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The effect of magnetic field perturbation on motion of deuterium, tritium and helium ions is studied theoretically
and by numerical simulation of the charged particle motion in electromagnetic field. A method for alpha-particles
(fusion reaction product) removal from plasma in helical device due to drift resonance formation is proposed. The
point is that helium ion escapes from the confinement volume due to the natural drift in inhomogeneous magnetic

field.
PACS: 52.20.Dq, 52.25.Fi, 52.55.Pi

INTRODUCTION

The present work is concentrated on studying the
cold alpha-particles removal [1-3], that is applicable
only in a helical magnetic field device and exploits the
advantages of torsatron-heliotron devices.

This paper is focused on analysis of the helium ash
removal from the helical reactor. Magnetic field
modulation on the inner magnetic surfaces is favourable
for particle drift reduction, while magnetic field
modulation on the outer surfaces is unfavourable. The
proposed method consists of drift island formation for
the selected ions and subsequent delivery the ions (due
to drift island motion) from inner magnetic surfaces to
the outer ones at the periphery of the confinement
volume. Drift island motion to the periphery of the
confinement volume is implemented by slow changing
of current in additional coils (e.g. local island divertor
coils in LHD). The motion of the drift island transports
the ions to the periphery of the confinement volume,
where they move outwards due to natural drift in
inhomogeneous magnetic field. This procees is possible
in torsatron only, where the magnetic field modulation
varies along the minor radius. The sketch of the removal
process is presented in the Fig. 1.
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Fig. 1. Removal process sketch

1. DRIFT RESONANCE AND DRIFT ISLAND
MOTION

Drift resonance can be obtained by introducing of
the magnetic field perturbation. This can be
implemented on the Large Helical Device (LHD) by
means of additional local island divertor (LID) coils. It
is possible to shift the drift island across the magnetic
surfaces to the periphery of the confinement volume by
changing the current in the vertical magnetic field coils
in time [4-7].

1.1. BASIC EQUATIONS

The ion trajectories are modelled by numerical
integration of the the guiding center equations [8]:
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where r is the guiding center radius-vector of the
particle with the charge Ze and mass M , which moves
in the magnetic field B, the electric field E; and

U= va/ZB is the magnetic moment of the particle.

1.2. MAGNETIC FIELD MODEL

Main magnetic field (B = V®) is modelled with the
use of magnetic field potential:

n
(D:BolR(p_%zg”’m(ﬂ sin(ng-mp)+eorsing|. (4)
n

The parameters of the Large Helical Device chosen
for further simulations are [9]: 1=2, m=10, By=3T,
R=390 cm, a=97.5 cm. The values of amplitudes &, , of
magnetic field harmonics simulate the outward shifted
magnetic  configuration:  £,10=0.76,  &£10=0.032,
£110=-0.056, & =0.007. Vertical cross-sections of the
magnetic surfaces are presented in the Fig. 2.
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Fig. 2. Magnetic configuration

Perturbing magnetic field is modelled with the use
of the scalar potential:

Emn,p

@, =Byay (r/ay,)™ sin(m,9—n,p+3,,.,) - (5)

p

The perturbing magnetic field wave numbers, amplitude
and phase values are taken as follows: m,=2, n,=1,
£.1,p=0.0005, &1 ,=n/2. Technical availability of such a
perturbation with the use of Local Island Divertor coils
in LHD is taken into consideration.

1.3. DRIFT SURFACES OF ?D, 3T AND ,He
IONS IN LHD GEOMETRY

The particles which are trapped on the helical
inhomogeneity move to the periphery of the
confinement volume due to the natural drift. Passing
particles remain in the central part of the confinement
volume. Typical trajectories of the ;He, ?D u 3T in
the presence of the perturbation are presented on the
Figs. 3-5. Start positions and start parameters are the
same for all the particles. Start velocity pitch

1.4. ANALYSIS OF RESONANT CONDITION
*=n/m
Drift rotational angle of a particle in the
inhomogeneous electromagnetic field can be described
as [10]:

[ =1y +igp +igve (6)
here 1 is magnetic field rotational transform angle,
e and ,up are drift terms of the particle rotation
angle, which are derived from the drift terms in Eq.(1):
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Terms in (6) for the particles with the same energy
and velocity pitch vy/v, but with mass numbers M, and
M, and with the charge numbers Z; and Z, can be
compared in such a way:
for gradient B drift term

l*x
Bver 4 My (10)
Beve2  Z2 \ M
for drift in crossed electromagnetic field term
l*
LY an
[ExB2 M,

One can see the difference in dependence of the
terms (10) and (11) on M and Z. This means that if the

drift resonance *=n/m takes place for the ;He ion, it

does not take place for 2D and 3T ions.

Additional numerical simulations show that
resonance condition does not take place for deuterium
and tritium ions with the energy of 1.5- and 2-times
higher than that of the alpha-particle. In that case the
drift island does not arise for fuel ions and they cannot
be removed along with the cold alpha-particles from the
confinement volume using this method. The trajectories
of these ions are fairly the same as those, presented in
the Figs. 4 and 5.

Similar numerical simulations are carried out for
deuterium and tritium ions with energy (temperature)
values, which were measured in D-T plasma in JET
experiments. Result shows that drift island formation for
cold alpha-particles and its removal do not influence the
D-T fuel injection and heating.
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Fig. 3. 5He ion trajectory

The selectivity of the method is estimated by the
range of the alpha-particle energy and velocity pitch
values at which the forming of the drift island takes
place. Numerical simulations are carried out for the
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wide range of particle energies and pitch angles. The
“successful” range, when the cold alpha-particle
removal occurs, is shown in the Fig. 6 in black.
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2. DISCUSSIONS

The resonance and the formation of the drift island
take place for the particle with the certain drift rotation
angle *. The expression (6) for the drift rotation angle
consists of three terms. One of the terms depends on
magnetic configuration parameters. Two of them
depend on particle energy (velocity), mass and charge.
Each term depends on different set of parameters, and
these parameters contribute to each term in different
manner. It is possible to vary parameters in such a way
that the value of a single term remains the same, e.g. for
the particle with Ze/m, which is 1.5 times less, and with
energy, which is 1.5 times higher. But at the same time,
the contribution of the other term that depends only on
particle mass, alters. As a result, the total drift rotation
angle — the sum of three terms — alters. So, the
resonance condition does not occur and thus, the
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particle is not removed from the plasma. This suggests a
quite narrow selectivity of the proposed method.
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Fig. 6. Removed particle parameters

CONCLUSIONS

e A new method of cold (35 keV) alpha-particles
removal is proposed. The method exploits the drift
island motion and subsequent particle trapping and
escaping from the confinement volume.

e Numerical simulations of the described
perturbation are carried out for the wide range of
particle energies and pitch-angles. The results show that

2D and 3T ions of the fusion fuel do not form the drift

island and do not escape from the plasma core.

e The motion of the charged particles in stellarator
magnetic configuration with the resonant magnetic
perturbation is studied numerically. The possibility of
the selective cold alpha-particle removal from the
plasma is shown on the base of analysis of the particle
trajectories in wide range of energies and pitch-angles.
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JPEA®OBBI PE3OHAHC 1 BBIBOJI YACTHII U3 IIJIA3MBI CTEJIJTAPATOPA
A. Anmydgpves, H. Ilasnenxo, H. I'upka

Teopernueckn ¥ C TOMOINBIO YHUCJIEHHOTO MOJAEIMPOBAHUS  JBIDKEHHUS 3apsDKEHHBIX 4YacTHIl B
9JIEKTPOMAarHUTHOM I10JI€ U3Y4€HO BIUSHUE BO3MYIIEHUS MarHUTHOTO MOJIS Ha IBU)KEHUE MOHOB JIeiTepus, TPUTHUL
u remus. [lpemnoxkeH Meron yaaneHus anbda-gacTul (IPOXYKTOB pPEAKUWH CHHTE3a) M3 IUIA3Mbl BHHTOBOI
JIOBYIIKH C TIOMOIIBI0 (hopmupoBanus ApetidoBoro octpoBa. OCHOBHOI 0COOCHHOCTHIO SABISIETCS TO, YTO HOH Te€IHs
yXoauT u3 00bEMa yiepxKaHus Oylarogapsi eCTECTBEHHOMY pelidy B HEOJHOPOJHOM MarHUTHOM IIOJIE.

JPEVI®OBUI PE3OHAHC TA BUJAJEHHS YACTHHOK 3 IIJTIASMHU CTEJIAPATOPA
O. Aumyd’es, 1. Ilasnenxo, I. I'ipka

TeopeTHYHO Ta 3a JOIOMOIOK YHCIOBOTO MOJCIIOBAHHA PYXy 3aps/UKCHHX YaCTHHOK B €JIEKTPOMATHITHOMY
T0JIi BUBYCHO BIUTHB 30YpEHHS MarHiTHOTO TIOJI HA PYX i0HIB AEHTEpilo, TPUTIIO Ta Telif0. 3alpONOHOBAHO METOJ
BUIANICHHA anb(a-4yacTHHOK (IPOAYKTIB peakiii CHHTe3y) 3 IUIa3MH TI'BHHTOBOTO IPHCTPOIO 32 JONOMOTOO
¢dopmyBaHHS ApeiipoBoro ocTpoBa. ['0JTOBHOIO OCOOIHUBICTIO € Te, IO 10H Telif0 BUXOAWUTH 3 00’ €My YTPUMAaHHS
3aBIISIKU IPUPOJHBOMY Npelidy B HEOTHOPITHOMY MarHiTHOMY ITOJIi.
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