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Plasma rotation in a plasma generator

H. Meyer* S. Klose, E. Paschand G. Fussmann
Bereich Plasmadiagnostik, Max-Planck-Institut flasmaphysik, 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 numbeps): 52.90+z, 52.70.Kz, 52.30-q

I. INTRODUCTION lessF does not depend strongly dB, itself. In contrast,

Rotation of magnetized plasmas is one of its fundamentaﬂ%vxg\e/er}ormzsgbriig]egg :or;n?gr?l\;/v ml?segp;?ﬁﬁofé} an

and long-known properties. It can be observed in many labo-, = > & "™ )
ratory plasmas, especially in linear devices like hollow cath-E* B-drift yielding u,=E, /B, one has to demani,>B; .
odes and is also a common phenomenon in the plasma gen- On the other hand, starting from the balance of _the totgl
erator PSI-1 operated at IPP-Berlin. In recent years, th&ngular momentum reasonable results can be achieved, if a
plasma rotation became more and more important, due to ildriving radial current is assumed. Such current, however, can
relevance for the confinement in fusion resedith6]. The  NOt b‘f pr?sent in plasmas governed by a force balance of the
so called L-H-transition from the low-confining-mode to  form jXB=Vp because of - Vp=0. Therefore, additional
the high-confiningH-mode is caused by a sheared poloidalforces providing a conductivityr, in radial direction are
rotation of the plasmél,2,6]. Though much work was done necessary. Especially viscosity and ion-neutral friction forces
in this field[7-19], the origin of the rotation is not yet com- have to be taken into accouri4,18,2]. Note that in highly
pletely understood. ionized plasmas the well-known relatien ~ o/2 is meant
With respect to isotope separation plasma rotation wass the conductivity within the surfaces of constant magnetic
mainly investigated between the electrodes of hollow cathflux but not perpendicular to them as needed here.
ode dischargef9,10,17. The plasma parameters achieved in  Viscous forces were proposed by JansgEl] to explain
these devices are very similar to those observed in théhe radial conductivity. In his widely accepted model he de-
PSI-1-facility[19], which is described in Sec. Il. The plasma scribed plasma rotation in hollow cathode discharges invok-
in hollow cathode discharges rotates typically in a right-ing the multifluid equations[22,23. According to this
handed sense with respect to the magnetic field. Its angulamodel, the rotation is driven by the Lorentz force due to the
velocity is in the range of the ion cyclotron frequency. How- radial component of the discharge current. This external
ever, in the vicinity of the anode usually the direction of thetorque is finally balanced by ion viscosity. Note that this
rotation changef20]. model is not applicable for a rigid-body rotation as viscosity
The PSI-1 differs in two important aspects from hollow vanishes in this case.
cathode facilities. On the one hand, the electrode geometry is Although the Janssen model is able to describe hollow
designed to prevent radial currents. On the other hand, theathode experiments it fails to explain the rotation in our
plasma consists of two physically different regions: thecase. We rather think that ion-neutral collisions are more
source region between cathode and anode and the extendietbortant with respect to rotation by affecting the plasma in
flow region behind the anode. Apart from the diamagnetidwo ways: On the one hand, the ion transport due to colli-
current, the latter is current free. In both regions a right-sions with neutrals provides a radial current and on the other
handed rotation is observed. Therefore, two questions ariséand the rotation is damped by charge exchange, ionization,
First, what is the origin of the radial current needed to susand ion neutral friction.
tain the rotation? Second, why does the plasma rotate in the In what follows, we present an overview of the observa-
current-free flow region? tions related to plasma rotation in the PSI-1 facility. Further-
The difficulties in describing plasma rotation arise from more, the physical aspects of this phenomenon will be dis-
the fact that radial forceg in an axial magnetic field lead to cussed on the basis of a simple balance of the total angular
an azimuthal velocityu,o<F /B, inverse proportional td,, momentum. Although this simple model reflects the main
i.e., decreasing with increasing magnetic field strength, uneharacteristics of the average angular ion velogiyt is too
coarse to describe the radial profiles. For this purpose, fur-
ther attention has to be put on the processes within the hol-
*Present address: UKAEA Fusion, Culham Science Center, Ablow anode where enhanced ion orbit losses may occur due to
ingdon, Oxon, OX14 3DB, U.K. their large gyro radii.
"Present address: Institut rfuNiedertemperaturplasmaphysik, For the heavy ions the gyro radius can reach the range of
Friedrich-Ludwig-Jahn-Str. 19, D-17489 Greifswald, Germany.  the anode diameter { ,i;=0.024 m). Hence, energetic ions
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FIG. 1. Schematic view of the PSI-1 devitsee also Fig. 14

can hit the anode surface within one gyro motion whereashe target chamber where it is neutralized at a conducting end
the electrons are very tightly bound to the field lines. As aplate. This plasma dump is isolated from the facility and thus
consequence, a radial electric field builds up to confine that floating potential.
ions thereby preventing a continuous charging of the plasma. A very powerful diagnostic to measure plasma rotation is
This mechanism is similar to those proposed to explain thehe high-resolution(Dopplen spectroscopy(HIRES). A
L-H transition in Tokamak$3,4]. sketch of the experimental set up used in our analysis is
shown in Fig. 2. To achieve a resolution as highadax
~3.2x10° at \y=434.8 nm af=1.5 m spectrometer in
Fastie-Ebert mounting and double-pass configuratibg (
The PSI-1 device is schematically shown in Fig. 1. Onthe=3 m) is used. A holographic echelle grating with
right-hand side the source regidf®) between anode and 316 groves/mm at high orderk#£8---15) serves as dis-
cathode is shown where most of the plasma is produced. Theerser. The light is predispersed by a Czerny-Turner prism
adjoining flow region is divided into two chambers: the dif- monochromator to subdue effects of lower orders. A plano-
ferential pumping stagéDS) and the target chambéf). A convex lens[f =(98.4+0.4) mm| maps the plasma col-
stationary plasma is generated by the high currenimn onto a fiber ds,e,=0.4 mm), which guides the light to
(50 --1000 A) flowing between the hollow cylindrical lan- the monochromator system. The lens in front of the entrance
thanum hexa-boride (Laf cathode and the copper hollow- slit of the monochromator system adapts the angle of aper-
anode. Operating in a low-pressure regime {035 Pa) no ture of the fiber and the pre-monochromator. An intensified
self-sustaining discharge can be achieved. Hence, to providsharge coupled devid€€CCD) imaging system is used as de-
a sufficient electron emission current the cathode is extertector. The spectra are normally magnified by a factor of six
nally heated T.~1900 K). The voltage between the elec- to match with the spatial resolution of the CCD chip.
trodes is in the range of 1050 V. A simple model of the Measurements were performed at three different axial lo-
plasma generation is given in R¢R4]. Confined by a su- cations as indicated by the big arrows in Fig. 1. In principle,
perimposed axial magnetic fiel@ (0.05--0.25 T) the the spectral line intensitl, provides three quantities of the
plasma is guided through the differential pumping stage intambserved atom or ion species the emissivitye,, the ve-

Il. EXPERIMENTAL SETUP
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FIG. 2. Experimental setup of the high-resolution spectros¢bppRES).
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TABLE |. Observed transitions.

Configuration Energy Lande factor
No [nml] lower upper E [eV] E. [eV] g g
Hg 486.133 D?P°%—4d?D 10.20 12.75
H, 656.279 D 2P°—3d 2D 10.20 12.09
Dg 486.003 D?P°—4d?D 10.20 12.75
D, 656.103 D?P°%—3d?D 10.20 12.09
Hell 468.568 3d D 37— 41 2FY 51 48.37 51.02
Nel 585.283 3s'[1/2]9—3p'[1/2], 16.85 18.96 1.03 0
Nell 366.407 354Pg—3p “PY), 27.17 30.55 1.66 1.87
Ari 434.806 4s5*Pg—4p *DY), 16.64 19.50 1.66 1.49
460.956 43’ 2Dg—4p’ ?F9), 18.46 21.14 1.31 1.24
611.492 3d’ 2Ggp—4p’ 2F9, 19.12 21.14 1.19 1.24
Ar il 328.615 45559 4p 5P, 21.62 25.39 2.0 1.71
Kr 435.547 55 *Pg/,—5p *DY), 13.99 16.83 1.66 1.49
Kr il 324.569 55°S3+5p °P, 18.07 21.88 2.0 1.71
Xell 484.433 65 *Pg/—6p *DY), 11.54 14.10 1.66 1.49

locity u, and the temperatur@,. The major problem in the z direction the azimuthal velocity;, in a cylindrical
determining these quantities is the integration over the line o$ystem ¢, ,z) is positive (Fig. 1). This is opposite to the
sight which is unavoidable in passive emission spectroscopylirection to the ion diamagnetic drift caused by a negative
To obtain the spatidiradial) resolution a tomographic recon- pressure gradient, which in any case is present at the plasma
struction method is needed. For nonrotating, cylindrical plasedge. The angular velocit2; is comparable to the ion cy-
mas a simple Abel inversion can be used. For rapidly rotatelotron frequency. In most casel;~0.4w; holds. The ro-
ing plasmas with a high azimuthal velocity this normal Abel-tation frequencyf,,,=Q;/(2) is typically several kHz.
inversion fails [12,25. To handle these difficulties we In Fig. 3, the result of a typical measurement of the spec-
developed a special Abel-inversion procedure for a plasmaal line intensity of Ani (A\q=434.8 nm) along the plasma
rotating with arbitrary velocity25]. This method enables us diameter is shown as a contour plot. It demonstrates that the
to calculate radial profiles of the emissivigy,(r), the angu-  Doppler shift due to the azimuthal velocity at the plasma
lar velocity Q,(r)=u,,(r)/r, and the temperaturé ,(r) edge is in the same range as the spectral line width. There-
from the line integrated spectral intensitisgx) measured fore, the plasma reaches at the edge azimuthal Mach num-
along the whole diameter of the emitting plasma column. bers of M,=0.2--0.8. Here, the azimuthal Mach number
In hydrogen and deuterium, the ions are not directly acM ,=u /vy, (v e =V2ksT,/m,) is defined with re-
cessible to optical emission spectroscopy. Even though, wepect to the thermal velocity to indicate the importance of
were able to deduce the ion parameters from the neutral lingertial forces.

emission by analyzing a part of the Balmerand 8 emis- We notice in Fig 3 a slightly higher intensity at the upper
sion originating from symmetric charge exchange{H"  edge compared to the lower one. This asymmetry is caused
—H"+H). by an asymmetric power input possibly due to a small axial

To obtain the correct temperature from the Doppler
broadening of the spectral line profiles other mechanisms ~ 0-06
contributing to the line widths like Stark broadening, the

apparatus profile, and the Zeeman effect have to be consid 04
ered[26]. We include the Zeeman effect and the apparatus 0.02
function by deconvolution with an effective profile obtained __

by folding the measured apparatus profile\ Neywam E 000
~1.4 pm) with the Zeeman components of the observedx
transition. Stark broadeningAQq gypv=~10 31072 pm) ~0.02
[27] is negligible compared with the apparatus width. After

deconvolution the effective resolution is increased\td\ —0.04 . /,\ lower edge
~7.6x10° [19]. The observed transitions for the various e
species are tabulated in Table I. Also given are the configu- —0.06
ration, the energy and the Landefactor for the lower and 434.78 43479 434.80 434.81 43482 434.83
upper levels of the transition. A [nm]

FIG. 3. Typical contour plot of the spectral line intensity ofIAr
Ill. EXPERIMENTAL RESULTS (Ap=434.8 nm) along the plasma diametparameters attached to
. . . the contours are the counts per exposure )infiéne wavelength
In all observable regions, the ions in the PSI-1 show &yt at the edge due to the Doppler effect is in the range of the line
right-handed rotation with respect B Hence, ifB points in  width.
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FIG. 4. Typical spectral line intensity profile of Ar (\g
=434.8 nm). The results of the different analysis st¢pET-
filtering, deconvolution and fittingas well as the effective decon-
volution profile are shown.

misalignment between the cathode and anode. Therefore, t
electron temperature profile is also asymmetric and cons
guently the intensity profile. To eliminate this effect from the
Abel-inversion procedure the intensity profiles are first aver
aged over the top and bottom position. Since only half of th
measuremente.g., top or bottornis necessary the compari-

son of the results from the separate analysis of each side o

the profile can be used to estimate the error due to the asy
metry. However, this error is negligible compared to the on
caused by finite velocity resolution.

The deconvoluted line profile is to a good approximation

a GaussiariDopplen profile, as can be seen from Fig. 4. The
results of the different steps of the analy§d=T-filtering,
deconvolution and fittingas well as the effective deconvo-
lution profile are shown. The measured full width half maxi-
mum of ANpwumv=6.51 pm of the Doppler profile corre-
sponds to an ion temperature@=1.50 eV. The maximum
distance of the Zeeman-componentsAis ; = 1.7 pm.
The width of the Lorentzian apparatus profile AS\gyum
=1.36 pm.

In the following, we will discuss the radial profiles of the
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FIG. 5. The radial profile of the normalized angular velocity
Qilwg of Hi and Dii in the target chamber for comparable dis-
charge conditions.

As to be seen from Fig. 5, the normalized angular velocity
of the ions in hydrogen and deuterium discharges are ap-
proximately equal. Hence, the azimuthal velocity is inverse
proportional to the ion mass.

To compare the measured angular velocities we would
actually have to take the different discharge conditions into
account. Thus, only for hydrogen and deuterium, where these

e equal a proper comparison is possible. Although the dis-
charge conditions for argon, krypton, and xenon are rather
different from those in hydrogen and deuterium, they do not
differ markedly amongst each other and a comparison of the

normalized ion angular velocity in these gases, as shown in

q:ig. 6, is reasonable too.

f As it can be seen from Fig. 6, also Arand Krii are
orroborating theﬂiocmi_l dependence, but the rotation of

ell is about two times faster than expected on this basis.
Furthermore, the normalized angular ion velocity in the
noble gas plasmas is substantially larger than in the thin
hydrogen plasmas, and, in contrast to the radial profiles of
H 1 and D, those of Ani, Krii, and Xell exhibit no maxi-

mum at the plasma edgeg~1).

B. Effects of external parameters on rotation

The discharges are mainly determined by four external
parameters. The magnetic flux through the innermost flux
surface ® g=[sB,dS~27r3B (1.4xX10°*...2.7
X 10~* Whb), the neutral gas pressure within the source re-
gion ps (0.5...3.0 Pa), the discharge current

angular velocity observed in discharges with different gases,. (50...600 A), and thevoltage U (12.7 ...46.7 V).
succeeded by the analysis of the influence of the differenot all of these four parameters can be controlled indepen-
external parameters. For the latter various Ar dlschargeaenﬂy_ Note, that the magnetic field strenddon the axis

have been investigated.

A. Radial profiles of €; in different gases

for a given topology varies up to a factor of 5. In the typi-
cally used configuration it amounts B=0.05 T in the tar-
get chamber anB=0.25 T inside the coils. In addition, the

In Fig. 5, the radial profiles of the normalized angular L5 — AM
frequencyQ;/w.; of hydrogen(H 1) and deuterium(D 11) 125 S )121111
ions in discharges with comparable plasma parameters are 5 1
shown. Herepg(r)=®(r)/® g is the normalized flux co- 3 075 11 : '+‘-+~-\+
ordinate, whereD are the surfaces of constant magnetic flux < os L N
and®¢=269.4x 10 ® Wh is the flux through the innermost 025 H— N
flux surface that touches the anode. This normalization is 0 T
necessary because of the axial inhomogenei. ¢f enables
us to compare radial profiles at different axial positions. The 0 0z 04 0'6%0'8 ro12 14

radial profiles of the ion angular velocity in these discharges

are slightly peaked at the plasma edgg~1). FIG. 6. Same as Fig. 5 for Ar, Krii, and Xeil.
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FIG. 7. Effect of the magnetic field on the rotation by changing  F|G. 9. The rotation frequency in the source regitmangles

the strength onlydiamonds, and in addition the angle of incidence ang the target chambédiamonds, squargsncreases proportional
of the field lines at the anode surfadsquares (Is, Ug, Q to the power input§s=1.0 Pa).

=const).
with a steeper slopé-ig. 7). We interpret this observation as
neutral gas pressure within the target chambefollows: A decreasing angle of incidencer) reduces the

p. (0.07...0.38 Pa) can be influential. projected surface of the anode in the directiorBofHence,

~ The flat profile of the angular velocityFig. 6) in argon  in order to collect the same total anode current the perpen-
justifies the characterization of the rotation by a single freicylar current componeﬂg=|l§><(|3< é)/BZ|=|sCOSa is

quency fo=i(pg=1)/2m. Supplementary to the SpPectro- jncreased and thus the rotation frequency will be enhanced
scopic measurements the rotation frequency can be obtalne(\gee also Sec. IV

from laser induced fluorescenf28,19 and Fourier transfor- At zero magnetic field strength the rotation frequency

mation of the floating potential of a Langmuir prob&19].  ghoy1q vanish. But the linear approximation of the measure-
The latter one is a more indirect but fast method; it has to b€,ants is of the formf =Co+c4B. Thus, for small fields
A rof . 1

cross checked with the spectroscopic data since the azjis jinear law breaks down. Such postulated nonlinear de-

muthal modes picked up by the probe may have an addigendence orB was actually found by Boeshotd0] in a
tional phase velocity.

, . . hollow-cathode discharge.
The strength and the configuration of the magnetic field at Figures 9—11 show the dependence of the plasma rotation

the PSI-1 can be controlled by the current through the twQ,, the discharge conditions. The probe measurements are in
coils (1,2) above the anode and the coil pe;4) above the 4,04 agreement with the spectroscopic results. Both were

target chambefFig. 1). In Fig. 7, the results of two different no formed in the target chamber. From Fig. 9, we learn that

measurements of the rotation frequency within the differenshe rotation frequency in the target chamber and the source
tial pumping stageDS) are shown. In the first case, the reqion is proportional to the power input. In the source re-

strength of the magnetic field was reduced by decreasing tho, the plasma is seen to rotate at a substantially higher
current in all coils to the same fractigiiamonds. In the speed.

other case, only the current of the coil numbe(Flg. 1) To increase the voltage between anode and cathhde
above the back part of the anode was varigares This 4er constant curreit the pressure, must be decreased.

results in a change of the field strength in the vicinity of thist.c (asuits in a variation of the well KNOWE/p ratio [29)]
coil and simultaneously in a change of the angle of i”CidenC‘fE/p~U /(Lps)] which is plotted as abscissa in Fig. 10
S S. . .

of the magnetic field on the anode as sketched in Fig. 8. The rotation frequency is practically unaffected by this varia-

The frequency of the rotation of'the plasma rises n bOtr‘iion. Since a cancellation of the influences of the pressure
cases linearly with the magnetic field strength. But in the

d the dat b imated by a and voltage is not to be expected, we infer that the rotation is
second casgsquaresthe data can be approximated by a line practically independent on the discharge voltage.

Figure 11 shows the variation df,, with the discharge

I = normal currentl for constant discharge voltadé;. The latter can
extreme. B configuration
conﬁgqmnon
< R 8
= T6
Y~ higher E

(o7} o, field ‘_’,5 4 probe (T)

o —0— HIRES (D)

2 --A - HIRES ()

anode
/ 0
//////// % 0 50 100 150 200

n o E/p [V/(m Pa)]
FIG. 8. Sketch of the variation of the angle of incidence of the

magnetic field on the anode by changing the current through the FIG. 10. TheE/p ratio, and thus the discharge voltage, has no
coil number 2 above the back part of the andBig. 1). significant effect on the plasma rotation£ 300 A).
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FIG. 11. The rotation frequency in the source regftiangles
and the target chambédiamonds, squargss proportional to the
discharge currenty, (Ug=34.7 V).

FIG. 13. Angular velocity for various discharge gases normal-
ized by means of Eq(7). The theoretical results according to
Janssen are also shown for two limiting ratios of the electron tem-
perature(@a: T/ TN =1; b: TT(N=4).
be accomplished by raising the pressprewith ascending
current. As expected the rotation frequency rises linearlyconstant temperature for the neutrals, the pressure is propor-
with the current. Again, the rotation velocity is larger in the tional to the neutral density and thus inverse proportional to
source region than in the target chamber. The comparisothe characteristic collision time=1/v. Note that in the
between the results from the target chamber and the soureégurce region the rotation does not change. Since here all

region indicates that the angular momentum of the ions is NQ§arameters were kept constant it is inferred that rotational
constant on magnetic flux surfaces. This loss of angular modamping is a local process.

mentum along the axis is more pronounced at high currents
(slope in Fig. 11}, i.e., large neutral pressure. These observa- _
tions are strongly supporting our assumption that the damp- C. Summary of the experimental results

ing of the rotation is caused by the collisions between ions T4 compare the angular velocity of all investigated dis-
and neutrals. Note, that ion-neutral collisions affect the an

. : ) charge gases we have normaliz@¢ by means of Eq(7)
gular momentum balance in two counteracting ways: On th%iven in Sec. IV. The prediction of the theory developed by

one hand, the rising neutral density will increase the damp ; . .
ing of the rotation. On the other hand, a large neutral density@"SSefiL1] is also plotted for comparison. In this theory the

in the source region provides a high perpendicReder- €lectron temperature in the source regibi? enters sensi-
son conductivity and thus a large radial current that drivestively through the parallel conductivity. As the electron tem-
the rotation. perature varies for each gas the uncertainty of our knowledge
By collisions of the ions with neutrals, like charge ex- aboutT, inside the source region is covered by showing two
change or elastic collisions angular momentum is transferredurves (a, b with the smallest and largest ratios of
from the plasma to the walls. Also ionization acts as a sink off (/T{"=1 and T/ T V=4, respectively. Irrespective of
angular momentum by producing slow ions that are to behe large influence of ; we notice that the model is unable
accelerated. Hence, all three processes damp the rotatioin. describe the mass dependence found in the experiments.
This damping is proportional to the characteristic collision With the exception of X& (last point in Fig. 13 the
frequencyv;o=ng{oiov;) being proportional to the neutral dependence predicted by EJ) agrees well with the mea-
density. Further evidence for this mechanism is given by théurements. Especially for the heavy Xe ions finite gyro ra-
measurements shown in Fig. 12, where only the neutral preslius effects within the anode could become important. For

surep, in the target chamber has been varied. Assuming &0rmalization of the rotation frequencies some unknown
quantities have to be estimated, which will be discussed in
the next section.

8 IV. A SIMPLE MODEL
—6 A. Conservation of the total angular momentum
N
E The essential dependences @f can already be under-
“.5 4 stood by considering the balance of the total angular momen-
o5 tum

2

0 E:miJ’V ni(FXJi)dV (1)

0 2 4 6 § 10 12 M4 P

-1
Upe [Pa”] of the rotating plasma. Because of the smallness of the elec-
FIG. 12. The rotation frequency in the target chamtgin-  tron mass only the ions have to be taken into account. The
monds, squargss inverse proportional to the local neutral pressure.plasma continuously loses angular momentum by charge ex-
No change is observed in the source region where the neutral pre€hange and particle losses at the periphery and, most impor-
sure stays constant. tant, at the neutralizer plate. A constant gas fl&@y is fed
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into the device. Most of the in-flowi tral ionized 7 ceereccly
l/r\;it?]in ?hee\s”cflfrce cr’;gicc))n a?uljnax?g;g%rgizggrfegr(;lg)nngljthe W anode W

field lines to the limiting walls. Hence, in the stationary case § /
the (damping torque exerted by the neutrals reads: JJ i
LS
M@= T2 [ agixiave [ ixReav, @ cathode
== Tion i i@V, 77 P
Vo Iy, Vo T amde 0000,
R
where a;,,=n;/(n;+ny) denotes the degree of ionization, é L
V,, the plasma volume anﬂ,o— ,u,onlv,ou i is the neutral ’ R

friction force density| uio=m;mq/(m;+mg)=m;/2: reduced I

masg. The first integral in Eq(2) accounts for the loss of FIG. 14. Sketch of the current flow in the source regitop)

ions—under stationary conditions—which are replaced by amnd equivalent circuitbottom.

equal incoming flux being provided by neutrals that are ion-

ized with the probabilityw;,,. The second integral describes The collision _frequency can be approximated by

the damping due to charge exchange and elastic collisions— (4., + ocy)v;, Whereog~mr? is the cross section for
This loss of angular momentum has to be balanced by agjastic ion-neutral collisions withy~ 2r, the gas-kinetic ra-

external torque due to thgx B-force integrated over the dius, ocx=oo[1+an(E/E)] is the cross section for reso-

source regioricathode-anode nant charge exchange amge= \8kgT,/(7m;) is the mean
velocity [ 0g=ocx(Ep) anda are tabulated in Ref30]].

|\7|(')=J rx(jxB)dV. (3)
Vs B. Evaluation of the current decay coefficientC

In the stationary case the total angular momentum is constant The last step is to evaluate the const@ntA schematic

and the total torque view of the current flow is shown in Fig. 14. As a first ap-
proximation we can use the equivalent circuit also depicted

M=M©@+NMD=0 (4) in Fig. 14 and estimat€ by means of the junction theorem,

which leads to

must vanish. | R

Let us assume a cylindrical, axial homogeneous plasma - I ) (8
with radius R and lengthL, under rigid rotation (;, lo+1 RU+Ry

=(;r). The plasma density shall also be homogeneous in
radial direction. Inserting Eq€2) and(3) into the axial com- ASSuming constant radial and parallel conductivity- 1/

ponent of Eq(4) and integrating ove# andz, we obtain the resistanc&®= [ 7/A dl can be written as
m; 20ionQ R R ZJR ar 1 R-6 5
2o v—p)Lin J rarenL [ =0, RS s T e "R T aeRL
(5) 9
whereL ;, andL ¢ are the lengths of the plasma and the source s dz 3 L
region, respectively. Hence, a positive rotation can only be R o mS(2R—d)0 T m8(2R— day’ (10
achieved with a negative radial current.
In the PSI-1 device, however, this current should exisnserting Eqs(9) and (10) into Eq. (8) we get
only in the radial rangeR— S<r<R. Due toV-j=0 the
axial current must change. Because of the high parallel con- 2RLo, Lo,
ductivity o, compared tar, , we approximate the change =2 7~ 5
of the axial current density by means of the linear angatz 6%(2R=9d)oy+2RLso, & oytLso,
=—14(1-C2/[75(2R—-6)] (see Sec. IVB The radial 1
current density is then obtained fro¥h f=0 to pe , (11
9]
Ly ——+1
. Ke (R—9)? ( 2o,

where the parallel and perpendicular conductivity are to be
where©(r) is the unit step(Heaviside function. Now we  specified.

are able to perform the integration in E§). Solving for the The parallel conductivity in a highly ionized plasma is
angular velocity we obtain given by Spitzers formula foZ.z=1 (Ref.[31])
B L6(2R— 6) Ne€2Tej
Q,=C : . 7 o=1.96——— T2 12
l mi(VpniVi0+2aionQ) R? @) ” Mg € (12
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which for the case of argonn{=4.4x10°° m=3 T, TABLE Il. Electron temperatures in the target chamber.
=5.2 eV) yieldso~3.5x 10" (Qm)™*
In a fully ionized plasma there is no radial conductivity Ha D, Ne Ar Kr Xe

[31] up to a second order expansion with respect to the ratiq [eV]
of gyro radius to length of pressure gradient. However, iner-_°
tia effects, viscosity, and collisions with neutrals provide a

finite radial conductivity. We want to focus on the latter second term on the right-hand side of Efi6) can be ne-

effect only(though finite gyro radius effects might be impor- gjected due to the smallness of the electron mass. Using the

tant for heavy ions too _ , radial component of Eq14), neglecting the small term con-
An expression for the radial current density can be detaining the radial velocity we find

rived from the single-fluid momentum balance equation. We

5 5 6 2 2 2

start from the momentum balance equation for electrons and 1 ap, E,
ions in a single ionized plasma B
9 P Yio=enB, or B,
du, L. .. .
m eneHﬂLV o= —Vpeten(E+u.XB)+R—mMuUS, and thus
13
t9 . _nmivf“ E 1 0pi| E 1 Jp; 19
du . - Ir= B2 enar) T enar ) (19
minim-i-v-‘n'i=—Vpi—eni(E-l-uiXB)—l—Ri—miuiS. z
(14 where the factor
Here,lfia is the friction forcer, is the viscosity tensofs, is o, = minvfﬁ/B§ (20)

the source term andu,/dt=d,u,+ (u,- V)u, denotes the

substantive derivative afi, («=e,i). In what follows we is the radial conductivity32]. Together with Eq(12) this
neglect the inertia and viscosity terms on the left hand side ofields for the ratio of conductivities

Egs. (13) and (14) and assume quasi-neutralit,=n;=n.

Adding the two momentum balance equations yields 1
o, Vie| Vion™T 2 Vio
fXB=Vp—(Ro+R)+MelgSet+mu;S;, (15) 7H=0.51W, (21)

wherep=p.+p;, the total pressure, arjd=en(u;—U,), the
current density, has been introduced. Note that all elasti
electron-ion collisions in Eq.15) cancel and in essence only

collisions with neutrals are left. Assuming a vanishing veloc- .
9 9 X 10" 1® m¥s, and the other parameters as for the calculation

ity up=0 for the neutrals the remaining part of thee friction of U”) we obtain this_ timer, ~120 (Q m)~* and with the
force and the source terms are of the same forymvu, and  previous result a ratio of, loj~3.5x 1073,

E(’vhere v IS the electron ion collision frequency. Again, for
argon discharges T(=1.5 eV, ny=2.4x10"° m3, ocy
~4.5x10° % m?,  09~0.9x10"® m? (oowe)=2.8

from the azimuthal component of E(L5) we deduce Now, we are able to calculate the theoretical angular ve-
locities from Eq.(7) using Eqgs(11), (12), and(20). For the
: nmy | o Me o ities insi i
jo=———| vy + — Mg, |, (16)  unknown quantities inside the anode, like ng, Te, and
B, m; n.=n;, reasonable values have to be chosen. For an oblique

magnetic field with respect to the conducting surface as in

where v," is the effelctlve collision frequency. For ions our case a magnetic presheat develops, which is in the range
=~ (pSy ey 4y of the ion gyro'radiusoizvm,i/wci [33}. Thus, é=~p; is a
222 7 (17) reasonable choice. The neutral density was calculated from
Vio the measured neutral pressure in the source region by assum-

is determined by elastic collisiongo~novcio, charge ex- ing a temperature of,=3000 K, which is the typical tem-
changer=ngvjocx and ionizationv jg,=no( oienve). The  perature measured spectroscopically in Ne and Ar. Except

factor 1/2 in Eq.(17) results from the reduced mass, which for hydrogen and deuterium, whefig=2 eV is assumed
enters the friction force. For the electrons the effective col-due to molecule dissociation. Electrons are treated as isother-

lision frequency is given by mal and the measured value in the target chamber given in
Table Il (see Fig. 1is inserted into Eq(7). According to
=08+ v+ v+ i (18)  results in argor{19] the electron density measured in the

target chamber is enhanced by a factor of seven to approxi-
Here, besides the elastic collisions and the ionization ternmaten, inside the anode.
also the momentum losses due to excitation of neutrgs The good agreement with E¢7) can also be seen from
=no{ogpve) and ions vg=n(oc%ve) resulting from the Fig. 15, which shows the measured angular velocities of Ar
electron source term enter. Generally, the effective collisiorfor different discharge current{see also Fig. J)lcompared
frequencies for electrons and ions are of the same order @b the calculated values by means of Eg). Here, the fol-
magnitude. As so are the azimuthal velocities. Hence, théowing typical parameters inside the source region are used:
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the rotation was studied, which allows a critical test on vari-
ous theories.
The plasma ions rotate in the opposite direction to their

diamagnetic drift, i.e., right handed with respectﬁo The
azimuthal velocity at the plasma edge reaches Mach numbers
— of 0.2 to 0.8. For discharges in heavy noble gases the

— rotation— apart from the plasma edge—is almost free of
e - shear. For lighter gases, a maximum in the angular velocity
= = at the plasma edge due to a hollow ion pressure profile de-
0 100 200 300 400 500 600 velops.

I [A] In general, the rotation behavior in our PSI-1 device re-
FIG. 15. Current dependence b, by means of Eq(7) for Ar, sembles the Qbseryations made in hollow cathode discharges
Kr, and Xe. The dotted lines mark the effect of a 10% variation ini[th;:-s]r.egt]i% r\]/['ii]o Sllg;lgnt%d?jlégg'\i/t\;eevizrgreer;irlflsllyv(\a/\i{[cr)lli(:(tjhfgr
Te investigated parameter range the results are in good agree-
ment with Eq.(7), derived from a balance of the total angular

Ls=0.47 m. R=0.028 m, d=p= szmikBTi/(eB)’ B momentum. Here, the ion neutral collisions are essential.
:TO'14 T Ti= 1(')30 s/l Ozljo'lgas/'O) eV, Te=52 eV,  Thege collisions provide the plasma with a small perpendicu-
Ne=ni=4.4X10°%1/10)"* m2 (1,=150 A), no=2.4 |ar electrical conductivity needed to sustain a radial current.
x10" m~3 andQ'=2.4x 10" particles/s. The quantities Simultaneously the same collisions damp the rotation by
mal’ked W|th a dagger are Chosen to matCh those I‘elevant fQIransporting angu|ar momentum out of the plasma volume.
the eXperimenta| data set ShOWh in Flg 15. The nonlineaﬂ'he angu|ar momentum produced in the source region be_
behavior results from the current dependence of the electrofyeen cathode and anode is transported into the current-free
(ion) density[19,24]. Although this estimation describes the extended flow region beyond the anode al@grhe damp-

empirically obtained _depen_dencies quite satistactorily for qng within this region is observable but quite small because
more detailed analysis profile effects would have to be taketg)f the low neutral density

into account and in addition finite gyro-radii effects may
become relevant in some cases.

12
10

fror [kHz]
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