KINK MACROINSTABILITIES AND RESISTIVE LAYER STRUCTURE
OF INTERNAL KINKS IN CYLINDRICAL PLASMA
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Eigen-frequencies and shapes of the non-local magnetic kink-modes m=1, n>1 in a field reversal pinch are obtained
in cylindrical force-free approximation by shooting method. The mode profile and the resistive layer containing the
resonant surface of the internal kinks are calculated numerically. Instability is revealed, both for external and internal
modes, which is not effected by resistive layer in plasmas with high conductivity, it is determined by the current
gradient due to the high paramagnetic parameter in the pinch core.

PACS: 52.35.Py, 52.55.Lf

1. INTRODUCTION

At present, within the framework of quasi-single
helicity (QSH) modern conception for the reversed-field
pinch (RFP) laboratory plasma [1], the task is set to
explain the nature of the frequency spectrum and to
describe the space structure of dominant modes in QSH
states. These modes turn out to be internal ones and
answer to the condition of FF = kB, - mBy/r = 0 on a
resonant surface r;,, 0<ry<a (a is the plasma column
radius). Therefore, the tearing instability of resonant
modes is considered commonly as a main basis for
description of mode stability. However, the tearing theory
does not determine the real frequencies of oscillations
observed in usual kHz MHD spectra giving only
increments of aperiodic instability which are low in the
MHD scale. Moreover, the theory provides solutions
localized close to the resonant surface, whereas the modes
of the QSH spectrum don’t demonstrate any real link to
resonant surfaces. Instead, they show the result of non-
local mechanism of mode excitation. In the theory of z-
pinches the question remains: what total profiles of real
modes actually occur with the presence of resonant
surfaces inside pinches?

In this report, the radial profiles and frequencies of
MHD modes, both external and internal ones, are
presented on basis of general MHD theory taking into
calculations Hall effect and the high plasma conductivity.
Eigen-value boundary problem is described and a few
shooting method results are presented.

2. THEORETICAL MODEL

We study the stability of a FRP configuration taking
into account the Hall-effect under arbitrary parameter
I =4ne*a’Ny/Mc*  (the “linear ion” introduced by
Braginskii as provided by ratios o,:ma:mp; = I:HUZ:H),
where a, M, N are pinch radius, ion mass and plasma
density correspondently, ®; is ‘“helicon frequency”,
o, = cBy/dnea’N,, o, and oz are commonly used Alfven
and ion cyclotron frequencies. In cylindrical coordinates
(r,8,2), when wp, a, No(0), Bo(0) are assumed as an units for
o, 7, N(r), B=By(r)+ 8B(r)e™"™ ((= kz-m® is the helical
phase), oscillations are governed by equations:

OB = rot(§xBy + i0&/I1 — inrotB/m),
®°Np &= T1{(8BxrotBy) + (By*xrotdB)}. (1)

Here & is a plasma displacement, | = (c¥/4ncw,a’) =
v/op.N, where v, and wg. are electron collisional and
cyclotron frequencies, ¢ is a plasma conductivity.
Fluctuations 8N do not arrive in the set of equations (1)
because the plasma convection is not taken into account
and the “resistivity” m is assumed invariable. Also Eq. (1)
disregard the plasma pressure but take into account effects
of sharpened gradients of magnetic pressure in RFP.

In reality, in the PRP plasma core, the equilibrium is
very close to the force-free one, rotBoxBy = 0. We use
only cylindrical force-free configuration, rotB, = AB,,
where A(r) is compatible uniquely with the real radial
distribution of the safety factor g(r)=arB,/RBy [1] under
any choice of the aspect ratio R/a (R is major toroidal
radius). In our model of magnetic configuration A(0) = 4
thus the considerable paramagnetic pinch effect is taken
into consideration, which is close to reality [1]. The radial
distributions of B, and By used in our calculations are
plotted in Fig. 1 jointly with A(r)/4, g(r) and F(r).
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Fig. 1. .Magnetic configuration B.(r), By(r) and shapes of
Ar)/4, q(r), F(r) for internal mode m=1, n=10 (11=40)

To consider the situation with discrete toroidal modes
one can set k=n/R (n is major toroidal number) and write
the factor F through the safety factor: F= (kRBy/r)(g-m/n).
Under our choice of magnetic configuration the value /=2
determines the boundary between external kinks m=1:
k<2, F(r)<0 (0<r<1), n=9, 8, 7,...., or internal ones: £>2,
F(r)=0 (0<r<1), n=10, 11, 12,... The case a/R=0.2285,
k=2.285 chosen in Fig.1 corresponds to the internal mode
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with toroidal number n=kR=10. The resonant surface is
given by equality F(r)=0 at r= r,= 0.254.

The differential problem (1) may be reduced to the
more convenient form by means of non-divergent
representation of B most suitable for helical analysis:

B= Vyxs+Bs,
s=rs" V{xe,. )
Owing to the resistivity smallness, n<<l, the ideal
consideration can be assumed for external modes, as well
as for internal ones outsides resonant layers. By setting
1n=0, one can reduce the set of equations (1) to the
ordinary two-order differential equation,

1 d , , d A _ 3

rs® dr (rs Adr 5;(} ris? o =00z, ®

where 4 and Q are an rational functions of ® with

coefficients depending on r through the magnetic field

components, plasma density N and their -derivatives. Eq.

(1) introduce the two point value problem under
conditions &y = " at ¥—0 and &y(1) = 0.

In a vicinity of the resonance r=r, the condition n > 0
must be taken into account. Egs. (1) need more analysis
in order to be reduced to the standard form suitable for
numerical solution. The transformation is achieved by
introducing the additional variable:

0= = Bso(g, _iwaoj_inng : 4)

Here By*=Byxe,. Then egs. (1) can be transcribed as a
general ordinary differential problem for four-component
vector-function y=(8%¥, 8¥’, dB;, 0X),

y'(x) = Ay, )

where x=r-r,. A is a 4x4 matrix. The limit n=0 introduces
the singularity into the problem imposing the unphysical
requirement of wave reflection at the resonance surface:
dx(rs) = 0 if 1M=0. In reality, n = 10*-107, so this zero
constrain disappears but very small resistivity allows only
very low values of complex magnitudes dy(rs) to be
possible inside resistive layer.

The smallness of 1 introduces high stiffness into the
set of equations (5) so to obtain solution inside the
resistive layer we engage in calculations the stiff program
from collection [2]. Being irreversible the stiff algorithm
need positive definition of the matrix A. Unfortunately
the A loses its positive definition at x=0, and thus to
avoid numerical errors we use two-way shooting method
continuously sewing together the oppositely directed ideal
trajectories y(x) outside some vicinity of the resonance at
points x=—Ax and x=Ax with the stiff solutions inside the
interval (-Ax,Ax). The calculations show no noticeable
effects of the Ax on the shape dy(r), they do show effect
of the n on the deepness of the profile dip inside resistive
layer. The presented results are obtained for n = 10,

3. RESULTS

Figs.2a-d illustrate radial distributions of absolute values
of the complex amplitude [3B.(r)| = |oy(r)|/r for different
kinks calculated under the parameter [I=40 according to
the actual experimental data. They relate to the class of
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non-local perturbations which cover entire plasma volume
bound by high conductive walls.
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Fig.2. The shape |0B.(r)| of external kink: a) m=1,
n=7;b)m=1,n=10; c) m=1, n=11; d) m=1, n=12
(I1=40)

All shapes are normalized to the value 6B,(0) =1. In
Fig. 2a the typical shape of external non-local mode
(m=1, n=7) is plotted which has no nulls or dips within
interval (0<r<1). In contrast to the simple case of external
modes, in the case of internal ones, Fig. 2b-d, displays
complicated non-monotonous behavior of the radial
distribution |8B(r)| of internal modes. Resonant dips
arrive against respective r, for every internal mode. The



dips, shown in Fig. 2b-d, locate at the r;: b — r, = 0.265;  The instability occurs under k<2 as far back as £=0,156 in

c— r,=0364;d — r,=0.394. the case of external modes as it follows from Fig. 3.
The modes considered in the frame of our model turn
out unstable. The complex eigen-frequencies, w-+iy, CONCLUSIONS
calculated by the shooting method are characterized by i
the increments y of order of 1 in the Hall scale, whereas We ensured that the non-local kink-modes are

frequencies ® turn out of order 0.01. The eigen- unstable, i.e. be capable of self-excitation in the RFP,. in

frequencies of basic internal modes are given in the Table, ~the frame of the weakly non-ideal model (1). The
increments are found to be of order of w,. They are

Eigen-frequencies w+iy of internal modes (m,n) intrpduceq by the magnetiq gradient including ;econd
radial derivatives of magnetic components By(r), i.e. by

(m,n) (1,10) (1,11) (1,12) high current gradients in paramagnetic RFP plasmas,
otiy 0.010+1.69 0,0047+i1.71 | 0.0037+i1.53 independently from presence of resistive layers. This

conclusion can be analytically confirmed by integration of
(2) in the limit [I—>c. However, in this case the real

3.5+

20 frequencies « vanish, and therefore calculated and
25 o . observed 10-100 kHz kink spectra can be entirely linked
e Y with the Hall term in Eq. (1). Without doubt, plasma
104 o convection (rotation and radial transport) must be
= oo Y o involved into consideration to explain the actually
€ os] observed stable spectra as well as a smaller importance of
o ) the resonant peculiarities than when it is obtained in the
20] 0. frame of the basic MHD description (1).
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Fig. 3. The dispersion of complex frequency o+iy for “Cambridge University Press”, 1997.
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YCTOMYUBOCTH BUHTOBBIX KOJIEBAHUM U CTPYKTYPA
PE3UCTHUBHOI'O CJIOSI BHYTPEHHUX MO/JI B IUWJIMHAPUUYECKOM IJIABME

A.A. T'ypun

CoopmynupoBaHa KpaeBasi 3aja4a M YUCICHHBIM METOAOM CTpENbObI OIpelelieHbl COOCTBEHHBIE YacTOThI M
npoduiny BHHTOBBIX KHHK-MOA m=1, n>1 B muHYe ¢ OOpalleHHbIM MoJieM. B IMIMHAPUYECKOM NPHOIMKEHUN
paccunTaHbl TPO(WIN HENOKAJIbHBIX MOJI, BKJIOYas PE3UCTHBHBIC CJIOM B Ciy4ae BHYTpeHHMX Moj. Ilokasana
HEYCTOMYMBOCTh MOJ| B IJIa3ME C BBICOKOH MPOBOAMMOCTBIO, KOTOPas ONpEAEsIeTcs IpaiueHTOM TOKa U HE CBs3aHa
HEMOCPEACTBEHHO C HATMUUEM PE3UCTUBHBIX CJIOEB BHYTPEHHUX MO/ B IIa3M€ C BBICOKOM MPOBOAUMOCTBIO.

CTABUJIBHICTh T'BUHTOBUX KOJINMBAHBb TA CTPYKTYPA
PE3UCTHUBHOI'O IIIAPY BHYTPIIIHIX KIHKIB B IIUJITHAPUYHIN IJIA3MI

A.A. T'ypun

CdopmynpoBaHa KpalioBa 3agada Ta YHCEIBHHM METOJIOM CTPiIbOM BH3HAUYCHI BJACHI YacTOTH ¥ mpodimi
TBUHTOBHUX KiHK-MOA m=1, n>1 B miH4l 3 oOepHEHHM MOJeM. B HWIIHAPUYHOMY HaOJIMWKEHHI po3paxoBaHi mpodisi
HEJIOKAJIBHUX MO/, BKJIIOYHO 3 PE3UCTHBHUMU IIapaMH B pasi BHYTpilIHIX Mo/. JloBeneHa HecTilKicTs MOJ B TuIa3Mi 3
BEJIMKOI0 TPOBIJHICTIO, SKAa BHU3HAYA€ThCS TPAJIEHTOM CTPYyMy i He TOB’si3aHa O€3MOCEpPEeHBO 3 HAsSBHICTIO
PE3UCTUBHOTO IIapy BHYTPIIIHIX MO y M1a3Mi 3 BEJIMKOIO MPOBITHICTIO.
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