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Experiments on the longitudinal ion momentum balance ina

magnetized plasma

J. M. M. J. Vogels, J. C. M. de Haas, D. C. Schram, and A. Lunk®
Eindhoven University of Technology, Physics Department, P. O. Box 513, 5600 MB Eindhoven,

The Netherlands

(Received 4 June 1985; accepted for publication 7 August 1985)

In the magnetized plasma of a hollow cathode arc the longitudinal and rotational drift velocities
of ions have been measured, together with the electron and neutral densities and the temperatures
ofions, electrons, and neutrals. The radial and longitudinal gradients of these quantities have been
established. The ions drift against the electric field towards the anode with velocities between
about 500 and 2500 m/s, driven by the plasma pressure gradient which is balanced by viscous
deceleration and by friction against the surrounding neutral gas. The classical theory of the
momentum balance with a turbulent contribution to the viscosity provides a good description of
the longitudinal ion transport and explains direction and magnitude of the occurring drift

velocity.

1. INTRODUCTION

in a magnetized plasma cojumn the ion drift velocity is
an important quantity. Plasma rotation has been studied by
several authors.'™ One of the motivations is the pessible use
of a plasma centrifuge for element or isotope separation.”"!
Also, in several laser plasmas particle transport processes
are dominant.'? Recently several schemnes have been investi-
gated for the use of plastsas In purticle sources, Both beam
sampling techniques’®*® und high-energy beam production
for neutral injection in thsrmcmmclear plasmas,’® are
drawing attention.

in thermonuclear plasma physics the radial confine-
ment time plays a decisive role in the energy efficiency of
fusion reactions (Lawson criterion). It has been argued that
both turbulent diffusion®® and the drift as a consequence of
neutral particle friction in the presence of a magnetic field,”
depend on ion drift velocities, The torsddal and the poleidal
jon drift velocity in a tokansak have been measured. %2 The
diamagnetic drift dowmiinates the poloidal rctation.

We are interested in the ion drifts in a hollow cathode
arc (HCA),2*?% especially the longitudinal drift. Measure-
ments by several authors?®?® indicate the dominance of the
E /B drift, with an inwardly directed E field, over the dia-
magnetic drift. In the HCA the ion rotation velocity is about
30% to 50% of the ion thermal speed v,;.

The HCA is an excellent plasma for the study of the
longitudinal drift velocity and momentum balance of the
ions, especially because axial gradients are involved. We de-
scribe our study of the axial ion momentum balance in an
argon arc. The momentum balance is analyzed experimen-
tally in combination with the theoretical approach by Bra-
ginskii.>® We measure not only longitudinal ion flow but also
rotation, particle densities and temperatures. We scan both
over longitudinal and lateral positions. The different terms
in the momentum balance are calculated on the basis of our
experiments. Plasma pressure, plasma velocity, inertia, and
neutral friction, including charge exchange and ionization,
are the terms of interest.

* Permanent address: Ernst-Moritz-Arndt Universitit, Greifswald (GDR).
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1. THEORY OF THE AXIAL MOMENTLM BALANCE

For the description of the axia} mormentum balance we
use Braginskii’s model.’® We assume rotational symmetry
and stationary conditions. We add 1o it a frictional term for
ionizing and elastic collisions with nentrals. The addition is
allowed because these coflisions are much less frequent than
collisicuis among ions or electrons and do not effect apprecia-
bly theelsotron or ion velocity distribation.” The continuity
equatisng read

V * (nw)-:.i = S = nane (Uitm Ue)" (1)

Here n denotes the particle density, w the drift velocity, gi,
the ionization cross section, v the particle random velocity,
and S the source term. We use the subscript e for electrons, /
for ionz, and a for neutrals. In S both direct and stepwise
jonizaticn is comprised, but recomidnation way be nsglect-
ed.™

Now we may derive a longitudinal momentian halance
equation for the electron-ion mixture. It may be expected
that the mutual momentum interactions between icns and
electrons will cancel. As we will see also the electric ficld will
disappear out of the momentum balance of the mixture be-
cause of its electrical neutrality. Therefore the ions may drift
towards the anode. First we write the momentum balances
of the charged particle species:

[V.(nmww)), =ng(E, +w,B,) — (3/3z2)nkyT
—(V-ID), +F, —M +mw,S. (2)

Here 11 is the viscosity tensor and M ¢ is the neutral friction
by ion-neutral collisions only. The particle mass is 7, g is the
charge, E the electric field, B the magnetic field, k5 the
Boltzmann constant, 7" the temperature. The radial, angular
and longitudinal coordinates are r, 8, and z, respectively.
The latter is O at the cathode and increases towards the an-

ode.
The F, denotes the interactions between the electrons

and the ions. It consists of the friction by electrical resistivity
and of two temperature gradient (Nernst) terms:

®© 1985 American Institute of Physics 7
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(3)
2 lgl Q7. B, ar°

The oy is the electric conductivity parallel to B, () is the
cyclotron angular frequency and r is the momentum colli-
sion time; J is the current density.

We simplify Eq. {2) by combining it with Eq. (1):

d a a
nm( "5 — 4w, 2% )wz =nq(E, + w,Bg) — EnkBT

_(V'H)2+Fz_Mg’ (4)
with for the ions

M:i :M;a+mi(wzi -‘wzn)‘s

— Wy )na (ni (Uu>ia + n, <Gion ve>)' (5)
The o (without subscript) is the cross section for charge ex-
change and elastic collisions.

The ion frictional term M ¢, now contains contributions
of ionization, charge exchange, and elastic collisions. We
suppose the ions to be singly charged (¢; = ¢) and since the
plasma is quasineutral it follows that n, = n;. Because
Q.7,>1and |w, | <v,,, withv, = (2kz T /m)'’?, the electron
viscosity is negligible®® as is also M 2,.

The momentum balance of the electron-ion mixture is
obtained by the elimination of the mutual interactions in F,
[Eq. (3)]. We neglect the electron inertia with respect to their
pressure gradient, which is justified because (w,, /v, )’ <1,
and a summation of the two equations in Eq. (4) yields

=m;(w,

d c?) a
I3 R 0N i o zi=JrB ——nk Te :rx
o (w o"‘r+w 9z N d 6zn sl +T)

- (V : n)zi - M:r (6)

We note that the E, field has disappeared; it only affects the
mutual interactions (F, ) but not the Jongitudinal momentum
of the quasineutral mixture.

'The ion drift velocity w,; is in an excellent approxima-
tion to the longitudinal center of mass velocity of the plasma:
w,, = (mwy,; + m,w,)/im, +m,). As we will see w,, ~10°
m/s and w,, ~10* m/s; because further m,/m, = 7>< 10*
the relative deviation (w,, /w,, — 1)~107*

The radial ion flux follows from Eq. (1}):

nw,; = 1 r'(S — inw,,.)dr’. {7

o 174
The validity of our considerations is confined to piasmas
with a radius larger than the smaller of the ion mean free
path and the ion cyclotron radius.?®*° As stated before also
the collision times between the charged particles shouid be
much shorter than those of elastic and charge exchanging
collisions or ionizations.

We discuss now the different momentum contributions.
The magnitude of each term of Eq. (6) will be compared with
the plasma pressure gradient dp/dz with p = nkyx(T, + T;).
The characteristic lengths will be denoted Z and R: ¢/
dz~1/Zandd /dr~1/Rwith107 <R /Z <« 10~ ". Thetem-
peratures 7; and T, are of the same order of magnitude,
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A. inertia

For the relative momentum contribution containing w,;
we may write

nmw,;(d /orw,; w,w,Z

~ 8
@/32nky(T, + T) 2R (82)
and for the other term
nm,w,(d /0z)w,; w5 ] (8b)

@ /danky (T, + T, 02

)
As we will see both contributions may only be significant
near the cathode.

B. Poloidai B field

The J, By is zero on the axis and far from the axis it is
negligible:
J,B,
(0 /02)nk (T, + T})

Here u, is the magnetic permeability and I, the arc current.

ewruUOI Z

~1072 9)
27Rm %

C. Viscosity

The axial component of the ion viscosity can be written

as30

29( 4 a )
——_2
38( PN W, + Mo "70(9

10 ad d )
———m 10
r ar 2(8 ,,+aw (10

(V- =

Here the viscosity coefficients 7, are 7, = nkzT;7y
Xfe (Q;7;) with f, 51 for all k and 7,; according to
(T,/1v "
Ty = .
“ 7 7.59% 10%,(In A,/10)

Here T, = kgzT,/e and A, =n,/(10?° m~3); In A, is the
Coulomb logarithm?? (In A, =~10); #j; = 7, /(1 s). We will
estimate the magnitudes of the terms in Eq. {10) with respect
to the (1/r){d /3r) r n,{d /9r) w,; term. In the same sequence
of the terms

(11)

(V * n)zi
14 a9
75;”7’& i
[(w,R/w,Z)+ w,R /w,Z)— (R*/Z?)]
<!
B [1+(w,.R /w,,-Z)]___ — (weR /w,Z) (12)
<1 <1

These estimates are valid unless f,«!, so if 2,7, <10 {see
Eq. (14a)]. For higher values of {}; 7, however classica} vis-
cosity can play no role at all in the axial momentum balance
of the HCA. From Eq. (12) we conclude that

14 8

—— = -

V.-, ~
( b ror\"or

d
wy + w) (13)
with?®
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1.2(Q, 7, )" +2.23
- (9'17':':')4 + 4-03(Qi7',-i)2 +2.33

£ {14a)

and
fi= (Q,7,) + 2.38(Q,7,)
TS + 403 + 233

The relative magnitude of the viscosity in Eq. (6) in the case
when (), 7; < 101s

(14b)

(V.- 1),
@/dzp

wzililz
v,R?

~1, (15)

with /; = v, 7,;. We conclude that the kinetic viscosity plays
a role comparable with the pressure gradient.

D. ionization and neutral friction

We discuss the reaction rates {ov),, and {o,,,v, ) in Eq.
{5). For the direct ionization from the neutral ground level
we use the formula for of{v, ) by Drawin®® which is integrated
numerically to give the rate coefficient {o,,, v, )4 (Fig. 1).
For further calculations we fit an analytic expression to the
obtained rate coefficient, which is multiplied by a factor 1.74
to account for stepwise ionization. The value of 1.74 serves
as an approximation except at 7, =4 V and #, = 0.8 for
which it has been calculated.?**

The frictional term (ov),, is made up of charge ex-
change and elastic collisions. Under most of our conditions
v, >V, S0 we put v = v,. According to Kobayashi*® in the
ion energy range between 0.2 and 5 eV a constant charge
exchange cross section of 5.10x 10~ '® m? can be used. The
elastic cross section is smaller’” and has a value of
1.7X 107" m?. The result is

10 7 T T T T ™
15 -
10 [ §
l‘"\E | J
o =16
w10 | e
< L d
e L g
B
Z -
= =17 _
10 [ R
o 3 e
s b +
-19 { J I 1 { 1 1
10 2 3 A 5 6 7

electran temperature (eV)

FIG. 1. The rate coefficient for the direct ionization of argon as a function of
the electron temperature.
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(ov),, = 1.66X 10~ YT,/1V) (m?/s). (16)

We estimate the relative magnitude of neutral friction at f‘,
=2 V and T,=4 V. Then {00)m = (o),
+ (OionVe ¥ = 4.2X 107 m*/s. Now for A, ~5% 1072

M:i n, <Uv)towl wziZ

~ s1. (17)
(@ /3z)p Vi

E. Limitations in the validity of the model

The theoretical considerations are valid in the central
core of the plasma where 2, 7; < 1. There the ion mean free
path /; €R. At larger radii however the mean free path be-
comes of the order of the ion cyclotron radius p; = v, /),
which is not much smaller than R. The use of transport coef-
ficients becomes invalid in that case.

Although we have only discussed classical transport
theory, the influence of turbulent diffusion may be impor-
tant under certain plasma conditions. We will recur to this in
Sec. VI.

F. Numerical calcuiation

Scattering of the experimental data has a twofold cause.
Not only random fluctuations occur but also long term drifts
in the plasma parameters as a consequence of the finite life-
time of the cathode. Because we need to know the gradients
in Eq. {(6) with sufficient accuracy, we apply data reduction.
Gaussian curves are chosen as the description of even radial
profiles. This choice is well justified by the experiments.
Some of the formulas used will be presented in the subse-
quent sections.

All formulas, with dependencies both on r and z, have
been put into a computer program which calcuiates all terms
of Eq. (6) for different values of » and z, using the experimen-
tally determined values of w,;, wy;, ., T;, 1., and n,.

. EXPERIMENTAL ARRANGEMENT

The experiments have been carried out on a hollow-
cathode argon arc with a tantalum cathode of 6 and 8 mm
inner and outer diameter, respectively. The anode-cathode
separation is 1.30 m. By longitudinal and sidewards dis-
placement of the electrodes the arc is movable with respect
to the diagnostics. For all the experiments a magnetic field of
0.2 T and an arc current of 50 A have been chosen.

The electron temperature T, and density n, are deter-
mined from Thomson scattering. The light source is a pulsed
ruby laser (energy ~30J, pulse duration ~ 1.5 ms). The scat-
tered light is detected at a scattering angle of 7/2 rad in five
wavelength channels.*®-® The sensitivity of the channels has
been determined with respect to the sensitivity of a sixth
channel at the central wavelength by the use of a tungsten
ribbon lamp. Absolute calibration has been carried out by
Rayleigh scattering from argon gas in the central channel.
Near the cathode the fluctuations in the plasma background
radiation do not permit accurate scattering measurements.
In Fig. 2 the Abel inverted continuum intensity in one of the
detection channels is plotted against n, as measured with

Vogels et a/. 73
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FIG. 2. The Abel inverted continuum emissivity as a function of the local
electron density measured with Thomson scattering,

Thomson scattering. We see that the emissivity € is propor-
tional to n? with no significant influence of 7. This propor-
tionality agrees with the theoretical expectations.’® Lateral-
ly scanned measurements of € now provide the vatue of n, in
the case that Thomson scattering is not appropriate.

In the high-density range T, is determined from the ab-
solute intensity of the 488.0-nm ion spectral line. The popu-
lation density n* with respect to the ground state density #°
behaves as

(n/g)* = (n/g)°FV exp] — (E* — E%V/k,T,], (18)

where g denotes the statistical weight and E * — E ° the ener-
gy gap between the two levels. The collisional radiative coef-
ficient *" of the Ar 11 4p group is, according to model studies
by van der Sijde,** in our parameter regime (1, > 3X 10'°
m %} nearly independent of n, and depends only weakly on
T.. We have measured®* 'V = 4.5 10" *atn, = 7.2x 10"
m~2and T, =33 V.

With the known value of ", the 7, can be calculated
with Eq. (18) from the population density n* of the (Ar 11 4p
group) upper level of the 488.0-nm spectral line. In its turn
the n* follows from the measured absolute emissivity of this
line.

The neutral particle density n, is determined as follows.
Once T, is known, Eq. (18)can be used in the Ar 1 system to
obtain the neutral ground-state density n% by measurements
of the intensity of the 696.5-nm spectral line (upper level in
the Ar 1 4p group). For the Ar 1 4p group the 7" has been
determined with the aid of the ion energy balance at the axis
of the arc by Pots®®*! for T, S4 V:

= 0.25n,(1V )
tE =TT+ 1))
A value "V = 5.1 X 10~ has been found.
The temperatures of the ions 7, and of the neutrais T,
are measured from the Doppler broadening of spectral lines.
We use the Ar I 696.5-nm and the Ar II 668.4-nm spectral

lines. A monochromator is piaced in tandem with a Fabry—
Perot interferometer {FP). The FP is used in a central spot

(19)

74 J. Appl. Phys,, Vol. 69, No. 1, 1 January 1986
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configuration and is wavelength scanned by variation of the
argon gas density between the plates. The temperature of the
FP is stabilized.*®

Because of Zeeman splitting of the spectral lines, tem-
perature measurements are performed with a Polaroid filter
by which the 7 components are selected. We detect T; and
T, using the radiation emerging at an angle of 7/2 rad with
the axis of the arc. Both spectral lines have upper and lower
levels with slightly different Landé factors, so that some in-
fluence of Zeeman splitting remains. The absolute errors in
T; and T, are about 0.1 eV.

The transmitted light intensity is measured with a pho-
tomultiplier and after amplification digitized in 256 samples.
All data are stored and handled by a PDP 11 LSI computer.
All measurements and calculations have been done with this
computer, except Voigt deconvolutions of spectral lines for
the determination of 7; and 7, . These are done with a Bur-
roughs B7700 computer.

The drift velocities w, and w, are measured along a line
of sight (Fig. 3) at an angle a of 0.43 rad with the axis of the
arc. In order to obtain an absolute wavelength shift A1
(A4 = 10~* nm for a velocity of 45 m/s if A = 668.4 nm) a
reference beam has been used which emerges from the plas-
ma oppositely to the primary beam and which after refiec-
tion and chopping returns to be detected together with the
primary beam. A spectral red shift of the primary beam oc-
curs together with a blue shift of equal magnitude in the
secondary one. The multiplier signal is amplified and sepa-
rated electronically into a dc and an ac component before
digital storage (256 samples in a time of 60 s}. The velocity
measurements have been done with axial and lateral dis-
placement of the plasma column in order to keep all optical
paths unchanged. If in separated measurements the secon-
dary beam is too noisy, this permits averaging over a number
of spectral profiles.

A check of the setup with an unmagnetized gas dis-
charge without gas flow has yielded a neutrat particle drift
velocity averaged over the line of sight as low as 20 ( + 10)
m/s. Seeming wavelength shifts as a consequence of elec-
tronic averaging times during the wavelength scan have been
excluded.

M
CH K
L )
]
C M =
= < arc FA i
M ;
L 1

PM
M l LV ipp
MO L FP L D OA

v

FIG. 3. Doppler shift diagnostic. C = cathode, A = anode, L = lens,
M = mirror, CH = chopper, MO = monochromator, FP = Fabry-Perot
interferometer plates, D = pinhole diaphragm, PM = photomultiplier
tube, OA = operational amplifier, LI = lock-in amplifier, V = electro-
meter, DP = digital processing.
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FIG. 4. Typical line intensities of the direct and the indirect beam as a func-
tion of the lateral position A. Longitudinal position z = 10 cm.

IV. MEASUREMENTS

For the calculation of local drift velocities from the line
integrated ones, several wavelength scans have been per-
formed at different lateral positions. The low intensity of the
spectral lines confines us to positions near the axis of the arc.
There in a good approximation we may write for the axial
drift velocity w,; and the rotation w,, of the ions:

W, =W exp( —r/A3), (20a)
wy, = wrexp( —r*/A}k), (20b)
10 T T T T T ! T
§ Qi;gcff <
L indirect o |
° 8
2+ @ .
o &
E - —_
(=
SN ]
- ° o ° § 8 °
= |o
5+ ° . %0°® -
£ o 8
¢ o8
3 L ° 8 A
4l ] , 1 , T
-1 0 1

lateral position (cm)

FIG. 5. Wavelength shifts of the Argon ion line at 668.4 nm as measured in
the direct and in the indirect beam (z = 10 cm).
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absolute wavelength shift (10 “nm)

~N

(=]
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FIG. 6. Absolute wavelength shift of the Argon ion line at 668.4 nm with a
least-squares-fitted curve according to Eq. {21) (z = 10 cm).

where wy,, 4,, @, and 4, are still dependent on the axial
position z. The mean ion velocity (w,), averaged over the
line of sight, obeys
— wh sin(a)exp( — A */A2)
(w,.) =
(1+A2/42)12
w,o; coslalexp( — h2/A?)
(L+A3/42"72

Here h is the lateral position of the detection beams (Fig. 4).
We use the intensity I, which acts as a weight factor in the
averaging, turns out to be a Gaussian function of r:

I=1I,exp(—r/A3). (22)

In all our measurements 4, <4, and 4; <4,. The cor-
rections in the denominators of Eq. (21) amount to about
10%. In Eq. (21) the rotation appears as the odd part of (w; )
while the axial drift gives the even part in 2. We note that wy,
has a maximum;:

wOi,max = w/lﬂ/(ze)l/2¢ (23)

{21)

where e is the base of the natural logarithms.

In Fig. 5 a typical wavelength shift as a function of 4 is
given. A least-squares fit according to Eq. (21) is shown in
Fig. 6. In this way the axial and rotational ion drifts have
been determined at different positions z (Figs. 7 and 8). The
arc parameters are mentioned in Table 1. The rotation is
composed of an E /B dominated drift and an oppositely di-
rected diamagnetic drift. In the case of a strong B field
(Q; 7; > 1) the diamagnetic drift w,; ~v,p, /R dominates, as
has been reported on thermonuclear plasmas*? (p, is the ion

TABLE 1. Parameters of the discharge.

Gas Argon

Cathode Tantalum; diameter: outer 8 mm, inner 6 mm
Neutral gas pressure  0.27 Pa

Gas flux 35x 1020 s!

Magnetic field 02T

Arc current 50A

Arc length 1.3m

Arc radius (1-2)X10~*m

Vogels et al. 75
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N
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1

rotation frequenfy(1os§1) rotation velocity (10°m/s)
L)

(=]

longitudinal position (cm)

FIG. 7. The ion rotation at different longitudinal positions. Upper part: the
maximal rotational velocity according to Eq. (23). Lower part; the angular
rotation frequency (cathode at z = 0).

cyclotron radius). We are dealing mainly with an E /B rota-
tion wgg,; . Supposing that E~T, /R, directed inward?® and
wgp = E /B, we expect wgg; ~ — v,p,/R also. The magni-
tude of wg, ., is roughly between 30% and 50% of v,;. Pre-
viously Timmermans et al. found values of about 30%.%%

The axial ion velocity, the equivalent of the toroidal ro-
tation in a tokamak,?® reaches values of 500-1500 m/s at
z>5 cm but w,, is larger than 2000 m/s near the cathode,
which indicates a sonic or near sonic expansion there.*’

The neutral particle drift velocity decreases to zero
within a few cm (Fig. 9). The neutral gas density near the
cathode consists of two contributions.*®> A hot fraction ex-
pands with a considerable drift velocity from the cathode
and a cold fraction without a measurable drift velocity
emerges from the surrounding gas background. The change
with increasing z in these fractions causes the w,, to de-
crease.

The characteristic widths are shown in Fig. 10. Near the
axis the electron temperature as well as the density are ap-
proximately Gaussian functions of the radius:

N
4
E

-
I
1

ion drift velocity (10°m/s)

(=2

o

50
longitudinal posttion (cm)

FIG. 8. Longitudinal ion drift velocity on the axis, directed towards the
anode.
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FIG. 9. Longitudinal drift velocities of ions and neutrals in the vicinity of
the cathode.

(24a)
(24b)

A typical plot of Thomson scattering measurements is given
in Fig. 11. n,, and 4, are displayed in Fig. 12.

The ion temperature 7; as given in Fig. 13 turns out to
be nearly independent of 7.?®* We note that our values of T
and 7, are in fair agreement with those of other authors.****
The method of determining 7; by spectral line Doppler
broadening has found its way also in thermonuclear plasma
research.*

T, =Ty exp{—r/A%)
n, =ng exp(—r/A% ).

V. THE AXIAL. MOMENTUM BALANCE

As stated before, a computer program has been written
with which the numerical values of the different contribu-
tions to the axial momentum balance are calculated from the
experimental data. The z dependencies of T}, T, n,,, 1.,
W, @ and the characteristic widths are fed into the pro-
gram in the form of analytic representations. We only per-
form calculations at values of z larger than 5 cm. We have
seen already that towards the periphery of the arc the theory
becomes invalid.

widths (cm)

characteristic

0 50
longitudinal position {cm)

FIG. 10. Characteristic widths for the profiles of the longitudinal ion drift
4, (a), the electron temperature A, (b), the Ar 14p — 4sline(c)and the Ar 11

4p-4s line (d).
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FIG. 11. Electron temperature (a) and the electron density (b) at z = 30 cm,
measured by Thomson scattering.

The different calculated force densities at the axis of the
arc are plotted in Fig. 14. A positive sign denotes an acceler-
ating force density in the positive z direction. The inertia and
the rotational contribution to the viscosity only play a role in
the direct vicinity of the cathode. The neutral friction turns
out to be of minor importance at the axis. Roughly the axial
ion drift velocity is determined by the balance between the
plasma pressure gradient and the kinematic viscosity. Be-
cause far from the axis £;7; > 1 and therefore the viscosity
vanishes, there the neutral friction is expected to take over
the decelerating force density from the viscosity. The viscos-
ity only transfers momentum between inner and outer parts
of the arc. It cannot add momentum to the plasma averaged
over a cross section. We have experimental values of n, only
on the axis. We note that the viscosity in Fig. 14 does not
compensate fully the pressure gradient. It is possible that
turbulence may enhance the 7 coefficients.

Figure 15 shows the different terms in the axial momen-
tum balance for different radii on a fixed z of 10 cm. All
volume forces have been multiplied by 7 as a weight factor.
We see that for values of » smaller than 0.5 cm the pressure
gradient is balanced roughly by the ion viscosity. In the plas-

FIG. 12. The electron density on the axis and the characteristic width in

longitudinal position

(cm)

radial direction of the electron density profile.
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FIG. 13. The electron temperature and the ion temperature on the axis. The
electron temperature is measured by optical spectroscopy (open diamond)
and by Thomson scattering (closed diamond).

ma edge the turbulence level has its maximum?®® and there
the value of turbulent viscosity may exceed the kinetic one.
We will estimate its magnitude.

VI. THE INFLUENCE OF TURBULENCE

We are interested in the extent to which the ion viscosity
77 is enhanced by turbulence. In the foregoing we have seen
that the kinematic ion viscosity 7, fails to compensate fully
the plasma pressure gradient. We investigate the turbulent
viscosity coefficient 7, so that » =9, + 9,; ,~n,m;D,,
where D, is the turbulent coefficient of self diffusion. For a
full compensation of the pressure gradient by turbulent en-
hanced viscosity, the turbulent diffusion coefficient needs to
be about 3 m2/s. It has been argued>®*é that the turbulence is
caused mainly by a plasma flute instability with a logarith-
mic growth rate ¥ = @’ wg;/r, with @'~107". In our case
y~3% 10* s~ . Because the effective collision frequency v,,
between the ions and the neutrals is sufficiently small, the
instability is not collisionally damped and we are dealing
with Bohm diffusion® so that D, ~a’ T, /B~2 m*/s, which
vaiue approaches the expected one.

Turbulently generated viscosity may play a role of at
least the same importance as Xinematic viscosity. The esti-

s (z.)/f
g L |
-
g |6
o
w " e i n i )

0 50

longitudinal position (cm)

FIG. 14. The different force densities on the axis which contribute to the
longitudinal momentum balance [Eq. (6)]. A positive sign denotes a force
towards the anode; (1) pressure gradient, (2) viscosity including wy,, (3) iner-
tia with w,, (3 /3z) w,,, (4) the friction of ions with neutrals and (5) viscosity
including w,; . The inertia term with w,, (d /dr)w,, is too small to be visible in
this figure.
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FIG. 15. The same force densities as in Fig. 14, multiplied with the radial
position as a weight factor, over an arc cross section atz = 10 cm.

mates, although rough, are in fair agreement with the ex-
pected Bohm diffusion.

VII. CONCI.USIONS

The experimental data of w,;, wy,, n., n,, T., and T},
scanned over lateral and longitudinal positions, provide a
good insight in the processes governing the axial ion drift.
The Doppler shift spectroscopy with two detection beams
has proven to be a reliable tool for measuring drift velocities.
Because of the plasma pressure gradient the ions move
towards the anode, against the direction of the electric field.
The axial ion drift velocity w,; decreases from a value of
2% 10° m/s at the cathode to about a value of 5X 10> m/s at
z = 20 cm. There w,; has a minimum and at the same longi-
tudinal position the rotational velocity wy, reaches its maxi-
mum. The ion rotation amounts to a considerable fraction of
the value of the ion thermal speed. The neutral particle den-
sity is composed of a fraction that leaves the cathode with the
same Jongitudinal velocity as the ions, and the fraction that
enters the arc from the surrounding gas background. In the
first few centimeters near the cathode the former fraction
causes the neutrals to drift, but further in the arc the neutrals
are nearly without drift.

En the parameter range chosen for the arc the two domi-
nant contributions in the axial momentum balance are the
plasma pressure gradient and the ion viscosity, although at
higher neutral background pressures also neutral friction
plays a role. In the first few centimeters near the cathode
other effects occur also: inertia and rotationally dependent
viscosity. Although w,, has a minumum at a position z of 20
cm, the plasma pressure decreases monotonously with z.

The classical transport theory gives quantitatively cor-
rect results, although its validity has two major limitations.
In the outer region of the arc the ion Hall parameter 2,7,
exceeds 1 while the gyration radius p; approaches the arc
radius. Furthermore turbulende generates Bohm diffusion,
which causes an important tyrbulent contribution to the ion
viscosity. The two major decelerating effects on the ions ac-
cording to the classical theory can be expressed in two di-
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mensionless numbers. The ratio of the ion viscosity to the
plasma pressure gradient [Eq. (15)] is (w1, Z )/(v,; R ?) and
the ratio of the neutral friction to the plasma pressure gradi-
ent [Eq. (17)] is n, {0V; ) o W, Z /v%. From the values of
these two numbers it can be decided whether viscosity or
neutral friction dominates the deceleration and which mag-
nitude of w,; is to be expected.

Nevertheless, the effect of turbulence should be consid-
ered separately. Turbulent viscosity additionally transfers
momentum between the plasma core and the outer region
where it can be dissipated by neutral friction. Note also that
the electron contribution to the gradient of the pressure es-
sentially reflects the action of the ambipolar field.
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