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Plasma rotation in a plasma generator

H. Meyer,* S. Klose, E. Pasch,† and G. Fussmann
Bereich Plasmadiagnostik, Max-Planck-Institut fu¨r Plasmaphysik, Mohrenstrasse 41, D-10117 Berlin, Germany

~Received 17 September 1999!

The plasma rotation in a linear magnetic configuration has been investigated by means of high-resolution
Doppler-spectroscopy. The effects of external device parameters and ion mass as well as the radial profiles
have been studied. A simple model, based on the conservation of the total angular momentum, explains the
main empirically determined dependences of the average angular velocity. The results are compared with the
common multifluid description developed for hollow cathode discharges.

PACS number~s!: 52.90.1z, 52.70.Kz, 52.30.2q
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I. INTRODUCTION

Rotation of magnetized plasmas is one of its fundame
and long-known properties. It can be observed in many la
ratory plasmas, especially in linear devices like hollow ca
odes and is also a common phenomenon in the plasma
erator PSI-1 operated at IPP-Berlin. In recent years,
plasma rotation became more and more important, due t
relevance for the confinement in fusion research@1–6#. The
so called L-H-transition from the low-confiningL-mode to
the high-confiningH-mode is caused by a sheared poloid
rotation of the plasma@1,2,6#. Though much work was don
in this field @7–19#, the origin of the rotation is not yet com
pletely understood.

With respect to isotope separation plasma rotation w
mainly investigated between the electrodes of hollow ca
ode discharges@9,10,12#. The plasma parameters achieved
these devices are very similar to those observed in
PSI-1-facility @19#, which is described in Sec. II. The plasm
in hollow cathode discharges rotates typically in a rig
handed sense with respect to the magnetic field. Its ang
velocity is in the range of the ion cyclotron frequency. Ho
ever, in the vicinity of the anode usually the direction of t
rotation changes@20#.

The PSI-1 differs in two important aspects from hollo
cathode facilities. On the one hand, the electrode geomet
designed to prevent radial currents. On the other hand,
plasma consists of two physically different regions: t
source region between cathode and anode and the exte
flow region behind the anode. Apart from the diamagne
current, the latter is current free. In both regions a rig
handed rotation is observed. Therefore, two questions a
First, what is the origin of the radial current needed to s
tain the rotation? Second, why does the plasma rotate in
current-free flow region?

The difficulties in describing plasma rotation arise fro
the fact that radial forcesFr in an axial magnetic field lead to
an azimuthal velocityuu}Fr /Bz inverse proportional toBz ,
i.e., decreasing with increasing magnetic field strength,
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less Fr does not depend strongly onBz itself. In contrast,
however, measurements are showing typicallyuu}Bz .
Hence, for applying the commonly used picture of

EW 3BW -drift yielding uu}Er /Bz one has to demandEr}Bz
2 .

On the other hand, starting from the balance of the to
angular momentum reasonable results can be achieved
driving radial current is assumed. Such current, however,
not be present in plasmas governed by a force balance o

form jW3BW 5¹p because ofjW•¹p50. Therefore, additiona
forces providing a conductivitys' in radial direction are
necessary. Especially viscosity and ion-neutral friction forc
have to be taken into account@14,18,21#. Note that in highly
ionized plasmas the well-known relations''s i/2 is meant
as the conductivity within the surfaces of constant magn
flux but not perpendicular to them as needed here.

Viscous forces were proposed by Janssen@11# to explain
the radial conductivity. In his widely accepted model he d
scribed plasma rotation in hollow cathode discharges inv
ing the multifluid equations@22,23#. According to this
model, the rotation is driven by the Lorentz force due to t
radial component of the discharge current. This exter
torque is finally balanced by ion viscosity. Note that th
model is not applicable for a rigid-body rotation as viscos
vanishes in this case.

Although the Janssen model is able to describe hol
cathode experiments it fails to explain the rotation in o
case. We rather think that ion-neutral collisions are m
important with respect to rotation by affecting the plasma
two ways: On the one hand, the ion transport due to co
sions with neutrals provides a radial current and on the o
hand the rotation is damped by charge exchange, ioniza
and ion neutral friction.

In what follows, we present an overview of the observ
tions related to plasma rotation in the PSI-1 facility. Furth
more, the physical aspects of this phenomenon will be d
cussed on the basis of a simple balance of the total ang
momentum. Although this simple model reflects the ma
characteristics of the average angular ion velocityV i it is too
coarse to describe the radial profiles. For this purpose,
ther attention has to be put on the processes within the
low anode where enhanced ion orbit losses may occur du
their large gyro radii.

For the heavy ions the gyro radius can reach the rang
the anode diameter (r A,min50.024 m). Hence, energetic ion

b-
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FIG. 1. Schematic view of the PSI-1 device~see also Fig. 14!.
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can hit the anode surface within one gyro motion wher
the electrons are very tightly bound to the field lines. As
consequence, a radial electric field builds up to confine
ions thereby preventing a continuous charging of the plas
This mechanism is similar to those proposed to explain
L-H transition in Tokamaks@3,4#.

II. EXPERIMENTAL SETUP

The PSI-1 device is schematically shown in Fig. 1. On
right-hand side the source region~S! between anode an
cathode is shown where most of the plasma is produced.
adjoining flow region is divided into two chambers: the d
ferential pumping stage~DS! and the target chamber~T!. A
stationary plasma is generated by the high curr
(50̄ 1000 A) flowing between the hollow cylindrical lan
thanum hexa-boride (LaB6) cathode and the copper hollow
anode. Operating in a low-pressure regime (0.5¯3 Pa) no
self-sustaining discharge can be achieved. Hence, to pro
a sufficient electron emission current the cathode is ex
nally heated (Tc'1900 K). The voltage between the ele
trodes is in the range of 10̄50 V. A simple model of the
plasma generation is given in Ref.@24#. Confined by a su-
perimposed axial magnetic fieldB (0.05•••0.25 T) the
plasma is guided through the differential pumping stage i
s
a
e
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e

e
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the target chamber where it is neutralized at a conducting
plate. This plasma dump is isolated from the facility and th
at floating potential.

A very powerful diagnostic to measure plasma rotation
the high-resolution~Doppler! spectroscopy~HIRES!. A
sketch of the experimental set up used in our analysis
shown in Fig. 2. To achieve a resolution as high asl/Dl
'3.23105 at l05434.8 nm a f 51.5 m spectrometer in
Fastie-Ebert mounting and double-pass configuration (f eff
53 m) is used. A holographic echelle grating wi
316 groves/mm at high orders (k58¯15) serves as dis
perser. The light is predispersed by a Czerny-Turner pr
monochromator to subdue effects of lower orders. A pla
convex lens@ f L5(98.460.4) mm# maps the plasma col
umn onto a fiber (dfiber50.4 mm), which guides the light to
the monochromator system. The lens in front of the entra
slit of the monochromator system adapts the angle of a
ture of the fiber and the pre-monochromator. An intensifi
charge coupled device~CCD! imaging system is used as de
tector. The spectra are normally magnified by a factor of
to match with the spatial resolution of the CCD chip.

Measurements were performed at three different axial
cations as indicated by the big arrows in Fig. 1. In princip
the spectral line intensityI l provides three quantities of th
observed atom or ion speciesa: the emissivityea , the ve-
FIG. 2. Experimental setup of the high-resolution spectroscopy~HIRES!.
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TABLE I. Observed transitions.

Configuration Energy Lande´ g factor

l0 @nm# lower upper El @eV# Eu @eV# gJ
( l ) gJ

(u)

Hb 486.133 2p 2Po←4d 2D 10.20 12.75
Ha 656.279 2p 2Po←3d 2D 10.20 12.09
Db 486.003 2p 2Po←4d 2D 10.20 12.75
Da 656.103 2p 2Po←3d 2D 10.20 12.09
HeII 468.568 3d 2D5/2,3/2←4 f 2F7/2,5/2

o 48.37 51.02
NeI 585.283 3s8@1/2#1

o←3p8@1/2#0 16.85 18.96 1.03 0
NeII 366.407 3s 4P5/2←3p 4P3/2

o 27.17 30.55 1.66 1.87
Ar II 434.806 4s 4P5/2←4p 4D7/2

o 16.64 19.50 1.66 1.49
460.956 4s8 2D5/2←4p8 2F7/2

o 18.46 21.14 1.31 1.24
611.492 3d8 2G9/2←4p8 2F7/2

o 19.12 21.14 1.19 1.24
Ar III 328.615 4s 5S2

o←4p 5P3 21.62 25.39 2.0 1.71
Kr II 435.547 5s 4P5/2←5p 4D7/2

o 13.99 16.83 1.66 1.49
Kr III 324.569 5s 5S2

o←5p 5P3 18.07 21.88 2.0 1.71
Xe II 484.433 6s 4P5/2←6p 4D7/2

o 11.54 14.10 1.66 1.49
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locity ua and the temperatureTa . The major problem in
determining these quantities is the integration over the line
sight which is unavoidable in passive emission spectrosco
To obtain the spatial~radial! resolution a tomographic recon
struction method is needed. For nonrotating, cylindrical pl
mas a simple Abel inversion can be used. For rapidly ro
ing plasmas with a high azimuthal velocity this normal Ab
inversion fails @12,25#. To handle these difficulties we
developed a special Abel-inversion procedure for a plas
rotating with arbitrary velocity@25#. This method enables u
to calculate radial profiles of the emissivityea(r ), the angu-
lar velocity Va(r )5uau(r )/r , and the temperatureTa(r )
from the line integrated spectral intensitiesI l(x) measured
along the whole diameter of the emitting plasma column

In hydrogen and deuterium, the ions are not directly
cessible to optical emission spectroscopy. Even though,
were able to deduce the ion parameters from the neutral
emission by analyzing a part of the Balmer-a and -b emis-
sion originating from symmetric charge exchange (H1H1

→H11H).
To obtain the correct temperature from the Dopp

broadening of the spectral line profiles other mechanis
contributing to the line widths like Stark broadening, t
apparatus profile, and the Zeeman effect have to be con
ered@26#. We include the Zeeman effect and the appara
function by deconvolution with an effective profile obtaine
by folding the measured apparatus profile (DlFWHM
'1.4 pm) with the Zeeman components of the obser
transition. Stark broadening (DlFWHM'1023

¯1022 pm)
@27# is negligible compared with the apparatus width. Aft
deconvolution the effective resolution is increased tol/Dl
'7.63105 @19#. The observed transitions for the variou
species are tabulated in Table I. Also given are the confi
ration, the energy and the Lande´ g-factor for the lower and
upper levels of the transition.

III. EXPERIMENTAL RESULTS

In all observable regions, the ions in the PSI-1 show
right-handed rotation with respect toBW . Hence, ifBW points in
f
y.
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the z direction the azimuthal velocityuiu in a cylindrical
system (r ,u,z) is positive ~Fig. 1!. This is opposite to the
direction to the ion diamagnetic drift caused by a negat
pressure gradient, which in any case is present at the pla
edge. The angular velocityV i is comparable to the ion cy
clotron frequency. In most cases,V i'0.4vci holds. The ro-
tation frequencyf rot5V i /(2p) is typically several kHz.

In Fig. 3, the result of a typical measurement of the sp
tral line intensity of ArII (l05434.8 nm) along the plasm
diameter is shown as a contour plot. It demonstrates that
Doppler shift due to the azimuthal velocity at the plasm
edge is in the same range as the spectral line width. Th
fore, the plasma reaches at the edge azimuthal Mach n
bers of M u50.2̄ 0.8. Here, the azimuthal Mach numbe
M u5uau /v th,a (v th,a 5A2kBTa /ma) is defined with re-
spect to the thermal velocity to indicate the importance
inertial forces.

We notice in Fig. 3 a slightly higher intensity at the uppe
edge compared to the lower one. This asymmetry is cau
by an asymmetric power input possibly due to a small ax

FIG. 3. Typical contour plot of the spectral line intensity of ArII

(l05434.8 nm) along the plasma diameter~parameters attached t
the contours are the counts per exposure time!. The wavelength
shift at the edge due to the Doppler effect is in the range of the
width.
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misalignment between the cathode and anode. Therefore
electron temperature profile is also asymmetric and con
quently the intensity profile. To eliminate this effect from th
Abel-inversion procedure the intensity profiles are first av
aged over the top and bottom position. Since only half of
measurement~e.g., top or bottom! is necessary the compar
son of the results from the separate analysis of each sid
the profile can be used to estimate the error due to the as
metry. However, this error is negligible compared to the o
caused by finite velocity resolution.

The deconvoluted line profile is to a good approximati
a Gaussian~Doppler! profile, as can be seen from Fig. 4. Th
results of the different steps of the analysis~FFT-filtering,
deconvolution and fitting! as well as the effective deconvo
lution profile are shown. The measured full width half ma
mum of DlFWHM56.51 pm of the Doppler profile corre
sponds to an ion temperature ofTi51.50 eV. The maximum
distance of the Zeeman-components isDl Z,max51.7 pm.
The width of the Lorentzian apparatus profile isDlFWHM
51.36 pm.

In the following, we will discuss the radial profiles of th
angular velocity observed in discharges with different gas
succeeded by the analysis of the influence of the differ
external parameters. For the latter various Ar dischar
have been investigated.

A. Radial profiles of V i in different gases

In Fig. 5, the radial profiles of the normalized angu
frequencyV i /vci of hydrogen ~H II! and deuterium~D II!
ions in discharges with comparable plasma parameters
shown. Here,rB(r )5AF(r )/F S is the normalized flux co-
ordinate, whereF are the surfaces of constant magnetic fl
andFS5269.431026 Wb is the flux through the innermos
flux surface that touches the anode. This normalization
necessary because of the axial inhomogeneity ofB. It enables
us to compare radial profiles at different axial positions. T
radial profiles of the ion angular velocity in these discharg
are slightly peaked at the plasma edge (rB'1).

FIG. 4. Typical spectral line intensity profile of ArII (l0

5434.8 nm). The results of the different analysis steps~FFT-
filtering, deconvolution and fitting! as well as the effective decon
volution profile are shown.
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As to be seen from Fig. 5, the normalized angular veloc
of the ions in hydrogen and deuterium discharges are
proximately equal. Hence, the azimuthal velocity is inve
proportional to the ion mass.

To compare the measured angular velocities we wo
actually have to take the different discharge conditions i
account. Thus, only for hydrogen and deuterium, where th
are equal a proper comparison is possible. Although the
charge conditions for argon, krypton, and xenon are rat
different from those in hydrogen and deuterium, they do
differ markedly amongst each other and a comparison of
normalized ion angular velocity in these gases, as show
Fig. 6, is reasonable too.

As it can be seen from Fig. 6, also ArII and KrII are
corroborating theV i}mi

21 dependence, but the rotation o
Xe II is about two times faster than expected on this ba
Furthermore, the normalized angular ion velocity in t
noble gas plasmas is substantially larger than in the
hydrogen plasmas, and, in contrast to the radial profiles
H II and DII, those of ArII , Kr II , and XeII exhibit no maxi-
mum at the plasma edge (rB'1).

B. Effects of external parameters on rotation

The discharges are mainly determined by four exter
parameters. The magnetic flux through the innermost fl
surface F S5*SBzdS'2pr S

2B (1.431024 . . . 2.7
31024 Wb), the neutral gas pressure within the source
gion ps (0.5 . . . 3.0 Pa), the discharge current
I s (50 . . . 600 A), and thevoltage Us (12.7 . . .46.7 V).
Not all of these four parameters can be controlled indep
dently. Note, that the magnetic field strengthB on the axis
for a given topology varies up to a factor of 5. In the typ
cally used configuration it amounts toB50.05 T in the tar-
get chamber andB50.25 T inside the coils. In addition, th

FIG. 5. The radial profile of the normalized angular veloc
V i /vci of H II and DII in the target chamber for comparable di
charge conditions.

FIG. 6. Same as Fig. 5 for ArII , Kr II , and XeII.
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neutral gas pressure within the target cham
pt (0.07 . . .0.38 Pa) can be influential.

The flat profile of the angular velocity~Fig. 6! in argon
justifies the characterization of the rotation by a single f
quency f rot5V i(rB51)/2p. Supplementary to the spectro
scopic measurements the rotation frequency can be obta
from laser induced fluorescence@28,19# and Fourier transfor-
mation of the floating potential of a Langmuir probe@7,19#.
The latter one is a more indirect but fast method; it has to
cross checked with the spectroscopic data since the
muthal modes picked up by the probe may have an a
tional phase velocity.

The strength and the configuration of the magnetic field
the PSI-1 can be controlled by the current through the
coils ~1,2! above the anode and the coil pair~3,4! above the
target chamber~Fig. 1!. In Fig. 7, the results of two differen
measurements of the rotation frequency within the differ
tial pumping stage~DS! are shown. In the first case, th
strength of the magnetic field was reduced by decreasing
current in all coils to the same fraction~diamonds!. In the
other case, only the current of the coil number 2~Fig. 1!
above the back part of the anode was varied~squares!. This
results in a change of the field strength in the vicinity of th
coil and simultaneously in a change of the angle of incide
of the magnetic field on the anode as sketched in Fig. 8

The frequency of the rotation of the plasma rises in b
cases linearly with the magnetic field strength. But in t
second case~squares! the data can be approximated by a li

FIG. 7. Effect of the magnetic field on the rotation by changi
the strength only~diamonds!, and in addition the angle of incidenc
of the field lines at the anode surface~squares! (I s , Us , Q
5const).

FIG. 8. Sketch of the variation of the angle of incidence of t
magnetic field on the anode by changing the current through
coil number 2 above the back part of the anode~Fig. 1!.
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with a steeper slope~Fig. 7!. We interpret this observation a
follows: A decreasing angle of incidence (a) reduces the
projected surface of the anode in the direction ofBW . Hence,
in order to collect the same total anode current the perp
dicular current componentI'5uBW 3( IW3BW )/B2u5I scosa is
increased and thus the rotation frequency will be enhan
~see also Sec. IV!.

At zero magnetic field strength the rotation frequen
should vanish. But the linear approximation of the measu
ments is of the formf rot5c01c1B. Thus, for small fields
this linear law breaks down. Such postulated nonlinear
pendence onB was actually found by Boeshoten@10# in a
hollow-cathode discharge.

Figures 9–11 show the dependence of the plasma rota
on the discharge conditions. The probe measurements a
good agreement with the spectroscopic results. Both w
performed in the target chamber. From Fig. 9, we learn t
the rotation frequency in the target chamber and the sou
region is proportional to the power input. In the source
gion the plasma is seen to rotate at a substantially hig
speed.

To increase the voltage between anode and cathodeUs
under constant currentI s the pressureps must be decreased
This results in a variation of the well knownE/p ratio @29#
@E/p'Us /(Lps)# which is plotted as abscissa in Fig. 1
The rotation frequency is practically unaffected by this var
tion. Since a cancellation of the influences of the press
and voltage is not to be expected, we infer that the rotatio
practically independent on the discharge voltage.

Figure 11 shows the variation off rot with the discharge
currentI s for constant discharge voltageUs . The latter can

e

FIG. 9. The rotation frequency in the source region~triangles!
and the target chamber~diamonds, squares! increases proportiona
to the power input (ps51.0 Pa).

FIG. 10. TheE/p ratio, and thus the discharge voltage, has
significant effect on the plasma rotation (I s5300 A).
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be accomplished by raising the pressureps with ascending
current. As expected the rotation frequency rises linea
with the current. Again, the rotation velocity is larger in th
source region than in the target chamber. The compar
between the results from the target chamber and the so
region indicates that the angular momentum of the ions is
constant on magnetic flux surfaces. This loss of angular
mentum along the axis is more pronounced at high curre
~slope in Fig. 11!, i.e., large neutral pressure. These obser
tions are strongly supporting our assumption that the da
ing of the rotation is caused by the collisions between io
and neutrals. Note, that ion-neutral collisions affect the
gular momentum balance in two counteracting ways: On
one hand, the rising neutral density will increase the dam
ing of the rotation. On the other hand, a large neutral den
in the source region provides a high perpendicular~Peder-
son! conductivity and thus a large radial current that driv
the rotation.

By collisions of the ions with neutrals, like charge e
change or elastic collisions angular momentum is transfe
from the plasma to the walls. Also ionization acts as a sink
angular momentum by producing slow ions that are to
accelerated. Hence, all three processes damp the rota
This damping is proportional to the characteristic collisi
frequencyn i05n0^s i0v i& being proportional to the neutra
density. Further evidence for this mechanism is given by
measurements shown in Fig. 12, where only the neutral p
surept in the target chamber has been varied. Assumin

FIG. 11. The rotation frequency in the source region~triangles!
and the target chamber~diamonds, squares! is proportional to the
discharge currentI s (Us534.7 V).

FIG. 12. The rotation frequency in the target chamber~dia-
monds, squares! is inverse proportional to the local neutral pressu
No change is observed in the source region where the neutral
sure stays constant.
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constant temperature for the neutrals, the pressure is pro
tional to the neutral density and thus inverse proportiona
the characteristic collision timet51/n. Note that in the
source region the rotation does not change. Since here
parameters were kept constant it is inferred that rotatio
damping is a local process.

C. Summary of the experimental results

To compare the angular velocity of all investigated d
charge gases we have normalizedV i by means of Eq.~7!
given in Sec. IV. The prediction of the theory developed
Janssen@11# is also plotted for comparison. In this theory th
electron temperature in the source regionTe

(s) enters sensi-
tively through the parallel conductivity. As the electron tem
perature varies for each gas the uncertainty of our knowle
aboutTe inside the source region is covered by showing t
curves ~a, b! with the smallest and largest ratios o
Te

(s)/Te
(T)51 andTe

(s)/Te
(T)54, respectively. Irrespective o

the large influence ofTe we notice that the model is unabl
to describe the mass dependence found in the experime

With the exception of XeII ~last point in Fig. 13! the
dependence predicted by Eq.~7! agrees well with the mea
surements. Especially for the heavy Xe ions finite gyro
dius effects within the anode could become important. F
normalization of the rotation frequencies some unkno
quantities have to be estimated, which will be discussed
the next section.

IV. A SIMPLE MODEL

A. Conservation of the total angular momentum

The essential dependences ofV i can already be under
stood by considering the balance of the total angular mom
tum

LW 5miE
Vp

ni~rW3uW i !dV ~1!

of the rotating plasma. Because of the smallness of the e
tron mass only the ions have to be taken into account.
plasma continuously loses angular momentum by charge
change and particle losses at the periphery and, most im
tant, at the neutralizer plate. A constant gas flow~Q! is fed

.
es-

FIG. 13. Angular velocity for various discharge gases norm
ized by means of Eq.~7!. The theoretical results according t
Janssen are also shown for two limiting ratios of the electron te
perature~a: T e

(s)/Te
(T)51; b: Te

(s)/Te
(T)54).
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PRE 61 4353PLASMA ROTATION IN A PLASMA GENERATOR
into the device. Most of the in-flowing neutrals are ioniz
within the source region and axially transported along
field lines to the limiting walls. Hence, in the stationary ca
the ~damping! torque exerted by the neutrals reads:

MW (Q)52
miQ

Vp
E

Vp

a ionrW3uW idV1E
Vp

rW3RW i0dV, ~2!

where a ion5ni /(ni1n0) denotes the degree of ionizatio
Vp the plasma volume andRW i052m i0nin i0uW i is the neutral
friction force density@m i05mim0 /(mi1m0)5mi/2: reduced
mass#. The first integral in Eq.~2! accounts for the loss o
ions—under stationary conditions—which are replaced by
equal incoming flux being provided by neutrals that are io
ized with the probabilitya ion . The second integral describe
the damping due to charge exchange and elastic collisio

This loss of angular momentum has to be balanced by
external torque due to thejW3BW -force integrated over the
source region~cathode-anode!

MW (I )5E
Vs

rW3~ jW3BW !dV. ~3!

In the stationary case the total angular momentum is cons
and the total torque

MW 5MW (Q)1MW (I )50 ~4!

must vanish.
Let us assume a cylindrical, axial homogeneous plas

with radius R and length Lp under rigid rotation (uiu
5V i r ). The plasma density shall also be homogeneou
radial direction. Inserting Eqs.~2! and~3! into the axial com-
ponent of Eq.~4! and integrating overu andz, we obtain

mi

2 S nin i01
2a ionQ

Vp
DLpV i E

0

R

r 3dr1BLsE
0

R

r 2 j rdr50,

~5!

whereLp andLs are the lengths of the plasma and the sou
region, respectively. Hence, a positive rotation can only
achieved with a negative radial current.

In the PSI-1 device, however, this current should ex
only in the radial rangeR2d<r<R. Due to ¹• jW50 the
axial current must change. Because of the high parallel c
ductivity s i , compared tos' , we approximate the chang
of the axial current density by means of the linear ansatj z
52I s(12Cz)/@pd(2R2d)# ~see Sec. IV B!. The radial
current density is then obtained from¹• jW50 to

j r52
I sC

2pd~2R2d!
Q~r 2@R2d#!F r 2

~R2d!2

r G , ~6!

whereQ(r ) is the unit step~Heaviside! function. Now we
are able to perform the integration in Eq.~5!. Solving for the
angular velocity we obtain

V i5C
I sB

mi~Vpnin i012a ionQ!
•

Lsd~2R2d!

R2
. ~7!
e

n
-

.
n

nt

a

in

e
e

t

n-

The collision frequency can be approximated byn i0

5n0(s i01sCX) v̄ i , wheres i0'pr g
2 is the cross section fo

elastic ion-neutral collisions withr g'2r 0 the gas-kinetic ra-
dius, sCX's0@11a ln(E0 /E)# is the cross section for reso
nant charge exchange andv̄ i5A8kBTi /(pmi) is the mean
velocity @s05sCX(E0) anda are tabulated in Ref.@30##.

B. Evaluation of the current decay coefficientC

The last step is to evaluate the constantC. A schematic
view of the current flow is shown in Fig. 14. As a first a
proximation we can use the equivalent circuit also depic
in Fig. 14 and estimateC by means of the junction theorem
which leads to

CLs5
I'

I'1I i
5

Ri

R'1Ri
. ~8!

Assuming constant radial and parallel conductivitys51/h
the resistanceR5*h/A dl can be written as

R'5E
R2d

R dr

2prL ss'

52
1

2pLss'

ln
R2d

R
'

d

2pRLss'

~9!

Ri5E
0

Ls dz

pd~2R2d!s i
5

Ls

pd~2R2d!s i
. ~10!

Inserting Eqs.~9! and ~10! into Eq. ~8! we get

C5
2RLss'

d2~2R2d!s i12RLs
2s'

'
Lss'

d2s i1Ls
2s'

5
1

LsS d2

Ls
2

s i

s'

11D , ~11!

where the parallel and perpendicular conductivity are to
specified.

The parallel conductivity in a highly ionized plasma
given by Spitzers formula forZeff51 ~Ref. @31#!

s i51.96
nee

2tei

me
}Te

3/2, ~12!

FIG. 14. Sketch of the current flow in the source region~top!
and equivalent circuit~bottom!.
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which for the case of argon (ne54.431020 m23, Te
55.2 eV) yieldss i'3.53104 (V m)21.

In a fully ionized plasma there is no radial conductivi
@31# up to a second order expansion with respect to the r
of gyro radius to length of pressure gradient. However, in
tia effects, viscosity, and collisions with neutrals provide
finite radial conductivity. We want to focus on the latt
effect only~though finite gyro radius effects might be impo
tant for heavy ions too!.

An expression for the radial current density can be
rived from the single-fluid momentum balance equation. W
start from the momentum balance equation for electrons
ions in a single ionized plasma

m ene

duW e

dt
1¹•pe52¹pe1ene~EW 1uW e3BW !1RW e2meuW eSe

~13!

m ini

duW i

dt
1¹•pi52¹pi2eni~EW 1uW i3BW !1RW i2miuW iSi .

~14!

Here,RW a is the friction force,pa is the viscosity tensor,Sa is
the source term andduW a /dt5] tuW a1(uW a•¹)uW a denotes the
substantive derivative ofuW a (a5e,i ). In what follows we
neglect the inertia and viscosity terms on the left hand sid
Eqs. ~13! and ~14! and assume quasi-neutralityne5ni5n.
Adding the two momentum balance equations yields

jW3BW 5¹p2~RW e1RW i !1meuW eSe1miuW iSi , ~15!

wherep5pe1pi , the total pressure, andjW5en(uW i2uW e), the
current density, has been introduced. Note that all ela
electron-ion collisions in Eq.~15! cancel and in essence on
collisions with neutrals are left. Assuming a vanishing velo
ity uW 050 for the neutrals the remaining part of the frictio
force and the source terms are of the same formmannuW a and
from the azimuthal component of Eq.~15! we deduce

j r52
nmi

Bz
Fn i

effui u 1
me

mi
ne

effueu G , ~16!

where na
eff is the effective collision frequency. For ion

~17!

is determined by elastic collisionsn i0
el'n0v̄ is i0 , charge ex-

changen i0
cx5n0v̄ isCX and ionizationn ion5n0^s ionve&. The

factor 1/2 in Eq.~17! results from the reduced mass, whic
enters the friction force. For the electrons the effective c
lision frequency is given by

ne
eff5ne0

el 1ne0
ex1nei

ex1n ion . ~18!

Here, besides the elastic collisions and the ionization te
also the momentum losses due to excitation of neutralsne0

ex

5n0^se0
exve& and ions nei

ex5n^s ei
exve& resulting from the

electron source term enter. Generally, the effective collis
frequencies for electrons and ions are of the same orde
magnitude. As so are the azimuthal velocities. Hence,
io
r-

-
e
d

of

ic

-

l-

m

n
of
e

second term on the right-hand side of Eq.~16! can be ne-
glected due to the smallness of the electron mass. Using
radial component of Eq.~14!, neglecting the small term con
taining the radial velocity we find

uiu 5
1

enBz

]pi

]r
2

Er

Bz

and thus

j r5
nmin i

eff

Bz
2 S Er2

1

en

]pi

]r D5s'S Er2
1

en

]pi

]r D , ~19!

where the factor

s'5minn i
eff/Bz

2 ~20!

is the radial conductivity@32#. Together with Eq.~12! this
yields for the ratio of conductivities

s'

s i
50.51

n ieS n ion1
1

2
n i0D

vcevci
, ~21!

wheren ie is the electron ion collision frequency. Again, fo
argon discharges (Ti51.5 eV, n052.431019 m23, sCX
'4.5310219 m2, s i0'0.9310219 m2, ^s ionve&52.8
310215 m3/s, and the other parameters as for the calculat
of s i) we obtain this times''120 (V m)21 and with the
previous result a ratio ofs' /s i'3.531023.

Now, we are able to calculate the theoretical angular
locities from Eq.~7! using Eqs.~11!, ~12!, and~20!. For the
unknown quantities inside the anode, liked, n0 , Te , and
ne5ni , reasonable values have to be chosen. For an obl
magnetic field with respect to the conducting surface as
our case a magnetic presheat develops, which is in the ra
of the ion gyro radiusr i5v th,i /vci @33#. Thus, d'r i is a
reasonable choice. The neutral density was calculated f
the measured neutral pressure in the source region by as
ing a temperature ofT053000 K, which is the typical tem-
perature measured spectroscopically in Ne and Ar. Exc
for hydrogen and deuterium, whereT052 eV is assumed
due to molecule dissociation. Electrons are treated as isot
mal and the measured value in the target chamber give
Table II ~see Fig. 1! is inserted into Eq.~7!. According to
results in argon@19# the electron density measured in th
target chamber is enhanced by a factor of seven to appr
matene inside the anode.

The good agreement with Eq.~7! can also be seen from
Fig. 15, which shows the measured angular velocities of AII

for different discharge currents~see also Fig. 11! compared
to the calculated values by means of Eq.~7!. Here, the fol-
lowing typical parameters inside the source region are us

TABLE II. Electron temperatures in the target chamber.

H2 D2 Ne Ar Kr Xe

Te @eV# 5 5 6 2 2 2
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Ls50.47 m, R50.028 m, d5r i5A2mikBTi /(eB), B
50.14 T, Ti

†51.3(I s /I 0)10.18(I s /I 0)2 eV, Te55.2 eV,
ne

†5ni54.431020(I s /I 0)1/3 m23 (I 05150 A), n052.4
31019 m23, andQ†52.431019 particles/s. The quantitie
marked with a dagger are chosen to match those relevan
the experimental data set shown in Fig. 15. The nonlin
behavior results from the current dependence of the elec
~ion! density@19,24#. Although this estimation describes th
empirically obtained dependencies quite satisfactorily fo
more detailed analysis profile effects would have to be ta
into account and in addition finite gyro-radii effects m
become relevant in some cases.

V. CONCLUSION

We have investigated the plasma rotation within a la
range of parameters. In particular, the mass dependenc

FIG. 15. Current dependence off rot by means of Eq.~7! for Ar,
Kr, and Xe. The dotted lines mark the effect of a 10% variation
Te.
ti,
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the rotation was studied, which allows a critical test on va
ous theories.

The plasma ions rotate in the opposite direction to th
diamagnetic drift, i.e., right handed with respect toBW . The
azimuthal velocity at the plasma edge reaches Mach num
of 0.2 to 0.8. For discharges in heavy noble gases
rotation— apart from the plasma edge—is almost free
shear. For lighter gases, a maximum in the angular velo
at the plasma edge due to a hollow ion pressure profile
velops.

In general, the rotation behavior in our PSI-1 device
sembles the observations made in hollow cathode discha
@7–12#. The viscosity model, however, generally evoked f
interpretation@11#, fails to describe our results. Within th
investigated parameter range the results are in good ag
ment with Eq.~7!, derived from a balance of the total angul
momentum. Here, the ion neutral collisions are essen
These collisions provide the plasma with a small perpend
lar electrical conductivity needed to sustain a radial curre
Simultaneously the same collisions damp the rotation
transporting angular momentum out of the plasma volum
The angular momentum produced in the source region
tween cathode and anode is transported into the current
extended flow region beyond the anode alongBW . The damp-
ing within this region is observable but quite small becau
of the low neutral density.

ACKNOWLEDGMENTS

The authors would like to acknowledge fruitful discu
sions with H. Kastelewicz, M. Laux, D. Naujoks, U. Wenze
and M. Brix. We would also like to thank the PSI-1 Team f
support in performing the experiments.
. A

H.
@1# R.J. Taylor, M.L. Brown, B.D. Fried, H. Grote, J.R. Libera
G.J. Morales, P. Pribyl, D. Darrow, and M. Ono, Phys. Re
Lett. 63, 2365~1989!.

@2# R.J. Taylor, R.W. Conn, B.D. Fried, R.D. Lehmer, J.R. Lib
rati, P.A. Pribyl, L. Schmitz, G.R. Tynan, B.C. Wells, D.S
Darrow, and M. Ono, inProceedings of the 13th Internationa
Conference on Plasma Physics and Controlled Fusion
search, Washington, D.C., 1990, edited by J. Weie and M
Spak ~International Atomic Energy Agency~IAEA !, Vienna,
1991!, Vol. 1.

@3# K.C. Shaing and E.C. Crume, Jr. Phys. Rev. Lett.63, 2369
~1989!.

@4# K.C. Shaing, E.C. Crume, Jr., and W.A. Houlberg, Phys. F
ids B 2, 1492~1990!.

@5# J.N. Talmadge, B.A. Peterson, D.T. Anderson, F.S.B. And
son, H. Dahi, J.L. Shohet, M. Coronado, K.C. Shaing,
Yokoyama, and M. Wakatani, inProceedings of the 15th In
ternational Conference on Plasma Physics and Control
Nuclear Fusion Research, Seville, Spain, 1994, edited by J.
Weie and M. Spak~International Atomic Energy Agency
~IAEA !, Vienna, 1995!, Vol. 1.

@6# ASDEX-Team, Nucl. Fusion29, 1959~1989!.
@7# D.L. Morse, Phys. Fluids8, 516 ~1965!.
@8# C.B. Kretschmer, F. Boeschoten, and L.J. Demeter, Phys.

ids 11, 1050~1968!.
.

-

-

r-
.

d

u-

@9# J.L. Delcroix and A.R. Trindade, inAdvances in Electronics
and Electron Physics~Academic Press, New York, 1974!, Vol.
34.

@10# F. Boeschoten, R. Komen, and A.F.C. Sens, Z. Naturforsch
34a, 1009~1979!.

@11# P.A.E.M. Janssen and F.J.F. Odenhoven, Physica C98, 113
~1979!.

@12# M. Bessenrodt-Weberpals, E.K. Souw, J. Uhlenbusch, and
Kempkens, Plasma Phys. Controlled Fusion26, 409 ~1984!.

@13# V. Rozhansky and M. Tendler, Phys. Fluids B4, 1877~1992!.
@14# M. Coronado and J.N. Talmadge, Phys. Fluids B5, 1200

~1992!.
@15# H. Xiao, R.D. Hazeltine, and P.M. Valanju, Phys. Plasmas1,

3641 ~1994!.
@16# H. Wobig, Plasma Phys. Controlled Fusion38, 1053~1996!.
@17# S.N. Arteha, Phys. Plasmas3, 2849~1996!.
@18# A.G. Peeters, Phys. Plasmas5, 763 ~1998!.
@19# H. Meyer, Ph.D. thesis, Humboldt-Universita¨t zu Berlin, 1998.
@20# V.M. Lelevkin, D.K. Ortorbaev, and D.C. Schram,Physics of

Non-Equilibrium Plasmas~North-Holland, Amsterdam, 1992!.
@21# E.R. Solano and R.D. Hazeltine, Phys. Fluids B2, 2113

~1990!.
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