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The motion of the charged test particles ensemble of tungsten ions in the drift optimized stellarator Wendelstein
7-X with the chain of 5 magnetic islands is studied. The numerical code solves the guiding center equations written
in the Hamiltonian form. To simulate the Coulomb scattering the Monte Carlo collision operator is used. The scat-
tering of the particles due to the collisions and magnetic islands is shown. The question of the possibility to use the
magnetic islands for the prevention of impurity penetration to the plasma is discussed.
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1. INTRODUCTION

The control of impurity ions plays the important role
for the plasma confinement in the present-day toroidal
fusion magnetic devices. Impurities come to the plasma
from the walls and divertor plates and lead to the sig-
nificant increase of the bremsstrahlung radiation losses.
The most dangerous for the confinement are the impuri-
ties of heavy metals such as molybdenum and tungsten.

In this paper, the motion of the ensemble of tungsten
impurity ions in the magnetic field of Wendelstein 7-X
is studied. W7-X is the modular stellarator being con-
structed at Max-Planck-Institut fiir Plasmaphysik in
Greifswald, Germany. The W7-X coil system consists
of 50 modular and 20 planar non-circular coils com-
bined in M=5 magnetic periods [1]. There are also 10
control coils used to control the magnetic island posi-
tion. The coil system of W7-X is developed in such a
way that the drift losses are minimized in this configura-
tion. The main W7-X parameters are the following: the
major plasma radius R,=5.5 m, minor plasma radius
a=0.52 m, the average magnetic field on the magnetic
axis By=2.5T.

In our previous paper [2] it was shown how the
magnetic islands influence on the impurity transport
when the particles do not form the drift islands. In this
paper, we concentrate our attention on a such collision-
ality regime when the particles form the drift island and
study the influence of the magnetic islands on the parti-
cle dynamics.

2. MAGNETIC FIELD MODEL

For the analytical description and numerical calcula-
tions we use Boozer magnetic coordinates (y,0,¢),

where y is the label of the magnetic surfaces, € and ¢

are the poloidal and toroidal angles, respectively. The
strength of the equilibrium magnetic field, which has
the nested magnetic surfaces is used in the following
form:

B=B,(1+) b, (r)-cos(m~nMg)). (1)
where B, is the average magnetic field on the magnetic
axis. The Fourier coefficients b, (7) as the functions of

the normalized radius r are presented in Fig.1 for the so-
called vacuum standard configuration of W7-X. For the
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simplicity we consider the model magnetic field where
only the diamagnetic by, (), mirror b,,(r), toroidal
b,,(r) and helical b,,(») harmonics are non-zero. For
the different magnetic configurations of W7-X these
harmonics are much larger than the rest of the harmon-
ics [1]. In axisymmetric configurations the toroidal
harmonic b,,(r) is the leading and it provides the main
contribution to the Shafranov shift of the magnetic sur-
faces. In W7-X it is significantly reduced compared to
the geometrical inverse aspect ratio. The mirror har-
monic by, (r) characterizes the ripple of the magnetic
field strength on the magnetic axis. It can be used for
the suppression of the bootstrap current in finite beta
plasmas to improve the confinement [3]. It should be
noted that the sign of this harmonic is opposite to the
sign of the helical and toroidal harmonics. The helical
b,,(r) harmonic leads to the existence of the helically
trapped particles and //v diffusion regime in a long
mean free path limit.
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Fig.1. The Fourier harmonics of B for the standard
configuration of W7-X
The magnetic islands are modeled by adding to the
equilibrium magnetic field the perturbation in the fol-
lowing form [4]:
6B=Vx(aB,), 2)
where the function o, which has the unit of the length,
presents a structure of the destroyed magnetic field. The
perturbation function « is chosen in the form
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a=a,r"sin(ng—mb). 3)

The total magnetic field can be presented as the sum of
the equilibrium magnetic field and the perturbation 6B

B=B,+3B. 4

For the W7-X configuration (with M=5 magnetic
periods along the torus) the perturbation with the wave
numbers n=5, m=5 was studied. This perturbation splits
the rational magnetic surface (7, =0.95), where the
rotational transform is =1, into the chain of
5 magnetic islands (Fig.2). For the case of consideration
the radial islands width was A4 = 4.9 cm.

We should note that the form of magnetic surfaces in
W7-X stellarator in real geometry changes from the
bean to the triangle depending on the toroidal angle ¢.
In Fig. 2 the magnetic surfaces are circular because we
operate in Boozer magnetic coordinates where the mag-
netic lines are straight in (8, ¢) plane.

3. GUIDING CENTER EQUATIONS

To study the particle dynamics in the complicated
stellarator magnetic field the guiding center equations
written in the Hamiltonian form [4,5]:

(= (9P — IPy)/,

) = [(p +p B)’mq—i—pHB (¢ —pey’)—

el

={J'||B' o (}]/'

chf

é=[—(u+ ,f)ﬂb’}rm! + p B3(1 + peI')+

Ay

] +p B2831]/, (5)
1 = [(1+ peI")Ps + (¢ — peg') Po] /7—
—~(829 + §xd + 929),

Py=—(p+ ,(J‘ZB}%J; +p |B““:}’f;.

Py =—(n+p3B)%E +p B2,

A i

are solved numerically using the Runge-Kutta method.
Here, y=g+tl+p.(gl'-1g") and p, = p +a . The
system of equations (5) is written in the normalized
form. All lengths are normalized to the major plasma
radius R, , the time is given in the units of 1/, , where

W, = is the particle gyrofrequency on the axis,

me
the energy is normalized to ma;, R; , and the magnetic
field strength is normalized to its average value on the
magnetic axis B,. The functions / and g are propor-
tional to the toroidal and poloidal currents inside and
outside the flux surface, respectively. The rotational
transform profile «(r) is taken in the form presented in

Fig.3.
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Fig.3. The profile of the rotational transform 1(r)
4. COLLISIONAL OPERATOR

To model a collisional kick for a test particle in the
pitch angle space, the discrete collision operator is ap-
plied after each integration time step. The Lorentz colli-
sion operator has the form [6]:

At,) = A, )=, A2 [(A=2(,)v, 4, (6)
The
symbol “+” indicates that the sign should be chosen
randomly, but with the equal probabilities for plus and
minus.

The deflection can be calculated through the plasma
parameters as [6,7]:

where At should satisfy the condition v, At <<1.

47[6 eﬂnﬁ/l
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Here e,, m,, and v, are the charge, mass, and the

velocity of a test particle, e, and n, are the charge and

the density of background particles (ions and electrons),

. . alp a 2T, B
A, 1s the Coulomb logarithm, and x*” =v —
m
B

is the ratio of the test particle velocity to thermal veloc-
ity of the background particles.



Fig.4. The scattering of the ensemble of 500 impurity ions for the case without magnetic islands (in the poloidal
cross-section). (a) The initial positions of test ions, (b) Particle positions after 5 collision times

Fig.5. The scattering of the ensemble of 500 impurity ions in case of existence of the chain of 5 magnetic islands
(in the poloidal cross-section). (a) The initial positions of test ions; (b) Particle positions after 5 collision times
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Fig.6. The temporal dependence of the mean-square displacement Cs(t).
(a) The configuration without magnetic islands; (b) The configuration with the chain of 5 magnetic islands

The functions ®(x) and ¥(x) are given by 5. PARTICLE SCATTERING

@(x) = 2 j exp(—t2)dt 8) The particles of the monoenergetic ensemble of
NG ) N =1000 impurity ions with the energy E =3kelV
#(x) = (@(x) —x D' (x))/ 2x°. 9) with randomly distributed initial pitch angles starts their
. L . motion from the same initial radial coordinate 7, = 0.95,
In this paper, we study the collisionality regime when o i ]
the normalized deflection frequency is 7, =1.0x10° where ¢ = 1. The initial poloidal and toroidal angles of
a ' particles are distributed randomly but uniformly. We
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study the motion of tungsten impurity ions with the
atomic mass number 4=184 and the charge state Z=30.
Each particle evolves independently of others according
to equations (5) and its initial conditions. The pitch an-
gle of a particle is changed at each time step using the
Monte Carlo collision operator (6).

As the measure of statistical properties of the en-
semble, the mean square displacement is calculated:

C, =< (or(t)—< dr(t) >)’ >, where Sr(t)=r(t)-r, is
the particle radial displacement. Brackets mean the en-

N
semble average: <X > =—IZX,. , where N is the
i=1
number of particles of the ensemble. The number of
particles of the ensemble was chosen to satisfy 2 con-
tradictory conditions: the number of particles should be
enough large to obtain good statistics but not very large
in order to preserve the CPU time.

Fig.4 presents the scattering of the ensemble of 500
impurity ions for the case without magnetic islands. The
particles do not strongly deviate from the initial mag-
netic surface after 5 collision times ¢z =5/v, in the

radial direction. Fig.6,a shows the linear increase in
time of C,(t) for this case. It means that we have the
normal diffusive process with the diffusion coefficient

1dC,0) o

defined as D(¢) = —
2 dt

Fig.5 presents the scattering of the similar ensemble
but for the case when the chain of 5 magnetic islands
exists in the plasma. In the considered collisionality
regime the particles form the drift islands. Thus, parti-
cles are allowed to have large radial deviations. As it is
shown in Fig.5,b, the particles nearly uniformly fill the
islands region after 5 collision times. In this case the
mean-square displacement C,(t) saturates to the constant
value, as it is shown in Fig.6,b.

The chain of the magnetic islands acts as the trap for
the particles. The particles move just inside and are ac-
cumulated in the region of islands. The control of parti-
cle motion using the magnetic islands can be used to
prevent the penetration of the impurities to the central
regions of the plasma from the walls.

SUMMARY

In this paper, the impurity ion motion is studied for
the standard configuration of W7-X stellarator when the
chain of 5 magnetic islands exists at the plasma periph-
ery. The mean square displacement of the ensemble of
impurity ions is calculated for the case without magnetic
islands and with them. It is shown that the magnetic
islands can prevent the penetration of impurity ions into
the centre of the plasma and lead to the change of the
regime of the particle transport.
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BJIMSIHUE MATHUTHBIX OCTPOBOB HA IBUKEHUE IPUMECHBIX HOHOB
B JPEM®OBO-OIITUMU3NPOBAHHOM CTEJIVIAPATOPE

K.C. Kononenxo, A.A. Hluwxun

W3yyeHo pBmxeHHe aHCcaMOJsl 3apsOKEHHBIX TECTOBBIX 4YacTHIl HOHOB Boib(pama B Jpeiidoso-
ONTUMHU3UPOBAHHOM cTeiapaTope BenaenbiitailH 7-X ¢ HENOYKON M3 MATH MarHUTHBIX OCTPOBOB. YpaBHEHMs
BEAYIEro IIEHTpa, 3aluCaHHble B T'aMWJIBTOHOBCKOH (hopme, pelialoTcs YuciIeHHO. s MoaenupoBaHus
KYJIOHOBCKOI'O pAacCEsHUS MCIIOJIb3YETCsl NUCKpeTHBIH omnepatop Mounre-Kapno. IlokazaHo paccesHue dacTul B
MIOJIONTAJIFHOM CEYEHHH IOJ BO3ICHCTBHEM CTOJIKHOBEHMH M MarHUTHBIX OCTpoBOB. OOcCyXmaeTcs BOIPOC O
BO3MO>KHOCTH HCIIOJIB30BAHUS MATHUTHBIX OCTPOBOB JIJIS IPEIOTBPAILICHHS TPOHIUKHOBEHHS IPHMECEH B IIa3My.

BIVIMB MAI'HITHUX OCTPOBIB HA PYX IOHIB TOMIIIKHA
Y APEU®OBO-OIITUMI3OBAHOMY CTEJAPATOPI

K.C. Kononenxo, 0.0. IHlluwkin

BuBueHO pyx aHcaMOIr0 3apsKEHUX YaCTHHOK 10HIB BoJb(pamy y JpeiioBo-onTHMi30BaHOMY CTenapaTopi
Benpenpmraitn 7-X 3 JaHIIOrOM 3 ISTH MarHiTHUX OCTPOBIB. PIBHSHHS Beaydoro IEHTpY, IO 3alHcaHi y
TaMiUTBTOHOBIH (OPMi, pO3B’SI3YIOTHCS YUCETHHO. JIJI1 MOJETIOBAHHS KYJIOHIBCBKOTO PO3CISTHHS BUKOPHUCTOBYETHCS
nuckpetHuii onepatop Monrte-Kapio. [Toka3zaHo po3CisHHS YaCTHHOK B IMOJIOINATBHOMY MEpepi3i MiJ BILUTHBOM
3ITKHEHh Ta MATHITHHX OCTPOBiB. OOTOBOPIOETHCS MHUTAHHS MPO MOJMIIMBICTH BHUKOPHUCTAHHSA OCTPOBIB IS
3ano0iraHHs MPOHUKAHHSI JOMIIIOK Yy TIa3My.
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