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Abstract. A high-density magnetized plasma has been studied for atadeting of plasma
dynamics in partially ionized plasmas. While research aspla dynamics on fully ionized
plasma has been developed in the past century as well as ddywenized plasma, the
understanding of partially ionized plasma is a currentéssspecially in considering divertor
plasmas, industrial plasmas and ionosphere plasma. lpaipier, the experimental result of
ion flow field associated with a vortex formation in a partidbnized plasma is presented.
The most remarkable result is that the direction of rotaisorpposite to that of the ExB drift.

The experiments have been performed in the high densitynalaxperiment (HYPER-
I) device at the National Institute for Fusion Science. TheéPHER-I device produces a
cylindrical plasma (30 cm diameter and 200 cm axial lengihgllectron cyclotron resonance
(ECR) heating with a microwave (2.45 GHz, 80 kW maximum) lehed at an open end of
the chamber. The plasma density and the electron temperataabout 18cm=3 and 5 eV,
respectively, for the operation pressure 30 mTorr (Argarich is several ten times higher
than that of usual ECR plasma experiments.

In the experimental condition described above, a tripotatex has spontaneously been
formed. lon flow velocity field, obtained with a directionahhgmuir probe, shows that the
rotational direction of each vortex is opposite to that @ B drift. Measurement of neutral
density profile reveals that there is a steep density gradfahe neutrals around the vortex,
thus inward momentum of the neutrals is generated due toathgity gradient. The anf=x B
rotation is caused by theffective force attributable to radial momentum transfer fritva
directed neutrals to the ions with charge-exchange ooflisiThe present experiment shows
that this dfective force may dominate the ambipolar-electric field aridedthe antiE x B
vortical motion of ions.

+ E-mail address: aokamoto@flanker.qg.t.u-tokyo.ac.jp
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1. Introduction

Understanding of plasma dynamics is an important and #iteaissue in plasma physics.
While research of plasma dynamics on fully ionized plasnmalieen developed in the past
century as well as on weakly ionized plasma, recognitionashmon feature of dynamics
observed in partially ionized plasmas becomes a current.topartially ionized plasma
is defined as a plasma of intermediate degree of ionizatitwdsn fully ionized plasma
and weakly ionized plasma. The ionization degree of partiahized plasma is typically
of the order of ten percent, where adequate neutral patanhel ions (and also electrons)
coexist and interact with each other. Interesting phen@metated to plasma dynamics in
partially ionized plasmas have been observed; for exarfiplg,reversal has been observed
in the scrape fb layer of magnetically confined plasmép,[1] ion upflow in ispberic plasma.
Spatial dependence of the ionization dedriee[2] and the ableeutral particle itself are
considered to be keys of these phenomena. We have obsentb@igphenomenon related to
plasma dynamics in a laboratory plasma with partially iedizondition. The phenomenon is
spontaneous formation of a tripolar vortex. The tripolart@w consists of an elliptic center
vortex and two bean-shaped satellites, which have oppsigite of polarity of rotation to that
of the center vortex, and remains stationary in time durvegthole discharge period.

Recently, tripolar vortices were observed in the ocean Bhg of Biscay) and in a
rotating ordinary fluid to be self-organized from a compleitial condition,[B] and from a
forced initial conditions[[4]]5] These results suggest tha tripolar vortex is a basic coherent
structure in rotating fluidf[6] or fluids subjected to the iBbs force. A plasma in a magnetic
field is equivalent to those fluids because the Lorentz foasethe samefiect as the Coriolis
force, and hence it might be possible to occur a tripolarevoirt a plasmal]7]

In this paper, the experimental observation of a tripolatesoin a magnetized partially
ionized plasma is presented. A remarkable characteristibat the tripolar vortex always
appears with a deep density depression of neutral partaciéss confined in its valley. The
flow velocity measurements revealed that each vortex otatehe antiE x B direction,
suggesting that there exists dtieetive radial force acting on the ions, which overcomes the
radial electric field. We propose that the charge-exchamgjesions between the ions and
neutrals may produce thefective force through the net momentum transfer. When there
is a strong inhomogeneity in the neutral density profile drel charge-exchange collision
is dominant, a directed momentum of the flow of neutrals iught into the ions by the
charge-exchange collision, producing dfeetive force through the net momentum transfer.
It is shown that the féective force may dominate the ambipolar electric field andedihe
anti-E x B vortical motion of ions. The tripolar vortex observed in ffresent experiments is
considered to be a neutral-induced tripolar vortex. Theterice of neutral particles usually
causes a dissipativéfect, in which a dissipative instabilify[8] and a modificatiof the mode
pattern take placd.JlLQ} 9] It is worth pointing out that thkéstence of neutral particles may
change the ion dynamics qualitatively. In Sgc. 2, the expental setup is described, and the
observation of tripolar vortex is presented in §éc. 3. Thelrarism of antie x B rotation is
given in Sec[}.
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2. Experimental Setup

The experiments have been performed in the high-densityn@aexperiment (HYPER-
l) device at National Institute for Fusion Scienfel[11] THEPER-I device consists of a
cylindrical chamber (30 cm in diameter, 200 cm in axial l[én@ind ten magnetic coils, which
produce magnetic fields of 4 2 kG along the chamber axis. The schematic of HYPER-
| device is shown in Fig[]1. Plasmas are produced and sudténéhe electron cyclotron
resonance (ECR) heating. A microwave of frequency 2.45 GHzenerated by a klystron
amplifier (80 kW CW maximum) and is launched from an open enthefchamber, where
the high-field side conditionf.e > w, wce: €lectron cyclotron frequency: wave frequency)
is satisfied. The magnetic field configuration is a so-calledymetic beach with the ECR
point at 90 cm from the microwave injection window. An elecircyclotron wave is excited
in the plasma and fully absorbed before reaching the ECRL.fib#) The plasma dimension
is 30 cm in diameter and 200 cm in axial length. The typicattets densities are 1ocm

for the operation pressure<110-3 Torr (Argon), and 1& cm3 for 3x 1072 Torr. The electron
temperature gradually decreases with increasing the tipenaressure, and changes from
10 eV (1x 103 Torr) to 3 eV (3x 102Torr). The microwave input power in the present
experiment i< 6.5 kW.

CCD Camera

— —
2.45GHz
Microwave
Optical Collimator

74cm
Directional Langmuir Probe Quartz Window

Figure 1. A schematic of the HYPER-I device

The ion flow velocities have been measured with a directibaalgmuir probe (DLP),
which collects a directed ion current through a small opgiiinmm diam) made on the side
wall of the ceramic insulator (3 mm diam). The detailed st of the DLP and its validity
for measuring the ion flow velocity is given in Ref. J13] 14]hd flow velocity component
at a certain anglé with respect to the reference axi$), is obtained by measuring two ion
saturation currentsg(6) andlg(6 + r), and by using the following relatiof:[[L3]

v(@) 110+ m)—156)
Cs  alff+n)+I140)

(1)
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whereg is the angle between the normal of electrode of the DLP anckfieeence axis, anGQs

is the ion sound speed.is a factor of the order of unity, and is calibrated by crolsseking
with other flow-measurement method such as pagsive[15ker-iaduced[]6] spectroscopy.
A two-dimensional velocity vector at a certain spatial paifr) on a plane perpendicular to
the magnetic field is determined by measuring the two compusra the velocity vector. A
vector field plot of the flow velocity is constructed from a @aket of velocity components
obtained by a pair of DLPs mounted on the radial ports locatedngles+45° from the
vertical axis (see Fid] 2). The insertion angle is changetbu84°, and the insertion chords
with every 2 degrees of increment (decrement) are showrifgEiThere are about 900 cross-
points in the cross section, and the local velocity vectoesdatermined on each cross-point.
The distance between the nearest cross-points is about Artira central region and about
3 - 11 mm near the chamber wall. From the original data set wihvériable distances, we
produce a new data set on the lattice points with equal sp&6imm) by interpolation, and
then make the vector field plot of the flow velocity. The ragatfile of density, electron
temperature and space potential have been measured witiganua probe.
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Figure 2. Insertion chords of the two-dimensional DLP system. Theeeadout 900 cross-
points, on which the flow velocity vectors are determined.

The spectroscopic measurements have been carried outdm abé neutral density
profile. A two-dimensional motor drive system with a collit®ed optic fiber is equipped at the
end of the chamber (see Ffg. 1). The focal point of the opsigstiem is set to infinity to collect
the visible light emitted to the direction parallel to thesawf the cylindrical plasma. The
diameter of the viewing chord is 6 mm, and the collected ligl@nalyzed by a spectrometer
(focal length 1 m) to select a specific wavelength, and thésotled by a photomultiplier tube.
We have observed the emission lines from the argon ions.p488 (4p 2D° — 4s2P) ] and
from the neutral argon [ 428 nm (5 [3] — 45 [3]°) ].

The intensities of emitted spectral lines from the neutmals ions are respectively given
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by Ian(r) « f NNe(og,oydl and 1 ap (r) o f nine(oL,vydl, where di is the distance along the
line of sight,(m‘;xv)(j = n, i) are the rate cd@cients of excitation process for the neutrals and
ions, respectively. When the radial density profiles of plagnd neutral particles are axially
uniform, the observed intensitiég, (r) andlay (r) are proportional to the quantitiesn. and
nine ~ n2, respectively. Then the ratio tf, (r) to the square root dfy (r) is proportional to
the neutral density:
lan (1)

Vlani (r) (o) @)
We assume here the uniform profiles along the plasma axighwhill be justified by the
experimental results.

3. Observation of Tripolar Vortex

End-view images of the plasma taken by a CCD camera for tiereint operation pressures
are shown in Fig]3, where Fifj. 3(a) is fai7é 1073 Torr and Fig[B(b) for 5x 1072 Torr. At
the pressure.Bx 1073 Torr (and lower than this pressure), the plasmas are uni§jgeroduced
over the whole cross section of the vacuum chamber. At theatipa pressure.8x1072 Torr,
the two bright and bean-shaped regions appear in the ceattalf the plasma, between which
there is a dark elliptic region. The diameter of the wholeaurre is about 15 cm, which is
about one half of the diameter of the plasma filling in the wemiwchamber. This structure
is spontaneously formed when the microwave is turned on,raméins stationary in time
during the whole discharge period 80 s).

WI' ""n

MHHMII"I: i | | .

€& 10cm

Figure 3. End-view images of the plasma foffitirent operation pressures. (a)7%107 Torr,
(b): 25x 1072 Torr.

The radial profiles of the ion and neutral densities have bmeasured along the
horizontal center chordy(= 0) for the same operation pressures as in [fig. 3, and thesesul
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are shown in Fig[]4. The ion density profiles measured withregbauir probe are indicated
in the top [Figs[K(a) anf] 4(c)] and the corresponding neuleasity profiles determined
by Eg. (2) in the bottom [Figq] 4(b) arfdl 4(d)]. The ion dengitgfile determined by the
optical measurement, which is given biyr) oc VI (r), is also shown in Fig]4(c) to cross-
check the validity of the optical method. The calibrationtéa for the optical measurement
is determined so as to give the equal valuengf) at the pointr = 10 cm. There is a
good agreement between the two. Since the optical measotemwides a line-integrated
guantity, this agreement suggests that the observedwteustaxially homogeneous. In fact,
we have confirmed by the Langmuir probe measurement thabtereed structure is axially
homogeneous at least more than 90 cm. It has also been cotinate¢he bean-shaped bright
regions shown in Fid] 3(b) are the ion density clumps.
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Figure 4. lon density profiles (top) and neutral density profiles (@otf. The operation
pressures are the same as in Hig. 3. In fg. 4(c), the ion tyenbiained from the
optical measurement is indicated by closed squmje &nd the ion density measured with
a Langmuir probe by open squam)( In Figs.ﬂl(b) anc[|4(d), the quantity is defined as
Q= lan(r)/ m o Np.
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In accordance with the appearance of bright spots, a nelgraity depression occurs in
the central region of the plasma [Fig. 4(d)]. It should be kagized that when the double-
peaked structure is generated in the ion density profilentwtral density profile becomes
a double-minimum distribution as shown in Fj@. 4(d). Moreouhere is a close relation
between the positions of the steepest density gradienedbtis and the neutrals. The width
of ion clump and that of neutral depression exhibit a quit# agreement, suggesting that the
observed ion density structure is confined in the neutrasitiedepression, and there might
be a dynamical coupling between the two.

The vector field plot of the ion flow velocity and the vorticitstribution[1}] for a
double-peaked structure are shown in Fig. 5. Fidure 5(axates the flow velocity field
with the contour map of ion density in the background, and B{y) the distribution ofz-
component of vorticity, which is constructed from the vafpdata by using the following
equation: w = (rotv), =~ §fuL -dl/AS. In this calculation, the path of integration is so
chosen to pass through the four velocity vectors on the mimrattice points of the velocity
field, andAS is the area surrounded by the integration path. As seen irffi&), there are
two clockwise vortical motions in both sides, which cormsg to the ion density clumps.
Between these clumps, there presents a counterclockwisermehose center is a little bit
shifted upward. Since the velocity field pattern is a supgitmm of vortical motion and
other flows such as theftlisive flux, the vorticity distribution contour is much morseful
to recognize the existence of vortic€s|[18] Fig[ire 5(badieshows the existence of three
vortices; one vortex locates in the center with a positiviapity (counterclockwise rotation)
and two satellites in the both sides with negative polarifdbockwise rotation). Therefore, the
observed flow structure is a tripolar vortgx][19] Tripolartices have been already found in
ordinary fluids. Unlike these vortices in ordinary fluidk Ji# which slowly rotate as a whole,
the global vortex pattern in the plasma is stationary in #itatory frame, which suggests
that there exists a vortex solution with zero eigenfrequenthe existence of stationary
tripolar solution in a plasma has been shown in Rel. [20].

4. Mechanism of Anti-E x B rotation

The electrostatic potential measurements revealed thatptitential profile along the
horizontal chordy = 0) is a double-peaked one, and the half of the profile is shavfig. [6,

in which the corresponding neutral density profile is alspicted. In evaluating the neutral
densityn,(r), the dfect of temperature variation along the horizontal chef.(Te ~ 0.1)
on the atomic cross section is taken into account. As sedreifigure, the peak position of
the potential X ~ 5cm) coincides with that of ion density, and its profile iswaxaround the
density peak, and concave near the center axis. This meairthéexpecte& x B rotations
due to this potential profile are counterclockwise for thieldige vortices, and clockwise for
the core vortex, which are apparently opposite to the erpartal observations. There should
be a radially inward force (or momentum transfer) to exptam observed rotation of ions.
The probable mechanism of generation of inward force is anohentum transfer between
the ions and neutrals. As shown in Hip. 4, a steep densityagrsith the neutrals coexists with
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Figure 5. (a): Vector field plot of the ion flow velocity and the densityntour (background).

The direction of the magnetic field is indicated in the upjigintrof the figure. The magnitude
of flow velocities are normalized by the ion sound speed, Wiialso indicated in the upper
right of the figure. (b): Contour plot of thecomponent of vorticity.

the tripolar vortex. In this circumstance, there is a deddtiow of neutrals induced by the
neutral density gradient, which may be given by

v = —DegV logny,

(3)
wheren, is the density of neutrals. Since the mean free path of neusraomparable to the
scale of vortex, we introduce afffective codficient Dg; to include the enhancement factor.
When the charge-exchange interaction is dominant, thetdadlow of neutrals may become
a source of inward momentum, i.e., during unit time interaainomentun®,_,; = v,iMnyu,
(vni: charge-exchange collision frequency of neutrals witts)as brought into the ion fluids,
while in the same interaction the ions lose a momer@uy = vi, Mny; (vin: charge-exchange
collision frequency of ions with neutrals), resulting in @ momentum transfer. Under the
present experimental conditions, the magnitud®;af, andP,,_,; might be in the same order
of magnitude. The ion momentum equation is then writtep@s[2

Mn; % + (’Ui . V)’Ui] = en(E+'vi XB)—Vpi —vinMn; (’Ui + DeﬁrV|Ognn),(4)

ot

wherev,in, = vipn; is used. The perpendicular velocity component is given by
1 e

-2
wci + Vin

(5)

wherew; is the ion cyclotron frequency. In deriving the above equatthe convective term
v - Vo is omitted for simplicity, which is justified when the ion flovelocity is less than the
ion sound speed. On the horizontal chogd< 0), d/dr > (1/r)d/06 holds, and hence the
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azimuthal velocity ay = 0 has the simplest form to be compared with the observed iagloc
which is written as

vy weiCs

o (ep) T o Det 0
a(ﬁ)*ﬁa“"g”’*ma“"gf‘”' ©

The first term represents tlex B drift, the second term the diamagnetic drift, and the third

term theF x B drift due to the "éfective pressure of neutrals”. The diamagnetic drift veioci
is small compared with the x B drift velocity becausd/Te <« 1.
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Figure 6. Electrostatic potentialq) and neutral density profile) of the tripolar vortex. The
direction of the magnetic field is indicated in the upper tighthe figure.

Figure[T shows the azimuthal velocity profile along the fmmtal chord § = 0), where
the bold solid line indicates the velocity obtained with BieP. TheF x B drift velocity due to
the density gradient of neutrals, which is determined bythird term of Eq. [B) is also plotted
in Fig.[7(a), wherdDez = 5D (D.: collisional difusion codficient) is used; in evaluating the
absolute value of neutral density at the tripolar vortexaedrom the operation pressure
measured at the chamber wall, there is uncertainty of dedsfiression. This corresponds to
an enhancement factor of several By determined by the operation pressure. In Hig. 7, we
takeDer = 5D as one example. For comparison, EveB drift velocity given by the first term
of Eq. () with the observed potential profile is shown in Hi@). In evaluating th& x B drift,
we used the charge-exchange cross section given by CHiElimyfid three dierent curves
correspondinde/T, = 10, 20,50 are depicted. Although there remains a certain ambiguity
Fig.[1(a) shows a fairly good agreement between the expatahebservation and the x B
drift due to the density gradient of neutrals. It is emphegithat theE x B drift velocity
determined by the potential profile is opposite in direcfigig. [1(b)].

In the low pressure operations, however, the neutral padepression and thus the steep
density gradient were not generated. The observed azihugluoity in this case well agrees
with that determined by thE x B drift,[L3] which is shown in Fig[]8. It is interesting to note
that the central region very weakly rotates compared wighpiiripheral region, and there is
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Figure 7. Comparison between the azimuthal ion velocity measureld sviDLP (bold solid
line) and (a) theé- x B drift velocity due to the neutral density gradiemt, O, ¢), and (b) the
E x B drift velocity determined from the potential profile), Note that the direction dt x B
drift is opposite to the observed direction of rotation. Ig.Fﬁ(a), the drift velocities for three
different neutral temperatures are plotted Te/Tn = 10,0 : Te/Th = 20,9 : Te/T, = 50).

a shear between the two regioms<(4 — 5 cm), the position of which roughly coincides with
that of the center of satellite vortex (see Hig. 4 Bnd 5).

We can conclude that the arii-x B rotation is attributable to thefiective force
originated from the density gradient in neutrals. The caitcondition that theféective force
overcomes the electrostatic force may be givereh¥ =~ vi,Mn;DgV logn,. Introducing
E ~ ¢/a (a: plasma radius) an@logn, ~ lo* (I mean free path of charge-
exchange collision), and using the appropriate values tloeroquantities, we havig,/a ~
(€p/Te) Hoin/onn) VIn/Te =~ 0.6 — 1.4, whereDg; = 5D, is assumed. Experimentally, the
pressure range of the transition to the tripolar vortexs-0.3x 102 Torr, which corresponds
tol,/a ~ 2 — 3, showing a rough agreement with the above estimation.
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Figure 8. Comparison between the azimuthal ion velocity measureld aviDLP (bold solid
line) and theE x B drift velocity (o) for the low pressure case.{6x 1073 Torr).

5. Conclusion

A tripolar vortex has been observed in a magnetized plasmthéofirst time. The tripolar
vortex coexists with a deep density hole of neutrals, anddtaion direction is opposite to
that of theE x B drift. When a steep density gradient of neutrals is presengt momentum
transfer may take place through the charge-exchange atitmnaproducing anféective force
acting on the ion fluids. Our experiment shows that tlifeative force may overcome the
radial electric field, and generates an datk B rotation. Since the existence of neutrals
usually brings a dissipation term into the equation of nmgtibis of importance to note that
the existence of neutrals may qualitatively change the ahycel behavior of ions. The present
result will be important in considering plasma behavior antgally ionized plasmas such as
ionospheric plasmas and surface plasmas in confined systems
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