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Recently the possibility of resonant excitation of pressure perturbation by external helical magnetic perturbations near the rotating plasma edge
was shown taking into consideration the finite plasma conductivity. In present paper the influence of the small safety factor variation on
the pressure perturbation and on the plasma current response is studied. This phenomenon may explain the existence of the small
window of safety factor values where ELMs were completely eliminated. The possibility to control the plasma current response to
penetration of external helical resonant magnetic perturbations into the edge plasmas is shown. The investigation is carried out in the
frame of one-fluid MHD.
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BJUSTHUE U3MEHEHU 3ATTACA YCTOMYUBOCTHU TOKAMAKA HA BO3BYKJIEHUE PE3OHAHCHBIX
MATHUTHBIX BO3MYIIEHUAN BEJIN3H KPASI BPAIIAFOIIENCSI TIJIA3MbI
n.M. HaHKpaTOB"Z, HU.B. HaB.]IeHKOZ, 0.A. HOMa3aH1, ASL. OMenbueHKo!
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Panee Oblia moka3aHa BO3MOYKHOCTb PE30HAHCHOTO BO30Y)KICHHS BO3MYIICHMI NaBJCHHs Yy Kpas IUIa3Mbl BHELUIHUMH BHHTOBBIMHU
BO3MYIIEHISIMA MarHUTHOTO NoJs. Bpamienue miasmel 1 y4€T €€ KOHEYHOH MPOBOAMMOCTH UTPAIOT KIIFOUEBYIO POJIb MIPU U3YyUYCHUU
9TOrO sBIeHHA. B Hactosmeil pabore mccieqoBaHO BiIMsSHHE HEOONBIINX H3MEHEHHH 3amaca YCTOHYMBOCTH HA BO3MYIICHHUS
IABICHUS W TOKA-OTKIMKA B IUTa3Me. DTO SBICHHE MOXET OOBSCHHUTH CYIIECTBOBAaHHE HEOONBIIOrO OKHA 3HAYCHUH 3amaca
ycToitunBocTH, mpu KoTopslx ELMBI nomHOCTRIO HozaBieHsl. [loka3aHa BO3MOXKHOCT YIPABJICHUS TOKOM-OTKJIMKOM IUIa3MBlI Ha
NIPOHNKHOBEHHE BHEIIHUX BHHTOBHIX pE30HAHCHBIX MAarHUTHBIX BO3MyIlleHHWH. lcciemoBaHme TIPOBENEHO B paMKax
onHoxuakoctHOM MI'/I.

KJ/IIOUYEBBIE CJIOBA: pe3oHaHCHbIE MarHUTHBIE BO3MYIIEHUS; BpallleHUE MIa3Mbl; IPOBOAUMOCTb IJ1a3Mbl; TOKaMaK.

BILJIAB 3MIHU 3AIIACY CTIMKOCTI TOKAMAKA HA 35Y/I’KEHHS PE3OHAHCHUX MATHITHUX 35YPEHb
BLJISI KPATO OBEPTOBOI IUIA3MHA
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Panime Oysi0 MOKa3aHO MOXKJIMBICTH PE30HAHCHOTO 30yIDKEHHS 30ypeHb THUCKY OIS Kpal IUIa3MH 30BHIIIHIMH TBHHTOBHMH
30ypeHHsIMH MarHiTHOro mojs. OGepTaHHs IUIa3MU Ta BpaxyBaHHs ii CKIHYCHHOI MPOBIAHOCTI BifirpaiOTh KIIOYOBY POJIb IMPU
BHUBYCHHI I[bOTO SBUINA. Y Wil poOOTI AOCTIIKEHO BIUIMB HEBEIMKUX 3MiH 3amacy CTIHKOCTI Ha 30ypeHHs TUCKY Ta CTPyM-BiATYK Y
mwra3mi. lle sSBUIIE MOXE TMOSICHUTH ICHYBaHHS HEBEIMKOTO BiKHA 3HA4YeHb 3amacy CTiMKocTi, mpu skux ELMu moBHicTiO
NpUrHIYYyOThCA. [loKa3aHO MOKIIMBICT KEPYBaHHS CTPYMOM-BIATYKOM IUIa3MH Ha IPOHMKHCHHS 30BHIIIHIX T'BUHTOBHX
PE30HAHCHUX MarHiTHUX 30ypeHs. JlocipKkeH s IpoBeIeHo y paMKax oxHopianaHoi MIT/L.
KJIFOYOBI CJIOBA: pe3onaHCHI MarHiTHi 30ypeHHs; 00epTaHHs I1a3MH; IPOBIAHICTh IUIA3MH; TOKAMaK.

Control of Edge Localized Modes (ELMs) is a critical issue of the present day large tokamaks and future tokamak-
reactor ITER operation [1, 2]. Experiments at the DIII-D tokamak (major radius R=1.68m, minor plasma radius
ay=0.61m) have shown that ELMs can be suppressed by small external low frequency helical resonant magnetic
perturbations (RMP) [3]. In DIII-D ELMs suppression takes place, when safety factor on the 95% normalized flux
surface gos is inside a narrow range 3.5< go5 <3.9 (Aqys < 0.3 ) [4]. Small changes of the safety factor were the result of

slow plasma current increasing [4] in these experiments.

It was observed in experiments, that the toroidal rotation affects on ELM behavior [4, 5]. In DIII-D when the
applied RMP level was just below that required for full ELM suppression, additional toroidal rotation with certain
velocity lead to full ELM suppression [4] (a counter -NBI torque was applied to a co-rotating plasma).

Previously [6] a possibility of the pressure perturbation resonant excitation by external helical magnetic perturbations near
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the plasma edge has been shown in the frame of one-fluid MHD, when the plasma rotation and the plasma response
(conductivity) has being taken into account. A perfect shielding of external helical magnetic perturbation is missing in this
case.

In the present paper the influence of these resonant pressure perturbations on the plasma current response to
penetration of external helical magnetic field into the rotating edge plasma is investigated under the safety factor
changing. Considered plasma parameters are closed to DIII-D experiments [3,4].

The aim of this paper is to propose an explanation of the existence of the safety factor “window” Ag,s <0.3

where ELMs full suppression takes place in DIII-D experiments.

BASIC EQUATIONS
We consider a current carrying toroidal plasma with nested equilibrium circular magnetic surfaces ( p, is the

radius of the magnetic surfaces, @, is the poloidal angle in the cross-section ¢ = const, ¢ is the toroidal angle). Each
magnetic surface is shifted with respect to the magnetic axis (£ is the shift, R is the radius of the magnetic axis). Near

the plasma edge the equilibrium toroidal contravariant component of the magnetic field, B; = CD’/ (27r\/§ ) , is large in

comparison with the poloidal one, Bg = ;(’/ (ZH\/E ), @' and y' are the radial derivatives of toroidal and poloidal

fluxes, respectively g(a)=®'/ ¥ is the safety factor, S =aq'/q is the shear. The known expressions for metric tensor

are used [7].
On each equilibrium magnetic surface [7] we introduce a straight magnetic field line coordinate system (a,8,g )

po=a, oy=0+ l(a)sin 0 (&'(a)is the radial derivative of Shafranov’s shift)

Aa)==¢'(a)-alR, (1)
2 2
: 1 (x'(@@)) ¢ x'(b)
=—| = 16 b)+ bdb . 2
¢'(a) aR[m] j{ 7y (b) [m @)
Assuming periodicity in both 8 and .§ we take the perturbations in the form
a 0, 4’ t ZX,M exp[i(m@—né’—wt)}, 3)

where m are poloidal and # toroidal mode numbers, respectively, w 1is the frequency of the external perturbation.
Assuming that ¢ - contravariant component of the magnetic perturbation B° ~ 0, for perturbations with m >>1,

ng >>1 from the one-fluid MHD equations in a linear approximation in //R the next equations were found [6]
(By (a)=@'/2za, By, (a)=x'/27R):

. , “ 47rS R 4rigR 4zaR B i
Fm (a) [Z(GZBZ) + mBm] q 0( m— 1 m+1)+ q Oa(Brifl _B:H) Og
B).(a) ¢ 04( a) 4)
_ﬂa(ﬂz apo ES(:’)p _ 4 (ap!  —ap’ )+ i [(m—l)p +(m+1)p ]—O
Og (a) R ( ) a m Boé— (Cl) m—-1 m+1 Bog (a) m—-1 m+1 >
e 'R j 2
o L (AR A I ©)
a)im Fm (a) BOg tm 47[0(“) a
B, =—Fm<a)&V;z icm i@ By +mB; ] ©)
(aB;) + zmaB‘g 0, (7
where
B, F " E
o, :a)—ﬁ[ﬁ%‘ﬁﬂ(c&—cﬁ)], ®)
B, R a en,B, B,
F (a)=mu(a)-n, pn=1/q. )

Unlike [6], in present paper we put the sound velocity ¢ is equal to 0 (¢,=0). Equilibrium parameters are denoted
by the subscript 0, py is the plasma and py; ions plasma pressures, respectively, j,_is the equilibrium current density, &

is the plasma conductivity. All poloidal harmonics of perturbations B*, B’ and p, have the same toroidal mode

number z. In our consideration all poloidal harmonic amplitudes of perturbations have finite values. The number of
poloidal harmonics with finite values of amplitudes depends on the antenna spectrum (external perturbation). We took
into account the equilibrium poloidal plasma rotation due to the existence of an equilibrium radial electric field Ey,, the

ion diamagnetic drift and the parallel with respect to equilibrium magnetic field plasma rotation with a velocity Vo - The
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value of F),(a) is equal to zero inside the plasma, when g(a,,,)=m/n.

res

Near the plasma edge the inequality S¢&'>>1 (S ~ 4) takes place, the term with parameter §&' is the main term in

Eq.(4). From Egs. (4)-(7) we get in this case (© =0, a, =a/a,)

1 d d u m’ ay m B
- (aN (aNBm)j__z(aNBm)__sz(aN)(aNBm):O’ (10)
ay day da, ay ay

where

( 2 . BOg c j
K, (ay)4,(ay)| mK, (ay)F, (ay)+i—A4,(ay)———

B 4ro(a,)a
0, (ay)= : " (1
(mK, (a,)F2 (a))) +| 4,(ay)
m N m N m N 47[0_(aN)a
|4 T,
K, (a,)=F, (aN)ﬁﬂ+L L@M_an(a]v) , (12)
R mc B\ py da, ea,
Ay (ay) =2 g Do 1R gy (13)
e day a

The last term in Eq.(10) describes the plasma response on penetration of external perturbation. Because of J = 4irotB
v

(J is the current density) and contravariant component of rotB
j i | d( d m’
rotB) ~——/i(a’B’Y + mB* |=— —(a— aB: j—— aB: (14)
(rorB)” ~——[i(a’B) +mB} | =—— —~| a—~(aB;) |-=——(aB})
it is clear that the parameter Q,, is characteristic of the plasma current response on penetration of external perturbation.
The radial derivatives of plasma pressures py and py; near the plasma edge play the important role in Eq. (10). The

behaviors of the equilibrium pressure gradients and equilibrium radial electric field £y, are shown in Figs. 1,2 for
typical DIII-D experimental conditions ([3,4,8]).
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Fig.1. Equilibrium pressure gradients (in kPa/ a,,). Fig.2. Equilibrium radial electric field.

RESULTS AND DISCUSSIONS
Poloidal modes m = - (9 — 14) and toroidal mode n = 3 are considered, as in DIII-D. For simplicity the

calculations for case m= -11 are presented only. The profile g(a,)=5b+3.6a,° approximates near plasma edge the
DIII-D experimental conditions. The parameter b is changed from 1 to 0.78 values to simulate the changes of ¢95 during
the DIII-D experiments [4].

From Egs. (4), (5) the pressure perturbation is presented in the next form:

B c
mK (ay)F, (ay)| im—=K, (ay)F(ay)- A, (ay)————
dp, R v v B, N N v 4ro(ay)a ) B°

da, a

(15)

pm (aN)z aN

4ro(ay)a

2 : BO
(mK, (a)F2(a,)) + (Am (a,) CJ
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The resonant excitation of pressure perturbations by external low frequency helical magnetic field near the plasma
edge is possible when F, (a, ) ~0 orK, (a,)=0. The case K, (a,)~=0 occurs when plasma is rotated and finite plasma

conductivity is taken into account. The resonant K, (a, ) =0 takes place in edge plasma if
dp,, T,
L pO: Or(aN) :an(a]\/)' (16)
Do day ea,
The position of K, (ay) = 0 resonance depends on direction of plasma rotation with a velocity Vo - The position of

resonance K, (ay) = 0 does not depend on m practically, m =- (9 — 14).
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Fig.3. The pressure perturbation resonant excitation ( g(a, ) =1+3.6a}°).

But position of F, (a,)=0 resonance depends on m strongly. The possibility of the resonant excitation of pressure

perturbation (due to the plasma rotation and finite conductivity) by external helical magnetic perturbations near the plasma edge
has been shown in [6]. It may affect the excitation of ballooning and peeling modes because of edge plasma pressure

change.
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Fig.4. Dependence of radial profiles of ReQ,, and Im Q,, on parameter b values for case VOH =0 (m=-11).

Radial profiles of ReQ,, and Im Q,, are shown (m = -11) in Figs. 4-6. Here B, >0. Small changes in the value of
parameter b affect on profiles O (ay) strongly. With reduction of parameter b the position of resonance F, (a,)=0
moves to position of resonance K,(ay) = 0. For example, they coincide for case Vo =0 under b=0.8369. Amplitudes of

ReQ,, and Im Q,, are reduced strongly, when resonance F, (a,)=0 moves to resonance K,,(ay) = 0. And profiles of

ReQy, and Im Oy, become symmetric with respect to resonance position.
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Fig.5. Dependence of radial profiles of ReQy, and Im O, on parameter b values for case V= —-45km /s (m=-11).
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Small changes in the value of parameter b correspond to small changes of the safety factor g (Ag,s < 0.3 ). Hence,
the control of plasma current response on penetration of external perturbation is possible as result of the safety factor
variation at the edge of rotating tokamak plasmas due to the slow change of the plasma current.

The influence of direction of plasma rotation with velocity Vy on the plasma current response is shown in Figs.5,6.

In case of VOH =—45km /s the amplitudes of the plasma current response ReQ,, and Im Q. are smaller but in case

Vi =45km/ s are larger in comparison with case of Vo = 0.

T 5000 : Iy : ‘ :

v, =4skmisec £ VlmziztﬁkWSec

2
—b=1 || — b1
b=0.945 b=0.945
b=0.89 b=0.89
——b=0.835 | —p=0835 |
‘ : —b=0.78 b=0.78
0.04 095 0.9 097 0.98 099 1 069 1

a

N
Fig.6. Dependence of radial profiles of ReQ,, and ImQ,,, on parameter b values for case V = 45km /s (m=-11).

CONCLUSIONS

The influence of the small safety factor variation on the resonant excitation of the pressure perturbation is studied. This
influence leads to change of the plasma current response to penetration of external helical magnetic field into the
rotating plasma with finite conductivity. This phenomenon occurs if position of the rational magnetic surface
(q(a,.s)=m/n) is closed to the radial coordinate where poloidal velocity of plasma rotation cE,,(a, )/ B,is equal to
ion drift velocity (cTO[ (ay)/eB,pya, )(dpol. / da, ) . Effect of the plasma rotation with velocity Vg, 1s studied also.

In the paper the typical DIII-D experimental data was used. Obtained results may be applied to control the plasma
stability during experiments in tokamaks JET, DIII-D, TEXTOR and future ITER operation.
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