 i
(3)
-Y (T (ni2 = nizl)] N Z; a ny (21)
i1 1l - j
2 2

+
ng =ny =0 (22)

As the coefficient of diffusion was to be increased by a factor of
20 (or more) within the detector, y 1s space- as well as time
dependent. For initial condition, n; = 0 for t = O was chosen. The
scheme is conservative, i.e. if we approximate the integrals
entering the various fluxes and so on by the trapezoidal rule the
change in total particle number per timestep is exactly given by
the balance of the various fluxes.

The question of the numerical stability can be handled in the
following way: Eq.(21) may be rewritten into

+ z’(d)
n, = Ayny ., +Bny + Cyny - AE : a ny (23)
with
¥e.l Tyl
Ay = o 1;§. o (ny, +1y)s
AT 1
Cy = Ay
Bi =1 - Ai - Ai—l'

which may be verified by direct substitution. We have

Ai + Bi + Ci =1,

and if all 3 quantities are positive or zero, we may estimate
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+
Max|n, | 2 Max|n | (1 + o(at)),
a 1

the solution 1is bounded for any finite time interval. Now
¥ r Y r

145 145 1~ 1-
[ (ng,, +my)t )

-

: (ny +ny )]

1

2
> < 1 Ar
n, 20, 8t % 3 fax 7o (25)

is sufficient for stability, and the first condition is satisfied
automatically by virtue of the scheme (21) if it holfs initially,
provided the second holds. '

If in numerical tests this condition was violated by only a few
percent, the numerical solution was completely swamped within a

few time cycles, so it is probably necessary as well. For the

actual calculation, we chose N = 40 in eq.(18), i.e. 40 meshpoints.
Tests with 60 points brought about changes of at most a few percent,
so 40 was chosen as a safe compromise between accuracy and computing
time.

The smallest timestep became a little awkward after the build-up
while computing the slow changes caused by the temperature drop
of the emitter.

Here, an implicit scheme would have been advantageous despite
the nonlinear character of the equations, which would have
forced us to adopt an iterative procedure for its solution.
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Figure Captlons

Fig. 1 Schematic comparison between a linear Q-machine and a
"toroidal" one.
Region a is the illuminated part of the emitter; b the
region where diffusion is to be observed; c¢, the region
where the density is falling to zero.

Fig. 2 Scheme of the experimental set-up of the stellarator W Ib.

Fig. 3 Temperature of the emitting sphere vs. time for: different
initial temperatures.

Fig. 4 a) Calculated time dependence of the ion density and
the various loss fluxes for an input flux of
8, = 1-10'% sec™l; B= 11 kr, L =0.26 1, A = 0.3 cm,

two probes present within the plasma;

b) The same for an input flux of & = 1-161% gecl.

Fig. 5 Calculated time dependence of the peak density n, for
different input fluxes. B = 11 kI', L = 0.26 1,
A= 0.3 cm, two probes.

Fig. 6 Calculated time dependence of the peak density n, for
different input fluxes @0 and initial temperatures of
the emitter, Utho' The parameters are the same as in fig.5.

Filg. T Comparison between experimental probe-signals (mean
value of both probes) obtained for two different input
fluxes, 8! = 1.7-10'2 sec™! ana #! = 2.2:10'% sec™!, ana

calculated curves for Qo = 1-1012 sec:'1 and 3'10128ec—1.

The bars show the calculated peak densities for

] ' ol
¢ between 0.6 §; and 0.8 %) and for U, = = 0.18 and

0.2 V resp. For the parameters see fig. 5.
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The same as fig. 7 for an experimental input flux
@5 = 1-10%7 sec”! and 3-1013 sec™!.

The same as fig. 7 but for an experimental input flux

@é ]L.86-1Oll‘L sec”! and calculated input fluxes

1'1014 sec™! and 3-1014 sec™ L,

Comparison between the experimentally found peak
densities vs. input flux @O and the calculated curves
for U = 0.18 and 0.2 V. The bars indicate the range

tho
of & = 0.6 - 0.8 @5. Parameters as in fig. 5.

o

The same experi mental values as given in fig. 10 being
compared with calculated curves for different diffusion
coefficients and Uy, = 0.18 and 0.20V parameters as in

fig. 5.

Comparison between the experimental and calculated rise
times (80 % of peak value; in the experimental case the
signal of the distant probe has been evaluated) vs.@o.
Curve 1: U = 0.2 V,two probes

th

curve 2: Utho= 0.2 V, without probes
curve 3: Ugy = 0.18V, two probes.

Parameters as in fig. 5.

$
1 + 4(%)2 vs. =>. The bars (8) indicate the range of

QO = 0.6 - 0.8268, B = 11 kl.

Curve 1: ¥, = 3.1013 Ugo= 0-2 V, without probes
curve 2: Qo = 1-1012 Utho= 0.2 V, without probes
curve 3: @O = }-1013 Utho= 0.2 V, two probes
curve 4: B 1-1013 Uiho= ©-2 V, two probes
curve 5: & = 1.1012 Uino™ 0.18V, two probes
curve 6: ¥ = 1-1012 Uris= 0.2 V, two probes
curve T: & = 1-1012 Ut ho™ 0.18 V,two probes

The experimental values are taken for an input flux of
8} = 2.2-10'2 sec™! that is &, = 1.3 - 1.75-1012 sec™!
and an initial temperature of the emitter sphere of about

018 - Y




b=y T

Peak flux to the ring detector, @max’ VS, @0. The bars
indicate the range & = 0.6 - 0.8 @5. The dashed line
shows the trend of the calculated curve when correcting
for the fact that the calculated peak flux 1is reached
comparatively late. B = 11 kI', { = 0.26 1, two probes,
A =0.3 cm. At lower input fluxes this relation is

very sensitive to the magnitude of A.

a) Calculated profiles of ion density for an input flux

of & = 1-1012 sec™! at different times (0.2 ... 3 sec).
v
) -'Erf%7§ vs. r for the profiles shown 1in fig. 15a.
T r

Profiles of ion density calculated for different input
fluxes, @O. The time for which the profiles are shown
was chosen as close as possible to the time at which
the density was maximum but so that the flux to the
ring detector had surpassed already 1ts maximum.

B =11 kI, L = 0.26, two probes, Uth°1; 0.1§1v,a = 0.3 cm
except for the profile with @O = 1-10 sec
A= 0.5 cm.

where

Upper picture: Experimental probe signals;
lower picture: flux to the two sides of the ring
detector.

Peak density n, vs. @o as shown in fig. 10. Besides the
calculated curve for U, = 0.18 V, curves modified

by the V n-condition (eq.(14)) are drawn. 1, 2, 3
corresponds to the "cut-off" velocities of the balancing
mass flows being 1, 2, 3 times the thermal ion velocity.
B=11%kI, L = 0.26 NI, two probes, Ao = 0.3 cm.




Fig.
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1+ MD)2 vs. 3 as shown in fig. 13. Besides the
calculated curve for Uitho = 0.18 V the curvesmodified

by the V n condition (eq.(14)) are drawn. 1, 2, 3
corresponds to the "cut-off" velocities of the balancing
mass flows being 1, 2, 3 times the thermal ion velocity.
B=11%kI[, L= 0.26 1, two probes, A = 0.3 cm.
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