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Measurements of anomalous particle and energy fluxes in a magnetized plasma
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Electrostatic probe measurements of low frequency plasma fluctuations and anomalous particle and energy
flux densities in a magnetized plasma are presented. A method allowing the simultaneous recording of instan-
taneous electric field, electron density, and temperature is invoked. The method is applied to flux density
measurements in a weakly ionized, low beta plasma created in a toroidal device without magnetic rotational
transform. It is also used to identify modes belonging to different dispersion branches and to obtain the
dispersion relations for these modes. For the plasma states studied, the phase velocities and the cross phase
between the electron density and electric field agree with those predicted from a local, linear stability analysis
for electrostatic flute modes and drift waves. The instability threshold, however, is one order of magnitude
higher than predicted by theory for unsheared flow. The fluxes measured are consistent with the estimated
ionization rate.
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I. INTRODUCTION 3 3
Quf) =5 Tel'W(H) + g (Te(HEJ (F))|cosare(f). (2)
Anomalous transport perpendicular to the magnetic field

assop(jlate(tj)IW|th ele_ctro?tatur:} pllasm? turguleréce has a.lttr?Ctl‘fPthe dominant modes have cross phaa¢$) close tom/2
considerable attention for the last Tew decades, particularly 5 ., [i.e., |cosa(f)|<1], the respective fluxes become
in connection with edge transport in fusion plasmas. In par- I, ;
allel to the mainstream fusion program, a number of linear <Y sensitive to errors in the measurementsa()f). Such .

: . L : .errors will arise, for instance, if one does not succeed in
and toroidal magnetized plasma devices without magnetic ~ =~ i ~ ~
confinement have been constructed with the purpose dfliminating the influence of on the measurements o,
studying low frequency electrostatic turbulence and crossandn. In this paper we propose a method to deal with this
field transport. The main idea is that the lower electron denproblem in the context of Langmuir probe measurements.
sity and temperature in these devices, and the steady-stdfsobe measurements of the fluxes in magnetic confinement
operating conditions facilitate the application of clusters ofdevices have been reported in a number of pajir$], and
tiny plasma probes as diagnostics. A challenging diagnostisome attempts have also been made to correct for the tem-
problem in this context is to perform accurate local measureperature fluctuationgs,7]. However, the problems of apply-
ments of instantaneous particle and energy density flux. Thiéng Langmuir probes under those plasma conditions are very
basic problem is the following: Suppose thaxis of a Car- different from the cold, low density, and often partially ion-
tesian coordinate system is directed along the ambient madgged plasmas one deals with in nonconfinement devices.
netic field and we want to measure the anomalous flux in thleasurements oE, by recording the floating potential on
the x direction. Then simultaneous measurements of instartwo probe tips separated poloidally were carried out iQ a
taneous values of electron density electric fieldE,, and machine by Nielsemt al. [8]. The density fluctuations were

electron temperatur&, are necessary to obtain the anoma-derived from the ion saturation current, and hence the par-

lous cross-field qux_densitie@l]. Separating fluctuating ticle flux spectrum could be estimated. The very [6yin Q
guantities such a= n+n into a time-averagedn) and a  machines could serve as a justification for this method, but it
fluctuating 6) part, the time-averaged particle flux density certainly can yle_ld errors in some other devices where tem-
can be written agT" )=<ﬁE VB=3,_ ol (f), where perature fluctuations are important. It should also be empha-
x Y f=00 A1) sized that the application of a valid probe theory becomes a
particularly important issue for measurements in a magne-
2 tized plasma, since theories for unmagnetized plasma might

— 2 2 !

I'()= 5\/<|n(f)| NIEY(D)%) yne(f)cosane(f). (1) give rise to significant errors in the interpretation of probe

data.
Here f is frequency, B is magnetic field, y,g(f)
=|(n(f)Ey(f)*)|/\/<|n(f)|2>(|Ey(f)|2> is the cross coher- II. INSTANTANEOUS MEASUREMENT OF FLUID
ence, andx,g(f)=argn(f)E,(f)*) is the cross phase be- OBSERVABLES

tweenn andE, . N The proposed probe system for measurements of anoma-
~ The averagg-) of the spectral quantities should be con- |oys particle and energy fluxes consists of two conventional
sidered as an ensemble average over a large number of tinggjindrical probes and two cylindrical probes equipped with
records. The energy flux density can be written(&) insulating end plugs. The cluster is simple in operation and
= %(Eyp>/B: 3T+ %n(EyTe>/B= 2-0Qy(f), where does not require voltage sweeps. It allows us to separate and
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measure simultaneously the fluctuating quantﬁie§/p,, E, other. Hoyvevgr, the floating potential of a conven;ional
and¥ probe, which is often used for the measuremenk(d), is
-

given as a linear combination of plasma potential and elec-

tron temperature, and an attempt to deternk(g for the

former mode branch from this signal will give incorrect re-
The plug probe[9] is a modified cylindrical Langmuir sults. The direct measurement of the electric field suggested

probe oriented parallel to the magnetic field, which floats at s&above is not based on any assumption about the wave nature

potential V¢ close to the plasma potentidl, . This shift of  of the fluctuations and is, therefore, the prefereable approach.

Vs towardsV/, is due to a strong reduction of the electron to

ion saturation current ratiti?¥172" caused by the insulating B. Measurements ofn

end plugs. The simple geometry of the plug probe suggests

that the probe characteristic can be obtained by means of 3 : . )
L . S . electron or ion saturation current. For magnetized plasmas
modified theory for a conventional cylindrical probe in a

magnetized plasmi0]. The modification is simply a reduc- and the hydrodynamic regime of probe operation, the satura-

tion of the electron current by a numerical factor determinedion currents are functions of not onfybut alsoT, [10]. The

experimentally. This model has been shown to give a goodpﬂuence of the latter can be eliminated if simultaneous mea-

agreement between the experimental and theoretical curvésirements off . are provided.

with the floating potential very close to the plasma potential.

It allows us to demonstrate that the fluctuationd/indue to C. Measurements ofT
T, fluctuations are reduced by almost an order of magnitude . .
compared to the conventional probe. The same can be found For_such measurements we suggest to ut|_I|ze the floating
from the experimental ratio of amplitude spectra of the float-pOtentIaI of a qonvenuonal proti6] in conjunction with t.he

ing potential measured by a conventional probe and a plu lasma potential measured by a plug probe. The floating po-
probe. A comparison between measurements of time_ential V; is the probe potential at which the ion current is
averaged plasma potential by plug probes and emissiv%qual to the electron current, and is given by=Vy,

probes demonstrates agreement between the two methodg® |e/€+ Vo, WhereTe is in energy units ane is the pro-

within an accuracy oT ./e. Analysis of the first derivative of ton.c.harge. ConventlonallyL is calculated from theory for
a conventional probe characteristic in magnetized plasm ollisionless, unmagnetl_zed plasma. In magnetized plasma,
[11] yields V,, which also agrees witll; of the plug probe owever, the current ratio, and therefqreandV,, strongly
within an accuracy ofT./e. A better agreement cannot be de_pend.on the magnetic f|eId. strength and the prot_)c_a size and
expected since both emissive probes and first derivativ@"entation. The validity OT this formu_la can be venﬁed and
methods have uncertainties of ordEs/e due to the space * and Vo can be determined experimentally fqr particular
charge effecf12] and plasma potential fluctuatiofis1], re- pla{sma} conditiongsee Sec. Il Thus, the fluctuating part of
spectively. Plug probe measurements of plasma potentii;'ie IS given as
have been performed with a wide range of probe lengths,
probe radii, and plug sizes. When these are within certain T.—e
limits they all give consistent results, indicating that the in- M
fluence of the the electron temperature is effectively elimi-
nated by 'ghe plugs and the parallel probe orientation. Thus, the proposed combination of two plug probes and two
The evidence presented above shows that the plug prObcecz)nventional probes provides an instantaneous measurement
correctly applied under the plasma conditions studied in this " : : :
) ) %f all quantities needed to obtain the instantaneous particle
paper provides an accurate instantaneous measurement of tar?d energy flux density in a given direction. A detailed de-
plasma potential, and, in particular, it reduces drastically the. = = S o
influence of electron temperature fluctuations on the meaf'Crlptlon of the probg cluster employed in this paper is given
. . ._in the following section.
surement. Thus, by subtracting the signals from two spatially
separated plug probes, one obtains a direct measurement of
the instantaneous perpendicular electric field component in
the direction of the separation vector between the probes.
The traditional way of making thi€-field measurement, The method is tested and verified in the simple magne-
originally introduced by Power$l13], is to measure the tized torus “Blaamann’[14]. The plasma is produced by
plasma potential fluctuations in one location and use the reelectron emission from a hot negatively biased cathode fila-
lation E(f)=—ik(f)Vp(f). This requires that the plasma ment suspended vertically near the center of the plasma col-
potential can be represented as a superposition of modes wittmn. This creates a negative potential well in the poloidal
one well defined dispersion branch, and that we have agross section of the plasma column with weakly elliptic equi-
independent measurement of the dispersion reld{dh for ~ potential curves elongated in the vertical direction. The po-
this branch. In Sec. IVB it is demonstrated that in some oftential well leads to a poloidal plasma rotation with a sheared
our measurements there are two dispersion branches, tiie<B flow along the equipotential surfaces. The depth and
plasma potential fluctuations are dominated by one modshape of the potential well is determined by the perpendicu-
branch while the electron temperature fluctuation by thdar ion mobility due to ion-neutral collision®r the Pedersen

A. Measurements ofV/,,; and E

The fluctuations of the density can be found from the

©)

Ill. EXPERIMENTAL ARRANGEMENT
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FIG. 2. Experimental determination @f andV,. The coeffi-
cientsu=4.6=0.2 andVy=(2.6x0.2) V are obtained from fitting
a linear function(full line) to the datadots.

T, is determined from Eq(3), whereV; is the floating
potential measured by the perpendicular prebeandV, is
the floating potential from the plug prol§&), which has the

FIG. 1. A sketch of the probe cluster for flux measuremefs. same p0|oida| position as promé)_ The radial extension of
(2) are plug probes parallel to the magnetic fiel8) and (4) are  the perpendicular prob@) could be a source of error if there
c_onventional_probes parallel and perpendicular to the magnetig,ere waves propagating radially. However, independent si-
field, respectively. Not to scale. multaneous measurements at different radial positions show
that there is no detectable phase difference between the sig-
= nals at two radial positions separated by 5 mm. One should
E=—dVyloris be aware, though, that if the perpendicular probe is not di-
rected perpendicular to the direction of the wave propaga-
tion, one could run into problems with this particular design
of the probe cluster.

The value ofu is obtained experimentally by measure-
whereop=nmv;,/B? is known as the Pedersen conductiv- ments ofV;—V,, as a function ofT, in various points of

ity, m; is the ion massyj, is the ion-neutral collision fre-  plasma the with different electron temperatures. The coeffi-
quency,R,=0.65 m is the major radius of the torus, ant$  cientsyu=4.6+0.2 andV,=(2.6+0.2) V are obtained from
the local minor radius coordinate. The discharge curtggt  fitting a linear function to the data as presented in Fig. 2.

flowing in the external circuit corresponds to the charge per Note that inaccuracies ip affect only the amplitude of
unit time N the fOTm of primary electrons _|njected |n.to the T, but not its spectral characteristics and phase. However,
flux tube intersecting the hot cathode. This charge is com-

pensated by an inward radial current given by E4. If inaccuracies ru and _the magnitude of may influence
— . = significantly the density measurements and its phase, and
lgis» vin,» @andn(r) are known, the potential profile(r) h h iting fi Sofhe el
can be found from Eq4). thus the resulting flux. For measurementsnofhe electron
saturation current is convenient to use, since under the actual

ceramic tube

conductivity. The current driven by the radial electric field

2 Vi
IdiS~_4ﬂ- Roo'prT, (4)

The experiments are conducted with the following dis- ) >
charge parameters: Helium neutral gas prespur@.3 Pa, experimental conditions, the Bohm formdile0] for the elec-

magnetic field=0.15 T, discharge curreit;.=1 A, dis- tr_on saturation cusrg?nt to the parallel _prob@ takes the
charge voltagd .= 140 V. For these conditions the typical SIMPIe formn=—1."B/8RT,, as shown in Ref15].
plasma density ism~3-10"" m?®, electron temperature is For the flux measurements, él@ata points ofV; from
Te~1.5 eV and the ion temperatulig~0.2 eV. each of the plug probe€l) and (2) and the perpendicular
The probe system for flux measurements shown in Fig. probe (4) and electron saturation current from the parallel
consists of two plug probed) and(2) parallel to each other Pprobe(3) are sampled simultaneously at 100 kHz. The aver-
and to the magnetic field and separated by 6 mm in thaged electron temperatufig is measured from the first de-
poloidal direction. The rods are molybdenum wires with ra-rivative of the probe current with respect to the potential by
dius R=0.125 mm and lengt. =10 mm. The plugs are fitting the curve obtained from a probe kinetic mofi&l] to
made by several applications of a ceramic glue to the ends ahe experimental curve for the derivative.
the rods. A conventional molybdenum cylindrical prof3 Another probe cluster is applied for measurements of dis-
with R=0.125 mm and.=10 mm is parallel to the probes persion relations for the unstable modese Sec. IVB It
(1) and (2) and to the magnetic field. Another cylindrical consists of two identical probe pairs, each consisting of a
molybdenum probé€4) with R=0.125 mm and.=5 mm  parallel plug probe and a perpendicular probe in the same
is perpendicular to the probd4)—(3) and to the magnetic poloidal location. The probe pairs are separated poloidally by
field. 6 mm. Each probe pair provides temperature fluctuations at
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FIG. 3. Measured electron pressure profiles for different values FIG. 4. Measured plasma potential profiles for different values
of the discharge voltageyy;s=100, 200, 300, 400 V. lonization of the discharge voltagd/y;s=100, 200, 300, 400 V.
source is roughly proportional ;s .

) ) ) . well with the gradient scale length observed in the global
the poloidal location of the pair and the two pairs allow us 0 jations of the simple torus plasma. The robustness of the
measure the cross phase betweenTpesignals from their  outside profile and its scale length is an indication that the
respective poloidal locations. The floating potential of theprofile remains close to a linear stability threshold and hence
two plug probes provide cross phases for Yg signals at  that the most unstable mode is marginally stable.
the same two poloidal locations. Figure 4 shows the corresponding potential profiles, dem-

The alignment of the parallel probdé4)—(3) in Fig. 1  onstrating that the radial electric field is approximately in-
along the magnetic field is essential for correct operationversely proportional to the plasma density, as it should be
Optimal alignment is obtained by taking the characteristicssince the Pedersen conductivity is proportional to this den-
of the probes and rotating them until minimaf® is sity.
achieved. For flux measurements is it useful to rotate the
cluster by 180° and check that cross phases between corre-
sponding quantities have changed byand the flux has A. Local stability analysis
changed sign. The robustness of the method has been testedp |gcg) stability analysis of flute modes and drift waves in

by application of clusters with different probe sizes ar_ld dis- glab with a magnetic field of radius of curvattRg and
tances between the probes, and has been shown to yield C%ponential density profilen~exp(r/iL) has been per-

sistent results. formed by Garcidl17]. The analysis was made for isothermal
electrons, but can easily be generalized to include electron
IV. EXPERIMENTAL RESULTS AND INTERPRETATION temperature fluctuations. For a plasma without flow, flute

) ) ) . modes k =0) are unstable only on the outside density

. Fluctuations anq radial anomalous transportin a part|cula§|ope’ where the density gradient points in the opposite di-
discharge of the simple torus have been investigated by 1&g ction of the radius of curvature of the magnetic field. The
cording fluctuation data at a few points in the equatorialingiapility condition for a mode with vertical wave number

plane along the major radius. Positivalong the horizontal | o 41”0 is e=R /2L > 1+ p2k2/4, whereL is the den-
axes refers to the positions outside the center of the cros,bqv R 0 Sy

. . L ty gradient scale length angl=cs/w; is the Larmor ra-
section, and negative values to those inside of the center. O us of an ion with electron temperature. Smakgare more

the outer slope the pressure gradient is directed opposite [?nstable than larger, but since the smallest possible wave
the magnetic field radius of curvature, which favors the elec- :

I ) o number in a slab with vertical exteht, is k,=2x/L,, the
trostatic .|nt'erchan.ge'|nst§1b|llty for flute modelg € k-B/B instability condition becomek <L, where
=0). This instability is driven by the electron pressure gra-

dient, and has positive growth rate only if the ratio between R R
the radius of curvature of the magnetic field lire@nd the LthF%“ -9 (5)
pressure scale lengthexceeds a critical valugl6,17. Fig- 2(1+7%pi/Ly) 2

ure 3 shows experimental pressure profiles that on the out-

side slope are exponentiglecexp(—r/L), and whereL re-

mains almost independent of the strength of the plasméat the threshold.=L,,, the smallest possible wave number
source(and hence the radial plasma flJuXhe pressure gra- k,=2#/L, is marginally stable and all higher wave numbers
dient is almost ten times steeper than that corresponding tare linearly stable. Stable and marginally stable flute modes
the linear instability threshold in a plasma without shearhave a cross phase between electron density and plasma po-
flow, which is discussed in Sec. IV Eq. (5)], but agrees tential equal tax,\(K)~ 7. The threshold for the flute inter-

066403-4



MEASUREMENTS OF ANOMALOUS PARTICLE AND.. .. PHYSICAL REVIEW B5 066403

change instability is due to the stabilizing effect of the com-
pression termnV.veg=—(2n/RB)d,V, in the continuity
equation. This term, and the corresponding threshold, is due
to magnetic field curvature and does not occur in the gravi-
tational interchange instability.

While flute modes are driven unstable by field curvature
on the weak field sidé.e., on the outside slopef the torus
cross section, drift waves do not require field curvature for
instability, and can be unstable both on the outside and inside
slopes. However, on the outside slope the compression term
creates the same threshold as for flute modes. For long wave-
length drift modes K, ps<1) the growth rate and cross
phasea,(k) depend on the parameter

[0}
o

units)

()]
o

40

20

Power spectra (arb.

w. k2L 2 4 6 8 10 12
ci N
=— 1 (6) Frequency (kHz)
Ve kspg
FIG. 5. Power spectra of electric field, plasma potential, density,

In the hydrodynamic limitgy<1, one finds thata,(K) and electron temperature at position +6 cm. Arbitrary units for
—>727/4, n(k)/ng>eV,(k)/Te, and the growth ratey(k) each curve.
*kj/ve. In the adiabatic limity>1 we havean(k)—0, g ctyations dominate in the high frequency end of the spec-
N(k)/no~eVy (K)/Te, andy(k)= ve/kf . The results quoted frum. On the outside we find thaV,, /To~—2n/n and
here are valid for a situation without a shear flow. Studies of. ~ — ~,~ — ) prote 7 ,
the gravitational instability indicate that velocity shear e/ Te~3n/n for frequencies below 6 kHz. This is consistent
should increase the stability threshdttg], but reliable re- with the adiabatic equat|o_n c_>f state and the linear theory of
sults do not yet exist for the curvature driven instability. ~ flute modes[16]. On the inside (=—6 cm) the spectral

Simple torus global modes with the structure indices in the high frequency range are~roughly the same as
A(r)exp(mé+ne—wt), whered is the poloidal angle angg  outside, and the fluctuation levels, andn are of the same
the toroidal angle, will have parallel wave numbkr  order of magnitude as outside. HoweVeg, is reduced by a
=n/Ry and perpendicular local wave number=m/r. Here  factor 3 compared to the outside for all frequencies. This
n andm are integers. By replacinigy, with k, in Eq.(6) we indicates that parallel heat conduction plays an important
find for our experimental conditions thét~5n%/m®. Flute  role in the mode dynamics on the inside, which would be the
modes correspond =0 and the dominant polodial mode case if drift waves K;#0) are dominant here.
number ism=1 (this is the mode that gives rise to the peak At r=+6 cm the measured cross-phase spectra pre-
at f=4.5 kHz in the power spectra as discussed in Secsented in Fig. 6 take the valueg,c~atg~n/2 and a, 1
IVB). For drift wavesn=1 and for the longest poloidal ~0, consistent with flute mode dynamics and adiabatic equa-
wavelengths h=1), we havey>5, which corresponds to tion of state. Ar=—6 cm the mode phase velocities switch
the adiabatic regime. For smaller wavelengths there is a trarsign with respect to the probe pair measuring the poloidal

sistion to the hydrodynamic regime. electric field, so if the same modes propagate on the inside
slope as on the outside slope, the cross phagesand atg
B. Measurement of autopower and cross-power spectra should be shifted byr, while a,r should remain the same.

What is actually observed, however, is t ~ /2 re-
The power spectra ok, V, n, and T, measured at y hafe=~m

= +6 cm are presented in Fig. 5. All spectra exibit a peak atTains almost the sameire~m is shifted by/2, andapr
4.5 kHz. From earlier experimenfd6.19,2q it is known =~3/2 is shifted by 3r/2 compared to the outside position.

that this peak is due to flutelike, large-scale, coherent struq%ﬂi th??s ci;:)si::dael f.:;l:) ?ﬁ?;géiscogf iﬂznﬂilggiiqu

tures that move with the poloidal plasma rotation. At IowerCorresponds toay~0 (since the wave numbek, has

neutral gas pressures these structures live for several rotati%ﬂ anged sign This is characteristic for drift waves in the

gﬁﬂgﬂf}ggu; fo;:gitfresrztxedﬁgage%gimgfcehgﬁpzniwszg”ttr}:?diabatic regime, and indicates that density and electric field

PP Y9 : nye luctuations are dominated by drift waves in this region. The
on the outside passage, but are considerably dissipated on the ™ ~ o
inside, since the spectral peak is almost absentr at relatively weakT, on the inside has a power spectrum peak

——6 cm(spectra at this position are not shown heFeom at 4.5 kHz, suggesting that the temperature fluctuations here
Fig. 5 it is seen that about half of the total power in thedre associated with flute modes driven unstable on the out-

density spectrum resides at frequencies above 6 kHz, whefide and convected with the plasma fieand dampegito the
the spectrum has a power law dependence on frequen nside position. Since the density and potential fluctuations

(In(f)|2)=f~7. For density fluctuations the spectral indgx ssociated with these flute modes will be quite weak, we

is roughly 2, and for temperature and potential they a@onclude thah ande| are dominated by the drift waves and
around 3 and 4, respectively. This means that the density, by flute modes.
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FIG. 6. Cross-phase spectra between density and electric field
(a@ng), density and electron temperatuke, (), and temperature and
electric field (@rg), measured at=+6 cm (upper figure andr
=—6 cm (lower).

C. Measurement of dispersion relations 2 4 6 8 10 12 14

. . . . . Frequency (kHz)
This picture is confirmed by comparing the cross phase

between the plasma potential signal of two probes separated FIG. 7. Top: Cross-phase spectra betwegnandT, signals on
poloidally by a distancel to the corresponding cross phase two probes separated poloidally by 6 mm measured=at-4 cm
between electron temperature signd@gg. 7). In the position  (two upper curvesandr=—4 cm (two lower curves Bottom:
r=-—4 cm the two cross-phases are different. The crosg€ross coherence betwedty andT, measured at=+4 cm (up-
phasea,(f) from the plasma potential measurement is de-per curveé andr=—4 cm (lower curve.
termined by the potential fluctuations in drift waves, and

ields the dispersion relatiork(f)=a45(f)/d for these . .
zvaves in the Igboratory frame.( T)he é?f)s)s phase from the The d_|sper5|on curves for=-—4 cm shows _SlOWIV
temperature measurement is determined by temperature fluBfopagating (0.510° m/s) flute modes governing the
tuations in flute modes and depends on the dispersion chalasma potential fluctuations and fast (2.80° m/s) drift
acteristics of those modes. In the positips +4 cm the Wwaves. The flute mode velocity in this position corresponds
two cross phases are the same, indicating that the fluctusoughly to theEXB fluid flow velocity estimated from the
tions inV,, and T, are both dominated by flute modes in the measured potential profile. According to local, linear theory
outside position. The dispersion curviesf) are approxi- for flute modes in an unsheared fi¢07], the phase velocity
mately straight lines and their inverse slopes give the phas@ the plasma frame of reference is of order 10 m/s, so this
velocities in the laboratory frame of reference,y seems to be a reasonable result. The three times higher phase
=2mxfd/a,(f). The phase velocity of the modesrat +4 velocity (in the laboratory framemeasured at=+4 cm,
cm measured from Fig. 7 is &L0° m/s. For comparison however, seems to be considerably higher than the poloidal
the average velocity of a coherent dipole structi@en=1  rotation velocity of the fluid at any radial position. The dis-
modg measured at radiusis 27 f,r, wheref, is the peak crepancy between observation and this simple theory should
frequency of the power spectrum. Fog~4 kHz andr not come as a surprise, since the modes are not local, prob-
=+4 cm we find this velocity to be 1X10° m/s. Com- ably not linear, and the flow is strongly sheared.
plete correspondence between these estimates should only beThe electron density and temperature profiles have a sharp
expected for a spectrum of linear wave modassharply gradient just inside the density peak. The electron diamag-
defined dispersion relatipn netic velocity in this region is consistent with the high phase
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of measurements. It should also be noted that the coherence
betweem andE for frequencies in this interval is below 0.2,
suggesting that the statistics should be improved for reliable
flux measurements at these frequencies. For higher frequen-
cies the length of the time series is sufficient for reliable
measurements as is observed from decreasing error bars. For
frequencies below 1.5 kHz the fluctuations are dominated by
global oscillations involving the external circuit of the dis-
charge. In this range the measurement$ dff) are not re-
producible. The reason for this is not yet completely under-
stood.
From Fig. 8 one can see that the particle flux is directed
2 3 8 10 12 14 down the gradient towards the wall on the outside as well as
Frequency (kHz) the inside slopes. At=+6 cm roughly half of the particle
flux is due to the large-scale coherent structures responsible
FIG. 8. Statistically averaged spectra of particle filx and ¢4 the spectral peak dt=4.5 kHz, and the rest is due to the
energy flux(2) as determined by Eq¢l) and (2) at positionr .y jent spectrum on higher frequencies. i —6 cm
=+6 cm. Particle flux3) and energy flux4) atr=-6 cm. most of the flux is due to the high frequencies. For both
ositions the cross phase,z is unfavorable for particle

units)

Flux (arb.

velocity fOUT‘d fpr thg plasma' pqtential dispersio'n branch a ransport = /2 yields vanishing flux so the deviation of
r=-—4 cmin Fig. 7, i.e., confirming our assumption that the

. . : : ne from /2 must be measured accurately in order to be
plasma potential fluctuations are dominated by drift waves agble to obtain the flux density with a reasonable accuracy
this location. '

. : Energy fluxes calculated from Eq2) at r=+6 cm
e, sV e 2 anc 6 cmicve  are lsopreserted 1 Fig
B P o . In both positions the flux is directed down the gradient and
r=+4 cm they correspond to the same mode, is confirme

major fraction of the flux is associated with the large-scale
by measurements of the cross coherence between plasma R%uctures {<5 kHz). Almost all of the energy flux is due

tgntlal and electron temperature fluctuations in .the two posLE8 the second term in Eq2), i.e., it depends on the coher-
tions. The coherence spectra are presented in Fig. 7, an

show very high coherence in the outside posititme two ~ €NC€ and cross phase betweknand E. This cross-phase
signals are created by the same mjoaed very low coher- @TE iS close tow/2 on the outside and tar on the inside.

ence in the inside positiofthe two signals correspond to This means thakre is unfavorable for energy transport on
different modes, which are essentially uncorrelated the outside. On the inside this cross phase is favorable for

Yet another evidence in support of the interpretation giver£N€rgy transport, which makes the energy flux here some-

above is obtained by the cross phase and cross coheren@dat larger, even though the total power in the temperature
betweenV,, andE. If only one mode branch influenca,, fluctuations is considerably lower than on the outside slope.

we would have thaE(f)=—ik(f)Vy(f), the cross phase The flux measurements show that the large-scale flute-

should be 3r/2, and the coherence should be close to unity.mOde structures play a substantial role in both particle and

If there are two mode branches, we havg=a;exp(k.y) energy transport on the outside. On the inside only drift
+a,exp(kpy). In ther = —4 cm positionk, corresponds to Waves contribute to particle transport, while the coupling be-
drift waves andk, to flute modes, and we found thixg tween temperature fluctuations in flute modes and electric

~6k,. Evidence presented above indicates that the plasméeld fluctuations in drift waves yields the major contribution

potential fluctuations are dominated by drift waves, ia., to Epﬁ etf‘ergy transpgrt. dial particle flux densiti d
>a, and V~aexp(k,y). However, the electric field be- € ime-averaged radia pagr |c_e2 Hi( ensities measure
_ i ; atr==6 cm are(I';)~5x10"® m 2s1. If one assumes
comes E=—ikja;exp(kyy)—ik-.aexpikoy), and if kja, that this value al ds to th tiall 4
~kaa,, we find that the cross phase betwégpandE, may at this value aiso corresponds 1o the spatially averaged ra-

differ strongly from 37/2, and since the electric field can dial flux density on a toroidal surface with m‘”Sr radius 6

have a substantial contribution from the flute-mode branchi";' 5\2’(61()5120“,'? r_lm_?]ye ";‘] toltjllbpartlcle ﬂuﬁ:td':; R?rt<1“|>_

the cross coherence may be substantially reduced. This IS ' S ~. This should be compared 1o the totai 1on-
Ization rate due to the injected primary electrons. The upper

exactly what is observed in the inside position, while on theIirnit of this ionization rate given by the injected power is
outside we find a cross phase of2 and higher coherence. (l4ie/€) (£./€)=3.3x 101° s L. Here&,—130 V is the en-

ergy of the injected electrons agg~24.6 eV is the ioniza-

tion energy for helium. If only a fraction of the energy of the
Particle fluxes calculated according to Ed) for the  primary electrons is available for ionizatidire., if most of it

probe positions=+6 cm(curve J) andr=—6 cm(curve ends up as radiated energy from excited aforitee mea-

3) are presented in Fig. 8. Fluxes are statistically averagedured particle flux is consistent with this estimate. The

with 0.25 kHz frequency resolution. For frequencies in theplasma confinement time can be defined gs=N./®,

range 1.5-3 kHz the flux is zero within the statistical errorswhere N.=2m?Ryr?n,=0.04,~1.5X10'® m™! is the

D. Flux measurements

066403-7



S. V. RATYNSKAIA, V. |. DEMIDQOV, AND K. RYPDAL PHYSICAL REVIEW E 65 066403

number of electrons inside the torus of minor radius 6 cmtion (vertical polarization due to the curvature and gradient
With the measured particle flux this yieldg~2 ms. drifts, giving rise to a dipolelike potential structure. The
The time-averaged radial energy flux density is measuredonvection pattern corresponding to this structure consists

to be (Q,)~2 Wm 2 and the corresponding total energy of a stationary double vortex, where the flow in the
flux is 3 W. The total injected power with;;;=1 Ais 140 equatorial plane is directed outwards along the major radius,
W, implying that only about 2% of this power is transported and hence the plasma produced in the center of the plasma
to the wall as plasma energy. The remainder is radiated aslumn is transported to the wall by steady-state convection.
emitted light from excited helium, consumed for ionization These states are usually associated with very weak

and for heating of neutrals via ion-neutral collisions. fluctuations.
For plasmas produced without electron injection, such as
V. DISCUSSION AND CONCLUSIONS electron cyclotron resonance ionizatif@l], inductive dis-

. ) charges, or helicon dischargg®2], the potential structure

Measurements with the probe cluster applied here allowtan be a positive hump. In these dicharges the situation can
us to conclude that flute modes dominate all the fluctuationge quite similar to the potential well case in the sense that it
on the outer Slope, while drift waves seem to dominate denhas a poloida' rotation, flute modes may be unstab|E, and
sity and potential fluctuations on the inner slope, where flutehere may be large-scale coherent structures moving with the
modes are stable. Weak flute modes coexist with the driffotating plasma.
waves on the inside slope, manifested through weak tem- |y hot cathode discharges the state studied in this paper
perature fluctuations. The flute-mode spectrum exhibits @an also be modified by changing the location of the cathode
peak that is due to large-scale poloidally rotating structuresijlament. By moving the filament a few centimeters to the
probably associated with the lowest poloidal wave numbejnpside the fluctuation characteristics are drastically changed.
(m=1). This is the fastest growing mode according to linearthe fluctuation amplitudes increase by a factor of 3 and the
theory for flute interChange |nStab|l|ty, but if the gradient is Cross phase between the density and p|asma potentia| is dif-
at the threshold for this |nStab|l|ty, it also is the Only “nearly ferent from that reported here. These Changes may be related
unstable mode. The higher wave numbgsiresponding to  to the observation that the electron pressure profile is flatter,
the power-law spectrum at higher frequengiese driven in particular, on the inside, and so is the potential gradient
unstable nonlinearly trough a turbulent cascade. near the wall. The high fluctuation amplitudes and the cross

The purpose of this paper is to describe and demonstraighases observed suggest that the modes are no longer close

the power of a specific probe method, which applies to coldig marginal stability, but so far these states are quite poorly
weakly ionized, magnetized plasma. The method was applie@nderstood.

to a particular plasma state, which was selected because it The time series fon, ¥, T., E, T, and®, are sta-
5 pl e ] X1 X

allowed us to make some comparisons to some results fr.o'?i]onary random signals, which can be made subject to statis-
linear stability theory f_or electrostatic flute modes and drlfttiCaI analysis. For instance, the probability distribution func-
waves, and because it allowed identification of modes be- ’ ~

longing to different dispersion branches. One should not getionS (PDF9 of I'y(t) are non-Gaussian with fat tails. if

the impression, however, that the results obtained are univeRNdE are Gaussian, it is easily shown tHat has exponen-

sal for discharges in the simple torus. This type of a device idial tails [4]. On the inside of the torus, the tails are in fact

very versatile, and even with the present experimental setupxponential P(I',) ~exp(—c|T|)], while on the outside they

there are a number of externally set parameters that deteare algebraic[P(I',)~|T,|~¢] with the power index¢

mine the plasma state. The most important are the discharge2.7. The PDF on the outside is consistent with ante

current regulated by the heater current through the filamertable distribution, which physically implies an over-

cathode, the discharge voltage determining the energy of thigpresentation of large flux everflsevy flights).

primary electrons and thereby the ionization rate, the neutral Results of the measurements for other plasma states, in-

gas composition and pressure, and the magnetic fielgluding more advanced statistical analysis and numerical

strength, which all influence the Pedersen conductiviy ~ Simulations, will be published in forthcoming papers.

and hence the depth and shape of the potential well. It is

pc_JssibIe to obtain states with a deep_ co_ncentric potential well ACKNOWLEDGMENTS

with closed mean-flow surfaces encircling the plasma source

region. For these states the radial transport must be anoma- The authors are grateful to G. Hellblom for his technical

lous, i.e., caused by fluctuations. assistance, and O. E. Garcia, J. Juul Rasmussen, and V. Nau-
Other states are more influenced by the charge accumuléin for useful comments and discussions.
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