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Magnetized current-carrying plasmas exhibit usually significant E x B rotation velocities which
often approach the ion thermal velocity. It is shown both experimentally and theoretically that
this rotation in combination with inertia, viscosity and friction leads to an important reduction of
the radial transport. If the radial electric field component is directed inward an inwardly directed
force on the ions is set up. On the other hand, turbulence leads to enhanced transport especially
at higher values of the electron Hall parameter. Also this effect is observed in this experiment
and is shown to be in accordance with measured turbulence levels.

1. Introduction

In the past several investigations have been con-
ducted to explain the observed pressure enhance-
ment in magnetized arcs (cf. e.g. refs. [1 —4]). The
role of the magnetic field is to reduce the electron
heat conduction transverse to the magnetic field
which results in a higher temperature at the axis of
the discharge. Also the radial diffusion of particles
is reduced, which on its turn results in a higher local
pressure. In subsequent investigations the influence
of B through the Nernsteffect was stressed [5— 7]; in
the presence of a negative radial temperature gra-
dient an inwardly directed force is set up as a conse-

quence of friction of the azimuthally directed:

Nernst-current. This effect reduces further the par-
ticle diffusion.

In most of these treatments ion viscosity and
elastic terms as ion-neutral friction have been
neglected. However in cylindrical arcs rotation is an
important effect and the rotation velocities may ap-
proach the ion thermal velocity. As a consequence
ion inertia, ion viscosity, ion-neutral friction, and
finite particle sources may influence the transport
significantly. Under certain conditions an important
reduction of the ion radial velocity may occur. In
other words, particle containment may be better
than classical (including the pinch- and the Nernst-
effects). As a consequence the pressure enhance-
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ment may also be enlarged by ion viscosity and ion-
neutral friction.

In later publications [8, 9] the importance of rota-
tion was realized. Kliiber [8] calculated the potential
distribution for homogeneous cylindrical arcs in-
cluding the effect of ion viscosity. The rotational
velocity was calculated from the potential distribu-
tion. Kliiber obtained a good qualitative agreement
with experimental observations (and the agreement
would have even been better had the actual value
for the axial conductivity been used). This in spite
of the fact that some of the assumptions (zero radial
component of ion drift velocity) are liable to criti-
cism [10, 11], or do not apply to most experimental
situations (homogeneity, no particle sources).

In a careful study of the mass balance for one
particular discharge parameter set of a hollow cath-
ode arc, Van der Mullen [13] showed that the
measured particle diffusion, deduced from the mass
source, was much smaller than predicted from clas-
sical theory. He could only obtain a rough agree-
ment between measured source term and calculated
transport if he included ion inertia, ion-viscosity
and ion-neutral friction. In fact, for this specific ex-
perimental condition, the radial outflow of particles
was so much reduced that it was reasonable to
neglect the radial ion velocity, herewith justifying a
posteriori one of Kliibers’ assumptions.

This evidence justified a careful examination of
the nature of particle transport and the influence of
plasma rotation. In this paper we will first recall the
standard MHD-description of plasma transport in-
cluding ion inertia, ion viscosity and ion-neutral
friction. The results of these calculations will then
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be compared with experimental information on par-
ticle transport. Finally, the effect of turbulence on
the transport will be indicated.

2. The Momentum Equations and Particle Transport

We consider the pressure balance of a strongly
magnetized, current carrying plasma and assume
that the electron Hall-parameter Q.7 is much
larger than 1. Here Q. is the electroncyclotronfre-
quency and t; is the electron-ion collision time for
momentum transfer [14]:

Qetei > 1. (1

Only under this condition the radially directed elec-
tron heat conduction will be largely reduced. Also
we deal with elongated plasmas; the axial gradients
(characterized by 1/L) are much weaker than radial
gradients (characterized by 1/4):

L/A> 1. (2

In this paper we will assume throughout that the
plasma is singly ionized (Z = 1) and that only one
type of ion is present. Quasi-neutrality requires the
electron density, n., to be equal to the ion density,
n;. The magnetic field is homogeneous and directed
along the z-axis. Next, we consider only plasmas for
which Coulomb interactions dominate over colli-
sions of charged particles with neutrals:

Tea > Teis  Tia 2 Tii- (3)

Here 7.; and 7;; are the characteristic collision times
for e-i and i-1 interactions as given by Braginskii
[14] and 7., and 7;, are the characteristic times for
electron neutral and ion-neutral interactions respec-
tively. For relatively cool “radiative” plasmas with
temperatures in the few eV-range both inequalities
(3) are already fulfilled for relatively low ionization
degrees: n./(n.+ n,) > 0.1; n, is the neutral density.
This condition is a reasonable good guide for most
types of (cool) plasmas (independent of the type gas
and the plasma density, etc.) and will be met even
in the periphery of magnetized cylindrical arcs. The
assumptions (3) indicate that Coulomb interactions
dominate the deformation of the velocity distribu-
tion and in the MHD-ordering we are entitled to
use Braginskii’s transport coéfficients throughout. A
second consequence of (3) is that we may neglect
the electron neutral friction R® with respect to the
electron-ion friction R = — R€.

For the MHD-theory to be valid we must assume
that the radial dimension A is much larger than the
smallest of o; (ion cyclotron radius) and /;; (the
mean free path for ion-ion collisions)

}-ii/A <1 for -Qii T; 30

4
Q,/A <1 for -Qi Tii 2 .

The ion Hall parameter Q; r; may take values below
and above unity. Most of the experimental evidence
in this paper relates to unmagnetized ions: Q; 7; < 1.

As the electron cyclotron radius g, is usually
much smaller than o; the condition g./4 <1 is in
general an automatic consequence of (4). In the
MHD-ordering only the azimuthal Ex B/B? velocity
may be of the order of the ion thermal velocity
Ui = (2k T,/ M;); the ion diamagnetic drift velocity
wai = Vpi/nee B- must be smaller than vy,;. Therefore,
the rotational drift velocities of electrons and ions,
wye and wy; (which are both mainly of E x B-origin
and are comparable in magnitude) may reach the
ion thermal velocity vy,;, but will remain small
compared to vy.. So, all components of the drift
velocities w, and w; except wy; are small compared
to their respective thermal velocities:

Woi J s Wri &1 Wai
Uthi Uthi Uthi

<1
(5)

w W-
<1; —=<1; —=
Uthe Uthe Uthe

Woe

<1.

As a consequence we may neglect electron inertia,
electron viscosity and electron-neutral friction,
while we must retain ion inertia, ion viscosity and
ion-neutral friction in the momentum equations. In
the stationary state we obtain from usual MHD-
theory (e.g. Braginskii [14]) the following equations
for the momentum balances:

nint(wi- V)ywi+Vpi+ V- 11,
=+ en (E+wxB)— R — R*— MS (6)
Vpe=—en.(E+ wex B) + R — M
Here M5 and M®¢ represent the source contribu-

tions to these equations, i.e. the momentum loss
associated with finite sources:
M3 = n,m; (w; — w,) Vien o
M3 = n me (We — W,) Vion &
where vy, refers to the ionization frequency. As we
deal with singly ionized ions, charge neutrality re-
quires n; = n, = n.
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Usually, plasmas which satisfy the conditions (3)
do meet also a supplementary condition: 7j,, =
1/vion > 7e; (3). Under these conditions also the
source contribution MS® can be neglected with
respect to R®.

With the introduction of mass velocity w, and
current density j:

m;w; + mewe

g =
Wm s

j=ne(wi—
mi;+ ne

we) . (8)

we can transform the momentum equations into two
macroscopic equations, viz., Ohms law:

ixB R \%
E+woxB=T24 = _ P ©)
Hee  nee nee
Navier Stokes equation:
jXB_V(pe'*pi)
=V- "i+ nimi(wi 2 V) wi+Ria+MSi. (10)

Several important differences with the usual MHD-
description become evident from Ohms law and
Navier Stokes equation:

1. Sincej x B % Vp, aradial component of the current
density may exist as a consequence of ion rota-
tion (through ion-inertia, ion viscosity and ion-
neutral friction). The diffusion does not need to
be ambipolar in the presence of rotation.

. As there is radial current there must be also an
axial dependence of j. (since V - j = 0). Apparently,
in the presence of rotation there exist weak axial
gradients; strictly speaking, cylindrical symmetry
is not valid for magnetized arcs.

. lon rotation may give rise to additional pressure
enhancement (see Equation 10).

. Radial Transport in the Quasi-Cylindrical Case

The radial and azimuthal components of the ion-
and electron-momentum equations are starting
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points of our discussion; z-direction is along the ap-
plied magnetic field, B.= By. The radial compo-
nents are (R is very small and is ignored):

Wi
—nymi——=nje E.+ nje wy; B
7

_Opi

oy VeI R -

MY (11)

% —J: By
where it is assumed that |w.;| < |w-|. The contribu-
tions of ion viscosity, ion-inertia and ion neutral
friction have been investigated for both the regimes
of unmagnetized ions (2;7; < 1) and magnetized
ions (2; 7;; > 1) for the ordering given by inequalities
(1), (2), (3), (4), (5). The leading term of the r-com-
ponent of the viscosity

0= (12)

—nee E.— nee wpe B-—

0

Bwn} ©
or\ r

or

.E(ﬂﬂ)
Yl or\ r
(13)

is small compared to Op;/0r for both regimes. In
App. A the viscosity coefficients are given. The
dominant term of the r-component of the ion-inertia
n;m; (wji/r) can be of the same order as dp;/dr in
the unmagnetized ion regime; for Q;7;; > 1 it can be
neglected.

Finally, the radial components of ion-neutral fric-
tion and source contribution can be neglected with
respect to Op;/0r for both regimes. Adding (11) and
(12) and making use of the simplifications which
are valid for both regimes, we find (with n.=n;=n):

L 9Pt p)
or

(V- M), =— [2'73

3
JoB:=—nm— = 2) +j-By. (14

If we insert this expression in the #-component of
the ion-momentum equation:

Wi O Owy; enjo 3 n 0OkT. ) S
nm; |—— (rwy) + w =—new V-1, — — R} — My 15
i |: ¥ a ( (h) Vi a: I'l ( )II 'y 2 Qe Tei 6/' 0 ( )
and solve the expression for n w;;, we obtain with ¢, = n e? 7si/m.:
1
nwg= 3
Q.teB-|1+ —Irwy
Q;r or
inertia
2
Wi O(pe+ OkT, :
x '”"i_‘m——(pe 21 —n————j; Bo} = Q1 {(V - H)o+ RE + (16)
r o7 or
inertia classical Nernst  pinch viscosity friction source
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Here the axial component of the inertial term is neglected. Several conclusions follow from comparison of
this relation with the *“classical” expression for zero rotation; ‘“classical” stands for classical transport

including the Nernst- and the pinch-terms:

=] a(pe+pi) 3 akTe
=i—=if

(7 W) class =

Q.1 eB- or 2 or

The following comments can be made:

a) The expression (16) for radial transport con-
tains two terms:

1. The first is quite similar to the *‘classical” ex-
pression apart from two corrections (one in the
nominator and one in the denominator both from
inertia). These corrections may be of order 1 for
Q;7; < 1, but can be ignored for Q;7; > 1. We
will denote this term by the quasi-classical con-
tribution to the transport.

2. The second term is related to the rotation and
will be called the rotational contribution. This
term 1s magnified by .7, and can not be
neglected in many cases especially for conditions
with significant rotation. -

b) Since Q. t.; > | the rotational part of n w,; can
be easily as large as the quasi-classical contribution.
The direction of the ion-flux depends on the sign of
wy and thus on the sign of E, (more precisely, on

1 Op; g .
the sign of E,——-—p— see (11)). If E. <0, i.e. Eis
ne

directed inward (positive rotation) the flux is also
directed nwards: in other words the diffusion is
reduced. if £, > 0 (negative rotation) the rotational
contribution to the flux is directed outwards, i.e.
transport 1s enhanced (cf. Figure 1). The detailed
potential distribution depends on the geometry and
the location of the electrodes [8, 9]: one finds in
general that £, < 0 (and thus transport reduction) at
the cathode side and E, 2 0 (and thus enhancement
of transport) at the anode side.

In the present experimental arrangement the
anode radius is substantially larger than the cathode
radius, Figure 1a I. Then the radial electric field is
directed inward for a long part of the arc and con-
sequently 1on transport is reduced. Close to the
anode still a reversal of ion rotation may occur [12,
23], but the neutral point (no rotation) is close to the
anode as 1s sketched in Figure 1 b L.

In symmetrical anode-cathode arrangement Fig. 1a
II as used in [7, 8], we would find again a positive
rotation of the cathode side and negative rotation at

+Jj:By|, (17)

the anode side. But now the negative rotation at
anode side is much more extended and a neutral
rotation point is expected to occur roughly halfway
anode-cathode, Figure 1 b II.

The experimental results reported in this paper
are obtained in the asymmetrical arrangement as
sketched in Fig. 1al at a position halfway cathode-
anode. The theoretical treatment is general and can
also be applied to other geometries with appropriate
changes for the axial dependence of the ion rota-
tional profile.

As an additional confinement occurs at cathode
side and a additional transport at anode side one
must expect a z-dependence of the plasma param-
eters even in geometrically cylindrical arcs. Axial
inhomogeneity, though weak, is an essential feature
of magnetized arcs.

CAT;H_ODMDE
1all l

i

. {

T |

S

Fig. 1. a) Sketch of the radial electric field and current
density in a magnetized arc, for asymmetric (I) and sym-
metric (II) cathode-configurations. b) Sketch of the maxi-
mum rotation velocity normalized to the ion thermal
velocity as a function of =.
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¢) From the 0-component of the electron mo-
mentum equation we can deduce:

njy 3 n OkT,
g, B B Q.1.eB, Or

(18)

nWee=—
It follows from comparison with (16), that the radial
velocities are not equal; in other words a radial
current is present, and the diffusion is not ambi-

polar.
The radial component of the current density is
given by:
N .) wii O Owy;
JeB-=—nm; o (rwy) + Wi a-

—(V-M)y— R — Mj'. (19)

All contributions contain linearly the rotational
velocity wy; and with the same sign; thus all terms
add. A positive ion rotation, wy; > 0, gives rise to a
negative radial component of the current density
consistent with the rotational confinement of the
ions, see (b). If the ion-neutral friction term R
and/or the similar source contribution term AM§
dominate then we may write

JjrB-=—Rj'— M(Sll =—nmi(wp — Wia) (Via T Vion) -
If wy, <€ wy; and wy; ~ — E,/B-, then we obtain:

. nmi Ec(via + vien)

.11’ B.g af EI’

(20)
in which an apparent transverse (rotational) con-
ductivity
n m; (Viy + Vion)

=T g - (2D
appears. This expression is a generalized form of
the result of Lehnert [9]; it contains in the present
form also the particle source contribution.

d) From the law V-j=0 we can conclude im-

mediately

0/- 10

—=———rj*0.

oz r or bt
Again, axial inhomogeneity proves to be an es-
sential feature of magnetized arcs. However, in
current carrying plasmas it requires only very small
changes in the axial component of the current
density (carried mostly by the electrons) to accom-
modate the required radial component of the cur-
rent density. Though principally essential, the in-
homogeneity of j. can be ignored in most calcula-
tions.

(22)

4. The Comparison with Measured Diffusion and the
Contribution of Viscisoty and Friction

We will investigate the effect of the rotational
contribution to the radial transport by comparing
the measured diffusion flow to the classical dif-
fusion flow (17). This comparison is simplified by
the fact that several contributions to the diffusion
can be ignored for the conditions valid for the
hollow cathode arc used for the study. The gradient
of T, is weaker than the gradient of n.. Further, T;
1s smaller than 7, and 7; is constant over the radius;
the ion inertia term which may approach the Vp;-
term will also be smaller than the kT, 0n./0r term.
Then the Nernst term can be combined partly with
the Vp.-term to k7, On./Or. Finally also the pinch-
term can be neglected for the plasma under con-
sideration, as the poloidal beta, the ratio between
electron kinetic pressure and magnetic pressure of
the poloidal field, 1is large: Bpe=2uonck T/
Bj(R)> 1.

So, in our case the expression for the classical
diffusion is in a good approximation

— kT, On, s OMe
N e E = — pelass —_ £ (13
(" w rl)CldSS g)e Tei £’B_— or or ( )
where
¢ T,
Delass =__l\—e (24)
Qe teieB-

1s the well known classical diffusion coéfficient.

The total contribution of the ignored classical
terms, of which some are positive and others nega-
tive, amounts to at maximum 30% of the leading
term. The measured diffusion coéfficient, D™, can
be compared with the classical diffusion coéfficient.
If D™ < D4 then this points to rotational confi-
nement, if D™ > DS then also anomalous diffu-
sion is present.

The importance of rotational effects depend on
the magnitude of the azimuthal component of the
ion drift velocity, wy,. Formally, MHD-ordering
requires that the maximum value of wy remains
smaller than the thermal ion velocity vy, =
/2k T;/M; , which is independent of radius in our

case:
W
(——‘) =x=1.
Uthi / max

If we assume in first order for the rotational fre-
quency a Gaussian profile, which actually is ob-

(25)
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served in experiments [15]:
Woi

— =ay Q; exp — [r¥/43] (26)
p
then we obtain for a; see Appendix A2:
(10|=§%. with ¢=233as=1. 27)
0

This scaling seems appropriate for small ion Hall
parameters Q; 7; < 1. This has been verified experi-
mentally [15].

A second approach is, to assume that the azi-
muthal velocity is mainly of E/B origin. If also for
the electrostatic potential a Gaussian profile is
assumed:

@ (r) = Dyexp (— r/A3) (28)
then we obtain also a Gaussian profile for the rota-
tional frequency:

0d/or _~ 2(1)0

rB. A} B.

(29)

y ; E
L ... exp(— rZ/Ag) .

r rB. N

If we estimate @, to be equal to the electron
temperature in Volt:

kT,
Bo=—— (30)
then we obtain the following estimate for agy:
2kT, T. o
aon = b EHL (31)

eB.Q. A} T A}’

In the unmagnetized ion regime, Q; 7; <€ 1, estimate
IT is not too much different from estimate 1. For
most of the conditions the ratio g;/4 is close to 1. In
the magnetized ion regime, estimate II may be more
appropriate. As most of our experimental evidence
pertains to unmagnetized ions, we will use (27) for
estimating the magnitude of wy;.

With (27) and Gaussian profiles for the rotational
frequency and the density we obtain for the total

transport for the central part of the plasma
nw;=— D, 0n/0r (32)

with a diffusion coefficient:

100
10
Dfrxctvon
Dclass
1
\
%
\
\\
1 .
\
\
\
\
\
\\
01 = T
o1 1 1 10 — 100
Nelei
10" 102 103 104 10°

Fig. 2. Relative importance of various rotational contribu-
tions to radial ion transport as a function of the ion Hall
parameter, see text.

function of the electron temperature and ion-neutral
collisions depend very weakly on ion temperature it
is clear that at low electron temperatures the ion-
neutral momentum exchange dominates, while at
high temperatures the ionization is more important.

The ratio ¢;/(via + Vion) can be represented as an
effective mean free path for ion-neutral friction
corrected for the additional effect of ionization. We
will denote the quantity as Zj,s.

In deriving expression (33) we have neglected the
pinch term and part of the Nernst-term but have
retained the ion pressure term. If we ingore also
these small terms in the numerator then we obtain:

classical viscosity friction

4 ~.ii A
kﬂ—%%@kﬂ(/ )

T

By = Zia,s

-QereieB:(l +2&: Ql/A)

Note, that the rotational contributions depend
linearly on ay, i.e. on the magnitude and the sign of
wy. For the conditions of our experiment, E, is
directed inward (E, < 0) and there is positive ion
rotation (ap> 0). A strong reduction can be ex-
pected if either the viscosity or the friction term will

. (34)

k(T.+ Ti)+g“szi-QereicfkTi( -

4 7;; - A (Vio + Vion)

Uthi

D, = z

Qe Tei FB_-(I + 2C. QI/A)

Again, it is clear from the last term in (33) that the
(negative) momentum source due to ionization
plays formally a similar role as the ion-neutral
momentum exchange. As ionization is a strong

(33)

become important. In fact, direct application of (34)
with the estimate (27) for ay would even indicate
“negative” diffusion for electron Hall parameter
Q.1> T A/T; 4/ ~ 30, while Q. 7.; can easily be
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larger than 102 For these values of Q.7 > 102 we find instead an anomalous enhancement of the trans-
port. For low values of Q.7 we find indeed a significant reduction of the transport. Then the contri-
bution of friction can also be significant. The ratio of the friction- (and source-) and ion viscosity contri-
butions to the rotational confinement is (Q;7; < 1):

Ry +My _3(i)2[ﬁ ) <are>ion)
vy, G e TEY (H {ordu f

/'ll
If the ion energy balance can be reduced to a balance of ion heating by Coulomb-collisions and cooling by
i-a friction plus transport then we may replace the term within square brackets by [0.25] as has been shown
both theoretically and experimentally in [16, 17]. So for plasmas with small ion Hall parameters, for which
/ii/A must be small compared to 1, the friction force can easily dominate the rotational confinement. For
ion Hall parameters Q; r; > 1, the viscosity contribution will become smaller with (Q; ;)% as the viscosity-
coefficient #, decreases. For large ion Hall parameters (collisionless plasmas) the friction and source
contributions may still be significant as compared to the very small classical confinement even for relatively
low neutral densities. The situation is summarized in Fig. 2, for a'temperature ratio T;/T.=1/3, for

(35)

: i i
[ﬂ Tizev] = (.25 according to [17], and for % = ? for Q;7; <1 and L . for Q; 7; > 1, and for argon.
n

e A 3.Qi‘[i

5. Pressure Enhancement

The rotational influence on the transport implies also a rotational influence on pressure enhancement in

magnetized arcs [10, 18]. We can write:

0 (pe+ pi 3 0kT, 3
M: —n—e_./:B()+ nmim _QeTe (V
or 2 or r

In earlier publications [5—6] the discussion was
limited to the first two terms of the r.h.s. of (36).
Special attention was paid to the contribution of the
Nernst effect. However, (36) shows that rotational
contributions and finite sources may also contribute
significantly. Especially, if E; < 0, positive rotation,
rotational confinement may even dominate the pres-
sure enhancement. Therefore, in our view it is not
sufficient to test the Nernst-effect with the mea-
sured overall pressure enhancement [6, 7]; it is a
much better test, to check the Nernst form of the
(ne, To) relation ie. n.Te4=Ct. for Zi=1 as a
function of radius. In many cases the measured
pressure enhancement can also be explained from
rotational and source contributions. The contribu-
tions can be estimated by following the same
procedure as in Section 4. Also here friction will
contribute especially for low values of Q. 7; and at
the outer parts of the plasma where the neutral
density will be large. For intermediate values of
Q. 1; viscosity would contribute significantly, but as
stated we find then anomalous diffusion. Anomalous
transport will of course limit the pressure built up
and should be taken into account in the analysis.

. . . 1 ©
MY+ RE+Mii+nwieB. | 1+ ———rwy||.  (36)
Qir or

6. Experimental Set Up and Procedure

For the verification of the transport model we
used the Argon plasma of a Hollow Cathode Arc
(HCA). The main characteristics are: applied mag-
netic field B. = 0.5 Tesla; plasma current = 250 A,
pressure = 0.5 Pascal; flow = 10 cc NTP/sec; cath-
ode diameter 1072 m; the plasma length is 1.4 m.
The measurements utilized in this paper are taken
at the position halfway anode cathode: zo= 0.75 m.
In Fig. 3 a sketch of the HCA is given. The plasma
parameters are 10'%/m?3 < n. < 2.10%/m?; 2.5< T,
<8eV, 1 < T,<3eV. The plasma diameter will be
slightly larger than the cathode diameter depending
on the parameters n., T., By.

The plasmaparameters are measured with several
diagnostics which are described extensively in [16,
17).

— n., T.: Thomson scattering (50J Ruby laser as
source and a six-channels polychromator with a
concave holographic grating) [19].

-T,,T, } Doppler width- and shift-measurements

Wi, WwooJ with a pressure scanned Fabry-Perot.
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Fig. 3. Sketch of the hollow cathode discharge. TS = Thomson scattering diagnostic, OS = optical spectroscopy, FI =
Fabry-Pérot interferometry, OP = optical probes, CS = collective scattering diagnostic.

— n,: the neutral denisty 7, 1s determined from the
ratio of excited level densities ngp and n4p; of the

4 p groups in both the Ar I and Ar II systems (see

Appendix B). Abel inversion is used to obtain the

radial profiles of the level densities n4, and ngpy

(see [16]).

Before we describe results, we will outline the
procedure to obtain the radial flow from the mea-
sured source term. From the ion mass-balance it
follows that the divergence of the flow is equal to
the mass-source term:

(37)

1
Si >~ nen, {0 Ve)ion=— 3w +—nw,.
# oF .

Oz

Though the axial flow velocities have been mea-
sured to be relatively large (up to vy,;/10) the axial
gradients are weak and the divergence of the axial
flow is small compared to the divergence of the
radially directed flow. Recombination can be ne-
glected for the considered parameter range and we

obtain
= DexPﬁ (';8)
or

T &
(n “'ri)c,\p = T .[ 7S dr
0

From the measured values for n., n,, T. we can
calculate the source and thus the actual radial flow
(nwii)exp- This result can be compared with the
theoretical expressions (33) and (34) derived in the
preceding chapter.

We note that usually the axial contribution to the
divergence of the electron flow 0nw../0z, can not be
neglected. For current driven plasmas, the axial
component of the electron drift may be large and
even for the weak gradients the contribution of

Onw._./0z may be appreciable. Since j, # 0, we, F Wi
therefore we must calculate the ion radial flow as is
indicated in (32) and is done in (38).

7. Fluctuations and Anomalous Transport

It will be shown in section § that for large Q.
the diffusion is anomalously enhanced by the turbu-
lence. Therefore, we have measured the fluctuation
levels and the dispersions of the dominant types of
instabilities. As diagnostics we used optical probing
for the low frequency domain (< 1 MHz, sensitivity

10’9 | o optical probe
e scattering
Lo k/B

16“

.6 .8
10t 10° 510
2m
Fig. 4. Example of relative density fluctuation level as a

function of the frequency. HCD parameter set: [ 100 A,

=
B.=0.4T,p,=0.5mTorr and = = 0.25 m ’
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in/n=10" 6/1 z) and collective scattering of CO»-
laser light for higher frequencies [20].

For the present discussion only the low frequency
(long wavelength) part of the spectrum is of impor-
tance as the spectral distribution follows a 1/w*law
. as can be seen in Fig. 4 [20]. It appears both from
collective scattering and from correlation of two
optical probe signals, that the phase velocities of
high frequency fluctuations (with frequencies f larg-
er than the ion cyclotron frequency Q;/2n) are
around the ion acoustic velocity, ¢:

o ﬂ 172
Cs = Mi .

We observe above the background 1/w*spectrum
definite instabilities:

(39)

— rotational instability
[<Q2nk, ~1/R k,=0
— drift instability
f~Q/2n k, ~1/R k;;~0,
— ion-acoustic instability

[>Qi2n, k, ~ w/cs.

The first two instabilities may contribute to the
anomalous transport. Of the third the level is too
small to be significant. The rotational instability has
been treated extensively in the literature; it is driven
by velocity-shear and -gradients. It has large parallel
wavelength (k, =0) and the azimuthal mode num-
berislow: m=1or2.

The instability can be treated as an excentric
rotation of the plasmacolumn, cf. FigureS. By
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optical probing we can estimate the modulation
depth of the instability, which we define as = 4/4,
in which 4 is the excentricity and A is the radial
Gaussian width of the intensity profile. As the
emissivity of the plasma proves to be described by a
Gaussian

£0(r) = &9 exp [~ v*/4] (40)
then we obtain for the lateral intensity profile:
Iy(y)=Vr eg A, exp [- r/A} (41)

and for the first harmonic at the frequency of the
rotation instability:
)2

Al,’

The maximum of 7,(y) is I’ (ymax) = 801/—7; A exp
(- —'2) With Vi = A/ﬁ. so we find:

A Illlnr\"lddsx( “mux) 1 IerI:IAde

4 o PTG

M55y = I()

(42)

Apparently, the modulation depth is equal to the
ratio of the magnitude of the first harmonic to the
D.C. value at y = ypux-

In Fig. 6 we have shown a measured profile for
fluctuations with frequencies between 0 and 20 kHz,
which contains both the first and second harmonic.
This agrees reasonably with the calculated profile
for Gaussian emissivity and 4/4 = 0.2 if spatial inte-
gration due to the finite size of the probing beam
has been taken into account. The residual measured
signal in the centre of the discharge can be attrib-
uted to broadband drift waves. Though the typical
frequencies of the driftwaves are higher, they may

RT-KH Instability
4

streak photograph

f«—200 ps —

rotation

a

Fig. 5. a) Illustration of the rotational
instability (Rayleigh-Taylor and Kel-
vin-Helmholtz). b) Streak photograph
by Boeschoten et al. [12].
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Fig. 6. Relative fluctuation level of fluctuations with fre-
quencies up to 20 kHz as a function of the lateral position,
¥o. Plasma parameters: B.=2Tesla; /=30A (1), 120A
(2),200 A (3), 0 =8 cm?NTP/s, z=0.75 m.

contribute to lower frequencies. The levels in the
driftwaves are of the order of 2% (cf. below) at the
centre: because of this possible contribution the
measured levels should be slightly reduced by a
factor of 0.8.

The driftwaves have frequencies around the ion
cyclotron frequency since o;/4 ~ 1. If the pressure
profile is also taken to be a Gaussian:

p(r)=poexp [- r¥/A?

then the fluctuations are expected to be localised
around at r=A/)/2. Both the presence of lower
frequency rotational instability and the finite size of
the probing beam flatten the lateral profile, cf.
Figure 7. For the relative level we take here the local
ratio of IfMS and 7. This of course is not entirely
correct since an Abel inversion is required which
would depend on the not a priori known azimuthal
mode number. Taking the ratio may be a slight
underestimate of the actual relative level.

Both the rotational and the drift instabilities may
contribute to anomalous diffusion. For the rota-
tional instability Janssen [21] derived the following
expression for the diffusion coéfficient:

A\ kT,

DRV ~ (7) 2B (43)

In the derivation it is assumed that there is a
significant phase difference between the E-field and
the density fluctuation 77.(¢r). This phase difference
i1s not measured, but the apparent nonlinearity of
the phenomenon favours an important phase dif-
ference. On the other hand, the frequency spectrum
is relatively small band, which suggest harmonic
behaviour. Turbulence levels are given as functions
of Q. 7. in Figure 8.
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Fig. 7. Relative fluctuation level of drift fluctuations in the
frequency domain 20 kHz — 200 kHz as a function of the
lateral position. Same plasma conditions as in Figure 6.
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Fig. 8. Measured relative fluctuation levels for rotational
and drift fluctuations as function of the electron Hall
parameter.
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The driftwaves are also observed to have low
azimuthal wavenumbers: m = 1. They are localised
around /4 ~ 0.7, but cover a relatively wide radial
region. Therefore, we may estimate the turbulence
on the basis of kK, A~ 1 and from the maximum
relative level (as function of y) The diffusion coéffi-
cient is:

_ 7\2 kT
DYt ~ (”—) © (ki A).
n eB

(44)
The driftwaves exhibit a broad spectral distribution.
Therefore, it is reasonable to assume that there is a
significantly phase difference between 7 and @. Also
we find for all conditions A, 4 ~ 1, as the mode
number is m =1 and the maximum level is ob-
served close to the lateral position y ~ 0.7 4.

The expressions (43) and (44) are of a similar
functional form. If we compare the anomalous
diffusion coéfficient with the classical diffusion
coéfficient Dg,, then we obtain the well known

estimate:
= \2
ne
2t (“‘) g?e Tei -
n

We expect only a significant contribution to the dif-
fusion by turbulence for larger values of the electron
Hall parameter, also because the level of the drift-
waves is observed to increase with Q. 7,;.

turb
DY

class
DY

(45)

8. Results and Discussion
Plasmaparameters and Diffusioncoéfficient

In Fig. 9. we show measured profiles of n. and T,
as functions of radius r and axial position z are
shown. In Fig. 10 measured profiles of the rotational
velocities wy;, wy, are given. It is clear that the
profile of n.(r) is more peaked than that of T.(r) as
was assumed in section 4. Also the assumption of
Gaussian profiles for the density and for the rota-
tional frequency wy/r, appears to be realistic, see
Figure 10.

For 40 experimental conditions we have measured
ne, Te, Ti. Tau pas Ny, woilr, nhy, nih, see [16, 17,
21] and values for D% and D% for these param-
eter sets have been determined. For the calculation
of the D, we have assumed Gaussian profiles
which appears to be a realistic assumption. The
profile widths 4 were determined from measured
lateral profiles of 4p-4s Ar Il-lines. We have re-
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Fig. 9. The electron density #n, and the electron tempera-
ture T, as functions of radius r and axial position z.
Standard HCD parameters; flow Q = 10 cm® NTP/s, p, =
2.5mTorr, I=50A, z=0.75m, B=0.2Tesla, n.=7.2
-10"%/m? T,=2.8eV.
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Fig. 10. Measured ion and neutral azimuthal velocities as a
function of radius. Full curves represent Gaussian fits for
the rotation frequencies w,/r. B=0.2 Tesla, p,= 2.5 mTorr,
I=50A,Q=9cm*NTP/s,z=0.75m.



300 D. C. Schram e al. - On the Pressure Balance and Plasma Transport in Cylindrical Magnetized Arcs

stricted the analysis to the central part of the plasma
with radius r<A. As we are interested in the
average transport for the central part of the plasma
the sketched procedure will yield results with small
uncertainties due to deviations of the exact gra-
dients from Gaussians. We estimate these uncer-
tainties at 30% based on comparisons with experi-
mentally obtained profiles with the assumed Gaus-
sians.

In Fig. 1 the so determined diffusion coéfficient
DP (Eq. 38) is compared with the classical dif-
fusion coéfficient D#* calculated with (24). The
ratio D$P/DY™ is plotted as a function of the
electron Hall parameter Q. 7. It is observed that
for low values of Q. z.; indeed the plasma transport
is largely reduced as compared with the classical
transport, as was previously observed by van der
Mullen [13]. Apparently the rotational confinement
is quite effective for these values of Q.z.;. For slight-
ly larger electron Hall parameters (but with ion Hall
parameters still below 1) the predictions based on
viscosity would indicate even more reduction and
even inwardly directed transport.

However, we observe instead a fast deterioration
of the rotational confinement and even more trans-
port than classical. Apparently, anomalous diffusion
sets in and it is of interest to compare the measured
transport with estimates of the anomalous transport
based on the measured fluctuation levels of drift-
and rotational instabilities. The fluctuation levels of
the rotational instability and the drift instability are
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@ . v diff.
a * ¥ Tendd
o4 1 5 @
@) classicale ae
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Fig. 11. Measured diffusion over classical diffusion as a
function of the electron Hall parameter.

shown in Fig. 8 as functions both of Q. 7.;. There is
a clear correlation of the level of the drift-waves with
the Hall-parameter. For the rotational instability we
find a different behaviour: for low values of Q. 7.
and high values of n, it is absent, while for the
conditions that it is present it saturates at a level of
20% quite independent of the values of the param-
eters. Estimates of the enhancement of transport by
the instabilities are shown in Fig. 11 with an total
assumed level of 10% for the rotational instability
and including a level of 7Ai./n ~ 3.107* Q. 7, (cf.
Fig. 8) for the drift instability which are roughly
in agreement with the measured levels. We observe
that both instabilities together can explain the ob-
served anomalous transport satisfactorily.

As a conclusion we have found that rotational
confinement does diminish the transport for low
enough values of Q. z.; (but still larger than 1). For
these conditions the ion-neutral friction and the
momentum source terms are the most operative
rotational terms. For the condition of our experi-
ment they contribute more to the pressure built up
then the Nernst-term. For larger values of Q. z.; for
which viscosity would dominate rotational confine-
ment., we find instead a deterioration of the confine-
ment and anomalous transport sets in. The observed
transport 1s in agreement with estimates based on
the measured fluctuation levels of drift- and rota-
tional instabilities. For still larger values of Q. 1t
and magnetized ions we expect an influence of
rotation on the confinement for conditions with
relatively large number of neutrals.

Then the momentum source term will be the most
operative. An analysis of the effects of rotation on
plasma transport in the outer layers of a Tokamak
shows that also there a significant inwardly directed
1on flux may result. As discussed in [21] an inwardly
directed ion radial velocity of 10 ms™" will result if
the rotation velocity of the ions is in the order of
10*ms~" (in accordance with estimate aqy) and if
the neutral density is 10"7m™ It is therefore of
interest to investigate these effects in Tokamaks in
more detail making use of recent experimental data
of 1on poloidal rotation velocities and neutral densi-
ties in the outer layers of a Tokamak.
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Appendix A
Ordering of the Viscosity- and Friction-Terms in the lon Momentum Balance

The - and 0-components of the ion momentum equation in the stationary state and with 8/00 = 0 are:

r-component:

own  w; owy op;
en(E,.+wy B.) =nm; [w,i—”— —Lw - 4

i— | +—+ B
or r " oz or e
+ (Vi Ty + nme(wic — wer) /e + nm (Wie — War) (Via + Vion) - (A-1)
0-component:
"t 0 ow i 3 B. Ok T,
nm; (“’—E (rwg) + w; aM:” ) =—enwyiB.— (V- I, +7 Q;Ze or <
— nme(Wip— Wep)/Te — 1M (Wo; — Woa) (Via + Vion) (A-2)

The r- and 0-components of (V - IT;) are:

1 © ow, w ow. ow 0 ow
Vn s S K ___r_+_r_ M | __r+_ e L
( ) 3 or ’70( or r 2 oz ) [2”1 orr or " o }
0 aW: 0 aw, 0 W 0 0 Wo 0 6w(1
e ifets iy — | = [ I —— kP —— | ——— , A-3
[a: " T 6:] [ B T ar ERGNRE (4-3)
0 (wy 0 0 wy 0 Owy 0 w,
V-yy=—2m—|—|+=—|mr——) |+ —— ——
( Jo [ 4 ar( i ) or ('71 "or s 0z e 0z 2 orr
0 0 w; 0 ow- ow,
+— | pyr——] % ——Z+ . A-4
or ('731 or r ) oz (’74 or M 6r) a-4)
The ion viscosity coefficients are given by: f= 1.2(Q;1;)%+2.23
2T Qi)+ 4.03 (Qi1)2 + 2.33° s
74 8(Q2i7)° +4.76 (2; 7)) )
Mo =0.96 n kT ;= 2.02 - 105 —— ¥ s = L L ,
; In A gl /s 16 (2;7)* + 16.1(Q;7)% + 2.33
fos (Qi‘[i)3+ 2.38(2; 1)
and T Qi)+ 4.03(Qi1)2 +2.33
Mm.23.4=nik Tt f12.3.4(275) (A-6)
We assume that the ion-velocities can be written as:
with (see Fig. A1): wi=a(r) rQi; a(r)=ae""%,
4.8 (Q;1)*+2.23 wi=b(r)rQi; b(r)=boe "%, (A-8)
PIA

h= 16 (2, 7)*+ 16.1 (2;7)% +2.33 " wai=c(r)omi, ¢(r)=coe”
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The quantities (ag, bo, co, A4, Ap, A,) may still be
weak functions of z. Furthermore we assume, that

(Woi) max = o Ui, Where 2 < 1. Then we find that
—x%233— L,whereé=2.331.
A” Atl

So for 2 ~ 0.5 we obtain the following estimate for
ap ((27) with &€ ~ 1)

(A-9)

where o;;, 1s the thermal ion gyroradius:

Oun = Vith
ith =——-
1 Ql

This estimate has been verified for the unmagne-
tized ion regime Q;7; <1. Note, that in this regime
MHD-ordering requires /;;/4 <1 (cf. (4)) but that
oun/A may be of the order of 1, as is found in our
experiment.

For the magnetized ion regime (£, r”> 1) the
second estimate for ao, is relevant. This estimate is
based on the assumption that the radial electric
field equals roughly the value of the electron tem-
perature in Volt over the radius as indicated in Sec-
tion 4, cf. (28)—(31):

Te Qizth
ap, = T A (A-10)
In the magnetized ion regime ay, <1, as MHD

ordering requires here that gj/4 < 1 (cf. (4)).

10

—_——

If one assumes classical radial diffusion

\Y
Wy =P (A-11)
g B:
then we obtain for b, the following estimate:
T
by, = S (A-12)
Qete | Ti A°

This yields for both regimes a ratio by /ag < 1. The
ratio by/aq will remain small as compared to unity if
the diffusion is anomalously enhanced as observed
in our experiment for large values of the electron
Hall parameter. If the anomalous diffusion coeffi-
cient D™ is set equal to 1072 D' Q. 7; then b /ag
=~ 0.01 for large values of the electron Hall param-
eter. The axial component of the ion drift velocity is
assumed (and measured) to be smaller than the
thermal velocity:

C0<1.

With these estimates ag, (Qi7i <1), ao,(Qi7;>1),
bo/ay <1 and ¢y < 1, ordering of the various terms
in (Al, A2) lead to the equations as given in Sec-
tion 3.

Appendix B

Following the usual notation of collision-radiative
models we write for the population densities of the
4p levels in both Arl and Arll systems: (only the
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equation for the Ar I system is given)

(0) . Saha (1) _Boltzmann

Nep I = rapi Napr + rapi Napl , (B-1)
Saha

where nz5}* is the population if the 4p level is in
Saha equilibrium with the following ionization
stage, whereas n3{!#™™ is the population, if the 4p
level is in Boltzmann equilibrium with the ground
level of the same system; r{}; and i) are the so
called collisional radiative coefficients. For the
parameter range of the experiment we may neglect
the “Saha”-contributions. The excitation from the
ground state to the 4p-states is mainly balanced by
electronic deexcitation to higher levels for both
systems. This situation has been called the excita-
tion saturation phase [22]; then the ") coefficients
are independent on n. and only weakly dependent
on T.. Furthermore the density of the double
ionized state can be neglected, so that n; = n.. Then
we find for the ratio of n,/n.:
Ny _ Napl Gapuga i E4p1— Espn

= ex . (B2
Ne  Napn Gapi gi e kT, i)
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