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Centrifugal instability in a weakly magnetized
rotating plasma column

S. Aggarwal “!>f, Y. Camenen “!, A. Escarguel! and A. Poyé'
I Aix-Marseille Université, CNRS, PIIM UMR 7345, Marseille, France

(Received 19 January 2023; revised 22 May 2023; accepted 23 May 2023)

A two-fluid model is developed to study the stability of weakly magnetized rotating
plasma columns. Previous works have shown that rotating plasma columns are prone to
centrifugal flute modes. Most of these models are based on the low-frequency assumption
which is valid when the instability frequency and the plasma azimuthal frequency are
small compared with the ion cyclotron frequency. This assumption is challenged in many
laboratory plasma devices, including weakly magnetized plasma columns. A radially
global dispersion relation relaxing the low-frequency approximation and applicable in
these devices is derived. The validity domain of the low-frequency approximation is
discussed. In addition, the impact of the radial boundary on the linear stability is
investigated and comparison with results obtained in the radially local approximation are
performed.
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1. Introduction

A canonical configuration for the study of weakly magnetized plasmas is a cylindrical
plasma column immersed in an axial magnetic field. Here, weakly magnetized is
understood as a plasma radius of typically 3 to 30 ion Larmor radii. The presence of a
radial electric field E, or a radial gradient of the plasma pressure perpendicular to the
magnetic field leads to flows in the azimuthal direction. These flows, when combined
with plasma inhomogeneities (density or temperature gradients), give rise to various
instabilities resulting in turbulence, the appearance of coherent structures and anomalous
transport which generally affect the performance of the device.

Understanding the formation of large-scale structures in weakly magnetized plasmas
is of particular interest for both fundamental research and technological applications like
magnetron sources (Abolmasov 2012), Penning discharges (Ellison, Raitses & Fisch 2012)
and negative ion sources. Rotating coherent structures have also been observed in Hall
thrusters (Sekerak ez al. 2015; Parker, Raitses & Fisch 2010) where they are called ‘spokes’
and limit the performance of the device.

In the past decades, many models have been proposed to study instabilities in £ x B
plasmas, where B is the magnetic field (Rosenbluth, Krall & Rostoker 1962; Chen 1966;
Stringer & Schmidt 1967; Lehnert 1971; Perkins & Jassby 1971; Jassby 1972; 1li¢ et al.
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1973; Rognlien 1973; Smolyakov et al. 2016; Gueroult, Rax & Fisch 2017). Rosenbluth
et al. (1962) have explained the stability of a rotating cylindrical plasma column in the
frame of kinetic theory, valid for a low § plasma, where 8 is the ratio of plasma pressure to
the magnetic pressure, for kp; < 1 and w/w¢ ~ (kp;)?, where w is the plasma perturbation
frequency, w.; is the ion-cyclotron frequency, k is the wave vector of the perturbation
and p; is the ion Larmor radius. Terms of the order of (kp;)* have been retained and
higher-order terms have been neglected. Rotating plasma columns were shown to be prone
to the centrifugal instability that stems from the difference between the azimuthal velocity
of ions and electrons caused by inertia.

Chen (1966) verified the results of Rosenbluth et al. (1962) using a two-fluid model,
still, however, under the low-frequency assumption (LFA) i.e. wp, < @i, where wp, is
the Doppler shifted frequency given by w,, = @ — mwy. Here, m is the azimuthal mode
number and wy is the equilibrium flow frequency of ions. In this treatment, both the mode
frequency and equilibrium flow frequency are ordered small, with w,,/w; = O(p?), where
p < 1 is the magnetization parameter defined as p = p;/l, with [ as the scale length of
macroscopic gradients. Chen studied the influence of finite Larmor radius and magnetic
shear on the linear stability. He also extended the model to the regime of fast rotation by
assuming wph /e = O(p).

As an extension of the above-referenced work, Rognlien (1973) gave analytical and
numerical solutions of low-frequency electrostatic waves (w < ;) in a radially bounded
plasma column for lower azimuthal mode numbers (m = 1, 2) for uniform as well as
non-uniform rotation.

Most of the models formulated so far to study £ x B plasmas are based on the LFA
(wph K i) and therefore not suitable for weakly magnetized linear plasma devices such
as MISTRAL (Jaeger 2010), RAID (Furno et al. 2017), and VKP (Plihon er al. 2014)
where the frequency values, w and w,, are typically comparable to the ion-cyclotron
frequency ;.

Recently, Gueroult et al. (2017) have studied the centrifugal instability for an E x B
plasma column in the regime of fast rotation (Jwy — we.|/®. = O(1), where wy, is the
equilibrium flow frequency of electrons) with no constraint on the perturbation frequency
. The analysis was performed in the radially local limit and focused on the case of
a radially outward electric field, E, > 0. To the authors’ knowledge, no attempt has
been made to go beyond the LFA in a radially global model, including the influence
of boundary conditions. This is the purpose of the present work. We have verified and
extended the results of Chen (1966) and Gueroult et al. (2017) to obtain a radially
global solution valid at arbitrary frequency. The differences between the radially local
and global solutions, with and without LFA, have been explored to clarify the effect
of these assumptions. Throughout the paper, the example of MISTRAL is used to
highlight typical parameters encountered in linear plasma columns. No direct comparison
with experimental measurements is attempted yet since this still requires further model
developments.

The plan of the paper is as follows: in §2, the two-fluid model equations and
assumptions are presented. In § 3, the equilibrium flow frequency in the cylindrical
geometry is derived. Section 4 details the dispersion relation for the radially global case
and in the local limit with and without LFA. In § 5, the linear stability is discussed to
highlight the regimes where the instability can be found. In § 6, a comparison between
local and global growth rates is made, and in § 7, the summary and conclusions are
presented.
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2. Model equations

We consider a cylindrical plasma bounded radially and immersed in a homogeneous
magnetic field such that B = Be, (see figure 1). The model is based on the continuity and
momentum equations for electrons and ions

an
V() =0, 2.1)

ot

ov;
n;m; (8_ +v;- Vo i) =nie(—=Veo +v; x B) — T;Vn; — min;jvi,v;, (2.2)
0=—en,(—Vep+v, xB)—VnT,)), (2.3)
with
d . 10, 0

Ve2o4-2 2.4
3 e+ 30 e+ — 9z —e; (2.4)

where ¢,, ¢g and ¢, are the unit vectors in r, @ and z directions, respectively. Here, j = i, e
denotes either ions or electrons, n; is the number density, v; is the velocity of the species,
m; is the mass of the species, T; . is the species temperature, ¢ is the electric potential and
Vi, is the ion—neutral collision frequency. The following assumptions are used:

¢ Electrostatic approximation, 0B/dt = 0.

e Quasi-neutrality, n; = n,.

* No particle source.

* No variations in the axial direction (k; = 0).

* Radially uniform ion temperature i.e. 7; =~ 0.1 eV.

e No Gyroviscosity (V-m1; =0,V . t, =0).

e Electron inertia neglected as a consequence of the small mass of electrons i.e.
me/m; K 1.

* Electron collisions with ions and neutrals neglected. This is, for instance, relevant
for the regimes met in MISTRAL (Annaratone et al. 2011) where v,;, Ve,/ @ < 1.

The plasma density, flow and electric potential are written as the sum of a
time-independent equilibrium part denoted by subscript 0 and a fluctuating part denoted
by superscript ~ as n =ng+n, v = vy + v and ¢ = ¢y + ¢, where the fluctuating part
has the following form:

= ny(r) expli(mé — wt)]

= v, (r) exp[i(mf —wn)] ¢ . (2.5)

= ¢1(r) expli(mb — wt)]

S ST

Here, ny is the equilibrium density of ions or electrons, ¢, is the equilibrium electric
potential and vy is the equilibrium flow. For the fluctuating part, n, and ¢, give the
perturbation amplitudes of the density and potential, respectively, v,(r) = v, €, + vg &,
v,1 and vy are the radial and azimuthal components of the perturbed velocity, respectively,
m is the azimuthal mode number and w = w, + iy, where w, is the mode frequency and
y is the growth rate.

The equilibrium density (ny) and plasma potential (¢) are assumed to have Gaussian
and parabolic profiles, respectively. This is compatible with typical profiles measured in
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FIGURE 1. Cylindrical coordinate system and direction of rotation for ion-cyclotron frequency
g, positive E x B frequency (wgo > 0) and positive diamagnetic frequency (wyo > 0).

MISTRAL (see the Appendix)

2

;
no(r) = noo €Xp <_ﬁ> D o =pirt +pa, (2.6a,b)
0

where ny, p; and p, are constants. Here,  is the radial coordinate and r, is the width
of the Gaussian used to parametrize the density profile; ry characterizes how fast the
plasma density decays to zero when moving radially outward. These equilibrium profiles
are consistent with the rigid body rotation assumption used for the equilibrium, see § 3.

3. Equilibrium flow

In this section, we derive the expression for the ion equilibrium flow as a function of
the £ x B flow and the diamagnetic flow under the assumption of rigid body rotation. The
equilibrium flow velocity for ions is first split into radial and azimuthal components

Vio(r) = Vi@, + Vig, €0, (3.1)
and rigid body rotation is assumed such that v, = rowy with o) = w; = 0, where ’
represents d/0r and " represents 92/3r>. The ion inertial term v;y - Vv;o entering (2.2)
becomes

d iry A~ A~
(vio « V)vyp = (v,-mav— — ra)(z)) e, + 2wy, 9. 3.2)
r
Substituting equations (3.1) and (3.2) into the ion momentum equation ((2.2)), assuming
dv,0/dt = 0, taking the cross-product with B and then projecting along é,, one gets

_ V%o (3.3)

Viry .
Wi + 2wy

The equation above is normalized by dividing wv;,, with vy, = +/1;/m;; r with
pi = My, /eB; v, wy With @ = eB/m; where the normalized quantities are noted with
an overbar, see table 1,

—VinT' @y

—_ 34
I+ 2w G4

vir() =

which is the equilibrium flow of ions in the radial direction.
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Variable Notation Definition
Normalized frequencies w, @ W/ Wi, W] Wei® /] Wei, @0/ Wci
Normalized lengths r, 1 /Zn r/pi, pi/Ln
Normalized perturbed density ny ni/ng
Normalized perturbed potential d_) 1 eP1/Te0,
Normalized velocities Vie Vi e/ Vthi

TABLE 1. Normalized parameters and their definitions. Here, T, is the reference value of the
electron temperature.

Using (3.3) in (2.2) and projecting along &y, the azimuthal flow frequency wy = vig, /7

is given by
2 2
Vin®0 2 WWEY + Wiy — Wy + Vin®0 (3.5)
PN — Wy = — Wi ci — WeiWx U .
2wy + 0 ro 0 0 2wy + Wi
Here, wgy is the E x B drift frequency
B x V¢0 N ¢6
=" =22 3.6
@Eo B € B (3.6)
and w, is the ion diamagnetic drift frequency
T, BxVny T, n
Wy = — e = ——— (3.7
enpB B erB ny
=L (33)
"~ erBL,’ '

where 1/L, = —nj/ny = 2r/r} is the logarithmic density gradient. It should be noted that
wgo and w,o are independent of r because of the choice of ny and ¢, given by (2.6a,b).
The rotation direction for positive E x B and diamagnetic frequency is illustrated in
figure 1. Azimuthal flows are counted positive in the direction of increasing 6.
The normalized form of (3.5) is

1\* 1\ 2
4 (d)o + 5) — (1 = D} + H@po + Du0)) (@0 + 5) — f =0, (3.9)

which is a fourth-order polynomial in @, whose solutions are given by

PRI O e a0

where b = 1 + 4(w.o + ©ry) — Dfn. Equation (3.9) has four roots. Only two roots will
be considered since the other two are imaginary and the equilibrium flow is undefined.
Equation (3.10) gives the remaining two roots. The branch for which @, increases with
increasing wgy + W, is the slow rotation mode and the one that decreases with increasing
WEy + Wy 18 the fast rotation mode (Rax er al. 2015).

The normalized equilibrium flow @y is shown in figure 2 as a function of the sum of the
normalized E x B and diamagnetic flows, @gy + @.0, for different values of v;,.
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FIGURE 2. Normalized equilibrium flow frequency (wg/wci) as a function of normalized E x B
drift frequency (wgo/wci) and ion diamagnetic drift frequency (ws«o/wci) for different values of
normalized ion—neutral collision frequency (vin/@ci). The black dashed line presents the stability
limit for vy, = 0. The red dashed line is the diagonal.

For zero collisionality i.e. vy, = 0, (3.9) reduces to
@y + @y — (@po + @) = 0, (3.11)

and the equilibrium flow @, is given by (Chen 1966; Jassby 1972; Gueroult et al. 2017)

-1+ J1+4w o
B0 = Vv +2(a)EO+(DO). (3.12)

Equation (3.12) shows that, for the equilibrium to exist at vy, = 0, the following condition
should be satisfied:

Wy + W40 > —i. (3.13)

For finite collisionality, gy + @, > —1/4 is no longer required for the equilibrium to
exist. From figure 2, it is seen that collisions increase the angular frequency of the fast
rotation mode and decrease the angular frequency of the slow rotation mode. A more
detailed discussion of collisional and non-collisional equilibrium flow can be found in
Rax et al. (2015). Turning now to electrons and writing the equilibrium flow velocity as

Vo = Ueroér + UeQOéG’ (314)
(2.3) is solved directly to get
Verp, = 05 Vg, =T, and @, = gy + Ose, (3.15a—c)

where wy, is the electron equilibrium flow frequency and ., is the electron diamagnetic
drift frequency w,, normalized to the ion-cyclotron frequency, with

| Bx VT
X VinTeo) (3.16)
enyB rB

Wye = —

After deriving the equilibrium flow, the next section will focus on the linear stability
of the plasma. Finite ion—neutral collisions (and ionization sources) result in a finite
radial equilibrium flow, which adds many contributions to the dispersion relation. In the
following, we will focus on the collisionless case and assume vy, = 0.
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4. Dispersion relation

To proceed with the derivation of the dispersion relation, we first linearize the model
equations and then use the momentum equations, (2.2) and (2.3), to express the ion and
electron flow in the continuity equation. The system is closed by invoking quasi-neutrality.
From the electron momentum equation, (2.3), the electron flow is written in the customary
form

bx V¢ 1 bxV(nT,
v, = + — .

B 4.1
B en, B 1)

When B is homogeneous and straight (linear plasma column), for any function A, we have
V.(bxVA) =0. 4.2)

Therefore, on multiplying equation (4.1) with n, and taking the divergence on both sides

bxV
V. o) = 22V v, 4.3)
which upon linearization yields
im , ,
V- (now)l = @[—dmo + ¢pnil (4.4)
= —imﬁn/ + imwgon, . 4.5)
rB°

Combining equation (4.5) and the electron continuity equation ((2.1)), one obtains the
relationship between perturbed density (n;) and perturbed potential (¢;)

n_om 1 ol

ny rL, w — mwgy B

(4.6)

Normalizing length to ion Larmor radius (p;) and frequencies to the ion-cyclotron
frequency (w.;), the normalized form of the above equation is

m
ny = Tff(ﬁl’ 4.7

where T = T, /T;, with T,,,, the reference value of the electron temperature. It should
be noted that the radial variation of the electron temperature is retained here but,since the
diamagnetic flux is divergence free ((4.1)—(4.3)), it does not enter the continuity equation.
The relation between the perturbed density of electrons and perturbed potential given by
(4.7) is therefore identical to that of Chen (1966), Rognlien (1973) and Gueroult et al.
(2017), where the electron diamagnetic flow was neglected.
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Turning now to ions, the linearized momentum equation writes

T, om
[-Vo+v) xB]——V—. (4.8)

m; m; n,

. e
—iwv; + (v - VIvg + (v - V)vyg = —

For a background rigid body rotation, v,y = rwyéy, the inertial terms can be written as

(vio - V)vi1 = imwov;1 — woviy X b, (4.9)
and
0 I il 0 i
(v = V)vio = v + L0 = oy x b, (4.10)
ar r 06
When included in the linearized ion momentum equation, (4.8), it yields
) om wiiT; _n
—i(w — mwy)vy) = ——V¢ + (wi + 2w)v;y X b — V—. (4.11)
B eB n,

The background flow enters in the Doppler shifted frequency, w — mwy, on the left-hand
side and in the linearized Coriolis force, F., = 2m;v;; X wyb, on the right-hand side.
Upon normalization, we get

—i(@ — mao) Vi = (1 4+ 2d0)v;y x b — V. (4.12)

Writing, C = 1 + 2@y, the factor by which the Laplace force is modified due to the inertial
force, wp, = @ — ma,, and the normalized Doppler shifted frequency and combining the
perturbed density and potential terms into @, = i1, 4 t¢,, the linearized ion momentum
equation then writes

—iCZ)Phl_J“ = —V(pl + Cf)i] x b. (413)

Taking first the cross-product of (4.13) with b and using again (4.13) to replace v;; x b in
that new equation, we get

[b x Vb, +i%V¢1]. (4.14)

Vi = o ——5
2 _ 2
C* — oy,

The first term in the brackets is the combination of the perturbed £ x B and diamagnetic
flows. The second one is the polarization flow. Inertial effects are included in the factor
C. The polarization flow matters when the mode frequency w is comparable to w.;, which
is precisely the regime of interest here. Note that the polarization flow makes the plasma
incompressible form (V - v;; = 0).

The final step needed before obtaining the dispersion relation is to compute the
linearized divergence of the ion particle flux

V. (niﬁi)ll = I’loV . I_)il + '_)il . Vl’l() + l_)() . Vl/ll. (415)

These terms are given by

noV - vy —”Or@;}lvz@“ (4.16)

By Vi = —C [—ifmcbln’ + i%qb/n’} : (4.17)
e G

Vo - Vg = imawgn,, (4.18)

where V2@, = @/ + @[ /r — m*/r*P,.
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Combining quasi-neutrality, n, = n;, and the continuity equations yields

V(v =V - (ndly, (4.19)
which implies
ml - o C m 1 Wy 1 Wph _
P L, ¢ WEeoMy 2 — wgh |:r L 1 CL 1 C 1 worty. ( )

Now, using the electron continuity equation, (4.7), to express 7; as a function of ¢, in
@1 = Fll + T¢1, we get
o =1+ a)d), (4.21)
with
m&)*o

o = —

- - —. (4.22)
Wph — M(Wgy — Wo)
Note that, when the ion pressure gradient is neglected in the ion momentum equation
(T; =0), we geta, = 0 and @ = 1.
Using (4.21) to express 7¢; and n; as a function of @; and recalling that, from the
equation dictating the equilibrium flow, @, + c?)é = . + Wk, (4.20) can be written as
LR PPV S B VS (4.23)
7 - '

where

(4.24)

CZ)ph C_()ph — mc?)(z)
Equations (4.23) and (4.24) provide an extension of the model derived in Chen (1966) for

arbitrary frequency values but in the limit of vanishing gyro-viscosity. The low-frequency
expansion involved in Chen (1966) consists in approximating C* — ép, ~ C*. In this limit

C c
N:m[___ _ __2], (4.25)
Oph  Wpn — MWy

and one exactly recovers (25) in Chen (1966) for V . &t; = 0.

Note that NV is radially constant because of the assumption of rigid body rotation. The
differential equation (4.23) can be solved by the method used in Rosenbluth et al. (1962),
Chen (1966) and Rognlien (1973) by exploiting the change of variables

z=r/rg, (4.26)

where rq is the width of the Gaussian used to parametrize the density profile defined by
(2.6a,b), and enters (4.23) through 1/L, = 2r/ r(z), combined with

;=77 W(2), (4.27)
to obtain Whittaker’s equation (Whittaker & Watson 1966)

d>w I N+1 1-—m

! W = 0. 4.28
<1z2+{4Jr 2z+412} (428)
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(a) (b)
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50
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Z

FIGURE 3. Values of N corresponding to the first zero of Kummer’s function for different values
of Z = "1% / r(z). The solid line denotes the values evaluated numerically and the dashed line (——)
denotes the asymptotic values.

The non-singular solution of this equation is given by,

m

— N
W m(2) = 2" 02 e F ( S 1+ 2m: Z), (4.29)

where F((m —N)/2,1+ 2m; z) is the confluent hyper-geometric function of the first
kind known as Kummer’s function. Imposing the boundary condition @(Z) = 0, with
Z = r}/r} (where ry, is the outer radial boundary of the cylindrical vessel), fully determines
the possible values of N, which for different mode numbers m are evaluated from the
zeros of the Kummer function F((m — N)/2, 1 4+ 2m; Z). These zeros can be evaluated
numerically. Alternatively, the asymptotic values of N (Z — o0) are N = m + 2n, where
n=20,1,2,3,...1is the radial mode number (Rosenbluth et al. 1962; Chen 1966). The
radial mode number n simply indicates which zero of F we are referring to; e.g. n =0
implies the first value of N at which the function F goes to zero, n = 1 implies the second
value of N at which the function F goes to zero and so on. In figure 3, the numerical
solutions for N, obtained using the whitm function in the Python library mpmath, are
compared with the asymptotic solutions for n = 0. Convergence is reached at Z > 6 for
m = 1, but higher Z values are required at high m. For practical applications, such as
in MISTRAL where r, = 10cm and ry & 3 cm, it is, therefore, preferable to use the
numerical solution. In the following discussion, we will only use the values of N evaluated
numerically.

Note that, for a given radial mode number n, the value of N and the eigenfunction
shape only depend on the azimuthal mode number m and the value of Z, which represents
the ratio of the cylinder radius to the plasma radius. The eigenfunctions are therefore
independent of the background flow @y. Eigenfunctions obtained for m = 1,2, 5 and 10
for different Z values, including the one of MISTRAL (Z =~ 10.8), are shown in figure 4.
The solutions of (4.24) are purely real, therefore, there is no radial variation of the phase
of the eigenfunctions.

Once N is known, rearranging (4.24) gives the cubic dispersion relation

_3 N ) -2 - — -2
@pn prh + (N — 2Cwp)wph — mCayy = 0, (4.30)

from which the mode growth rate and frequency can be computed.
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0.0 02 04 056 08 10
7/Ty

FIGURE 4. Eigenfunction @ as a function of 7/r, for m = 1,2,5 and 10. The solid lines

represent the case when Z = 10.8 (for MISTRAL) and the dashed lines represent the case when

Z=06.9.

If the LFA is applied i.e. if C> — &, ~ C?, the equation above becomes

N =2 =2 =\ - -2
o (Nawy — 2Cy)wpn + mCwy = 0, (4.31)

which is exactly equivalent to (30) in Chen (1966) if the terms with 1/r] entering because
of the gyro-viscosity tensor are dropped.

4.1. Local limit
To make the link with previous work, e.g. Chen (1966) and Gueroult et al. (2017), the local

limit is obtained by assuming @ = 0, @ = 0in (4.23)

"0 52 4 (=2Can + m2@ 20 ) dpy — mCaE = 4.32
o +m a)02;2 wpy, — mCayy = 0. 4.32)

=3
@pnh — ﬁwph
This is the same as the dispersion relation obtained by equating (17a) and (17b) in
Gueroult er al. (2017). Note that, in Gueroult et al. (2017), the diamagnetic drift of
the ions was neglected. It is kept here but only enters the equation by modifying the
equilibrium azimuthal flow @,. Various asymptotic regimes and stability limits regarding
the dispersion relation ((4.32)) have been discussed in Gueroult et al. (2017) for —0.25 <
wro < 0. We extend this discussion to —0.5 < wy < 1.51n §5.
Using the LFA in (4.32), leads to the following dispersion relation:
47*Cavy 2 Cw}
=2 -2\ - o
Wy (m—?é — ma)0> Wph + ?

=0. (4.33)

5. Linear stability

In this section, the linear stability and the parametric dependency of the growth rate are
discussed for the global dispersion relation derived in § 4. We first examine the role of the
radial mode number # in linear stability.

Figure 5 represents the radial mode number n which yields the largest growth rate
evaluated using the global dispersion relation ((4.30)) for a given mode number m as
a function of Z and wy/w.. For m = 1,2 and for the given range of wy/w,;, the radial
mode number n = 0 has the largest growth rate for Z < 3. For Z > 3, higher radial mode
numbers are progressively dominant as @, and Z increases. For m = 10, the lowest radial
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FIGURE 5. Radial mode number n corresponding to the largest growth rate y as a function of
Z= ?l% / ?(2) and wg/w¢i. The colour bar represents the radial mode number 7.

mode number n = 0 corresponds to the largest growth rate when —0.3 < wy/w; < 0.3.
For large values of |@y|, the radial mode number n that gives the largest growth rate also
increases with |wy| and Z. When the growth rate is evaluated using the global dispersion
relation with LFA ((4.31)), the lowest radial mode number n = 0 has the largest growth
rate. In the following discussion, we will focus on the radial mode number, n = 0.

The most unstable mode obtained from the global dispersion relation without ((4.30))
and with LFA ((4.31)) for mode number n = 0 and m = 1, 2and10 is shown in figure 6 as
a function of wy/w.; and Z. The two models predict the growth rate to increase with |y,
with an asymmetry with respect to @y, originating from the inertial term in the effective
magnetization factor C. The difference between two models increases with increasing m
and equilibrium flow frequency @,. For m = 10, the region of higher growth rate, as well
as the stability region, are radically different with and without LFA. Without the LFA, the
largest growth rate is obtained at low Z and large @,, whereas this becomes a stable region
and the growth rate is maximum at large Z with the LFA. The difference in the stability
region stems from the neglect of the terms of the order of J)gh. For frequencies satisfying
w — mwy <K o, the LFA is valid, and hence the dispersion relation with LFA ((4.31))
yields correct results, but as we move towards regimes with high-frequency values, the
LFA ordering fails. There is a common region that is stable (y = 0) for both the cases and
that region corresponds to @y = 0.

5.1. Effect of LFA

The validity domain of the LFA as a function of w,/w,; is emphasized in figure 7, where
the solution without the LFA ((4.30)) with the red curve, is compared with the solution
with the LFA valid when wp,/w = O(p?) (green curve, (4.31)) and to another solution
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FIGURE 6. Normalized growth rate y/wc as a function of normalized equilibrium flow
frequency (wo/w¢i) and Z = ?,% / ?(2), where 7, is the radial boundary and 7 is the width of the
Gaussian normalized to the Larmor radius p; for the global dispersion relation given by (4.30)
(a—c) and (4.31) (d—f). The colour bar represents the normalized growth rate (y = y/w;).
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FIGURE 7. Normalized growth rate y/w.; and normalized Doppler shifted frequency (w, —
mwy) /e as a function of normalized equilibrium flow frequency (wo/wci) for (a,c) m = 2 and
(b,d) m = 20 for Z = 10.78.

with the LFA but valid at higher frequency i.e. wyn/wi = O(p) (blue curve, (38) in Chen
(1966) with V - wt; = 0).

All three dispersion relations predict the same growth rate y and the real part of Doppler
shifted frequency o, — ma, when the values of @, are close to zero. As @, increases,
the model predictions deviate, especially for higher mode numbers. This accounts from
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FIGURE 8. Normalized growth rate y = y/w.; and normalized Doppler shifted frequency

(w, — mwo)/w¢ as a function of Z = 7’1% /7‘% for various mode numbers m using dispersion
relation ((4.30)); (a,c) for g = —0.4 and (b,d) for wg = 0.4.

the fact that terms involving higher orders of @y, = @ — may, i.e. the Doppler shifted
frequency, have been neglected in evaluating the dispersion relations in Chen (1966) and
as the factor ma, increases, the assumption is no longer valid.

5.2. Impact of radial boundary on growth rate

The position of the boundary also has a strong influence on the mode growth rate for
a given value of wy. The growth rate and real part of the Doppler shifted frequency at
different radial boundary positions 7, keeping r, fixed, for various values of m evaluated
by the global dispersion relation ((4.30)) areshown in figure 8. At fixed plasma size, 7y,
increasing the cylinder radius 7, for which @(Z) = 0 is imposed, first destabilizes all
modes and then has limited-to-no impact on the growth rate once 7, ~ 37y (Z ~ 9). Note
that m = 1 has a different behaviour and gets fully stabilized when the bounding cylinder
radius is increased.

For the real part of the normalized Doppler shifted frequency @, — may, for all mode
numbers, the frequency is maximum for small values of Z and then decreases as Z
increases except for m = 1 when o, = —0.4. The sign of @, plays a critical role in
determining the sign of Doppler shifted frequency (v, — may).

5.3. Eigenfunction and phase difference

The expression of the eigenfunctions for the normalized perturbed density n,/ny and
perturbed potential eg, /T, is obtained by using (4.7) and (4.21)

m @1

- Fl_,,,(cT) — mCT)E()) (1 + Ol*)’

n

(5.1)
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FIGURE 9. Normalized perturbed density nj/ng for (a) m =1 and (b) m = 10 as a function
r/7p using Z = 10.8. The parameters used to obtain these eigenfunctions are wgg = 0.95, @« =
—0.35, w0 =042and 7 = 1.

_ D,

b1 = m, (5.2)

where «, is given by (4.22). Using these expressions, the eigenfunctions n; for m = 1 and
10 are shown in figure 9 for T = 1. The perturbations in density and potential are more
spread out for m = 1 than for m = 10 or, in other words, modes with higher azimuthal
mode numbers are more localized towards the boundary region, as already discussed in
figure 4.

Another essential information regarding the mode structure of the instability is the
phase difference between density and potential fluctuations. This is a quantity that can
be measured experimentally and which determines the level of particle flux driven by the
fluctuations 7, v;;. To calculate the phase difference between ¢, and n,, we divide (5.2) by
(5.1)

D (&= mip) 2. 53)
ni mt

Writing q_ﬁl /i, = Ae'®, the phase difference @, is,

¢p = tan_l (#) . (54)

w, — Mgy

Figure 10 shows the phase difference between ¢_>] and n; as a function of wgy/w and
—2/73 form =1 and m = 2 with T = 1. Note that 7, does not appear explicitly in (5.4)
but comes in the expression for Z = 7} /73 and @, which determines y and ®,. Therefore,
by varying 7y, the combined effect of Z as well as @, on the phase difference can be
observed. The phase shift is close to zero, except in a narrow region where w, — mawgy is
approaching zero. In this region, the phase shift becomes large, |¢,| ~ 90° and changes
sign. Furthermore, the critical value of wg, at which the phase shift changes from negative
to positive increases with decreasing 7.

5.4. Azimuthal mode number spectra

In figure 11, the normalized growth rate y and normalized real frequency ®,, computed
numerically by solving the dispersion relation ((4.30)) are shown as a function of m. The
growth rate is increasing with the mode number m irrespective of the sign of wy. At high
m, finite Larmor radius (FLR) effects are strongly stabilizing (Hoh 1963) and should be
taken into account. In a fluid description they enter in the gyroviscosity tensor, neglected
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FIGURE 10. Phase difference between ¢ and 711 for (a) m = 1 and (b) m = 2 as a function of
normalized E x B flow frequency (wgo/w¢i) and —2/ ?é, where 7 is the normalized plasma size.
The colour bar represents the phase difference in degrees and the constant lines on the contour
represent @y.
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FIGURE 11. (a) Normalized growth rate y = y/w.i, (b) normalized Doppler shifted frequency
(wy — mwy)/wei and (c) normalized frequency @, = w,/wc; as a function of azimuthal mode
number m for various values of normalized equilibrium flow frequency wg = wo/wc; used in the
global dispersion relation ((4.30)).

here, but have been shown to stabilize high m numbers in Chen (1966). In other words,
FLR effects are important when ky0; ~ 1 where ky = m/r is the azimuthal wavenumber.
This corresponds to, m ~ r/p;, which implies that the FLR stabilization (y — 0) comes
into effect when m > r/p;.

The growth rate is zero for @y = 0, which is consistent with the linear stability diagram
(figure 6). For m = 1, y is of the order of 10~2w,; for positive values of @, and for @, =
—0.2, and zero for @y = —0.4 and 0. For similar values of w, but in opposite directions
there is a small difference in the growth rate up to m = 5 and this difference in the growth
rate escalates with increasing mode number m. Overall, the growth rate increases with the
increase in @y. The Doppler shifted frequency (@, — may) has the sign opposite to that of

https://doi.org/10.1017/5002237782300051X Published online by Cambridge University Press


https://doi.org/10.1017/S002237782300051X

Centrifugal instability 17

Y/wci

00 05 10 1509 5 00 O
Wo/ Wi Wo/ W

FIGURE 12. Normalized growth rate y/w¢ as a function of normalized equilibrium flow
frequency (wo/wci) and 72 / 7% for the local dispersion relation given by (4.32) (a—c) and (4.33)
(d—f). The colour bar represents the normalized growth rate (y = y/wi)-

o for wy < 0. For wy > 0, the Doppler shifted frequency has the sign opposite to @, until
m < 20. The real part of the frequency @, has also been shown in figure 11(c) to show the
dominance of the factor maj.

6. Comparison of local and global dispersion relations

In this section, the impact of the local approximation ((4.32) and (4.33)) is discussed.
In figure 12, the mode growth rate obtained in the local approximation with and without
LFA is shown as a function of @, and 7*/7} for m = 1, 2 and 10. Similarly to the radially
global results, the LFA assumption is shown to have a validity domain restricted to low
@, values and low m. Relaxing the LFA opens up new instability regions, in particular at
low m, where an unstable zone is obtained at wy, < 0. For @y = 0, no instability exists and
stable anti-drift modes with a propagation frequency @, = mr;/2r* are predicted without
the LFA (Fridman 1964).

In contrast to the local dispersion relation, which evaluates the growth rate at each
radial position, the global dispersion relation describes the growth rate of an eigenmode
extending over the whole cylinder radius. To compare the local and global model
predictions, we show in figure 13, the maximum growth rate, y.x, obtained with the
local model over the interval 0 < r < r, as a function of @y and Z = ?,% / ?(2). This quantity
is compared with the global model predictions in figure 13(d—f). All results are shown
without the LFA. In figure 13(a—c), we see that, for @y > 0, the value of y,.x is largely
independent of Z = r7/7;. This is because the radial position at which the maximum
growth rate is obtained in the local model is close to zero, see figure 12(a—c). The
situation is different for wy < 0 and low m, where the local growth rate increases with r
(see figure 12a). This is reflected by an increase of s, with 77 /72.

In both cases, yma is obtained close to the radial boundaries, either ¥ = 0 or 7 = 7,
where global effects are non-negligible. This is why the relative difference between the
Ymax and Ygioba1, sShown in figure 13, is always significant, except perhaps when the growth
rate is closer to zero. The dark blue region in figure 13(d—f) where y,, is maximum,
corresponds to the region where y.x = 0 but Yo remains finite, leading to large value
Of Ymax — Velobal- The white region in figure 13(d—f) corresponds to the region where both
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FIGURE 13. Normalized maximum growth rate pmax/@c as a function of normalized
equilibrium flow frequency (wp/wi) and ?l% / ?(2) for the local dispersion relation given by (4.32)
(a—c). Normalized relative growth rate ye/w.i as a function of normalized equilibrium flow
frequency (wo/wci) and ;2/ ;(2)’ where Vrel = 2(Vmax — Velobal)/(Vmax + Vglobal) and Yglobal 18
evaluated using (4.30) (d—f). The constant lines on (d—) represents the difference between ymax
and Yglobal -

Ymax and Yeopa correspond to zero. From the comparison, it is evident that the local
dispersion relation cannot be used to study the global behaviour of weakly magnetized
rotating plasma systems having frequencies comparable to the ion-cyclotron frequency.

7. Conclusions and summary

A dispersion relation for a rigid body rotating plasma in a cylindrical geometry has
been derived for the radially local and global eigenmodes. The instability’s growth rate is
strongly dependent on the equilibrium azimuthal flow @, which in turn depends on the
E x B flow and the diamagnetic flow. No instability is predicted for wy = 0. For fixed wy
and density gradient, the azimuthal mode number m and the radial boundary limit 7, are
the dominant factors affecting the growth rate.

The comparison of the dispersion relation with and without LFA revealed that, as soon
as the equilibrium flow frequency is a fraction of the ion-cyclotron frequency, with the
exact threshold depending on the parameters m and Z, relaxing the LFA is mandatory.
More precisely, the LFA becomes inaccurate when the Doppler shifted frequency, w, —
mawy, becomes comparable to w;.

The local solution of the dispersion relation was compared with the global solution
(see figure 13), showing that there is no parameter range where the local model is
applicable. This is because the local model predicts a maximum growth rate either close to
the plasma axis or the outer cylinder, where boundary effects are essential. Rotating
plasmas subject to centrifugal instability, as in MISTRAL, require a non-local treatment
taking the boundary into account.

This work is a part of an effort aimed at developing a comprehensive theory for the
description of strongly rotating weakly magnetized plasma columns. We have focused
here on the collisionless case and neglected FLR effects. These assumptions will need to
be relaxed and this is why we have so far refrained from making a direct comparison with
MISTRAL. In particular, it has been shown in Pierre (2016) that ion—neutral collisions
are important to discuss the stability mechanism of weakly magnetized rotating plasma
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columns. Furthermore, shear effects which give rise to Kelvin—-Helmholtz instability
(Jassby 1972; Gravier et al. 2004; Brochard, Gravier & Bonhomme 2005) and which
are important for rotating plasmas are not included in the current discussion through the
assumption of rigid body rotation (dw,/dr = 0) in the two-fluid formalism. Efforts to
resolve these issues are in progress.
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Appendix. Typical equilibrium profile measured in the MISTRAL experiment

The experimental set-up of MISTRAL is shown in figure 14 with a comprehensive
description given in Jaeger (2010), Matsukuma et al. (2003) and Escarguel (2010). The
plasma is produced in the magnetized cylindrical column after the interaction of energetic
electrons with neutrals. These energetic electrons are produced by thermionic emission in
the source chamber. A polarizable grid called the separating grid is inserted at the entrance
section of the linear plasma column and separates the source chamber from the linear
column. Another polarizable grid called the collector is placed at the end of the plasma
column.

The time-averaged electron density and plasma potential are measured with a radially
movable Langmuir probe. The electron density and plasma potential profiles are shown
in figures 15(a) and 15(b), for a configuration where the separating grid and collector are
connected and at the negative potential. The gas used is argon and the cylinder is grounded.
The magnetic field and the pressure values are B = 16 mT and P = 3.6 x 10~* mbar,
respectively.

Within the uncertainties on the measurements, the shape of the number density n is
Gaussian (figure 15a) and the plasma potential ¢, is parabolic (figure 15b), consistent
with the rigid body rotation assumption used in the model.

Table 2 gives the value of dimensionless parameters entering in the model for the
MISTRAL plasma shown in figures 15(a) and 15(b).

The ion-cyclotron frequency is only a few kHz and comparable to the azimuthal
flow frequency. Models valid in the low rotation regime are therefore not applicable to
MISTRAL plasmas. Note that the ion—neutral collision frequency is also comparable to the
ion-cyclotron frequency and the present model will need to be extended to be applicable
to MISTRAL plasmas.

https://doi.org/10.1017/5002237782300051X Published online by Cambridge University Press


https://doi.org/10.1017/S002237782300051X

20 S. Aggarwal, Y. Camenen, A. Escarguel and A. Poyé

WIiain Compensating
| coils ]’
1Filaments
Langmuir probe T heating
Collecting grid |
i EERTTLIRE: AR
1 B |
]Ikeparating grid
t _' _-- Discharge
A H i TEE Limiter polarization

Cylinder

Main cmlsl

l Anode

polarization

FIGURE 14. Electrical schematic of MISTRAL. In the source chamber, 32 filaments randomly
emit energetic primary electrons, which are then injected into the argon-filled cylindrical
chamber. A magnetic plasma column is produced by the interaction of these primary electrons
moving along the magnetic field.
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FIGURE 15. (a) Radial profile of electron number density ng for argon plasma with Gaussian
fit. (b) Radial profile of plasma potential ¢ for argon plasma with parabolic fit.

Parameter Unit  Magnitude
Ion-cyclotron frequency wei/27 KHz 6.1
Ton Larmor radius p; cm 1.28
Normalized ExB drift frequency wgg/wci — —1.8
Normalized diamagnetic drift frequency w.o/wci — —-0.4
Normalized ion—neutral collision frequency vin /@i — 0.4
Equilibrium flow frequency wo/wci — —-0.4
Plasma radius ry cm 0.3
Normalized density gradient scale length p;/L, (atr =2.5cm)  — 0.7
Z=ri/r} — 10.8

TABLE 2. Various parameters in MISTRAL for Ar at B = 16 mT.

https://doi.org/10.1017/5002237782300051X Published online by Cambridge University Press


https://doi.org/10.1017/S002237782300051X

Centrifugal instability 21

REFERENCES

ABOLMASOV, S.N. 2012 Physics and engineering of crossed-field discharge devices. Plasma Sources Sci.
Technol. 21 (3), 035006.

ANNARATONE, B.M., ESCARGUEL, A., LEFEVRE, T., REBONT, C., CLAIRE, N. & DOVEIL, F. 2011
Rotation of a magnetized plasma. Phys. Plasmas 18, 032108.

BROCHARD, F., GRAVIER, E. & BONHOMME, G. 2005 Transition from flute modes to drift waves in a
magnetized plasma column. Phys. Plasmas 12 (6).

CHEN, F.F. 1966 Microinstability and shear stabilization of a low-p, rotating, resistive plasma. Phys. Fluids
9 (5), 965-981.

ELLISON, C.L., RAITSES, Y. & FIsCH, N.J. 2012 Cross-field electron transport induced by a rotating
spoke in a cylindrical hall thruster. Phys. Plasmas 19 (1), 013503.

ESCARGUEL, A. 2010 Optical diagnostics of a low frequency instability rotating around a magnetized
plasma column. Eur. Phys. J. D 56 (2), 209-214.

FRIDMAN, A.M. 1964 On the phenomena of the critical magnetic field and anomalous diffusion in weakly
ionized plasma. Sov. Phys. Dokl. 9, 75.

FURNO, I., AGNELLO, R., FANTZ, U., HOWLING, A., JACQUIER, R., MARINI, C., PLYUSHCHEYV, G.,
GUITTIENNE, P. & SIMONIN, A. 2017 Helicon wave-generated plasmas for negative ion beams for
fusion. In EPJ Web of Conferences, vol. 157. EDP Sciences.

GRAVIER, E., BROCHARD, F., BONHOMME, G., PIERRE, T. & BRIANCON, J.L. 2004 Low-frequency
instabilities in a laboratory magnetized plasma column. Phys. Plasmas 11 (2), 529-537.

GUEROULT, R., RAX, J.-M. & FiscH, N.J. 2017 Centrifugal instability in the regime of fast rotation.
Phys. Plasmas 24 (8), 082102.

HoH, F.C. 1963 Simple picture of the finite larmor radius stabilization effect. Phys. Fluids 6 (9),
1359-1359.

ILIC, D.B., ROGNLIEN, T.D., SELF, S.A. & CRAWFORD, F.W. 1973 Low-frequency flute instabilities of
a hollow cathode arc discharge: theory and experiment. Phys. Fluids 16 (7), 1042—-1053.

JAEGER, S. 2010 Etude theorique et experimentale des instabilites basses frequences dans un plasma en
champs magnetique et electrique croises. PhD thesis, Aix-Marseille University.

JAssBY, D.L. 1972 Transverse velocity shear instabilities within a magnetically confined plasma. Phys.
Fluids 15 (9), 1590-1604.

LEHNERT, B. 1971 Rotating plasmas. Nucl. Fusion 11 (5), 485.

MATSUKUMA, M., PIERRE, T., ESCARGUEL, A., GUYOMARC’H, D., LECLERT, G., BROCHARD, F.,
GRAVIER, E. & KAWALI, Y. 2003 Spatiotemporal structure of low frequency waves in a magnetized
plasma device. Phys. Lett. A 314 (1), 163-167.

PARKER, J.B., RAITSES, Y. & FiscH, N.J. 2010 Transition in electron transport in a cylindrical hall
thruster. Appl. Phys. Lett. 97 (9).

PERKINS, F.W. & JASSBY, D.L. 1971 Velocity shear and low-frequency plasma instabilities. Phys. Fluids
14 (1), 102-115.

PIERRE, T. 2016 The slow collisional e x b ion drift characterized as the major instability mechanism of
a poorly magnetized plasma column with an inward-directed radial electric field. Phys. Plasmas 23
(4), 042110.

PLIHON, N., BOUSSELIN, G., PALERMO, F., MORALES, J., BOs, W., GODEFERD, F., BOURGOIN, M.,
PINTON, J.-F., MOULIN, M. & AANESLAND, A. 2014 Flow dynamics and magnetic induction in
the von-karman plasma experiment. J. Plasma Phys.

RAX, J.M., FRUCHTMAN, A., GUEROULT, R. & FiscH, N.J. 2015 Breakdown of the brillouin limit and
classical fluxes in rotating collisional plasmas. Phys. Plasmas 22 (9), 092101.

ROGNLIEN, T.D. 1973 Low-frequency flute instabilities of a bounded plasma column. J. Appl. Phys. 44
(8), 3505-3512.

ROSENBLUTH, M.N., KRALL, N.A. & ROSTOKER, N. 1962 Finite larmor radius stabilization of “weakly”
unstable confined plasmas. Tech. Rep. General Dynamics Corp.

SEKERAK, J.M., LONGMIER, W.B., GALLIMORE, A.D., BROWN, L.D., HOFER, R.R. & POLK, E.J.
2015 Azimuthal spoke propagation in hall effect thrusters. IEEE Trans. Plasma Sci. 43 (1), 72-85.

https://doi.org/10.1017/5002237782300051X Published online by Cambridge University Press


https://doi.org/10.1017/S002237782300051X

22 S. Aggarwal, Y. Camenen, A. Escarguel and A. Poyé

SMOLYAKOV, A.l., CHAPURIN, O., FRIAS, W., KOSHKAROV, O., ROMADANOV, I., TANG, T.,
UMANSKY, M., RAITSES, Y., KAGANOVICH, [.D. & LAKHIN, V.P. 2016 Fluid theory and
simulations of instabilities, turbulent transport and coherent structures in partially-magnetized
plasmas of discharges. Plasma Phys. Control. Fusion 59 (1), 014041.

STRINGER, T.E. & SCHMIDT, G. 1967 Flute instability in the presence of non-uniform electric fields.
Plasma Phys. 9 (1).

WHITTAKER, E.T. & WATSON, G.N. 1966 A Course of Modern Analysis. Cambridge University Press.

https://doi.org/10.1017/5002237782300051X Published online by Cambridge University Press


https://doi.org/10.1017/S002237782300051X

	1 Introduction
	2 Model equations
	3 Equilibrium flow
	4 Dispersion relation
	4.1 Local limit

	5 Linear stability
	5.1 Effect of LFA
	5.2 Impact of radial boundary on growth rate
	5.3 Eigenfunction and phase difference
	5.4 Azimuthal mode number spectra

	6 Comparison of local and global dispersion relations
	7 Conclusions and summary
	A Appendix. Typical equilibrium profile measured in the MISTRAL experiment
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


