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Abstract

Experiments with plasmas generated by contact ionization, photo ionization,
and electron cyclotron resonance heating in the stellarator Wlla are reviewed.
The magnitude of cross field particle diffusion observed in these experiments
is compared with theoretical estimates of '""neoclassical' diffusion. The
scaling of these estimates from presently available plasma densities and
temperatures towards higher temperatures predicts an increase in the
diffusion rate, in contrast to what is expected from hydromagnetic theory

(Pfirsch-Schliiter coefficient).




1. Introduction

Plasma confinement in most stellarator experiments has been found to be
much worse than predicted from hydromagnetic theory.!*2 Attempts to
clarify this disagreement have been mainly directed towards the search
for microinstabilities, since the plasmas under investigation exhibited a
high degree of small scale fluctuations.?® It was only during the past two
or three years that it has been fully recognized, that the estimates on
confinement from hydromagnetic theory give an upper limit and apply to
the case of very short collision free paths.? These conditions could be
achieved in the low density low temperature plasmas produced by contact

ionization in the "Wendelstein'" WI and WII stellarators. > ®

In the present report the experiments with contact ionized and photo ionized
barium plasmas in the Wlla stellarator are reviewed. Next, we discuss
results from preliminary measurements with plasmas generated by low
power c.w. electron cyclotron resonance heating.” In the following chapters,
the observed confinement times are compared with estimates of neoclassi-
cal diffusion derived from the theory of Kovrizhnik.® Finally, the magnitude
of the neoclassical diffusion coefficient in regimes of higher plasma density

and temperature is evaluated.

2. Contact Ionized Barium Plasmas

The confinement of low density low temperature barium plasmas has been
studied using plasma production by contact ionization. ® Peak densities were
in the range 3x10® to 5x10° cm™. The lower limit in density was determined
by the accuracy of the density detecting system which utilizes resonance
fluorescence scattering of an incident light beam by the Ba'-ions. The up-
per density limit is given by the temperature of the contact ionization
source (emitter) together with the condition that it must be operated in the
"electron-rich'" regime. This implies that the rate of thermal electron
emission from the emitter must be larger than the rate of ion production

by a factor which is several times the square root of the mass ratio be-

tween ions and elecirons. The base pressure during operation was usually




several times 1077 torr measured by a Bayard Alpert gauge with standard
calibration for air. Hence the degree of ionization in the central plasma
region varied between 1 and 15 percent. The electrons were assumed to
have a Maxwellian velocity distribution with a corresponding temperature
equal to that of the emitter. This assumption was inferred from Q-machine
theory but has never been checked by measurements during the experiments
discussed here. The ions were assumed to have a similar velocity distri-
bution plus a superimposed velocity component directed along the magnetic
field which they gain when running "downhill" the potential sheath around
the emitter in the electron rich-regime. The ion production rate or ion in-
put flux could be measured with relative ease. All measurements were
carried out in steady state operation. Hence, the maximum values of the
main magnetic field, By, and of the rotational transform, ‘tx,) were
limited by power and cooling requirements. Normal operating conditions
were Bpo = 5 Kgauss with ¥ € 0.5 and a measurement of Bo = 7.5 Kgauss
with t £ 0.2.

From these experiments the following results have been obtained:
(a) Dependence of Density on Rotational Transform

When ion input flux and main magnetic field are kept constant, the n vs.
t-curves follow a characteristic pattern.? Beyond a certain lower limiting
value in t the density starts to build up and - upon slowly increasing the
helical currents - shows a series of maxima and minima. The envelope
curve connecting the maxima passes through a maximum and has an t-
dependence which can be qualitatively understood since with increasing t
the confinement improves and the volume of the limiting magnetic surface
shrinks. The density minima occur at a series of t-values which lies close
to the set of rational fractions, —rni, m < n, where m and n are not too large
integers. For these specific values of t the magnetic surfaces should de-
generate and - as the lines of force in this stellarator have only a small
amount of shear - this degeneracy should extend over a considerable part

of the entire plasma volume.

X)*t‘ is defined as -é‘—r; where L is the angle of rotational transform around

the machine.



Attempts to explain the lower limit in * of the observed density onset and of
the steep rise in density after its onset have been along two lines of argu-
mentation: '"lack of equilibrium' and 'thermalization' of the ions. Lack of

equilibrium 1°

in this context, means that the magnitude of the secondary
currents (proportional to }/t) is so high that their resistive voltage drop
across the magnetic field induces an ExB-plasma-motion which is too large
to be compensated by mass flow along the magnetic lines of force. The

question of thermalization of ions !!

is connected with the Q-machine mode
of plasma production together with poor plasma confinement al low t’s.
Under these conditions the particle life time is short and the plasma density
low. Hence, the potential drop in the emitter sheath is rather high. This, in
turn, gives the ions a high directed velocity which makes it difficult for them
during their short life time, to get thermalized through collisions with plasma
particles already trapped. Once the density has been raised above a certain
value, the voltage drop and the directed ion velocity decrease, the collision
probability becomes higher thus further increasing the density. An abrupt
density rise would be expected and has been observed. Both afore mentioned
ideas remained in a qualitative stage and have never been developped into a
rigorous theory for the low density regime considered. Their range of validi-

ty, therefore, remains unknown.

The density minima, or 'holes', occur under quite general plasma conditions,
they are also observed in ECR generated plasmas as will be discussed in
Chapter 6. Similar effects have been found in the L.-1 stellarator with gun-
produced plasmas. !2 In the latter machine, electron beam studies have
revealed a break-up of magnetic surfaces at rational values of t. Similar
measurements in the WIla stellarator are highly desirable in order to study
the magnetic topography for '"rational surfaces' and, in particular, to answer
the question why the minima occur for values of t which are slightly different
from those expected on the basis of numerical field calculations and the

magnitudes of the currents through the main and helical field windings.

The general shape of the n vs. f~-curves can be influenced by a radial electric
field without change of the location of the minima. This electric field is set
up by applying a voltage between the vacuum vessel and the emitter which -

under normal condition -~ is insulated and on floating voltage. The role of




this externally applied electric field and that of eventually drawn plasma

currents is unknown and should be subject of more systematic investigations.

Additional magnetic fields directed either in the equatorial plane or perpen-
dicular to it, lead to a change of the general shape of the n vs. t-curves as
well as of their detail structure. Again, the resulting magnetic field topo-

logy should be studied by means of the electron beam method.

The occurence of enhanced plasma losses for "rational surfaces' immediate-
ly raises the question about plasma confinement in stellarator fields where
the magnetic lines of force have shear in order to suppress instabilities.
These sheared fields form nested surfaces with neighbouring "rational' and
'"'non-rational" surfaces. The straight-forward question is whether or not in
such a stellarator configuration the '"bad" confinement properties of rational
surfaces would still persist. To investigate this question a new device of the
Wll-series is under construction. Neighbouring "rational" and "non-rational'
magnetic surfaces are an intrinsic property of multipole configurations with
superimposed toroidal fields. The outcome of confinement studies with such
systems will be of interest, therefore, in particular those of the Princeton

""Spherator', 13

(b) Absence of Fluctuations

It has been possible to achieve experimental conditions where the level of
density fluctuations is remarkably low, perhaps in the order of 1 percent
in the central plasma region. Theory would predict several modes of micro-

instabilities in the shear-free magnetic field.

(c) Confinement

For the experimental conditions mentioned in the preceding section, the
steady state peak density varied as W where @ is the total ion input
flux. Within the experimental errors there is no difference whether the
density was measured by Langmuir probes or by resonance fluorescence
spectroscopy. In the absence of probes (and supporting wires of the plasma
emitter) the only plasma losses conceivable are recombination on the emit-
ter and cross field particle losses. The recombination flux to the emitter

is known from Q-machine theory to scale as n? for the operating conditions



in question, its magnitude is usually smaller than the total ion input flux.
Hence, the cross field flux is found to vary as n?. This dependence is ex-
pected for resistive diffusion across the magnetic confining field of a
stellarator. For the case considered in Appendix I, the diffusion coeffi-
cient derived from the measurements, is about five to six times larger
than the Pfirsch-Schliiter value, that is, for a fully ionized axisymmetric

plasma with electron temperature equal to the emitter temperature.

The annular gridded particle detector inside the machine should allow an
independent and absolute measurement of the cross field particle flux
arriving at the outermost magnetic surfaces. Unfortunately, this device has
never worked in a completely satisfactory manner.

If Bohm-diffusion would control the cross field particle losses, the cross
field flux would be proportional to Dg*n, where Dy is %ﬁ A s Thentiohed
previously, the electron temperature has never been measured. Let us
assume, for a moment, that the electrons were at room temperature due

to some rapid cooling process not yet specified. We then could ask how
much cross field flux proportional to n could be added to the resistive

loss flux (e<n?) such that the comhined fluxes would still fit the observed

n vs. @-curves within the experimental uncertainities. The result is that
Bohm type diffusion proportional to -1—16- P -2—1-0- times Dy would be reconci-
lable with the experimental data. The rapid cooling assumed is hard to ex-
plain on the basis of presently available data on collision cross-sections of
low energy electrons. On the other hand, the unknown '"exotic" chemistry
which probably takes place in these types of plasma, might well give rea-
sons that the above arguments cannot be rejected without further considera-

tions.

The average particle life time, T°, can be computed in these steady state
experiments by dividing the total number of particles present in the machine
by the particle input flux. On the basis of the radial density profile shown in
Ref. 6 and the assumption of symmetry around the major circumference,
one arrives at T == 0,6 sec. This life time scales as 1/n and therfore

ranges from 6 to 0,4 sec for the present densities.




3. Plasma Production by Photo-ionization of Barium Atoms

It has been proposed!? to dispense with the solid plasma emitter and its
supports and to use photo-ionization of barium atoms by crossing a light
beam with a flux of neutral atoms inside the stellarator W Ila. In the volume
common to both beams the barium atoms will be ionized and the charged
particles produced are trapped by the magnetic field. At the moment of pro-
duction neither electrons nor ions have an equilibrium velocity distribution.
The production rates can be measured by a method similar to that with con-
tact ionized plasmas. Up to now production rates have been achieved which
are smaller than expected: for a photo-ionized flux of about 10! sec~! the
resulting peak particle density was 1,3°107 cm=3 being about 8 times less
than predicted from the extrapolation of the n vs. (_I)-curves measured in
contact-ionized plasmas with the same background pressure. The n vs.
t-dependence showed a pattern which resembles that observed with contact—
ionized plasmas. The latter result again indicates that the occurence of
minima at specific values of ¥ is connected with the magnetic topography

rather than with the method of plasma production.

4. Contact Ionized Plasmas with Sudden Removal of the Emitter

A device has been built which allows steady state plasma generation by con-
tact ionization and subsequent extraction of the plasma emitter out of the
confinement volume '%, The mechanical extraction takes about 120 msec.
Preliminary experiments show a distortion of the plasma during the with-
drawal of the emitter: a transient signal appears at the particle detector
indicating that a fraction of the plasma is removed. The central density be-
haves qualitatively as expected, it shows a rapid drop to about %, of its
stationary value followed by a smooth decay. It should be possible to re-
fine this method i.e., to measure the plasma decay in space and time and

to compare the observations with numerical calculations of the decay pro-

cess.



5. Application of '"Mild Heating" to Plasmas Generated by Contact Ionization

Recent theories on the transport coefficients in plasmas where the collision
mean free paths are long compared to the connection length R,/t, have shown,
that the diffusion coefficient is greater than expected from hydromagnetic
theory, i.e. the Pfirsch-Schliiter value. In the contact ionized plasmas dis-
cussed in Chapter 2, the ratio of the mean free path for electron-ion
collisions to connection length ranges from about /; to /5. This ratio

could be increased by raising the electron temperature since Aei o< Tze.
There is no obvious reason why this raise of electron temperature could

not be done by the application of a "mild" and controllable method of plasma
heating starting from a regime of '""good'" plasma confinement in contact
ionized plasmas which are generated by the presently available machinery.
Experiments with low power electron cyclotron resonance heating in a Q-
machine gave quantitative agreement with theoretical expectations regarding
heat conduction!®. Heating by low power DC or AC Ohmic heating is also
conceivable, This could be done with the emitter inside or with extracted
emitter. In the latter case the starting conditions would be less defined.
Experiments with ECR heated plasmas in W Ila which will be discussed in
the following chapter, have shown that it is possible toc generate and heat

a steady noble gas plasma with microwave powers as low as 10 milliwatts
entering the magnetic field volume. This power is negligible compared to
the power which is radiated from the plasma emitter in steady state. More-
over, the emitter surface is less than 0.1 percent of the plasma aperture.
Cross field heat conduction will certainly require additional microwave
power if the emitter is left inside. The concept of a "point source' of plasma
production has to be abandoned anyhow, since raising the electron tempera-
ture in order to increase the electron mean free path, inevitably increases
the number of high energy electrons in the tail of the Maxwell distribution
which are capable of generating ions by collisions with the background barium
vapor atoms. To be more specific: in order to generate an equal amount of
input ion flux by collisional ionization as that from presently available con-
tact ionization, the electron temperature will be in the order of 2 to 3 eV.
Hence, the electron mean free path will be increased by about two orders

of magnitude. Such a increase would be desirable in order to keep track of




the predicted variation of the neoclassical diffusion coefficient. The problems
of measuring the electron temperature, the additional production rate from
collisional ionization, and the subsequent change in the radial density profile

should not be too difficult.

6. ECR-Generated Noble GGas Plasmas

Preliminary measurements have been made in argon and xenon plasmas that
were generated by c.w. low power microwave heating at frequencies corres-
ponding to electron cyclotron resonance between 3,3 and 5,6 kilogauss.?
Plasma densities and temperatures - both measured by Langmuir probes -
were in the range 10® to 10'' cm™3 and, respectively, 4 to 12 eV. Hence, the
degree of ionization varied between 2x1072 percent and 60 percent, depending
on neutral pressure and microwave power input. Decay measurements of the
ion saturation current to the probe after switching off the microwave power
showed, that the average plasma life time was in the order of 1 to 3 msec.
This time was - in most cases - shorter than the electron-ion energy
equipartition time. Therefore, the ion temperature presumably did not
exceed the neutral gas temperature. The following plasma properties have

been studied:

(a) n vs t-Dependence

The n vs t-curves in argon showed a similar pattern as those observed in
barium plasmas. The width and depth of the density minima depend on neutral
pressure and microwave power input. For high enough power input plasma
could be produced at all values of t including zero transform. This result is
consistent with the assumption of reduced plasma confinement at the specific

values of ft.

In particular, for medium microwave powers, a sudden density onset was
observed followed by a steep density rise. This behaviour is quite similar
to that observed in contact ionized plasmas, as discussed in Chapter 2, in

spite of the completely different mechanism of plasma generation.

In xenon a range of discharge parameters was found where relative maxima

of density appeared at rational t-values superimposed to the general trend




of broad minima near t = !/; and !/,. Similar peaks have been observed in
contact ionized plasmas when the background pressure was relatively high.'4

High pressure high power discharges in xenon showed a smooth n-f-curve.

(b) Fluctuations

The ECR-generated plasmas in general showed fluctuations in the frequency
range expected for drift waves. The relative density variation -?:-1- was in the

order of 10 to 20 percent.

(c) Confinement

The average life time of the steadily operated plasmas has been determined
from the total number of particles and the input flux or production rate, as it
has been done in the case of barium plasmas produced by contact ionization.
The input flux in ECR-generated plasmas, however, cannot be measured
directly but must be inferred from measurements of power, density and
electron temperature. An upper limit to the production rate can be estimated
by assigning a certain energy, sz to each electron-ion pair produced and
dividing the input power by U. This energy, U, in a global way takes into
account the various inelastic processes and energy losses suffered by the
electrons. A second and less formalistic way is to assume a Maxwellian
distribution of electron energies and to compute the input flux from the known
rate coefficients, B-;e’ where the bar indicates an average over all electron
energies for some specific temperature. The assumption of a Maxwell dis-
tribution of electron energies is subject to questions since one would expect
the inelastic processes to deplete the tail of the energy distribution. Column
5 of Table I, where the estimates on confinement are summarized, shows
that the production rates, l.V, computed according to the two methods outlined
above, agree satisfactorily well. The upper lines of this column refer to the
evaluation from rate coefficients, the lower ones to that from input micro-
wave power assuming U = 50 eV and taking all the microwave power that
enters the discharge vessel. This value for U is somewhat higher than that

known from literature !7 (i.e. twice the ionization potential) allowing for

X i . . . .
) U is sometimes called ""mean energy of ionization''. 16
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non-perfect absorption of the incident microwave power. The relevant dis-
charge parameters are also listed in Table I and indicate that the present
experiments include regimes where the electron-electron collision times

are both longer and shorter than the average plasma life times.

7. Theoretical Estimates on Particle Diffusion in Axisymmetric Systems

In plasmas with long mean free paths for momentum transfer collisions the
transport processes become more and more determined by those particles
which are trapped in the mirrors of the toroidal magnetic field and make
large excursions from their "starting" magnetic surface (""banana orbits').
With decreasing mean free path the diffusion rate also decreases and, in the
limit, reaches the Pfirsch-Schliiter value derived from hydromagnetic plasma

theory.

Since the first work by Galeev and Sagdeev? a number of papers have been
published which confirm their results, apart from minor numerical dis-
agreements. In the following, the theory of Kovrizhnik is® taken as a basis
for numerical evaluation and comparison with the experimental results. It
covers weakly as well as strongly ionized plasmas, the difference being that
in fully ionized axisymmetric plasmas the diffusion rates for electrons and
ions are equal whereas in weakly ionized plasmas an ambipolar electric field

appears to equalize the different diffusion rates.

Upon inserting numerical values in the formulae given by Kovrizhnik, ex-
pressions for the diffusion coefficients in the W Ila machine are found for the
various plasma conditions treated in the preceding chapters. Details are

given in Appendix II. If a temperature gradient exists it is assumed 9—% =
_;d(lanT_l in order to simplify the calculations. An exact derivation requires
simultaneous solution of the energy transport equations given also by

Kovrizhnik. The diffusion coefficient, D, is then expressed as a function of

. R . :
Cg» Where c, = Ne Ro = 2 , 1.e., the inverse ratio of the mean
Ve 4 /"]e' t

free path for electron collisions and the connection length. Different ex-

pressions for D apply depending on the magnitude of Cge
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A. Contact Ionzied Plasmas, Te = Ty

The following expressions are found for a fully ionized isothermal plasma:

2
[ 1385, —L& . Cei

Kot
— 442 Dy 32— Co 1 X Cel
D:ﬁ Py 1 ‘1“3/2
100 Dg - 72‘} —2—(-22)< Car %

3 \V2
216 - Dg. (’9) 2 Coy _Je Cel <<(-’1"9-)

o R o't ?O

8¢ is the electron Larmor radius, R, and ry are major and minor plasma
radius, respectively. By inserting the following numbers: B, = 5 kilogauss,
t=0.1, Ro =50 cm, Ry/rg = 10 and choosing a value for the plasma tempera-
ture, one obtains D as function of peak particle density ng,. Examples are
shown in Fig. 1 as fully drawn curves. The curves for T = 0,2 eV and 2 eV
include the plateau part of the curve typical for neoclassical diffusion with
the plateau value independent of density. The broken lines show the influence
of electron collisions with the rest gas atoms. This influence is taken into
account in a first order approximation neglectin& ambipolar effects, by
multiplying the values of D with a factor _Ye_i_:_-?__._eq_' The values for Veo are
taken from the literature !* assuming air as ﬁi}st gas at a pressure of 1074
torr. At low values of Ng, and dependent on Te, the diffusion coefficient be-
comes independent of the electron density. The dotted line represent the

hydromagnetic (Pfirsch-Schliiter) value for T = 0,2 eV.

The experimentally observed values from Appendix I are shown as hatched
area for the two values of emitter temperature usually considered. The
agreement is good considering the various approximations and assumptions

involved.

The calculated data are replotted in Fig. 2 to show the temperature depen-
dence of D for various fixed peak densities. Again, the broken lines refer to

the effect of electron neutral collisions and the dotted lines represent the




e T

Pfirsch-Schliiter value. Starting from the plasma parameters of the contact
ionization regime the diffusion coefficient increases with increasing tempera-
ture in contrast to what one would expect on the basis of the hydromagnetic

plasma model.

B. ECR-Generated Plasmas, Tg >> ]

The average plasma life time T has been determined for various discharges
in argon which are listed in Table I. They include cases of high as well as of
low degree of ionization. The criterion given by Kovrizhnik for weakly ionized

plasmas:

, R\ me Te+T; iy
Q;}n » Ve.‘.{ f’o) = 7; ) J /

is satisfied by the cases 1, 2, and 6. None of all cases satisfies the respective

criterion for strongly ionized plasmas:

7 o me  le+T: o
VJ,n g Ve m} T}' ) Fi T e

For cases 3 to 5, therefore, we have calculated the diffusion coefficients for
weakly as well as for strongly ionized plasmas from Kovrizhnik’s theory
(Appendix II.D).

For weakly ionized plasmas the following expressions are found:

(Ga’ 9
o't
A - 7
4] L 7 2
Kz‘i 3,25 - e Ejt {7*Ce) 2—(?—;—5—) S s Eust il
7
ot Ve .Ce < X ._53_\/2
B e e (%)

R
(for—2 = 10)
o

where c, is mainly determined by electron neutral collisions.
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For strongly ionized plasmas the following expressions apply:

(‘
A | 069 e P2 e = 2 L g 1 < Ce
= 4 Rst Ry
& 2 3
1,56 S, Ve 1 )/2 gCoe T
- 7+086 T %o

R'0
(for — =10, T, ineV)

o e

Here, cg includes electron ion and electron neutral collisions. Inserting

Rg = 50 cm and the respective numbers for By, 1, Tg and ngy, one can draw
the curves of D vs. cg for every discharge listed in Table I. An example is
shown by Fig. 3 for case 3. From this procedure, and referring to the peak
values of Ty and ng, respectively, the values D% are obtained and listed in
Table I. c, ranges from Y14 to 2. The values of D% for strongly ionized plas-
mas lie close to the Pfirsch-Schliiter value, DPS’ for the plasmas considered
in Table I. The last column of Table I contains the Bohm diffusion coefficient,

Dg.

A comparison between the effective diffusion coefficients which are computed

from the experimentally determined average life times i/ by the relation

Degs = (2—(31--)z . 'El' » shows that D ;. is generally between one to two orders of
magnitude larger than DK but lies within a factor of ten below the Bohm
value. In this comparison we have excluded case 6 which had an anomalously

small average life time.

C. Photo-ionized Barium Plasma, Te>> Ti

As mentioned previously, with a photo-ionized plasma flux of 10! particles
per second a peak particle density of 1,3:10" cm™ has been reached for t> 0,1
and 5 kilogauss main magnetic field. The electron and ion temperature are
determined by the mechanism of photo-ionization and are estimated as

Te =1 eV and T; =~ 0,1 eV. The base pressure during this measurement was

7-10-% torr. Assuming air as rest gas and taking the relevant cross-sections,




the conditions for a weakly ionized plasma are fulfilled and Ce is in that
range where the '"plateau' value of the neoclassical diffusion coefficient:

o e 02 Ve
:Dk‘ — 3,45 _?e Ro--t

applies. Inserting figures, one finds DA = 17,6 cm?s~! for t = 0,1 and

K
8,8 cm?s-! for t = 0,2.

For comparison with the observed results the diffusion equation in cylindrical
geometry is solved in Appendix III with a diffusion coefficient that is inde-

pendent of ng and r.

Assuming a cylindrical "source region" of 1 ecm radius and inserting the
measured values in the computed flux-density relation, one finds a
diffusion coefficient of 8,1 cm?s~! in good agreement with the theoretical

estimate.

8. Diffusion in Non-Axisymmetric Systems

The helical stabilizing fields in a stellarator cause a modulation of the main
magnetic field strength around the major axis. This modulation affects
particles with very low v in such a way that they are trapped in the '""helical
mirrors'. Numerical calculations of particle trajectories have shown that
these '"localized particles" can drift out of the confinement volume no matter
how strong the field, they form a loss region in velocity space.!? Localized
particle diffusion occurs if the time between collisions is longer than the
transit time between mirrors. For densities usually considered, this condi-
tion is only satisfied at high temperatures. It can be converted into a condition

on ¢ which reads:

A

p [ 2« %
25T ¢ T

'B”’QK -‘Blncﬂ
-BV"H")

2
where p = number of helical field periods on the torus, and =




=18

In WIIa the right hand side of the above inequality amounts to about 1073, The

magnitudes of ¢ in the present experiments are much larger.

Hence, localized diffusion should not occur according to this single particle

picture.

The diffusion in stellarator magnetic fields has also been treated by Kovrizhnik.
His assumptions, however, are not realistic for present day stellarators be-
cause they imply that the variations in main field strength due to the helical
fields are stronger than those from toroidicity, i.e. from the radial variation

of the main field. It is interesting to note, however, that in the case of very
strong helical fields, ions and electrons diffuse at rates proportional to their
own total collision frequency. Thus even in a fully ionized plasma ambipolar

electric fields should arise.

It appears - even in the absence of an adequate theory -~ that for the experi-
ments under discussion the effects of toroidicity play the dominant part.
Nevertheless, we have evaluated the diffusion coefficient, DIS{' in a stellarator
from Kovrizhnik’s theory for the ECR-generated plasmas, Tg »> Tj (see
Appendix IV):

2

DS.: ']6‘&-%[;.(1'2)3‘ ’]l‘e 9,:.59{;2‘ 7

!< . V.—z— + D.l.r—l

L = L o
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o
After inserting (R—) = 10°Y, ff’-t' 3 ¢cm, the values of DIS{ in column 10 of
o)
Table I have been computed. They are comparatively small as a result of
the strong dependence on rO/RO. They are certainly much less - for the

range of parameters considered - than the diffusion coefficients which re-
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sult from the inhomogeneity of the main field, as derived in the foregoing

chapter.

9. Scaling of "Neoclassical' Diffusion

The extension of the plasma parameters presently available in the W Ila
experiments towards higher temperatures, densities and magnetic fields

has obvious importance. In order to get an idea about cross field diffusion
during this extension, the diffusion coefficient in a fully ionized axisymmetric
hydrogen plasma in the range of densities and electron temperatures, 101 to
1013 ¢cm™2 and 1-1000 eV, respectively, has been evaluated from Kovrizhnik’s
theory in Appendix III.C. The ion temperature was assumed to be one tenth of

the electron temperature. The normalized diffusion coefficient can be expressed

as a function of the normalized quantity Coi = }‘Ro as follows:
eirt
A mes iy
e = o A
D . Se 55 ? (?3) < Ce‘ = 1
B ?o'f 3
2. \32 . 7 (v, \72
118,& - ( °) + Ce Cei << 5 %o

o B ©

R
By choosing Rt = 10, Ry = 10°'ry, —2 = 103, the product (D*B?) is computed.
y [e) (o] (o] +

Fig. 4 shows its dependence on electron temperature for various densities. In
general, the diffusion coefficient rises with increasing density as would be
expected for collisional diffusion. On the other hand, the very existence of the
plateau value and its occurence in the region of parameter space under con-
sideration, has some interesting consequences. For example, a relative
minimum shows up in each D vs, Tg-curve for given density. These minima
occur in that region of the D-Tg~-plane where the Pfirsch-Schliiter coefficient
(valid at low temperatures) changes over into the neoclassical plateau which
is independent of density but increases as T%. The minima will probably be

more pronounced when considering that at low temperatures the plasma is
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not fully ionized and ambipolar effects increase cross field diffusion. When
extrapolating the densities and temperatures at these relative minima to-
wards lower values one arrives in the vicinity of the present contact ion-
ization regime. The magnitude of (D*B)? at the relative minima is a steep
function of electron temperature, as may be already seen from Fig. 4, and

scales roughly as n°® with density.

Hence, any extension of plasma parameters from those in the contact ioniza-
tion regime or from those characterizing a typical preionization plasma with
a temperature of several electronvolts towards higher densities and tempera-
tures, is inevitably connected with an increase in particle diffusion®). This
should be borne in mind when future experiments are planned on the basis
of the experiments with contact ionized plasmas. In view of the high costs
involved, the time scale of such experiments should be derived from the
conditions for achieving higher densities and temperatures, i.e., the rate of
heating power input and the equipartition times of electron and ion energies,
rather than by the demands for steady state operation. Studying these condi-
tions requires insight into the energy balance on the basis of neoclassical

transport theory with due allowance of anomalous effects.
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%) The influence of cross field diffusion caused by fluctuations which

eventually might appear, is neglected.
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Appendix I

Determination of the Effective Diffusion Coefficient from the Observed @ VS,

n-Dependence

In steady state the total imput flux, @, is equal to the recombination flux to
the emitter and the cross field loss flux both being proportional to the square

of peak particle density ny, in the absence of probes (and emitter supports):

- 2 2
Py, = Rineo Ay gy, e

where A is the diffusion coefficient divided by the density andel is a numerical
factor depending on geometry. The experiments show a similar @& nzeo—rela—
tion:

2 2
@exp == /R “Neo T Aup.dexp * Meo

From these relations follows:

b... — Ronay
Ae:.p — AJI—. iat i el ) de:rp X AL
@y., - p'neo

Taking the measurements of Fig. 5 in Ref. 6*) for n_ = 10° cm™3:

eo
Bexp = 5x10%2 571, Qyy, = 1,5x10'2 57! (at Tg = 0,18 eV) and Py, = 8,4x10' s~

(at Te = 0,2 eV) and computing the recombination fluxes from:

67,5:10-8 (10%)2 = 6,75-10!* s-! at Ty = 0,18 eV
510°8 (10?2 = 5:101% g~! at Tg = 0,2 eV
one gets:

5,24 (0,18 eV)
Aexp N
Atn

6,26 (0,2 eV)

%) After improving the stabilization of the currents through the helical

windings, somewhat higher peak densities have been observed.
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- "'3 - -
With Dth = 3,55°10 In/l - n cm? s-! ) B, in gauss, Tg in oK
4 - Te * By

one obtains at n, = 10° cm-3, B_ = 5 kgauss, t = 0,1

(o] (6]

16,3 cm? s™! (0,18 eV)
D =

=L 18,5 cm? g-! (0,2 eV)

Appendix II

Evaluation of the Diffusion Coefficient Dé for Axisymmetric Plasmas

from the Theory of Kovrizhnik

A. Barium Plasma, Tg = Ees

The condition for a strongly ionized plasma (Kovrizhnik, eq. 14)

" Te : '
OJ»”- << ;’:e pé.; 2'7:7—:" ) J' = Gt
4 4
is for electrons:
Ven << 2V

Taking air as rest gas at a pressure of 107% torr and using the following

cross-sections for electrons (in 10716 ¢cm?): 18

N, 0O, average
0,2 eV 8,0 3]] 5!5
2 ev 24 6,6 15,5
20 eV 12 (10) 11

and \Tei = 4,2-10'4.ne (for 0,2 eV) with ng = 3+108 . ... 5107 em™3, the
above criterion is fully satisfied at low electron temperatures and

marginally at T, = 20 eV.

For ions:

me d
o Vel

Vin < 2
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If we take Q@ &= 6010716 cm? as collision cross-section of the Ba+_ions with
the rest gas atoms, 2° the above criterion is only marginally satisfied. With-

in the accuracy of this estimate we, nevertheless, take Kovrizhnik’'s equa-

tion for a strongly ionized plasma (eq. 15) and set gfi‘_’lt = D_E;L:I?_
o 2l

for simplicity.

1
: 2
SS‘ = Si‘ = -oel 227‘: W2 .
L me A Vie 1
~

Vi % (c,') Ve. ?z(ce

T{hq(ff' 2 } [ i zg(f:)) 2} 99:“

where C;) = <L

1}
]

With D

and Tg = Tj, we have

-
PR

D=2 :27r275 7 73[& %(c;l _ 91
Hmewe | Je 92 (ce) cﬁ, (c;)

Gy + % e 7] % [ce)

where the functions c’fs (cj) are declared for specific ranges of Cj-

We consider the second square bracket and notice from Kovrizhnik (eq. 17)

: | !
that ch(i) can assume either——3—' = 3 or —zi= 2,77,

‘7 ( 21 1,5¢!
2
Hence, we may set the second square bracket equal to 5.

The denominator of the first square bracket reads:

Vei 1 .(T+ Vie Ve ‘?z(fe))

Ve & (ce) Vi Vi g (ci)
Vie Mg -6 3 : . s

Now: & —=L = 4-107% (for barium). V. will be mainly determined by
Vei mi 1

ion-neutral collisions under the conditions assumed above. Hence c. is in

1
g

A
the range where q,(cj) =
=i




- PP

Thus

. : <&
Yo i (H to_ = .ce-cjl(ce))‘

Ve 4, (ce) (o Vi |
. Ve 1 s 1 e s
- & (1+ &0t ce-dafe J)

A " A
Now c_*q, (cg) is either equal to {2 or less than (edmax " @2 (cy) =f2m » 2r5-/
Thus the first square bracket becomes
. ) 1
( Vei 1
/\
Ve 9y (ce)

D= 28Te5 é\z(ce) — 25. Ie Ve .- gy (ce)

L% m w2 Me @ Rot

Hence

= ho- * D - Ce 72 (Ce) Se = electron Larmor radius

For cgj << (“P’%') RS 4

5SS 72G ':D_B'é?e ( Z)a ) /.,-C == 276 '_D_B pyi PO)S/Q Cel

5 t 'ro T-O

for (;‘-’ )3’1<Ce:' < (PR

D = TJoo- J

Rot‘
For Cor ©j >> 1, the hydrodynamic approximation is valid:

7 I N
T e ipetinpynt s Vn _ V(+T) =T

t2. B2 ' on Te+Ti 7
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7129106 /L
N, = -~

3’2. i ' _'-3
Te Te in °K, Ne 1hcm
T o,?14.o,266-7;3”-
er =
hc o en/\-
Thus, for cg 1
2 \
D — 1,38t.fe Ve 7,38 -%a Ve £, — 9“1;2 _Dgpfé’ 'Ce}
o

B. Strongly Ionized Argon Plasma, Ty » Tj = 1/40ev.

X7
In this case we only need the plateau value for(%o) 2< Ce < 1 and assume for

simplicity that c; is in the same range. The denominator of the first square

bracket in the expression for S‘l becomes then:

Jei Ce (,+me Ve c.-:) Vi Ce (H\h Nee J‘Qe)

Ve | zx Vei W Ce /| — Ve Vam Vi e Ve
with fee ( Te )*

i U TL

Vie _[me Ti)\%2 092

¥ - ™M Ja 0,7 1%

Vee _ O,

Vei

' 3

Vi T2
one gets -—v% VSC_'_, ( 1+ 086 1T-e ) with Ty in eV.

2

The second square bracket reduces to 2,5 Tg.
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We then obtain

_D__Q;. 2r? : D578 Varr -+ Ve +

—_—

L2 -ma-wg Vai * Ro ( T+ o'gg.’Tésfz)
- v, 7
— 156.¢2_Ye _
! ® Rt (1+ 086 T )
1
— 50:D,. %
“‘ 343 R {7+0'85:7;3/2)

For the hydromagnetic range, Ced 1, we get - with By <<Te - half the

value deduced for an isothermal plasma in Part A, i.e.:

_'D = 069. _?e.z'ge; s 63'5”2 Me-Ceio. “n5q3 L .C
( ——-—-_‘!'51 ( e o"'f_" i :DB Qo't c

C. Fully Ionized Hydrogen Plasma, Te =10°T;.

The denominator in the first square bracket is:

ﬂ
Vei 1 ( 1 + Ve Ve C]z(Ce) )
Ve C?’J.(Ce) Vei Vi ‘?z (Ct)

with:
Yo =
Ve = Ve, + Vee = 2k Vee = 1,71 Ve,
c; = E'_ C - G-.“' 2 Ve Cp Sz _._7.._ _TE_ Co — liazc_
‘ e ° T 2ve’ v T o ()T ©
Vi & [me _le V4
“ ( i ) Ve
. A
Ve, ! 2 g, (Ce)
= ] + /o _dz=lte/
Ve QZ(Cc) é\: Ci
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2 (C : b
The maximum value which .i:'_.(_")) can assume is Q(Qo/t) = 31,6. Thus we
92 (¢ ”

may drop the second term in the above round brackets. In this case, we get
the same expressions for D as derived in Part A except for a numerical

constant that stands for the different ratios of electron and ion temperatures.

D. Weakly Ionized Argon Plasma, Te» Ty = 1/40eV

The radial particle fluxes have the form (Kovrizhnik, eq. 11):

e of(sead e )T ) (i~ 3 ) JT ]

21“:2 2 0

where Aj =\7;(:71'h'l: [z .?J ) 3(,—:-8,::

L Larmor radius

J

]

V3 R
5T v ¢
’ ¢
q‘] are functions of c; declared for specific ranges of c;. As the ions are cold,

S J J
¢5 is» 1, but cg of the electrons can assume different values depending on

density and electron temperature. We assume generally aenﬂi o, 399”7:?
T 7

F— ,

1
1 (15 \72 7
For ¢ . ° ~ .,
e<<2( ) ]

0)]
0]
I
>
[
T —
N
oo
|
®
)
(]
T
m
SN—

r T r’g
1 9 e.Ef-
Sr = AL ('}—- + & T )
. 9 1 & A
] _ 22 Ae
Hence e Er = — T s -1 .7 - S
-? ' 35 Ae T;
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and

In the denominator of the second term in the round brackets:

Al: Te - Yin ) m.

is usually large compared with unity (=10%). Hence

r f 'E
and
f' 3 27 Sz 28 14 5)2 Ve
D = = Ve == C
e " © © Eo"k €

For i nr_o)f/2<cc< 1 !
Ro

Vs
%t ®
{
>
(1]
M
+
+
U
B
B
)
&
S—
'-m|'\
|
w
+
N
HI;«;
MR
+
P
(‘bﬁ
S—
\
fﬁlm
L—\[L

¢ Er

St — A g-wf < }

Hence .

.Y
e-Er=7-é.a1—5t-‘Zcﬁ_
f b 1+ 4 A Te
b e T

and
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as the denominator in the second term of the round bracket is usually large

in our cases. Thus

- «f 2 52 G

P SE = B2 £ carc) OC)

=Y Z%(5[1+2. 125¢2 1
quQ_e;. . e é,g( *ECQ* Ce) O()

— 7, -
= 32 e Eot[7+ce)

For ce>>1

Se = Ae(i _ Q‘CE‘(")
r f Te

hence A
N - 4& o 2
r e _,4_1_“_‘-7— -~ L
E g Ae T? ?
and -
e L& ; &
S = Ae _._(74'_‘:__) = A Ve T
r g 7‘c < ?
= 89, e 16 Z 2 %
D = srn§ Ven i;‘ e — 4-8 Q,:t Ca
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Appendix III

Diffusion in a Straight Plasma Cylinder with a Constant Diffusion
Coefficient D

Inside the source region:

1 A ( !
—_ . TV, = — constant production rate
T or T) /1 £
dn
m-V, = - Pt i
T D dr
2 4 ( rd") I
T odr dr D
C M TZ
n=5T 3
for r=0, n=ng R oo P _’:ir
1‘70 3\ hé ‘f_
Outside the source region:
A [ dn)_ o
adf ol
n = C?_ &n ‘;”"’ with n = O at wall radius T

Matching the two solutions at the boundary of the source region, r = rQ!t

i 2
N M e C v
m(1tg) = M i R [ S8
(ta) o =l 2 e
obn\l - _ M e G
o rg D -2 ™R
2
. S I L ) + 26nT

A relation between production rate}x and the total input flux 65 from the total

outward flux at the boundary r = rQ can be established:
oln )
e —— — - ‘I"'
Do, e
-~ ?W?o“zrf rQ '3 %‘ = 27(' QO T rQZY‘l = §

f"TQ
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@ = 27 Ry b D-m,

F4+ 2 @, I~
R
Hence
-~
D= b 1282y
Mo 87‘!‘2-20
Inserting = 10 sec™!, ng = 1,310 em™3, Ry = 50 cm, ry = 5 cm,

rQ =1 cm, gives

/4
10 - ’-hZ i 8 1 2 -1
73-10%.4.03 = ' ™
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Appendix IV

Evaluation of the Diffusion Coefficient in a Stellarator Field from the
Theory of Kovrizhnik (ECR-Plasma, T; << Tg)

The magnetic field in a stellarator with £ = 2 is given by Kovrizhnik in the

following forms:

'-—9" s
eg¢ 30 +B

% 1

B
E=v% , f=K®
Cb ?E_ - B, -I2[2orr) . Sf”[z (V“q'f)]

—
e

I

with a = 2R’5 for the five helical periods in WIIa.
O

£ can be expressed by t if we approximate I, (2 ar) =

& =l=-
=i

1 2 e
ar
7!' ( 2") H

The criterion for a "sufficiently strong' radial electric field Ero (see eq. 23)

e; -1, -Er, , l[ ) 202 i
J'_T‘—.T__ >>&&2-1"03970(.r2' (20”‘0))= %t.z(%é’;’") =~ 450

4
is satisfied if we set E o a
ro - ro
for electrons: e e 1
Te To
and for ions: _.ri . :_6_‘. _ L. > 1

Hence the radial fluxes are (eqs. 21, 24):

e 30 ne e Te Er
S =_C‘Ae{_‘§_-,-—+ 2 -a_/._ +€’T’p_}
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Ci_ _C\A.L.Z( Ibnni | 2 9(:»:71_ e«[:_;-.}

or o 3
C = m _1"_)2 i_g__;_:: 25/
(Qo tas
V'l
; = 0' . .2 J % . .
AJ & —93 VE:_ +T2_pj ) J_ = elz.
-Pj = Larmor radius
E
Vi = Vit Vie*Vo Ve =g
With DQ”"’”’: De“q}l=_.1.
v ar f

and equalizing the loss fluxes, the electric field can be determined:

h)

. 1 - =
§ 7 + AL _Te
Ae ™
Now
Al Te 9T v’é + 1L V& 1
Ae —r'l‘. perT'g VEQ‘ + 1-02 vl‘.?‘

for our conditions and hence

A.

__<<’1
Ae

e-Er ~

we get:

S = c\Ae{.;_-,?_ (1- Aﬁlﬁ)} _ 3CA; T

T T T T
2,
—3.25 - mJr 2| 4€ED2  Te .05 Vi A
Ro o) of i ¢°8 pRigadops dr

)
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- B

i
.252.(%)’" Te 28t Vvi*
' R T;. VEZ*"’}’JL?-
i e £-de
2 2 2 = C .
Vet Y f Bore
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Figures

Fig. 1 The neoclassical diffusion coefficient D as a function of density
at various temperatures for an axisymmetric fully ionized iso-
thermal barium plasma (full curves) and with first order correc-
tions for electron neutral collisions with the rest gas atoms
(broken lines). The dotted lines represent the hydromagnetic
(Pfirsch-Schliiter) diffusion coefficient, The hatched area de-

notes the experimentally observed values.

Fig. 2 The neoclassical diffusion coefficient D as a function of tempera-
ture for various densities for an axisymmetrie fully ionized iso-
thermal barium plasma (full curves) and corrected for electron
neutral collisions (broken lines). The dotted lines represent the

hydromagnetic diffusion coefficient.

Fig. 3 The neoclassical diffusion coefficient D vs. Ce In an ECR-
generated argon plasma (Case 3 of Table I). Also shown are

the experimentally found values, Dggf, converted from the
1

r. .2
average plasma life time 7 by the relation Dggs = (-2-24) 6=
Fig. 4 The normalized diffusion coefficient (D*B2) vs. electron tempera-

ture at various densities in a fully ionized axisymmetric hydrogen

R R
. - —9Q = 20 =
plasma. RO T 10, - 1000, To 10.
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