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Plasma instability of a vacuum arc centrifuge
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Ever since conception of the vacuum arc centrifuge in 1980, periodic fluctuations in the ion saturation
current and floating potential have been observed in Langmuir probe measurements in the rotation region of a
vacuum arc centrifuge. In this work we develop a linearized theoretical model to describe a range of instabili-
ties in the vacuum arc centrifuge plasma column, and then test the validity of the description through com-
parison with experiment. We conclude that the observed instability is a “universal” instability, driven by the
density gradient, in a plasma with finite conductivity.
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I. INTRODUCTION radius within the bulk of the Gaussian density distribution.
Measurements of the ion saturation current at locations 0.3 m
In 1981, Krishnan, Geva, and Hirshfield] described a apart in the axial direction showed that the fluctuation oc-
new type of plasma centrifuge, the vacuum arc centrifugecurred at the same frequency and with no phase difference.
(VAC). The VAC is an axially configured plasma centrifuge, Similar results were quoted for Al-Ti and Cu-Ni plasmas,
in which a uniform magnetic field is present in a cylindrical albeit at slightly lower frequencies, implying that any axial
vessel. The device was initially proposed as a means to sep@avelength is significantly greater than 0.3 m.
rate metal isotopes without being limited to the Alfiveriti- Since that time, numerous other measurements of the azi-
cal velocity. muthal structure of the oscillation have been made, all of
Figure Xa) shows a schematic of the PCEMasma cen- Which suggest the presence of a rotating nonuniformity with
trifuge) device[2] at the Brazilian National Space Researchazimuthal mode structur@=1 [3,4,6—8,11,12 Reversal of
Institute (INPE), which is a typical VAC. The source of the the magnetic field has been shown to reverse the direction of
plasma is metal ablated from the cathode, which is ionized
by an electrical breakdown between the cathode and anod- Vh;c;:m . s |
mesh. The discharge is triggered by either a,tBer[2,3], chambey ! o '
which vaporizes metal from the cathode surface, or by a_, Av—y Frobes

high-voltage triggef4]. The VAC is usually a pulsed device, < N_WERNK I Eatet /G"mes
with drive currents of about 1 kA lasting for several milli- —] ] 4 /'-' ]_
seconds. It is the interaction of the radial current and the P — ,,963, 022
axial magnetic field that sets the plasma into rotation, typi- “***% ——

cally at frequencies between 30 and 400 krat[§—7]. The | R RRRRRR

configuration of the anode mesh determines the radial elec - [——

tric field profile at that location, and has a large effect on the 20mE/16kV

behavior of the plasma downstream in the rotation region || Magnetic coils

[7]. The rotating plasma column streams supersonically

through the anode mesh, and is kept in confinement with the -

balance of centrifugal, Lorentkx B forces and the pressure LC Netwd Diffistonpury:  Meshasiol] pomp

gradient. Centrifuging leads to isotopic separation, which can 165mF/300V

be measured by sampling with a mass spectrometer durint (a)

the dischargé8] or afterwards in the metal film deposited on HYV trigger
the end plat¢9] Copper case — /

In 1981, Geva, Krishnan, and Hirshfigldl0] presented a

set of Langmuir probe measurements for a carbon plasma. A
a given axial location, two probes were placed 90° apart in
azimuth. The floating potential and ion density signals from
both probes exhibited the same characteristic fluctuation fre-
quency, with a phase difference of a quarter of a period.
Measurements of the ion saturation current at different radii
revealed that the fluctuation frequency was independent o

LC Network
Ceramic
(b) Insulator 7mm
*Permanent address: LabondtoAssociado de Plasm&AP), In-
stituto Nacional de Pesquisas EspacidiNPE/MCT), CP 515, FIG. 1. (a) Schematic of the PCEN device afiy schematic of
12201-970, Sa Josedos Campos, SP, Brazil. the magnesium cathode.
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plasma rotation in both experime®,11] and theonf7], and  radius. In aQ machine, the radial electric field is determined
the direction of nonuniformity rotation in the experim¢dt. by the balance of electron fluxes into and out of the end
The nonuniformity rotates in the same sense as the plasnfdates[15]; for the idealQ machine the end plates are uni-
[3]. In addition, the nonuniformity vanished in the presenceformly heated and sa@¢(r)/dr<0, dp(r)/or<0. In the
of a substantial amount of background 48], and a fluid laboratory frame, the VAC plasma is transported supersoni-
simulation of the VAC indicated that the driving mechanismecally along the magnetic field, whereas ti@ machine
for the nonuniformity may be associated with the effects ofPlasma is stationary. The VAC plasma is isolated from the
electron-ion collisions perpendicular to the magnetic fieldconducting walls, whereas th@ plasma is aperture limited
[13]. in the radial directiorj21]. Finally, theQ machine plasma is
Several experiments suggest that the measured oscillatidi €lectrical contact with both end plates. In contrast, the
frequency is close to the plasma rotation frequency, but th&AC axial boundary condition is that the plasma should take
data is not conclusivi2,3,5,14. In the Yale University VAC  the potential profile of the anode mesh. The VAC collector
device with a carbon cathode, Geva, Krishnan, and Hirsheénd-plate conditions vary with the experiment, ranging from
field [3] report a Langmuir probe frequency of 200 krads the conducting vacuum vessel wall to mylar film.
for B,=0.13 T, whilst Prasad and Krishn4f] report that The following section describes the assumptions made,
the spectroscopically inferred ion rotation frequency is lineadntroduces the plasma model, and solves for the steady state.
with the magnetic field across the range G:0%,<0.21 T Section Il introduces the wave perturbation, reduces the sys-
for a discharge current of 2.1 kA. F&,=0.13 T, their fitof ~ tem of equations to a five-row matrix, and discusses pertur-
angular rotation frequency to magnetic field variation infersPation boundary conditions. Sections IV and V, respectively,
an ion angular rotation frequency of 120 krad,swhich is ~ solve the system of equations with the abs_ence _and |ncIL_JS|on
somewhat lower than the probe frequency at 200 kradis of elect.ron—|on collisions; for each case dispersion relations
the PCEN device with a magnesium cathode, Da||aqua§1re_der|ved and unstable modes mves'ugateq. In Sec. VI, ex-
Simpson, and Del Boscfl4] report a probe frequency of perlmental measurements in the PCEN device are described
200 krad §* for B,=0.15 T. For identical conditions, Dal- and in Sec. VI experlmental resul_ts are compared to theory.
laquaet al. [2] estimated the axial streaming velocity of the Finally, Sec. VIII contains concluding remarks.
plasma, inferred from a measurement of the time displace-
ment of two axially separated Langmuir probes. Combining Il. ASSUMPTIONS, PLASMA MODEL,
this estimate with the angle of rotation of the shadow of a AND STEADY-STATE SOLUTION
thin ceramic rod obstructing the upstream plasma, they in-
ferred an ion rotation frequency of 170 kradswhich is
also somewhat lower than the probe frequency at 200 The plasma is described by a two-fluid model in a cylin-
krad s . Whilst detailed measurements of spectroscopic andirical coordinate systeny (6,z). Following earlier models
probe frequencies under identical conditions are clearly waref the VAC plasma[22,23, the following assumptions are
ranted, these experiments indicate that the nonuniformity fremade about the plasma in the rotation region.
guency is either comparable to or slightly greater than the (1) lons of different charge can be treated as a single

A. Assumptions

ion rotation frequency. species with average charge
In summary, experimental evidence to date suggests an (2) Quasineutrality, such that,=Zn;.
m=21 nonuniformity [3,4,6—8,10—1P that rotates in the (3) A steady-state plasma, which is azimuthally symmetric

same sense as the plasf84 with angular frequency either and has no axial structure.

comparable to or slightly above the plasma angular rotation (4) Steady-state ion and electron species velocitigs,
frequency([2,3,5,14. The nonuniformity is present over a =(0,w;r,v;,) andve=(0,w¢(r)r,veAr)) wherew; is the ion

wide range of plasma compositions, but is suppressed whergid-rotor rotation frequencyy;, is the ion uniform axial

a substantial amount of background gas is prefE2t Fi-  streaming velocityw(r) is the electron rotation frequency,
nally, the axial wavelength for C, Al-Ti, and Cu-Ni plasmas anduv./r) is the electron streaming velocity. lon rigid rota-
is significantly longer than 0.3 fi0]. tion has been established from spectroscopic measurements

Instabilities have been observed in other laboratory rotatf24], whilst radially uniform ion streaming velocity has been
ing plasmas, including) machineq15], # pinches[16,17],  established from plasma deposition experimei#gt,14.
and magnetic mirror§18—20. Of these, the lows Q ma-  Radial diffusion of both ion and electron species due to
chines with no curvature of the magnetic field are most simi-electron-ion collisions is small13,25 and is neglected in
lar to the VAC; theQ machine instability research has beenthis treatment. The neglect of classical diffusion in this work
summarized by Motley15]. Despite the similarities, there is consistent with the treatment by CH&®] in linear geom-
are still several major differences betwe@machine and etry, for which there was no zero-order electric field. Whilst
VAC plasmas. In contrast to the VAC plasma, @Qelasma the rotating plasma treatment by CH&7] included classical
is created by contact ionization of atoms and thermionidadiffusion in the steady state, it was not considered in the
emission of electrons at the hot end plates and is at moginsuing wave treatment.
singly ionized. In the VAC plasma, rotation is set up by (5) Uniform ion and electron temperatur&; and T,.
current flow in the drive region7] leading to d¢(r)/ar Spectroscopic measurements of ion temperature from line
>0, dp(r)/dr<0 in the downstream rotation region, where broadening indicate that the ion temperature is uniform
¢ is the electric potential is the total pressure, ands the  across the columf24]. A comparison with experimental data
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from the VAC indicates that the ion and electron temperaturare the normalized ion and electron rotation frequencies, and
are similar within the plasma colunji2,24|. u;. andue, are the normalized ion and electron axial veloci-
(6) Low magnetic Reynold’s numbg25]. Plasma in- ties. The term\ is the ratio of the ion to electron tempera-
duced fluctuations in the externally applied magnetic fielcture, s is a convenient constant which far=1 becomes the
are neglected. The electric field is this — V ¢. square of the normalized ion thermal velocijpjis a normal-
(7) Steady-state ion density distribution n; ized electric potentia, |; is the logarithm of the ratio of the
= ni(o)e—(r/R)zq, wheren;(0) is the on-axis ion densitRis  ion densityn; to its on-axis value;(0), andns is the ratio of
the characteristic radiughe radius at which the density is the electron-ion collision frequency,; to its on-axis value
1/e of its on-axis valug and q is a positive integer. For 7ei(0).
typical VAC conditions, measurements of the ion saturation The termdin Egs.(1) and(2) is the normalized resistivity
current indicateg=1 [3,4,6, a Gaussian profile. parallel to the magnetic field, wherg is the electrical re-
(8) Neglect of finite Larmor radiu$FLR) and viscosity ~ Sistivity of a Lorentz gas ang is the ratio of the conduc-
effects. With no radial diffusion, rigid ion rotation, and uni- tivity of a charge stat& to that in a Lorentz gaf29]. Within
form ion streaming velocity, ion viscosity terms vanish from the bulk of the plasma column the Debye logarithm\liis
the steady state. Except for magnesium plasmas, estimattglatively insensitive to variations in,, and so evaluation
[28] of the ion Larmor radius are significantly less than theon-axis is used. In addition, I is corrected by 0.3 to ac-
characteristic radius over a wide range of VAC plasmas. count for shielding by positive ion$0]. The dependence of
(9) Neglect of electron inertia, which is reasonable for thed on the electron-ion collision frequenay; and the electron
range of frequencies considered in this work. cyclotron frequencywe, can be found by writingz, /ve
=Mgvei/Ne€? [31], from which it is found that

B. Plasma model

. . . Vei(0)
In this treatment we normalize length B and time to o~

— i i We,
l/w;., Wwherew;;=ZeB,/m; is the ion cyclotron frequency.
With these selections the coordinate systemrdswict and  \yhich is the inverse of the electron Hall parameter evaluated
(x,0,-)=(r/R,6,2/R), wherex and . are the normalized on-axis. For typical VAC conditions, the paramet@is of
radius and axial position. The equations of motion and CON&  order of 102 [28]. Finally, Z is a diagonal tensor, where

tinuity of the ion and electron fluids can be written as ¢, is an enhancement factor of resistivity transverse to the

au; magnetic field. The factof, is equivalent to the factdrin
E+(ui-V)ui=—¢(ZVX+ AVID+uX2 the fluid treatment of Yue and Simpsdi3], which ac-
counted for nonuniform properties and instabilities that may
I 5“5- (Ug—U,), 1) exist in the plasma.
WZ(— V1, +Vy)—UX 2+ 5nz~§_ (U—Uug)=0, ) C. Steady-state solution
In this work, the subscript “0” refers to the steady-state
al, solution. Under the steady-state assumpti@s(4), and(7)
o= Veuitu Vi, ) we find ig= ger=0, l;o= —x2, andng,=exp(x2). Inte-
grating the radial component of E¢l) with respect tox
al; yields the normalized potential
aT—V~ue+ue-VIi 4 0., \
. . Xo(X)= xc+ ﬁ(1+9io)xz+ zxzqy )
with the terms defined as follows: ¥

where x. is an arbitrary reference potential. Solving the ra-

UiZw\_IIR =(X@;i , X ,U;,), Ug= wYCR =(Xge,X¢,Ue.), dial component of Eq(2) for Q4 yields

IC Ic

Qeo(X) = Qio(1+Qig) + 2(N+Z)gx* 9™, (6)
Ti kBTe

A= T, b= Mo2R2’ which for g=1 is a constant. Finally, solving the axial com-
¢ ponent of Eq(2) yields ug.o(X)=U q.
e ~
X= kﬁe, g=diag ¢, ,¢,,1), lIl. PERTURBATION TREATMENT

We consider the presence of waves of the form| €rp

|y Qo e _eZno +k.+—w7)], wherem is the azimuthal mode numbé, is

! n(0)" % we(0)’ B, e the axial component of the wave vector, ane¢- o' +iw'.

We restricto"=0 such that the signs oh andk, determine
Here ¢; and ¢, are the normalized ion and electron radial the direction of wave propagation in tieand - component
velocities, respectively, divided by The termsQ); and(),  directions. The aim is to find dispersion relations
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=wy(mKk,), where the subscripil denotes an arbitrary wave Wherew =wo—m;o—K.U q is the frequency in the frame of

mode.
The system of equatior(&)—(4) is linearized with pertur-
bations of the form

L(7,X,0,2)={o(X) +el1(X)expi(mO+K .~ wT), (7)

the ion fluid andC=1+2(),,, following the notation intro-
duced by Cherj27]. In the typical VAC setup the target is
biased negatively with respect to the mesh andsaO in
the rotation region plasmd], resulting inQ2;>0 and hence
C>1.

where{(r,x,0,<) is a place holder representing the velocity Solving the difference between axial components of Egs.

components, the logarithm of the ion density and the
normalized potential. The logarithm of the ion densitly
can be written as

li(7,X,0,2)= —x2q+sli1(x)expi(m0+ Ke—oT).

8

(1) and(2) for u; 41(x) yields

k\,zp()\+Z)|

Uja(X)= i1(X), (13

S

o . while solving the radial component of EQ) for ¢g(X)
The VAC plasma column is isolated from the conductlngyie|dS

walls and surrounded by a vacuum. At large radial distances
we require that the perturbation in the ion density vanish. In
the limit that the conducting wall at=X is removed to
infinity, the radial boundary condition can be written as

lim I;1(X)=0. 9)

X— o0

{1(x) N x1(X)

X

Qe(x)= lﬂz( - + 68 e T@1(%)

—@al(X)]. (14)

Using the expressions fd2;;, ¢, andu;,; together with
For the modes considered in this treatment it can be showthe assumed form ofy;, given by Eq(11), Egs.(1)—(4) can

that the relationship betweep (x) and x,(x) is linear[28].
Thus, the boundary conditioh{(X)=0 is equivalent to

Xx1(X)=0.
The expression fong, the normalized electron-ion colli-
sion frequency, becomes

Ns=Ngo(X) + eNgy(X)EXPi (MO+ K o— w7) + O(£2),
where
(10
11

Ngo(X) = exp( — x2%),
Ng1(X) =l (x)exp(— x29).

In the axial direction, the VAC boundary condition is that
the plasma takes the potential profile of the anode mesh,
which will short circuit any potential oscillations. This con-
dition disallows excitation ok,=0 or “flute” modes. Nev-
ertheless, flute modes are investigated in this treatment for
the following reasons(a) the derivation clarifies existing
knowledge[27,33, (b) the flute mode result is generalized
for arbitrary g, and (c) analytical solutions are available,
which provide a convenient check of convergence of the nu-
merical solution presented in Sec. V.

The remaining perturbed parameters are u., and y,
written  as Uj1(X) = (Xi1(X),X€Qi1(X),Ui.1(X)),  Ues(X)
= (X@e1(X), XQe1(X), Ue.1(X)), and x1(x). The plasma pa-
rameters {(7,X,6,¢) must be continuously differentiable
along a straight line through the center of the plasma column.
This property requires that the perturbatiang(x), Q;1(x),
Ui.a(X), @e1(X), Le1(X), Ue.a(X), li1(X), andy,(x) all take
the parity ofm[28]. The system comprising Eq&l)—(4) can
now be solved.

Taking the difference between azimuthal components of
the ion and electron equations, E¢E). and(2), respectively,
and solving for();;(x) yields

1 lia(x)
Qil(x):E mlﬂ(7\+z)—Xz—+|[<Pe1(X)—C<Pi1(X)] ,

12
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e\ (X)) +Zx1(x)=

be expanded t®(6) as follows:

My(N+2Z)C l;1(X)

w X

ic2

. o _X2 .
tlim-——ote )xmx)

iC

H—roge )xwel(xx (15)

2
y0rz) m—z+k2> li2(X)

X

X‘Pill(x):i[m'_

—|2-2 2q+mC .0
gx g@u(x) E‘Pel(x)r

(16)

{1(x)

x<pé1(x)+imz//z( — + Xi)((X))
=i{w —m[Qf+ 2y +Z)aP 9 D]} (x)
—imag, e gi1(x) — (2— 293~ imo¢, e )
X @ea (%)~ ik Uz.1(X), (17
yz5¢, e 1)~ x1(0)]

l/lz(lil(x)_ X1(X)

=im )—5§Le‘xz

Y(N+2Z)

m l.(x) iCot e
X ——2qx2q)—x2(2i20 ) | 1C%
T X (o)
5&, e
XXepia(X)—| 1+ X@e1(X), (18)
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. k(N +2Z) P({1(y)—X1(y)) Lia(y)
P YZK [ 1i1(X)— x1(X =5e‘x2(‘—l- X s 11ty
YZK[11(X) = x1(x)] < i1(x) yoiy(y) X4(y)
Yeer(Y)—Iim¥Xi(y) | =A| ein(y) |, (20
- ue:l(x)) : (19 W og e VXi(y) Pe(y)
0 ue\l(y)
Introducing the new constarn? =(\+2Z)¢, new inde-
pendent variablg=x2, and new dependent variabg(y),
where X;(y) = (Z/N+Z)[1;1(y) — x1(y) ], and replacingy 5
and x;, Egs.(15—(19) can be rewritten as whereA is the matrix
|
. L ~2 _yq . —yq
mre o |w_IC° dge 1€  dae 0
2wy 2 2w 2 2w 2
i v [m? 2 0 L mC m 0
2" Sy e T =
~ i _ imsg, eV’ imsg, eV’ ik o
A= E(m—mQS—Zm‘Ifqu h 0 ——Zl —1+qy?+ —5 >
my 02 imy icog e 1is¢ eV
—ya __+_0+ ql) R sl - O 0
o¢. @ ( 2wy "2 T YA 2y 2w 2 2w
_yq
se YkWw ik 0 0 —se V!
T
(21)
IV. PERTURBATION SOLUTIONS WITHOUT
ELECTRON-ION COLLISIONS
For the case without collisiong,=0, the fourth row of Eq(20) gives
- Xa(y)
Pealy)=imW¥ — (22
and Eq.(20) becomes
Wi (y)—Xi(y) li1(y)
yeir(y) ~ Xq(y)
=A , 23
0 o @isly) @3
0 ue¢1(y)
whereA, is the reduced matrix
inwC m¥C iw iC? 0
2wy a 2wy 2 2w
i { v m2Jrk2 im?V¥ .y mC 0
- 5™ —| K, —Llrqy'-S5—
Ro= 2 2wy 2w (24)
w ng . _ ik,
—ml —= impqyd—? 0 -
|[ 5 m( 5 +Wv ay 5
0 —ik W 0 0
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The fourth-row equation in Eq23) decouples and has three
solutions:(a) k,=0, flute modes(b) X;(y) =0, other modes;
and(c) ¥=0, a cold plasma. Fdc), Eq.(23) gives neutrally
stable solutions that are not considered further.

A. Flute modes

For flute modes withm=0, the third-row equation of Eq.
(23) yields w=w=0 such that the perturbation defined by

PHYSICAL REVIEW BE55 046409

|2+ 5]
. q ) - B )
lim Y)=—F——— lim eYY\m\(q 1)/29—N4/2q 1)
Y —o gl( m_ & Y*}w(

29 29°

X[1+0([Y["H)],

=0, (30

Eq. (7) is no longer a wave. Thus, attention is restricted to a

warm plasma withm+ 0.

An expression forp;1(y) is found from the first row of
Eq. (23). Next, X4(y) is replaced by the new dependent vari-
ableg;(y)=Xy(y) —li1(y), and the third row of Eq(23) is
solved forl;4(y), yielding

—2mq¥y? gy (y)
m—mQ(Z) ’

lia(y)= (29

Finally, expressions fot;;(y), X;(y), andl;;(y) are sub-
stituted into the second row of EQR3), giving the second-
order differential equation

2_ 2
)L(NF)[gl(y)]ZO, (26)
whereL(N) is the differential operator
L(N)= ” +(1 i + N m’ 2
( )—sz ( —qu)@ 7 ay) (27
the termNg=N_y% !, and
m(w?—C? mC
(28)

T w-md) | w

The stable zeros of Eq26) at w =+ C are not considered
further. Forq=1, theL(m,N) operator can be transformed
to the Kummer or Whittaker equatidi32]. In the limit of
small rotation and small growth such that’<mCQ32, we
recover the expression foM, derived by Cher{27] in the
absence of FLR effectgin that work, Eq. (26) with
r52—> 0].
The solution forg,(y) is [32]

- N m
=c m’2|\/|<———a,1——, )+c 2\
91(y)=C1y 2q  2q7t g TV
x(m Ne 14 ) (29
29" 2977 q”)

wherec; andc, are constants and is the Kummer function
[32]. Equation(29) has a regular singularity 3t=0 and an
essential singularity ay=. The regular singularity ay
=0 is removed by the selectiany=0 for m>0 andc,=0
for m<0. The outer radial boundary condition fgi(y) at
y=Y is determined using lign ., 1;1(Y)=0 together with
Eq. (25), giving limy_,., g:(Y)=0. Applied to the solution
given by Eq.(29) we find[32]

which yields the eigenvalue equation

Na=q(2gn+|m|), (3D
wheren is a positive integer. That is, we selédf to choose

the poles of'(|m|/2g— N,/2g?), and so force the coefficient

of the limit on the right-hand side to zero. Fge 1, Eq.(31)
reverts to the dispersion relation first derived by Rosenbluth,
Krall, and Rostokef33], which was derived by eliminating
the essential singularity ig4(y) at infinity. In the present
case, the weaker boundary condition of Rosenbluth, Krall,
and Rostokef33] has the same consequence as the stronger
boundary condition used here.

Using [32], solutions tog;(y) for finite y can be ex-
pressed as

ga(y) =y (y), (32
where Lﬂm‘)(y) are the generalized Laguerre polynomials.
The dispersion relatiofs = w (M) is given by the solutions
of Eqg. (31). Including the boundary lim.,.. g,(Y)=0, the
functiong(y) given by Eq.(32) hasn+1 zeros, and sa is
a radial eigenmode number.

For these modes, the only experimental parameter re-
quired to calculate the normalized growth rate and frequency
for different eigenmodem andn is the normalized plasma
rotation frequency);q. Earlier experiment$2,3,5,14 con-
firmed that the angular frequency deduced from probe mea-
surements, which is actually the instability frequenrgy, is
comparable to the plasma angular rotation frequency
Q,qwic . Rather than solving the more complicated inverse
problem, we use the measured frequencies.

In the experiments described in Sec. VI with a magnesium
plasma, a frequency of 184 krad'swas deduced for a mag-
netic field strength oB,=0.05T. Using the valug=1.5
for a magnesium plasmi2] gives w;.=295 krads* and
Q,O=059

Forg=1 and;,=0.59, Figs. 2a) and 2b), respectively,
plot the normalized growth rates' and slips, for different
azimuthal modesn, as a function of the radial eigenmode
The slip is defined as the ratio of the difference between the
instability and rotation frequencies with respect to the rota-
tion frequency. That is,

0=

O (33

S
As n is integral, only the discrete points in Fig. 2 are solu-
tions of the dispersion relation. As found in earlier treatments
[27,33, Fig. 2a) shows that thex=0 solution is stable for
m=1, and asm increases, the most unstable radial eigen-
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T T T T y y experimental observations. Furthermore, centrifugal insta-

125} m=5 . bilities would have to be present at the anode mesh, which
l short circuits potential oscillations. Thus, the centrifugal in-
100 m=4 stability is not considered to be a likely explanation for the

observed oscillations.

0.75F 1 B. Other modes
o /\‘E\ For these solutions{;(y) =0 andl;;(y) = x1(y), and the
0.50 ] ion density and potential are in phase, which suggests that

I ] these waves may be neutrally stable. Eliminating(y) us-
025k m=1 i ing the first-row equation of Eq23), the second-row equa-
| tion of Eq. (23) yields the second-order differential equation
0.00} ; w?-C?
1 L 1 L 1 L 1 L 1 L 1 w

)L(NK)[M]:O' (34)

(@)

o
-
n
w
~
3]

T T T T T where

| m=5 1 (w?—k*¥)(w?—C? mCqy !
3 i NK: - 2 + qw . (35)
2Vw w
I m=4 ]
2r 1 As with flute modes, the stable zeros of H§4) at w=
s m=3 ] +C are discarded. EquatidB4) is solved forq=1 only, for
S 1L i which N reduces to a constam,. As with flute modes,
m=2

application of the boundary condition lim. l;1(Y)=0
yields the eigenvalue equation

0le ————
m=1
Np=2n+|m|.
4k J
(b) o 1 2 3 4 s We have verified numerically that solutions to E84) are
n stable for all reasonable VAC plasma conditions.

FIG. 2. Flute mode dispersion relation for differént, n modes
as a function of radial eigenmode numlimerfor normalized plasma
rotation frequency ,,=0.59. (a) Plot of the normalized
growth ratew' and (b) plot of the slip in the laboratory frame
S:(w_Qio)/Qio.

V. PERTURBATION SOLUTIONS WITH ELECTRON-ION
COLLISIONS

Amongst other effects, the inclusion of electron-ion colli-
sions is likely to give rise to a universal drift mo27]. To

g]vestigate the excitation of this mode, we investigate small

mode increases. It can, furthermore, be shown that providin
alues ofk, such that

the normalized rotation frequen€y,,<<0.93, then=1 radial

eigenmode is most unstabf28]. While not included here,
higher-order flute eigenmodes are known to be stable in the K2< 6. (36)
presence of FLR effect§or q=1), which limit the set of i

unstable eigenmodes by limiting the combinatibi=2n

+|m| [27,33. Figure 2b) shows that for thev=1 eigen- IntroducingF =k./\/5 and solving forue_;(y) from the fifth
mode with);,=0.59, a slip of—42% is predicted, and so row of Eq.(20), Eqg.(20) can be rewritten as

the instability is predicted to lag rotation. These modes are

the “centrifugal instabilities'T21] and are driven unstable by

a difference between the azimuthal drift velocities of the ions Wl il(Y)’_ X1(y)] lia(y)
and electrons due to a centrifugal force acting on the ions Y<Pi_1(Y) X Xa(y) (37)
[34]. - Yeer (Y) —im¥Xi(y) Hoeny) |7

It will be shown later that am=1 finite axial wavelength W og, e YX(y) ©e1(Y)

mode has a growth rate comparable to the centrifugal insta-
bility with m=1, n=1. The slip for the finite axial wave-
length mode is around 20%, which is much closer to thewith
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Applying the inequality of Eq(36) implies F2<1. For typi-
cal VAC conditions6<1 and so we ignore all terms @f( 5)

in Eq. (37). When this assumption is made? vanishes from
all but theX;(y) coefficient in the third-row equation in Eq.
(37). The restrictiorF?<1 together with the neglect &( 5)
terms in Eq.(37) can be showi28] to be equivalent to two
alternative assumptionsi) neglect of the effects of perpen-
dicular collisions andii) neglect of the perturbation in the
ion axial velocity, which were made by Chdf27]. Both
assumptionsi) and(ii) are used in the theory of drift waves

mPC

in the absence of classical diffusip6].

When ¥=0, X,(y) and X;(y) vanish in Eq.(37), and

imy

PHYSICAL REVIEW BE55 046409

iw iC2 o5& e V! ic s¢, eV
2 2w 2 2w 2
m
— q_ JR—
1+ay 2w 2w
imog, e V! imog, eV’
s —lqytt ———
icog ey 282e ¥ 1 jsg eV Pete !
2w 2 T2 20 2

(39

for 1;1(y) [EqQ. (39)] reduces to that for flute modd&q.
(25)]. That is, with the assumptions made here, collisions do
not affect the flute modes.

Equation(40) can be solved analytically wheN, is a
constant. This occurs wheg=1 and eitherm==*=C (al-
ready discarded f(y)=0, or f(y)—o. The casef(y)=0
requiresk,=F=0 (flute modes Alternatively, the case
f(y)—o requiresF—«, and sok,—x for which the in-
equality in Eq.(36) fails, or 5—0, solutions of which were
investigated in Sec. IV.

Whenk_ # 0, Eq.(40) was solved numerically foq=1.
For odd m, the solution forl;; is an odd function of the

solutions forl;;(y) are neutrally stable. We, therefore, re- radius and thus;,(y) andg,(y) are both zero on-axis. For
strict attention to a warm plasma, and follow the same apevenm, the solution for;; is an even function of radius and

proach as Sec. IV. Expressions fori(y) and ¢¢1(y) are
found from the first and fourth rows of E(B7), respectively.
Next, X,(y) is replaced with the dependent varialgg(y)

=X;(y)—li1(y), and the third row of Eq(37) is solved for

li1(y), giving

—04(

y)

lia(y)= i
1+

v

mQ5+2mPqyd - w

second-order differential equation

f(y)—2imqy®™*

Finally, expressions fote;(y), ¢ii(y), Xi(y), andlii(y)
are substituted into the second row of Eg7), giving the

mZ_cZ
| LNag =0
where
i
_<w2—02>[mq>ﬂl+§f<y) naC
N o maZriviy)] | w

and f(y)=kfeyq/5= F2e¥". As for the cases without colli-
sions, the stable zeros of E@®4) at w= = C are discarded.
Whenk,=0, the expression faN; [Eq. (41)] reduces to the

(40)

yi t (41

(39

thusl{;(x=0)=0. As with oddm values, the on-axis bound-
ary condition for evenm values ing4(y) is found to be
homogeneous.

In the numerical calculation, the boundary condition at
infinite radial distance was replaced with(y)=0 aty
=Y. The initial slope ay=Y, g;(Y), is arbitrary since the
differential equation, Eq40), and the homogeneous bound-
ary conditions only determing,(y) to within a complex
multiplicative constant. For a given value I6f Eq. (40) was
then integrated inwards tp=0. A search algorithmi28] was
used to find values ofs" andw' to match the homogeneous
on-axis boundary condition. Of these solutions, modes with
maximum growth(maximum') could be found by using a
suitable search methd@8].

Use was made of the analytical solutionsFat0 or F
—oo to provide a numerical check on the accuracy of the
simulations. For finite¥ andgq=1 the exact solution can be
generated by solving,(Y)=0 for N [35], where

m|

N
g1(Y)or YIMEM| === 2 1 ml, Y |,

and then using Eq41) with F=0 or F— to solve forw"
andw'. These checks were used to confirm the validity of
the numerical solution, which was found accurate to within

expression for flute modes, [Eq. (28)], and the expression three significant figures &=0 andF=10.
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To be certain that the dispersion solution from both codes 0.5 r————"——"7——"T——T—T——T——
represented the behavior of a free plasma column, the outer s
radial boundary was moved out until numerical convergence 04k /
of the dispersion relation could be established. The values I
presented in this work are calculated witk20. No change 03
in the dispersion relation could be observed whémvas '
decreased to 16. Finally, the exact solutiork at 0 with the o
boundary condition at infinity provides a check of conver-

gence of the numerical solution. ! n=0
To completely specify the solution, the normalized plasma o1/ / TN e T
rotation frequency};, and normalized thermal velocityy s Lo T
are requiredsee Eqs(40) and (41)]. As for Sec. IVAQ;, ool o o o s
=0.59. In the experiments described in Sec. VI radial pro- (3a) 00 01 02 03 04 05 06 0.7 0.8 09 1.0
files of the electron temperature and ion density profile are 125
reported for a magnesium plasma. An estimate of the elec- e DL L
tron temperaturd .=2.9 eV comes from an average of the 1.00 .
profile across the bulk of the plasma column, whilst the char- 0751

acteristic radiufR=14.3 mm is inferred from a Gaussian fit

to the ion density profile. Assuming equal ion and electron [
temperatures, a value &f = 1.6 is estimated for a magne- o 025}
sium plasma.

050

0.00

For m=0 andF=<1 no unstable solutions were found I |>/ / m =1
with |w'|<1. Figure 3 is a dispersion curve of" and @' 0.25} ) 1
for the most unstablen=1 modes as a function d. Be- 050k A
causew is an even function oF, curves are restricted 1% L X n=0
=0. Figure 3a) shows the instability growth rates' and 0.75 50 01 02 03 04 05 06 07 08 05 10
Fig. 3(b) shows the frequency in the plasma framsé. In (b) £
Fig. 3(b), the regionsm=+1 andm=—1 correspond to
wave propagation in the- @ and — @ directions, respectively. FIG. 3. Dispersion curves @) the normalized growth rates'

The heavy curve in both figures is the most unstable solutiorand (b) the normalized frequency in the frame of the ion flwid,

To show mode features, modes have been tracked beyond tfee m=1 plotted against normalized axial wave numbePlasma
intervals in F over which they are most unstable. A&t conditions are taken from Table I. The solid line is the most un-
=0.13, a change in the most unstable mode occurs: At stable mode envelope, and the crosses represent the eigenmodes of

—0.55 a mode crossover occurs, where the frequency arme centrifugal instability of an unbounded plasma column

growth rate of two modes cross. The crossef a0 mark (¥=).
the gtandlng wave flute mode solutions for O andn=1in (d) The phase difference between the ion density and po-
the limit Y—eo, tential is close to 180° across the bulk of the plasma column.

The growth rates ned¥ =0 andF=0.3 are comparable. The presence of a phase difference between the ion density
Properties of the«. =F=0 centrifugal instability were dis- and potential is a necessary condition for the drift wave to be
cussed in Sec. IV. The solution fan=1 at F=0.3 is a unstable26,36].
density-gradient driven drift wave with the following fea- () The phase of the ion density is constant across the bulk

tures. of the plasma, meaning that within this region the wave is
(&) The value ofF=0.3 for peak growth is reasonably standing in the radial direction.
insensitive to the variation o€ and ¥ over the range 1 The instability at~ = 0.3 is the “universal” instability of a

<C<3 and 0.0x¥<2. UsingF=0.3 and5=0.03(for the ~ plasma with the finite conductivity of Chdi26,37), driven
magnesium plasma treated her@n axial wavelength of by the density gradient, but here modified by rotaf{idn,36|

\,=1.7 m is calculated. and with laboratory frame oscillation frequenay Doppler
(b) The plasma frame frequenay'=0 and so the wave shifted due to the ion axial streaming velocity.
is stationary in the plasma frame. For finite axial wavelength, calculation of the slip requires

(c) Perturbations in the ion density and ion radial velocityan estimate of the ion axial velocity. In this work the ion
are in phase to within 20° across the bulk of the plasma. Iraxial velocity v,; was not measured, and so a value of
regions of increased perturbed density, radial outflow of 10* ms ! has been taken for the magnesium plasma, based
the plasma occurs, bringing in plasma from a region of largeon measurements by Dallaquat al. [2]. Using ;.
steady-state density,, to increasen; further. In regions of =295 krads® andR=14.3 mm an estimate for the normal-
decreaseah;,, radial inflow of the plasma occurs, bringing ized ion axial velocityu g=v .o/ w;cR=2.37 is inferred. Fig-
in plasma from a region of lowar;, to decreasa; further.  ure 4 shows the calculated slip of the most unstable solution
The oscillations are driven by the density gradient. for m=1 as a function of. The slip is not an even function

046409-9



HOLE, DALLAQUA, SIMPSON, AND DEL BOSCO PHYSICAL REVIEW BE55 046409

25 . . — . —— : . T T T T T T T T T T
peak .
20 growth —
vSr i mode
10l /crossmgs
S : ;
e (0]
0.5 B
0.0 \/
10 08 06 04 02 00 02 04 06 08 1.0 (a) o:o 0:1 012 013 of4 05 06 07 0.8 09 1.0
F
FIG. 4. Laboratory frame slig=(w—Q;q)/Q;, for the most 1'50_' ’__-2
unstablem=1 mode versus normalized axial wave number 125} =" -
100 - ]
of F and so the curves have been extended to include nega- o7sf 7
tive F values. The effects of the mode changeFat0.13 o 050} ]
cause the discontinuity in the slip curve, whilst the mode 0.25[.n=1
crossing atF=0.55 is responsible for the kink. Over the ’ _'| m=+1 ]
range|F|<1, s>—1 indicating that the azimuthal compo- 0.00} | —
nent of wave propagation is always in the direction of rota- 025 / / R
tion. The dotted lines correspond to peak growth|R@t 0_501Y2n=0l ]

=0.3. The wave is close to stationary in the frame of the ion
fluid. Thus, in the laboratory frame, the wave fronts propa- 0.0 01 02 03 04 05 06 07 08 09 1.0
gate downstrearti.e., k,>0), and soF:k\,/\/5> 0. Finally, (b) F

referring to Fig. 4, a slip 06=0.21 is, therefore, predicted

FIG. 5. Dispersion curves df) the normalized growth rates'
for these modes. p (2) g

: : . . ; i and(b) the normalized frequency in the frame of the ion fluid,
Figure 5 is a dispersion curvg of andw ,for the most for m=2 plotted againsk. Plasma conditions are taken from Table
unstablem=_2 m_OdeS as a function df. AS_W'th m=1, the I. The solid line is the most unstable mode envelope and the crosses
heavy solid line is the most unstable solution, and the crossggpresent the eigenmodes of the centrifugal instability of an un-

general, the features of them=1 and m=2 dispersion
curves are similar. Fom=2, however, all modes are more pjlate. A more complete analysis of the temporal evolution of
unstable and the flute mode has the largest growth rate. the wave amplitude requires a more sophisticated plasma

As noted earlier, fog=1, FLR effects are known to sta- model, which takes into account the dynamics of saturation.
bilize higher-order flute modes by limiting the combination

N=2n+|m|. For a Q machine plasma, stability of the
density-gradient driven drift wave has been investigated by
Chuet al.[36] in a fluid treatment, which includes both ion Experiments were conducted on the PCEN device at
collisional viscosity and FLR effects. Their findings suggestthe Brazilian National Space Research Institute, which is a
that asmincreases, th&, interval over which the drift wave typical VAC. The PCEN device is operated Wi 1 kA
is unstable decreases, and that this effect is due to ion colldischarge current lasting for 10—15 ms @@ 0.2 T, which
sional viscosity. For the VAC plasma, a detailed stabilityis constant in the rotation region to within 5%. Figure 1
analysis, which includes both FLR effects and ion collisionalshows schematics @f) the PCEN device antb) the mag-
viscosity, is necessary to properly describe stabilizationnesium cathode used for most measurements. To avoid pref-
However evidence for a similar type of plasma suggests staerential emission from the edges of the cathode, a high-
bilization of higher-order density-gradient driven drift modesvoltage trigger electrode was placed on-axis by boring a hole
[36]. through the cathode center. In all experiments the anode was
Finally, a simple estimate of the growth of the wave cana tungsten grid with about 60% transparency, placed 15 mm
be made over the time taken for the wave front to propagatérom the cathode surface. Preliminary mylar film plasma
from the anode mesh to the end plate, a distance of aboutdeposition experimentf28] showed that over the range 0
m in the PCEN device. Using an initial growth rate &f <z<0.45 m, the plasma column center lay within 1.6 mm of
~0.4 for them=1 density-gradient driven drift wave &  the vessel axi§28].
=0.3, it can be showh28] that from anode mesh to end In the experiments reported here, extensive measurements
plate the wave amplitude increases by the large faetgr  were made with Langmuir probes in t&—12-ms interval
and thus will most likely be in a saturated state at the endollowing discharge. These measurements were used to de-

VI. THE EXPERIMENT
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axial position and separated in azimuth by 180°, but with one
probe atr =5 mm and the other at=35 mm. It can be seen
that the maxima near zero time are well defined, however

I there is an overall low-frequency modulation of the maxima
L likely to be associated with a small change in angular fre-
quency of the instability between the two radial positions.

This deviation from rigid body rotation is not considered in
this work.

For the measurements at a given radial location described
above, the probes, which have a 1.6-mm-diameter ceramic
sleeve, were inserted radially into the plasma column. For
-05-04-0.3-0.2-0.1 0.0 0.1 0.2 0.3 0.4 05 comparisons of different axial locations, probes were in-
serted axially using guides outside the plasma colysae
Fig. 1). These probes were bent at right angles 85 mm from
- the tip to enter the plasma column almost radially.

For the experimental radial phase profiles presented in the

] following section, a fixed probe measuring the floating po-
[ tential provided a phase reference. The reference probe, lo-
cated atz=0.2 m, was displaced 50 mm downstream from

cross-correlation (arb. units)

_—
QD

~—

[=]

the measurement planezt 150 mm. The radial position of
the reference probe was 20 mm, and the probe was located
on the opposite side of the column at an azimuthal position
- 180° from the measurement probe. This arrangement was
05 0403020710001 02030405 chosen to minimize plasma perturbation and any possible
At (ms) interaction betwgen the prqbes. _ '

For the experimental axial phase profile presented in the

FIG. 6. Plots of the cross correlation of the floating potential following section a slightly modified cathode was used, with

measured from two probes located at the same axial pogitige  the high-voltage trigger positioned on the ceramic isolator.

mm from the anode mesland separated by 180° in azimuth. (& For the axial phase profiles, one probe was fixed at an axial

the probes were located at a radial distance=e22 mm from the  position ofz=60 mm, and the position of the second probe

geometric center. liib) the probes were located at radial distancesvaried betweerz=0.06 m andz=0.31 m. The probes were

of r=5 and 35 mm. positioned at the same radius<22 mm), but separated by
180° in azimuth.

duce ion densities, electron temperatures, and also to inves-
tigate the phase relationship between instability oscillations VII. RESULTS AND DISCUSSION
observed at different locations.

The ion density was estimated from the ion saturation Figure 7 shows measured radial profileq@fthe steady-
current with a bias voltage in the ranges0 to —70 V, fol-  state ion density(b) electron temperature and total pressure,
lowing the technique described in R¢2]. The cylindrical and (c) instability frequency for the plasma witlB,
probe collection area was 2 mm long with diameter 0.2 mm=0.05 T atz=150 mm. A Gaussian profile has been fitted to

The electron temperature was deduced in the usual watpe ion density curve, and it well fits the data. From Fi@) 7
by sweeping the probe bias volta§®,12,14,28. Previous it can be seen that the assumption that the electron tempera-
measurement,12] have shown that there is little variation ture is uniform is poor outside the bulk of the plasma col-
in electron temperature throughout the discharge. umn. The pressure profilgFig. 7(b)], calculated byp

Following earlier work[6,12,14, cross correlation of =n;kg(T;+ZT,) with T;=T,, is not Gaussian owing to the
probe signals was used to deduce phase relationships fapnuniformity of T,. Finally the rotation frequencyFig.
both the floating potential signals and the ion saturation cur7(c)] is uniform with the radius, which is consistent with the
rent. The data window was of 4.5 ms and eight runs werd/AC plasma model. From the profiles in Fig. 7, the operating
averaged over. As for previous wofk?2] it was found that conditions shown in Table | were deduced.
there was little variation in phase relationships through the Figures 8 and 9 show the radial phase variation of the ion
course of the discharge. density and floating potential for the experimental data and

Figure Ga) shows a typical cross correlation of floating theory. The theory curves in Figs. 8 and 9 are for tirel
potential signals. The probes were positioned at the sameentrifugal instability and the density-gradient driven drift
axial position(150 mm from the anode gricand radiug22  wave, respectively. Figure 10 shows the measured and pre-
mm), but separated by 180° in azimuth. It can be seen thadlicted phase difference between the ion density and potential
the peaks in the correlation are well defined, with the offsebscillations. It should be mentioned that, in Figs. 8 and 9,
of the closest peak from zero giving the phase difference anghase angles have not been restricted to a 360° range. Leav-
the peak spacing giving the angular frequeh@yl2]. ing the plots to continuously cover a larger range allows

Figure 6b) shows a correlation of signals also at the samerends in the experimental data and theory to be clearly iden-

B cross-correlation (arb. units)

—_
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FIG. 7. Radial profiles ofa) ion densityn;, (b) electron tem-
peratureT, (left axis) and total pressur® (right axig, and (c)
instability frequencyw with B,=0.05T.

PHYSICAL REVIEW BE55 046409

270
225}
180}
135}
90
451

45f 5 ]
0} e -
tosf 28 ) ° e |

4180 L L L L L L 1 1
0 5 10 15 20 25 30 35

r (mm)

angle (degrees)

FIG. 8. Plot of the radial phase profile of the floating potential
and ion density, fitted such thatn;=180° atr =15 mm. The lines
are the predictions for the centrifugal instabilitik,€0) with m
=1,n=1.

phase of the measured ion density and potential oscillations,
so that in both Figs. 8 and 9 the phase of the ion density is
matched to the predicted phase for the centrifugal and
density-gradient driven drift waves at=15 mm, respec-
tively. Figure 10 plots differences in phase, and there is no
arbitrariness in the phase.

It can be seen in both Figs. 8 and 10 that the phase profile
for the n=1 centrifugal instability does not agree with ex-
perimental data. As mentioned in Sec. IV A, the slip is also
rather large at about42% for this mode.

Turning to the density-gradient driven drift wave, agree-
ment is reasonable for both the absolute phase prdfiigs
9) and the phase difference between potential and saturation

tified. In Figs. 8 and 9, the predicted phase of the floating.rrent(Fig. 10 for radii greater than about 10 mm and less

potential asr—0 has been arbitrarily taken as reference.than 25 mm. As mentioned in Sec. V. the predicted slip is
There is an arbitrary phase difference between theory angdnout 219% for this wave.

experiment, which has been eliminated by adjusting the The predicted and measured phase profiles of the ion satu-

TABLE |. Plasma conditions for a magnesium plasma.

Parameter Value
B,o 0.05T
wo 184 krad §*
Nio 5.2x10° m2
R 14.3 mm
Te 29eV
502 10 kms?t
Vaa 1.5
BeZ 295 krad §*
W= M
0 wp 0.59
r
- KeTo 0.64
Mwichz
eZnO 7 0.03
5: _—
B, %

&Taken from[2].

ration current are in reasonable agreemgfig. 9 for r

<25 mm, with the phase close to constant across the whole
column. Forr>25 mm, however, where the ion density has
fallen to below 5% of its on-axis value, the phase of the ion
density exhibits poor agreement with predictions of theory.

270 —————————————————
o5 ¢ g% ]
180 1
1351 =] -
9L ¥ 3 {
a5l -§'§ 3 % ]
ol ~-- -1 T 3 ]
45l ) ]
ool Zo e o,
435 83 ¢ ° h
P i S
0

angle (degrees)

FIG. 9. Plot of the radial phase profile of the floating potential
ion density, fitted such that n;=180° atr =15 mm. The lines are
the predictions for the density-gradient driven drift mode, (
=3.7rad mY) with m=1.
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F_IG. 10. R_adial phgse difference be_tv\(een the ion der_ls@ty and FIG. 12. Radial profiles of¢;| and|n;;| with B,=0.05 T. The
floating potential. The lines are the predictions of theory; ¢8se  lines are the predictions for the density-gradient driven instability.
the density-gradient driven drift mode and cdsg¢ is for the n

=1 centrifugal instability. It can be seen that for the=1 centrifugal instability

(Fig. 1), the measured amplitudes agree reasonably with the

This may re_Iate to prpb_e perturpanon effect_s » OF an INAacCUy o yicted profiles out to the characteristic radius. However,
rate theoretical description of this low density plasma. Th _ X
he n=1 eigenmode has a node &t 20 mm. In contrast,

phase profile of the floating potentieig. 9 and the phase the measured amplitude of the oscillations is nonzero at this

?Az(e)rrer}(c:)? igéﬁl %gatzlrs&aixgglrtn;ome discrepancy  with location. Beyond the node at=20 mm, the predicted am-
Y 9 ' lplitude profile of the floating potential oscillation increases

For radii less than 10 mm, there is a more significan ignificantly. In contrast, the measured amplitude profile de-
discrepancy between theory and experiment in the profile D Y- ' P P

the floating potentiakFig. 9) and in the phase difference Creases with increasing radius.

; . . _ Turning to the density-gradient driven drift wav&ig.
(Fig. 1.0)' In pa_rtlcular, the measured phase dlfze.reng:e be12), the observed maxima are close to the predicted radial
tween ion density and potential approaches z86®° in Fig.

10), which is unexpected for a density-gradient driven OlriftIocatlons, however the experimental peaks are broader than

wave[26,36. Possible causes of this discrepancy are an m_predlctlons. This _dlscrepancy may be explalnt_ed by the fa(_:t

. S that the perturbation treatment is first order while the experi-
complete theoretical description of the plasma, or perturba- : .
. g mental data represents a nonlinear saturated state of the in-
tion of the plasma, when the probe is inserted close to th%tability
axis.

Figures 11 and 12 show the radial profile of the measure%eThe instability frequency was measured and was found to

and predicted amplitudes of the oscillation in both the poten- . mdepgndent of axial position. Figure (B3 shows the
. ; : . . axial profile of the phase difference between floating poten-
tial and ion density. The measured amplitudes of the floating.

. . ) e . Yial signals A®, inferred from the cross correlation. The
potential and ion density oscillations have been normalize

) : : hase plot shows a®~30° increase across the 0.25 m
to their peak values, respectively. Except the predicted ant- . L - vy
plitude of the oscillation of the floating potential for the cen- ?ngth'kA_ngf(f) tz)est df't,%'vzgktﬁ/ Az= diloti. 10 de_% m ih
trifugal mode (Fig. 11), which has been normalized to its giving k= 1.5= 1.2 radm -. AS the gradient 1S positive, the
maximum value in the range<0r <20 mm (i.e., before the wave propagates downstream. This compares reasonably to

node, the predicted amplitude profiles have also been nor-

malized to their peak values, respectively. 80— T T T : :
T T T T T T T 151 i
1.0t : ‘
7 4
e OF - 4
2 08} 5 %’ _
5 = 5
] - - .
0.6 o L
g <
5 oa4f 30| |
«©
0.2} -45 1 1 1 1 1 1
0 5 10 15 20 25
0.0 Az (mm)

6 5 10 15 20 25 30 35
r(mm) FIG. 13. Phase difference between the floating potential of

probes separated hiz and positioned 180° apart in azimuth. A
FIG. 11. Radial profiles of¢,| and|n;;| with B,=0.05T. The  constant phase of 180° has been subtracted from the phase measure-
lines are the predictions for the=1 centrifugal instability. ments.
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the value ofk,=3.7radm?® inferred from theory for the sured phase profile of the floating potential is reasonable for

density-gradient driven drift wave. r>10 mm. Forr<10 mm, however, there is a significant
discrepancy in the profile of the floating potential between
VIIl. CONCLUSIONS the predictions of the density-gradient driven drift wave and

experiment. It is conjectured that causes of the discrepancy

In this work the standard VAC plasma model was linear-are either an incomplete theoretical description of the plasma
ized with a wave perturbation, solutions found, and disperor perturbation of the plasma when the probe is located at
sion curves generated for a range of conditions. Two unstablémall radii. Two areas where the theoretical description could
modes were found for the VAC plasma: the centrifugal instabe lacking are in the neglect of nonlinear terms and in the
bility [33,34, and the density-gradient driven drift wave assumption of electron temperature invariance across the
[26,27. plasma and during the discharge. Finally, the maxima in the

Detailed Langmuir probe measurements were made of mstability amplitude profiles of the floating potential and ion
magnesium plasma in the PCEN device, a typical VAC.density are close to the predicted radial location.

These measurements were used to deduce ion densities, elec-n conclusion, the theoretical calculations and experimen-
tron temperatures, and also to investigate the phase relatiogal data reported here indicate that the instability observed in
ship between instability oscillations observed at different lo-yvacuum arc centrifuges since 1980 is a density-gradient
cations, which were then compared to the predictions ofiriven drift mode(belonging to the class of universal insta-
theory. bilities) in a plasma with finite electrical conductivity.

The most likely candidate instability is the density-
gradient driven drift wave of a plasma with finite electrical
conductivity. The density-gradient driven drift wave witin
=1 has a predicted slip of 21%. This is to be compared to a The authors gratefully acknowledge the support of the
slip of 17% estimated from plasma deposition measurement®epartment of Education, Training and Youth Affairs, the
in a similar magnesium plasnja,14]. The axial wave num- School of Electrical and Information Engineering, and the
ber of the density-gradient driven drift wave is predicted toUniversity of Sydney for the provision of Grants-in-aid that
be k,=3.7radm!, which is comparable to the measured assisted in travel to Brazil, which enabled one ofMsJ.H)
wave number ok,=1.9+0.2 radm*. The predicted radial to work on this project. The authors also gratefully acknowl-
phase profile of the ion density compares well to the meaedge the financial support of the Research Foundation of the
sured profile, and agreement between the predicted and me@&tate of Sa Paulo(FAPESP towards the PCEN experiment.
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