PACS: 52.35.Bj, 52.50.Qt.

INFLUENCE OF THE NONLINEAR EFFECTS ON RESONANCE ENERGY
ABSORPTION AND PLASMA-WALL INTERACTION IN HELICAL
MAGNETIC FIELD

V.I. Lapshin
Kharkov institute of finances Ukrainian State University of Finances And International Trade
Ukraine
Received 09.11.2009

Plasma in a helical confining magnetic field is considered. Helical inhomogeneity of the steady
magnetic field causes coupling of separate spatial modes of electromagnetic field. Account for the
amplitudes of the first sidebands leads to noticeable increase of the radial electric field and effective
collision frequency as compared with the value in the case of axial steady magnetic field. Condition
is derived under which striction nonlinearity governs spatial distribution of wave fields within the
Alfven resonance layer. The reverse effect of Kinetic parametric ion cyclotron instabilities of plasma
on the absorption of pumping wave is studied. The high energy ions which appear during the RF
plasma heating can change the plasma interaction with the wall of the devices.
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PaccmoTpeHa ninasma B BHHTOROM YAEPXKMBAKOLIEM MarnuTHoMm rose. BuHrosas HeoanopogHocTb
TIOCTOSTHHOTO MarHUTHOT'O OIS CBS3bIBAET OTAEBHbIE TPOCTPAHCTREHHBIE MOJIbl 3EKTPOMArHUTHOT

nosig. Y4yeT aMIUIMTYA MEpBbIX COCSAHHX 'apMOHHK [PHUBOAHT K OUIYTUMOMY YBEJTUUYEHHIO pa-
JAHaRBbHOTO 3AEKTPHUECKOTO 101 H H(PPEKTHBHOH YaCTOTH! CTOJIKHOREHHUH 110 CPABHEHHIO CO CJIyYaeM
AKCHAJIBHOTO MOCTOSHHOTO MarHuTHoro nosd. [Tosmyuens! yC/OBHA, TIPH KOTOPLIX CTPUKLIMOHHAsA
HEJTMHEHHOCTh ONpeAeseT NPOCTPAHCTBEHHOE PAaCTIpEaEIeHHE 10515 BOJIHBI BHYTPH Asib(BEHOBCKOIO
pe30HaHCHOro ciof. U3ydeH obparHbli 3¢ (eKT KHHEeTHYeCKOH MapaMeTpHYeCKOH HOHHOH
IUKJIOTPOHHOU HEYCTOMNUMBOCTH MJI1a3Mhbl HAa NOMIOLIEHHUE BOJHBI HaKaYKH. BbICOKOIHEPreTHUHbIE
HOHBI, KOTOpbIE 00Pa3yOTCs PH BbICOKOUACTOTHOM HArpese MiasMbl, MOI'YT H3MEHHTh Xapakrep
B3aMMOJEHCTBHA M71a3Mbl CO CTEHKAMH YCTallOBOK.

KuoueBsle ¢10Ba:BHHTOBOE MarHWTHOE MoJ€, alh(BEHOBCKHH pE30HAHC, CTPUKLIHOHHAS HEJH-
HEWHOCTh, KHHETHYECKHE MapaMeTPHUIECKHE HONMIIble IMKJIOTPOHHBIE HEYCTOHUHBOCTH, 3ddexTHBHAS
4acTOTa pacceMBaHUA, B3aUMOACHCTBHE rla3sMa-CTeHKa.

Po3rnaHyTo nnasmy y rBMHTOBOMY YTPHMYKOUOMY MAarHiTHOMY Mojii. ['BUHTOBa HEOQHOPIAHICTD
CTaIOr0 MArHiTHOO TMOJA OB’ A3ye OKPEMI MPOCTOPOBI MOIH efieKTpomarHitHoro nons. O6tik am-
TUTITYA ITePIIHX CYCIAHIX TapMOHIK MPHBOAWThL O BIAUYTHOTO 301MbLUEHHA PaiialibHOTO €JIEKT-
PHUYHOrO NoNs Ta ePEeKTHBHOI HACTOTH 3ITKHEHb Y MOPIBHAHHI A0 BUNAAKY aKCiaJlbHOrO CTaJloro
MarHiTHOTO routi. OTpUMaHO YMOBH, MPH AKMX CTPHKIHHA HEMIHIHHICTL BU3HAYae NPOCTOPORE PO3-
NOiSIEHHS 11O XBUJTI Y ANbBEeHIBCbKOMY pe3oHaHcHOMY wapi. Bupueno obepuennit edekr
KIHETHYHOI MapaMeTpUYUHOl IOHHOT HIUTOTPOHHOT HECTIHKOCTI M1a3My Ha MOITTMHAHHSA XBHJTi HAKAUKH.
BrcokoeHepreTHUHi 10HH, IKi YTBOPIOIOTBCS NTPH BUCOKOYACTOTHOMY HarpiBaHHI IIa3MH, MOXKYThb
3MIHHTH XapaKTep B3a€MONIT M1a3MH 3i CTIHKAMH IPUCTPOIB.

Kitio4oBi ¢jioBa: TBHHTOBE MarHiTHE o€, aib()BeHOBChKHI PE3OHAHC, CTPUKIIIHHA HeMiHIHHICTD,
KiHETHYHI NapaMeTpHUHi 10IHI UMKNOTPOHHI HECTIHKOCTI, ehEKTHBHA YacTOTa PO3CilOBaHHA,
B34€MO/IiS M/1a3Ma-CTIHKA.

INTRODUCTION

Now and in planned experiments ion cyclotron
frequency region are used for plasma heating
creation of a plasma and current drive in different
plasma devices [1 — 7]. Effects in the plasma
periphery present a spatial interest [8, 9]. In the
large experimental devices the Alfven resonance
can be situated near by the boundary of a plasma.
The fast ions can arise in the resonance region
due to the interaction of the plasma particles with

the RF field which grows here. In this case the
interaction of these ions with the wall of the ca-
mera can change its surface structure and increa-
ses the admixture in the plasma.

The reversed effect of the electromagnetic wa-
ve spatial multimodality on Alfven wave hea-
ting in a helical confining magnetic field was
considered in [10]. The influence of striction
nonlinearity on the structure of Alfven resonance
(AR) on such field is investigated in this paper.
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The effect of the parametric ion cyclotron tur-
bulence and two nearest additional wave mode
due to helical inhomogeneity of the magnetic
field on Alfven wave heating are studied also.

Helical inhomogeneity of the steady magnetic
field is one of the main specific features of stel-
larators. Following [ 10] we restrict our conside-
ration to the following representation of the
magnetic field:

By(r,8,z)=¢€.B,, +¢é,B,, +¢,B,,
in cylindrical coordinates,

B,, =8sinl0B,, B,, =<' [(ar)cosl6B,

B,, = B,(1- €\ cosl6) . (1)
here =9 - az, a = 2n/L, L is the pitch length
of the helical winding,

€, =MJIkr), b =8Jak K, (ka)lc)™,
a is the radius of the cylindrical surface carrying
a thin helical winding with the current ./, K(£)
is McDonald function, I(£)is modified Bessel
function, the prime denotes the derivative with
respect to the argument, / is the polarity of heli-

cal coils, k= la, § = (1/k,)d €\’ [dr .

PUMPING WAVE STRUCTURE IN

AR REGION

In an axial magnetic field spatial mode of electro-
magnetic wave excited by an external source pro-
pagates independently. Helical inhomogeneity

o«cexp(+il0) of the confining magnetic field B,

(1) causes coupling of separate spatial modes of
electromagnetic fields. In this case the radial
electric field of the wave envelope that contains
the main mode ~expli(kz + mB — wt)] and the
two nearest sidebands can be represented in the
form

E = [EEO) (r)+ EM) (r)e” + Er(_') (r)e""o}x

r r

x expli(kz + m& — oh)];

E' |0 |EP|. @)

Here k_is axial wave vector, o is frequency of
Alfven wave. The similar expansion for remai-
ning components of the electric and magnetic
fields are used.

Within the Alfven resonance region

(afo)(r) ~ Nf) in narrow layer approximation

the following equation for Er(o) components of
Alfven wave (AW) was derived from Maxwell
equation [10]:
1! d*
~——8*(N? ~4N?)=—E©
8 o ( ! ? )dr‘1 "

N7 (N =4N2)[ (5, - N2)E® + 4]=0, ()

__ (0 . R () B
where A=ie, Eg+NB ; ¢ =¢; +ig;
2
o
0
8§)=1‘Z 2 paz ;
O —
2
mpamca

SO

T o(0 -ol)" )
Here N_= kc/w and N, = cm/wr are axial and po-
loidal refractive index respectively, N = kc/o,
o, and o , are the cyclotron and plasma

frequencies of particles of species o (o i, ¢ for
ions and electrons respectively). The term ig; in

(4) accounts for the collisions between plasma
particles (g, /&{” ~ v/o, S is the frequency of par-
ticles collisions, ® ~ w_) [11]. In AR region the
weak effects are taken into account in g (®) —
component of the dielectric permittivity tensor
only.

The effects of the finite ion Larmor radius p,,
and the electron inertial were neglected in (3).

The influence a weak helical inhomogeneity

B, on the AR structure is more significant than

those of the finite ion Larmor radius and the
electron inertial if the following inequality is
valid [10]:

2
12/5 P, ©\6/3
d >>(—T’J (K‘.Ksa ) _

a

()

+ 0 -1, ..
Here a =‘d1n8f )/dr‘r is a characteristic
A

radial scale in which the plasma density varies
within the AR region (&{”(r,) = N?2).

The term A in the approximation considered
(kAr << 1, Ar = | r —r |) varies slowly within
AR region [12].

For linear profile of plasma density within
resonance layer
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(0}
e” = N? + [*—ds' ) (r=r,), (6)

I

Eq. (3) has following form:

d“E‘O’ a’
as'a Y (e’
=kAr, k 2 &
ST b (8 “N.?ij (6% ’
€ .
£= g(%;'c/a _ (8)

The analytical solution of Eg(3) is obtained
by the Laplace method [10]:

(1 ak
5 =5 A - + i),
A

u, (&)= fexp[i(tg +f /5)]41, 9)

This solution satisfies the following boundary
conditions: it is a finite one in the AR region; it
describes the conversion of electromagnetic
wave into the small scale wave which brings the
energy away from the AR region; it damps under

the account for a weak dissipation in €!”.

Behaviour of the function # (£) (that describes
the amplitude of the main mode of the radial
electric RF field) was studied in detail in [13].
The asymptotic expression for the solution z_ at
Re(£) — —o can be written in the following form:

<l 2] o

that allows one to assume that, as the distance
from AR point increases, the small-scale wave
described by the second term in the r.h.s. of (10)
damps rapidly in the close vicinity of the reso-
nance point due to either collisions or Landau
damping.

Characteristic value of the amplitude £ of
the main mode of the radial component of the
wave electric field within AR region can be
evaluated from (9) by the order of magnitude as
follows,

uy(&) ~E+(

ok
o'a’N;

5
EfO)Na‘k,A/Nf{ ST ] A, (D

Let evaluate the characteristic values of radial
electric wave sidebands E(*", within the AR re-
gion by the order of magnitude as follows,

s . a'6 k2
EC) (6247 )dED Jar =S4 el -1
8 a4 1
(£1)
B 2k, N2 (Ar +i)*° gl >> 1, |Ar <.
(12)

The amplitudes £

hin AR region even more rapidly than the amp-

of sidebands grow wit-

litude ESO) of the main mode but our theory is

valid when E£*" remain less than in this region.

Outside the AR region £V ~gE® [14].

Power W absorbed per unit of plasma column
within AR region due to the collisional dis-
sipation equals

W= WO + 2, (13)
-
o =T 4 de)” (r)
4 dr ’ (4
W~ CHO), (15)
62 2
where €= ?3;2“][] L~
RORTIPS:
_| &

C= _8:_ WD Lg>>1, 1A <18, (16)

Note that power W does not depend on
collisional dissipation even than EEO) cx:l/e:

(1ar] < 1CD.

EFFECT OF STRICTION
NONLINEARITY AND PARAMETRIC
ION CYCLOTRON TURBULENCE
If pumping wave is powerful enough then in-
fluence of non-linear effects on distribution of
MHD fields in the vicinity of AR can appear es-
sential. In this section the influence of striction
nonlinearity is studied. It is central for fast wave
processes (when a wave phase velocity V>V W
The nonlinearity at the second harmomc pre-
vails for slow wave processes [15], v,, <y The
striction changes plasma density, n(r) — n,,,
n,, = n(r)yexp(-U-/T). (7
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Potential energy of plasma particles [16] in a
field of a pumping wave is of the following form
in the case of inhomogeneous helical confining
magnetic field:

U= U4, (18)
where U = Z[eina/(4mane (0 -0, ))J x
“ (19)

2 2 .
|0 + 0 ¢ 1 (B0 - EO8) |
)
Small addend U o %5 varies within AR even

faster, than U©,
2 2
(6-01) |

A = ZZ:eina / ( 4mane)}[ N
(20)

Due to assumption of weak striction,
U ~<< T, it is enough to take into account the
replacement n(r) — n,, in the basic equation for
the fundamental harmonic of the wave radial

~ N7, which

i) 2

electric field only for the term (*)
one is small within the AR,
oe!)

‘ (r—rA)+(8§°) —-l)x

efo) - Nf —
or

)l

Striction nonlinearity can govern the distri-
bution of wave fields within the AR region
(Iarf ~ 1/x ) if the following inequality is valid,

2

(-1 )

a‘'k|
After simplification the condition (22) beco-
mes that for amplitude A of pumping wave,

2 s 6/
4 0 8 23
E,N? kxal) (23)

1 eé
Here E_g = (24)

‘§ 4mnT (o ~02,) -

ca

21

(22)

This condition (22) is valid (under the same
other conditions) for the larger amplitudes of
pumping wave than in a straight magnetic field,

since in a helical magnetic field the AR is wider
and the characteristic value of amplitude of a fun-
damental harmonic of a radial electrical field is
less than in a straight magnetic field. In this case
Eq. (6) transforms into equation

2

+iC |E K —A4

a8 B
—-| E+xa

det E? (25)

From (25) the following value of is obtained:

E© — AE(? "
r N2 .

Here the dissipative effects are neglected

e )

Power ¥ absorbed per unit of plasma column
within AR region (|Ar| <Ar,,) equals’

y3 2%
o [ AE w (AE
Wil ZrAel (_N—zoj Ny, T ZrAel [ﬁ‘} , 27)

(0 /Eg

where Ar,, = \ E

(26)

The distribution of RIF fields in resonance
layer (Eq. (25)) was studied numerically in the
paper [17]. The striction nonlinearity in AR
region (Ar < Ar,,) when the condition (22) is
valid can lead to the conversion of the pumping
wave into small scale non-linear kinetic Alfven
wave which absorbed by collisional dissipation
or Landau damping.

Let us consider reverse influence of kinetic
parametric ion cyclotron instabilities of plasma
on a pumping wave which excites them. At non-
linear stage of growth of cyclotron oscillations
the ions are scattered by turbulent pulsations, so
that one can speak of the effective scattering
frequency, i.e., the effective collision frequency
[18]. The account for turbulent absorption of
MHD waves can be carried out by replacement
of a collision frequency of plasma particles by
an effective collision frequency with turbulent
fluctuations,

“© 16nal( c|E| Y[ ¢ Y[, ke
€ = Sleﬂ = 32 -ﬁ — T+
0 Ti Po Ly o,

(28)
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As the effective scattering frequency of ions
on turbulent fluctuations is determined by amp-
litude of an clectrical ficld of the pumping wave
and the amplitudes of sidebands are small as
compared with the amplitude of the fundamental
harmonic, the availability of the helical nonuni-
formity of the confining magnetic field can not
cause the determining influence on turbulent hea-
ting of plasma of a stellarator. Nevertheless, ac-
count for the amplitudes (9) of the first sidebands
results in noticeable increase of ¢, within the
AR as compared with its value in the case of
straight confining magnetic field, by the order

of magnitude €, — gfo) + Ag,,,, where

1
Ag,, ~ (Skf [kla® )3/5 853/) .

Power W', absorbed per unit of plasma cylin-
der within AR region due to effective dissipation
— ion cyclotron turbulence, equals

Wi~ (o/dr Ay e JEF<IE]. (29)

Here Ar,, is the width of of the region in which

the striction is sufficient. Thus the account for

the amplitudes Eft') ofthe first sidebands (caused

by the helical inhomogeneity of the confining

magnetic field in stellarators) results in the

enhan-cement of the Alfven plasma heating:
Wi— WO+ AW,

where AW~ (8k */(k *a"))* W',

CONCLUSION

In AR region |Ar| Ar,, the striction nonlinearity
leads to the conversion of electromagnetic pum-
ping wave into the small scale kinetic nonlinear
wave. In the case considered the striction nonli-
nearity governs the structure of AR for greater
amplitudes external electric field than in straight
magnetic field but resonance region increases.
The effective collision frequency of particles (the
dissipative part of the dielectric permittivity
tensor component ) grows caused by the influ-
ence of ion cyclotron turbulence (ICT) and RF
heating grows in resonance layer consequently.
IfAR region is defined by helicity of steady mag-
netic field only the power W absorbed per unit
of the plasma column does not depend on the
dissipative effects (14). In this case ICT leads to
increase the resonance region (|Ar{ ~ €' M/a').

When the Alfven resonance takes place near
by the plasma edge the application of the ion cyc-
lotron frequency range for the plasma heating
and for the plasma creation can lead to the rise
of the admixture in the plasma volume and to
the modification of the camera wall surface. For
example, in [8] a hot spot on a vertically installed
divertor plate in a long pulse discharge heated
by ion cyclotron range of frequency in the large
helical device (LHD) was observed. That is why
the investigation of plasma-wall interaction on
long-pulse plasma discharge is an important issue
for optimizing the first wall materials and diver-
tor configuration for future nuclear fusion reactor.
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